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Abstract

Objectives  Treatment with exclusive enteral nutrition (EEN) is an e ective ther-
apy, successfully helping children with Crohn's diseasehaeve remission without the
need for corticosteroids. The use of maintenance enteraltrition (MEN) following
induction of remission using EEN, is thought to help maintainclinical remission.
Although the e cacy of EEN is well established, the mechanismremains unknown.
There is now strong evidence to support an aetiopathogerg@sn Crohn's disease
which implicates an interaction between environmental faors and the indigenous
gut microbiota in genetically susceptible individuals.

The aim of this prospective observational study was to teshe hypothesis that clinical
response to EEN and reduction of colonic in ammatory markerare associated with a
characteristic bacterial taxonomy (composition) and shofinedium chain fatty acids
(C2-C8) (functionality); and that maintenance of these proles with MEN, while
returning to habitual diet, reduces the risk of relapse. Thelea that gut bacteria can
be altered using diet, is an important area of research in paiatric Crohn's disease,
hence this study also aimed to link the gut microbiota with digary intake.

Methods  Thirty-four children with Crohn's disease; 10 with ulceraive colitis (UC);
11 patients without in ammatory bowel disease (non-IBD); ad 25 healthy controls
were asked to provide faecal samples. Children with Crohntsease also provided
samples at 4-weeks, and 8-weeks of treatment with EEN; and that 2-weeks and
8-weeks of MEN. Dietary intake was estimated using a food fregncy questionnaire
(FFQ), at week-0 and at 2-weeks and 8-weeks post-EEN. Post-EEbBhildren were
treated with either 20% MEN, an immunosuppressant, or both. &cterial DNA was
extracted using the chaotropic method followed by ampli caon of the 16s rRNA
gene (V4) for lllumina MiSeq sequencing. SCFA extraction wasarried out with
diethyl ether followed by gas chromatography.

Results Baseline:  Children with Crohn's disease had retarded growth and weigh
gain compared with healthy children (g 0.01). BMI z-scores correlated with in am-
matory markers: albumin (rho=0.611; p<0.001), CRP (rho=-0.536; p<0.001) and
ESR (rho=-0.407; p< 0.03), showing disease severity led to an increased risk obpo
growth outcomes. Faecal calprotectin was higher in childrewith Crohn's disease
and UC than non-IBD patients and healthy children (< 0.001). Multi-dimensional
scaling using euclidean distance of white blood cell countsLT/AST; CRP; ESR and
albumin, shows children with Crohn's disease have a blood rkar pro le which has
20% variance from children with UC and non-IBD conditions (R20.197; p<0.001).

Patients with Crohn's disease and UC had reduced microbiota \airsity compared
with healthy children (p<0.001). Many gram-positive commensal bacteria, includ-



ing butyrate producing species of Firmicutes (particularlyClostridiales) were de-
creased; while gram-negative potential pathobionts inaling Gamma-proteobacteria;
Fusobacteriumand Veillonella increased in children with Crohn's disease compared
with healthy children. Akkermansig a genus associated with healthy gut mucosa,
was also reduced in Crohn's disease patients (meanJalj erence p<0.05).

The faecal short chain fatty acid valerate (p=0.02) and medim chain fatty acids,
hexanoate and octanoate ($0.001), were reduced in children with Crohn's disease
compared with healthy children. The pro le of short/medium dain fatty acids in
children with Crohn's disease di ered from healthy childra (p=0.01). Reduced hex-
anoate was associated with reductions in a number of Firmiceg in children with
Crohn's disease (g 0.05). Estimated dietary intake suggested children with @hn's
disease also had reduced bre intake, particularly fruit, @ng with reduced intake of
vitamins (A, E, B; and C) (p<0.05).

EEN: Of 32 children who took EEN, 23 (72%) went into remission (WPCBI <12.5).
Nine (28%) failed to respond and went on to corticosteroids. Nii erences were seen
for baseline faecal calprotectin or blood markers, betweehildren who responded to
EEN and those who failed EEN. In children who responded to 8-eks of EEN cal-
protectin, ESR and CRP were reduced ($0.001, p=0.002 and p=0.02 respectively);
mirrored by an increase in albumin (g 0.001). Blood in ammatory marker pro les
after treatment with EEN were similar to non-IBD controls (R2=0.225; p<0.001).

Although 25 bacterial species discriminated responders framon-responders at base-
line, there was no pattern of taxonomic relatedness betweehese. Successful treat-
ment with EEN changed the microbiota community structure futher from that of
healthy children (R2=0.070; p< 0.001). During EEN gram-negative bacteria including
Pasteurellaceae, Bacteroidales S24-7, Fusobacteriaceaé Veillonellaceae (Negativi-
cutes) were reduced, while increases mostly came from graositive Clostridiales
(p<0.05). During EEN short/medium chain fatty acid pro les moved towards that
of healthy children (R2=108; p=0.002), while the concentrabn of short/medium
chain fatty acids decreased, particularly butyrate (p=0.01). Neither energy intake
nor composition of diet at baseline predicted response to RE

MEN: Of the 23 children who responded to EEN, 17 (74%) were treatedtivMEN
post-EEN. Although children responding to treatment had age @propriate growth
during EEN (p=0.056), growth velocity was not maintained one children went back
onto normal diet (p=0.96). No dierences in growth were seen déween types of
maintenance therapy. The use of MEN was not associated with amcrease in length
of remission, however the number of children in the non-MENrgup was too small
(n=6) to reject the null hypothesis.

Faecal calprotectin returned to near pre-treatment leve]$aving a signi cant increase
after only 8-weeks post-EEN (p=0.004), showing MEN failedot maintain the reduc-



tion of in ammation achieved during EEN. Bacterial changes dring EEN, were also
not maintained post-EEN. Patients using MEN, had increases inrgm-negative bac-
teria (Veillonellaceae, Enterobacteriaceae, Bacteroideae, Prevotellaceae and Verru-
comicrobiaceae). Within 2-weeks post-EEN, short chain fattacids including bu-
tyrate returned towards pre-treatment levels (g0.001). The use of MEN did not
appear to prevent the ratio of short/medium chain fatty acidsreturning to pre-
treatment levels. One year after the start of treatment with EEN, only 8/23 (35%)
original respondents had maintained remission.

Conclusions  Reduced bre intake in children with Crohn's disease appearto lead
to reduced diversity of Firmicutes, particularly Clostridiales. This reduction in
commensal bacteria opens a niche for gram-negative bactetike the Enterobac-
teriaceae. These changes could lead to decreased short/iagd chain fatty acids,
valerate, hexanoate and octanoate, which provide antimigbial protection against
gram-negative bacteria; again opening a niche for Enteroliadaceae and other gram-
negative pathobionts. Decreased intake of bre may triggesome bacteria to switch
from fermenting bre to feeding on mucin glycans, consequty damaging the pro-
tective layer of the gut mucosa. It is thus possible that lowbre intake, under certain
conditions, drives increased gut in ammation. Malabsorpon, of vitamins A, C, D
and E, which have immunoregulatory roles, could further exarbate in ammation.
As faecal calprotectin levels rise this limits bacterial accego zinc, manganese and
iron, thus further depleting Clostridiales and increasinglysbiosis. Therefore a chronic
escalation of calprotectin, could contribute in part to inceased in ammation.

This study does not support the hypothesis that 20% MEN can émnd remission
times in children with Crohn's disease. The fact that 74% othildren went onto MEN
post-EEN, but only 35% remained in disease remission afteryg&ar, suggests that
either MEN is dose dependent or that exclusion of the normaiet leads to reduced
in ammation. Altering normal diet in order to induce and maintain remission in
children with Crohn's disease is an attractive option, for bt patients and treatment
centres. Further studies are needed to explore whether ieased bre or vitamin
intake can protect against in ammation and relapse in Crohrs disease. Studies also
need to examine the role calprotectin plays in modifying theug microbiota.



1 Introduction

The purpose of this introductory chapter is to provide a frarawork for the original
research presented in following chapters. Included are ptecal background descrip-
tions of the topics being researched. Detailed description$ selected methods can
be found in chapter 2 and the references cited herein, or ingndices where appro-
priate. The means by which the material presented in chapter3-7 are interlinked
is discussed in chapter 8, and how these relate to our abilitp address and answer
questions about the role the gut microbiota, bacterial metatlites and diet might
play in terms of risk and disease activity in in ammatory bowé disease (IBD) and
speci cally Crohn's disease.

As in all animals the human gut is home to millions of symbiotiagnicro-organisms
including bacteria, called the microbiota. The genomic imkrmation of all the micro-
biota that live in a particular organ or tissue such as the guts collectively known
as the microbiome. The gut microbiota are not silent, they ireract and communi-
cate with each other and the host to provide crucial and beneial functions for the
human host, including stimulating immune development, digéien of food, provision
of essential vitamins and nutrients as well as protection agst infectious agents like
pathogenic bacteria and viruses.

However, the homoeostasis of this mutualistic symbiosis lveten the microbiota and
its human host can become out of balance, potentially leadjrto disease. This "dys-
biosis' is associated with a number of in ammatory diseasascluding IBD. There
are many factors that are potential modulators of the microiota including our own
genome, diet, medication, environmental exposure to patgens and other bacteria,
hence research into the microbiome is complex. To understhit, we must explore
interactions between diet, the microbiome and other functmal systems in the body.
By understanding the relationship between the microbiotasaa whole and how mi-
crobial changes impact on the health of the host, it might bewne possible to create
new personalised and targeted strategies to treat conditis like IBD.

1.1 Overview of in ammatory bowel disease

IBD is an in ammatory condition a ecting the human gut and refers to two related
but distinct conditions, ulcerative colitis (UC), and Crohnis disease (Fig. 1.1). The
key di erences are rstly the location of in ammation and seondly the extent of the
in ammation. UC is restricted to the colon while Crohn's diseae can a ect any part
of the digestive system from the mouth to the anus. In UC the irammation only
a ects the inner lining of the gut (mucosa) while in Crohn's dsease the in ammation
can extend through the entire thickness of the intestinal whato the outer most wall
of the digestive tract. These di erences lead to di erent otcomes and treatments. A
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Figure 1.1: Dierences between Crohn's disease and UC

small number of children with chronic in ammatory colitis camot be classi ed into
either of the two sub-types of IBD after endoscopic and hisimgical assessment and
are characterised as IBD unspeci ed (IBD-UY.

The major symptoms of UC and Crohn's disease overlap (Tablel). These include
abdominal pain, changes in bowel habits, with additional sgptoms such as weight
loss, decreased appetite, fever and fatigue. Symptoms camya great deal between
people and over periods of time, with patients having times vem symptoms are
severe (are-ups) and times with few or no symptoms (remigsi). In ammation can
also a ect the eyes (uvitis), skin, liver and joints® Both UC and Crohn's disease can
also lead to growth delay in children. IBD is more commonly dgnosed in young
people aged 15-25 and there is an increased risk of IBD in teosho have a family
member with the condition. The disease tends to be more sevarechildren with
IBD but there is no notable di erence in the distribution of disease types between
children and adults? De ning the exact epidemiology of IBD can be challenging due
to the insidious nature of the condition, often marked by dels in disease diagnosis
as well as occasional incorrect diagnosis of patients witlarly stage disease. The
small number of children presenting with IBD can also hindethe speed at which the
correct diagnosis is reached.

1.2 Crohn's disease

Crohn's disease is a clinical classi cation of IBD, often msenting in childhood. It is
a chronic condition which relapses and remits throughout thpatient's life, having a
substantial impact on the child and their families quality @ life, as well as a signi cant
cost to NHS resources.



Table 1.1: Typical symptoms in children with IBD

Diarrhoea, with or without blood and mucus

Severe cramping abdominal pain, often before passing a stool
Weight loss due to loss of appetite and malabsorption
Delayed growth and development

Tiredness and fatigue

Anaemia, due to poor dietary intake and blood loss

Mouth ulcers

Potential complications, especially in Crohn's disease:

- strictures (scarring of tissue create narrowing of bowel)
- stulas (channel connecting internal organs or to epidermis)

Because of variability in the severity and location of Crohs disease, as well as its
transmural nature, patients can have a wide range of presetians. In addition
to diarrhoea, children usually present with abdominal pain, grticularly before a
bowel movement; and around 40% of patients can show a range gfra-intestinal
manifestations a ecting the function of a wide range of bodysystems® Systemic
symptoms including fatigue, anorexia, and weight loss cansal be present in more
severe cases. Although less common, children with Crohn's elise may initially
present with stricturing or perforating complications! Around 10% of children have
perianal diseasé, possibly a distinct phenotype of Crohn's disease linked wita
susceptibility locus on chromosome 5.A delay in puberty often complicates the
clinical course of young people with IBD, particularly in those with Crohn's disease
and more often in boyst® A 1994 study of children with Crohn's disease showed
that in 73% (n=11) of girls menarche occurred 2-years latehan girls with UC and
healthy girls (NS).*! Another study of fty- ve children with IBD found a mean delay
of puberty of 0.70 years (SD 1.14), while a more robust US studgund that in 104
children with Crohn's disease puberty was delayed by 1.5ams (p<0.01) compared
with 233 healthy children?

Timely diagnosis in children is very important, since misag school due to symptoms
like pain, diarrhoea and fatigue as well as possible isolatidrom peers, exacerbated
by a prolonged diagnostic work-up, can have a long-term pdwesocial and physical
impact on children.*®

1.3 Classi cation of disease location and phenotypes of Crohn's disease

Crohn's disease is typically characterised by in ammationf the gastrointestinal tract
which is non-continuous unlike in ammation in UC which is cotinuous and restricted
to the colon and rectum. Treatment strategies for paediatci Crohn's disease are de-
pendent on disease location and disease extent, howeveréis discordance between
endoscopic (macroscopic) and histological (microscopidjsease extent, which can



make classi cation of disease location challenging, andaeocurate in terms of re-
search where microscopic evaluation might be unavailablé.ln order to properly

identify disease location it is normally recommended that # whole gastrointestinal
tract is examined by upper endoscopy, ileocolonoscopy, anéall imaging® A num-

ber of studies, have suggested that disease location can beraticator of treatment

outcomes in Crohn's disease.

Disease classi cation as well as being a tool for clinical préce, also has a role to
play in research. In IBD research studies an increasing nuebof bio-banks are
being created to allow the sharing of molecular data linkedithh phenotypic clini-
cal data. Therefore high quality disease classi cation si@ms will become an im-
portant feature of clinical data used in multi-centre prospctive research studies.
Previous classi cation methods such as the \Rome classi tan" 1 used disease lo-
cation (stomach/duodenum, jejunum, ileum, colon, rectumanal-perianal); disease
behaviour (primarily in ammatory, primarily stulising, primarily brostenotic) as
well as extent of disease (localised, di use) and surgicaiskory (primary, recurrent).
This method could theoretically result in as many as 756-submups of Crohn's dis-
ease. It had also been shown that for some aspects of the alaason, particularly
disease location and behaviour, there was inter-observeas creating the potential
for non-comparable results between patients and over-tinté Mucosal healing based
on histology is often referred to as the ‘true' measure of dase remission, where
earlier clinical classi cation systems were based exclusiyen endoscopic and radi-
ological disease extent. In 2000, the Vienna classi cationfgble 1.2) was created
to try and simplify the classi cation of the clinical phenotypes of Crohn's diseas&
Following on from this in 2003 a group of investigators sougko resolve some of the
iIssues around creating a Crohn's disease sub-classi catithat took into account the
clinical, molecular, and serological markers of IBD. The raks were presented at the
Montreal World Congress of Gastroenterology in 2005 wherédy tried to address
issues that a ect both the needs of clinicians and the needs aienti c researchers in
the eld. ! In 2011 Levineet al.'® devised the Paris classi cation, containing further
sub-categories based on histology which also took into aoob growth abnormalities
in children. However, the small number of patients with Crohs disease limit the use
of the Paris disease classi cation sub-sets for researcls, incan reduce the power of
data sets in small scale studies such as the current study.

Isolated upper disease  Using upper gastrointestinal endoscopy in paediatric pa-
tients as well as the growing use of magnetic resonance imapgienterography and

computed tomography enterography have increased awares@$ how common upper
disease is among children with Crohn's disease. Upper inveteent has been reported
as anywhere between 30%-80% in children and adufs.



Table 1.2: Vienna, Montreal and Paris classi cation for Crohn's disease

Vienna Montreal Paris
Age at diagnosis Al <40 yrs Al <17 yrs Ala: 0{<10 yrs
Alb: 10{< 17 yrs
A2 >40 yrs A2 17-40 yrs A2 17-40 yrs
A3 >40 yrs A3 >40 yrs
Location L1 ileal L1 terminal ileal limited L1 terminal ileal limited
caecal disease caecal disease
L2 colonic L2 colonic L2 colonic
L3 ileocolonic L3 ileocolonic L3 ileocolonic
L4 upper L4 isolated upper disease* L4a upper disease proximéato

ligament of Treitz*

L4b upper disease proximal to
ligament of Treitz and proxi-
mal to distal 1/3 ileum*

Behaviour B1 non-stricturing, B1 non-stricturing, non- B1 non-stricturing, non-
non-penetrating penetrating penetrating
B2 stricturing B2 stricturing B2 stricturing
B3 penetrating B3 penetrating B3 penetrating

B2B3 both penetrating and
stricturing disease, either at
same or di erent times
p perianal disease modi- p perianal disease modi er!
er!
Growth n/a n/a G o no growth delay
G growth delay

*In the Montreal and Paris classi cation L4 and L4a/L4b can ¢ oexist with L1-L3.
y is added to B1-B3 when concomitant perianal disease is prese nt. Taken from
Satsangi et al. 2006! and Levine et al. 2011.19

The L4 category of the Montreal classi cation does not distiguish between ileal dis-
ease, and oesophageal or gastric involvement. A large 201ldg concluded that
patients with jejunal disease were at signi cantly greaterisk of stricturing disease
and surgeries than either oesophageal, gastric, duodenalileal (without proximal)
disease, thus they suggested this category be further sphtthe new Paris classi ca-
tion (Table 1.2). The study also found that adult patients wth upper (L4) disease
were less likely to have concurrent colonic (L2) disease (12% \&1%; p<0.001)%
Very few patients have isolated upper (L4) disease withoutoacurrent ileal/colonic
disease (L1-L3) making it di cult to include this group of patients in studies.

lleal, ileocolonic and colonic disease The terminal ileum, ileocaecal valve, and
caecum are the most common sites involved at disease preaéinh. Disease location

is restricted to the ileum (ileal) in approximately 40%-50%of patients, while 30%-
40% involve both the ileum and colon (ileocolonic). The renrang cases are isolated

to the colon (colonic)? The age of disease onset has been recorded as a factor in
disease location, with very early age onset usually beinglated colitis, while ileal
disease is found more often in children who are diagnosedeafage ning??2

A retrospective study which evaluated pathology of Crohn'patients that underwent



surgery for either stricturing or stulas, found no speci c pathology di erentiated
patients with stricturing from stulising disease. However in terms of histology they
did nd that ileocolonic (L3) localisation was signi cantly more common in non-
perineal stulising disease than in patients with strictures.?* Another 2016 study
recorded from 120 adults patients found that Crohn's diseasvolved, progressing to
more aggressive stricturing and penetrating phenotypes @va 5-year period. Inter-
estingly disease location remained relatively stable ovéme, with 93% of patients
showing no change in disease location. The study reportedathileal involvement,
stricturing, presence of stulas and perineal lesions wengredictive of surgery and
immunosuppressant or immunomodulatory treatment®> With respect to treatment
with exclusive enteral nutrition (EEN), a meta-analysis of &n trials was unable to link
disease location and phenotype with e cacy of treatment, otime to relapse?® de-
spite limited evidence suggesting that patients with ilealhvolvement respond better
to EEN.?728

Extra-intestinal features Extra-intestinal features in Crohn's disease can include
the eyes, mouth, skin, joints, liver, bile ducts and anus. Otfdesions, anal ssures,
abscesses, ulceration around stomas and anal skin tags lgecommon features of
Crohn's diseas€? In a 2015 European inception cohort, patients with Crohn's dease
were found to be twice as likely as patients with UC to experiee extra-intestinal
symptoms 3

Orofacial granulomatosis (OFG) is seen as swelling of thessues around the mouth
due to granulomatous in ammation 3! It is often referred to as cheilitis (in ammation
of the lip). The swelling can cause midline ssuring of theti called median cheilitis or
produce sores in the corners of the mouth called angular dites. OFG is associated
with Crohn's disease sometimes preceding gastrointestirgimptoms by a number of
years2 however OFG might also be the only obvious symptom of undeityg Crohn's
disease. OFG can also be associated with oral ulcers, gidiin ammation and
cobblestone appearance of the buccal mucosa, the histolagjiteatures of which are
indistinguishable from Crohn's disease and systemic sardosis 33 In 2007 Freysdottir
et al.3* showed in oral biopsies from ten patients with OFG that the Th immune
response resembled that seen in gut biopsies from patientsm@rohn's disease. Thus
there is no clear way to determine when OFG is a stand-alonenbtion and when it
is an oral manifestation of Crohn's disease.

Studies of perforating perianal disease report an incidenagaround 8-15% in children
with a diagnosis of Crohn's diseast Perianal disease can also be a strong predictor
of developing a more complicated pathology in Crohn's dissa and in children can
be debilitating, either preceding or following intestinal m ammation. * Perianal ab-
normalities can include lesions on perianal skin or the anahnal, as well as abscesses
and stulas. This perianal component of Crohn's disease canebasymptomatic in



some children but for others it can be a serious source of didiy and distress.3¢:%7

Paediatric Crohn's disease The extent of disease in adult Crohn's tends to remain
more stable, unlike that found among children, where a sigréant and rapid change
in both disease location and behaviour was recorded over Brn a large cohort of 276
Scottish paediatric patients3 The same study found that disease location was more
dynamic in childhood disease onset, such that within 2-yearsf diagnosis, disease
progressed to involve additional sites in 39% of patients & did not have maximal
ileocolonic (L3) and upper (L4) involvement. It was also n@&d that disease behaviour
decreased in non-stricturing, non-penetrating disease 1Bfrom 91% to 83% by the
second year and 76% by the fourth year after diagnosis. Anothstudy involving
404 children with childhood-onset Crohn's disease found thaomplicated disease
behaviour (stricturing B2, and penetrating B3) doubled duing a 7-year follow-up
from 29% at diagnosis to 59% plateauing after 9-years3®

1.4 Understanding chronic in ammation in Crohn's disease

It is hypothesised that IBD occurs in genetically susceptiblpeople after exposure to
unknown environmental factors which leads to aberrant imme responses. Although
a number of environmental factors have been suggested, thausal roles of these
potential disease triggers have yet to be determined. A number of tissue defects
have been described in both Crohn's disease and UC, includingt dight junction
barrier function, defective trans-epithelial cell transprt, extracellular matrix barrier
proteins, and Paneth cell antibacterial peptide$! Also the polarisation of T-cells to
a Thl cytokine pro le has been a recognised feature of Crolsntdisease. More recent
studies also point to a role for Th17 cells, hence taken todpetr, both Thl and Th17
cells are important mediators of in ammation in Crohn's digase?*

It has also been suggested that neutrophil dysfunction callbe playing a role in
altered innate immunity in the early stage of Crohn's diseasdevelopment®® There
are known genetic disorders with neutrophil function de ciecy which give rise to
clinical symptoms and pathology that is indistinguishablérom Crohn's diseas€”* The
exact mechanisms underlying disease pathogenesis are yebéoelucidated, however
the current hypothesis for the aetiology of Crohn's diseasaiggests a T-cell driven
inappropriate mucosal immune response in the gut, leading tan overproduction
of in ammatory cytokines, most likely against endogenous lwderia.*> Unlike acute
in ammation, chronic in ammation continues for long periods (months or years),
leading to tissue damage and long term associated dise&%&intil recently, chronic
and acute in ammation were thought to be separate processastivated by di erent
mediators and outcomes, but it is now accepted that the prosses are interlinked in
such a way that defects in the processes that drive acute imamation play a role
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in chronic in ammation, 4 with tissue damage being the net result of the activated
in ammatory process. Standard therapy for Crohn's diseases therefore directed
towards suppression of this inappropriate immune response

1.5 Growth failure in children with Crohn's disease

Malnutrition is common in children with IBD, particularly i n active Crohn's disease
where weight loss at diagnosis is noted in up to 90% of cad&4’ but there are
no standards or screening tools to speci cally identify mautrition in IBD. In 2016
Jansenet al.>® proposed a new screening tool which uses BMI, weight loss o@e
months and plasma CRP levels to approximate a malnutritioncore speci cally for
IBD. The tool is limited in that BMI can be a poor predictor of malnutrition and
growth over the short term>°

As a result of weight loss and malnutrition, children with IBD especially those with
Crohn's disease, tend to present with lower BMI and lower bgdweight when com-
pared to the national reference range of healthy childrett:®? It is not always easy
to identify the cause of growth failure in individual childrendue to factors including:
reduced food and nutrient intake; malabsorption due to in amation; and possibly
treatment with corticosteroids.*®

More recent data suggests the risk of IBD patients being undeeight is decreasing,
with some studies showing a large number of patients being oweight at diagno-

sis which is most likely linked with increases in obesity inhie general population.
Although there is limited evidence showing the prevalence obesity among newly
diagnosed patients with IBD, a number of paediatric and adtistudies suggest that
the current number of overweight (BMI 25.0-29.9kg/m) and obese (BMI 30.0kg/m

or more) IBD patients matches that of the general populatior{ 20%-30%). One
US study found that in a population of 1598 children with IBD, aound one in ve

children with Crohn's disease and one in three with UC were aweeight or obese>?

A similar US adult study in 2015 found the rate of obesity to be 3% in Crohn's
disease and 35.2% in UC patient¥ Another study of 489 Scottish IBD adults from
Tayside found that 18% were obese in comparison to 23% for the total Scottish
population. Another 38% were over-weight which was equivaieto the general Scot-
tish population. Overall, obesity was found to be more prevant in Crohn's disease
than in UC patients (p=0.05).%

A retrospective study in Philadelphia (1997-2002) lookingt 126 patients with Crohn's
disease found that 32.4% were overweight or obese at diagao3 hey also found that
time to rst surgery for patients with a BMI of under 18.5kg/m, was considerably
longer than patients with a BMI of 25kg/m, or higher (p=0.04).5° Although two of

these US studies found that an increase in BMI was associatediwan increased need
for surgery, the other studies found that obesity in IBD (usig BMI) was associated
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with a less severe disease coure.

A large Canadian time-trend analysis of body weight and disse activity between
1991-2008; including forty randomised controlled trials wolving a total of 10,282
patients with Crohn's disease, saw a signi cant increase ineight (r=0.36; 95% CI)
and BMI (r=0.14; 95% CI) as well as a signi cant increase in atical disease activity
(r=0.109; 95% CI) and disease duration (r=0.063; 95% CI) in ©©hn's patients over
the time period.®’ It is therefore possible that there is a link between adipositand
in ammation in Crohn's disease which needs to be studied ftirer.

1.6 Risk factors for Crohn's disease

The aetiology of Crohn's disease is complex, with the mostaé@ly acknowledged hy-
pothesis being that Crohn's disease is a dysregulation of thermal immune response
in genetically susceptible individuals, where the onset dfsease is triggered by one or
more environmental factors that lead to gut in ammation andabnormal gut immune
responses to the gut microbiota.

Genetics  The link with genetic risk factors is supported by ethnic and reial varia-
tion in the prevalence of IBD, with the highest rates being fand among Caucasians,
particularly Ashkenazi Jews who have a two to ninefold greatgrevalence of IBD>8
However, there is a trend towards growing prevalence in pojatilons previous thought
not to be at risk, thus the balance between genetic risk and enonmental fac-
tors are complex. The idea that IBD has a heritable componers$ well established
through family studies which show that 5-30% of these patiés) particularly those
with Crohn's disease, report a family member with IBD® A 2003 study suggested
IBD patients who have a family history of IBD are at risk of deeloping disease at
a younger age>® They reported that in a group of eighty-two children with Crdin's
disease, 42% of those under 11-years of age had a positive lfamstory of IBD, sig-
ni cantly greater than older children (19%). However this type of split age analysis
can be scienti cally biased and misleading.

The genetic component of IBD risk is supported by the higheloacordance rate found
among monozygotic twins, that is not seen in same sex dizygotwins; as well as the
increased incidence among rst degree relatives of thoseezted® It is likely that
some genetic variants a ect the host relationship with the gt microbiota via immune
expression, which put some individuals at higher risk of deloping IBD. As well as
understanding risk factors genetic studies are beginning tighlight the importance
of host{microbe interactions in the pathogenesis of IBD (gesection 1.9.3).

Genome-wide association studies (GWAS) created a framewddt new insights into
the aetiology of Crohn's disease. Identi cation of 163 IBDdci with 30 being Crohn's
speci ¢, is more than any other complex diseas®.The strongest links are with genes
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involved with intracellular killing of bacteria and innate immunity ( CARD15/NOD2,
IRGM, IL23R, LRRK2, and ATG16L1) as well as adaptive immune responses (IL-23 and
Th17).52 Current GWAS are based on samples from North America and Europe,
hence wider studies including non-Caucasian populationseaneeded to properly un-
derstand how these genes might put individuals at risk of IBDAlthough there is
good evidence that NOD2, autophagy, and Th17 immune resposdeave strong links
in Crohn's disease pathogenesis, susceptible loci only doute around 14% of total
disease variancé!

North-south divide There is a higher incidence of both Crohn's disease and UC
reported in northern latitudes, compared to southern latiides in the northern hemi-
sphere®34064 There is growing evidence that a relationship exists betwedBD and

a north-south gradient in a number of countries, while somewlies have shown a
relationship between latitude and incidence of Crohn's déase linked with low ex-
posure to sunlight and vitamin D insu ciency. ®>%¢ Higher dietary vitamin D levels
among sh eating coastal populations might explain why not la studies observe a
higher incidence of IBD at higher latitudes Prof C. Edwards pers. comn).

A 2010 clinical trial®” found that supplementing vitamin D (1,200IU) to the normal
diet of adults with Crohn's disease resulted in the mean seru60OHD going from
69nmol/L to 96nmol/L after 3-months (p<0.001) and a reduction in relapse rate
at 12-months (13% v 29%, p=0.06); although it should be notedhe group which
received the vitamin supplement had greater azathioprinese than the control group.

Nutrition Diet is known to have a role in the expression of IBD, however ast

studies are retrospective case-controlled, meaning digtehabits are either asked to
be recalled from a time before the onset of the disease, or e turrent diet, which
may not represent normal habitual diet prior to developingymptoms. In 2011 Hou
et al. carried out a systematic review, concluding that not only we total fats,

polyunsaturated fatty acids (PUFAS), omega-6 fatty acids, ath meat associated with
an increased risk of IBD but that higher bre and fruit intake reduced the risk of
Crohn's disease®

Gut microbiota The importance of the microbiota in the pathogenesis of Crol's
disease has been demonstrated since diverting the faecakam results in healing
and prevention of Crohn's disease relapse in humans and aaintolitis models®®
Identifying a "high risk' microbiota pro le in IBD and Crohn's disease has therefore
become a priority. A reduction in bacterial species abundaacand diversity within
the commensal gut microbiota community of patients with IBDhave become key
features however a link with causality has yet to be shown (&#on: 1.9).7%7172
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Antibiotics Lewis et al. 2015 using a multi-variable model which included use
of antibiotics within the last 6-months found that antibiotic use was independently
associated with dysbiosis in IBD?® They also reported that genera associated with
Crohn's disease in the absence of antibiotic use were di etefrom those associated
with antibiotic use. This evidence was based on creating twaabterial composition
clusters of Crohn's patients which may have introduced sonigas into results.

1.7 Epidemiology of Crohn's disease

The incidence of Crohn's disease is increasing worldwidethwprevalence being par-
ticularly high in the northern countries of Europe and Ameria. A Canadian study
recorded the incidence rate of paediatric IBD rising from S.per 100,000/yr in 1994
to 11.4 per 100,000/yr in 2005; including an incidence in Cno's disease of 6.2-7.0
per 100,000/yr/4 Crohn's disease had previously been classed as a westereatis
because it was more common in industrialised nations, due kaw prevalence rates
in places such as South America, Eastern Europe and ASi’® However, recently
it has become clear that Crohn's disease is an emerging dsean countries with
previously low rates, such as Japan where the adult prevalencate rose to 21.2 per
100,000 by 2005’ The speed at which incidence is increasing in areas where Qrish
disease was previously absent suggests that environmentluding diet, is pivotal in
triggering diseas€’® It is possible that the introduction of a more westernised et
in these countries is playing a role in the elevation of patiemumbers. This is sup-
ported by the fact that there is an increase in occurrence of Bamong families when
they emigrate from a country where incidence is low to one wieeincidence is high,
highlighting the importance of identifying environmentaltriggers.’®

Some limitations in describing the worldwide epidemiologgf Crohn's disease are
that increases in IBD have not been described in a uniform wayith many countries
lacking accurate estimates of incidence and prevalence feularly for paediatric IBD.
There is also a particular lack of data about rates of paediat IBD from developing
countries in Asia, Africa, and South America’® hence most of the data regarding
epidemiology is taken from European and North American cohat Additionally
most reports do not include the category of IBD-U thus the ovall incidence of IBD
is higher than that inferred from available data’® In Europe the highest incidence
and prevalence rates have been found in Scandinavian couet and the UK, with
the highest in Scotland®* Scotland has one of the highest IBD rates in the world.
Since the mid-1990s the incidence of IBD in Scottish childrehas increased by 76%
including a 66% rise in Crohn's disease (Table 1.3). There falso been a marked
increase over the past 10-years in the incidence of childreith Crohn's disease in
Ireland.®? These increases in the Scottish paediatric IBD populationyhich have
lead to an overall IBD incidence rate of 7.82/100,000/yr (déved from the 2003-2008
gures) may have continued to rise towards levels of incideaadescribed in Canada
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(2005)# and Scandinavia (2005-2007% which have reported rates of 11.4/100,000/yr
and 10.6/100,000/yr, respectively.

Table 1.3: Paediatric IBD incidence in Scotland per 100,000/yr

Year 1990-1995 2003-2008
(n=260) (n=436) dierence sig. at

IBD 4.45 7.82 p< 0.0001
Crohn's 2.86 4.75 B 0.0001
uc 1.59 2.06 p=0.023

Taken from Henderson et al. 201084

Age of disease onset IBD is now being diagnosed at a younger age in Scotland,
particularly Crohn's disease where the age at diagnosis htdlen from 13.2 in the
early 1990s to 12.1 years by 2008.Around a quarter of patients with Crohn's disease
are diagnosed before the age of twenty, often presenting wisevere nutritional de -
ciencies® About 85% of these children present with weight loss, with upot 15{40%
of them failing to reach their growth potential 27 This risk of malnourishment can
impair growth and a ect pubertal development? therefore nutritional therapy is an
integral part in the management of children with Crohn's diease. The onset of IBD
in childhood tends to be characterised by a more extensivesdase location as well
as more aggressive and severe disease condition than founddult onset IBD.88:8°
Overall the impact on the health of children with Crohn's digase can be more serious,
leading to children requiring increased NHS resources.

Gender di erences In Asian studies a male predominance has been recorded in
both, paediatric and adult populations®%°1:°293 For European and North-American
studies the female/male ratio has varied from an even disbution to as much as
2.5:1%* Many cultures have particular gender roles, potentially ulting in di erent
exposure to environmental risk factors, which could in parteaount for geographical
di erences in IBD gender ratios.

Hendersonet al. 20118 reported that among Scottish children with IBD that more
boys were a ected than girls especially for Crohn's diseas€he adjusted male/female
ratio for the 2003-2008 gures was 1.29, rising from 1.07 i®90-1995; and mainly due
to an increase in male/female incidence ratio in children #i Crohn's disease (1.22
to 1.38). It will be important for future studies in Scotland to look at the reasons
behind gender di erences in Crohn's disease which could beveh to di erence in
exposure to environmental risk factors; dietary choicesy bormonal di erences. The
possibility that girls, especially in their teen years, aréess willing to come forward
with bowel problems, to discuss diarrhoea and other gastntéstinal symptoms with
parents and clinicians, leading to a possible gender biasmild cases, or greater time
to diagnosis in more severe cases, needs to be consideredhast also been noted in
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some clinical gender studies, that general practitionersus be more prone to interpret
male symptoms as physiological, while attributing a more psihological element to
the symptoms of female patients, which a ects referral andidgnosis?® Increased
side-e ects from bowel preparation have been recorded innfale IBD patients®®:°6

which could in turn a ect the completeness and accuracy of aandoscopic result.
Another study has recorded a lower rate of follow-up colonagmes in female IBD
patients.®” Hence there are a number of potential biases which could acobuor

gender ratio di erences. However this type of bias could alsoe due to genuine
biological gender di erences in the severity of symptoms,hich need to be identi ed

by future research.

1.8 Current treatment strategies for paediatric Crohn's disease

Crohn's disease is currently incurable and thus therapeutiapproaches aimed at
achieving clinical remission of the condition only provide st term relief from symp-
toms.?® The management of Crohn's disease rstly involves inducingemission and
is then followed by medical treatment to maintain remissiof? The use of corticos-
teroids to induce remission in patients with active Crohn'ddisease is e ectivet®
However the side e ects over the long-term, particularly in laildren, make their use
less than ideal and they are ine ective at inducing mucosaldgaling. The side e ect
of weight gain and acne as well as poor bone health and devel@nincan also be
a signi cant problem for adolescents with Crohn's disease ing treated with corti-
costeroidsi®! Choice of treatment is not only determined by whether a childvith
IBD has UC or Crohn's disease but also the location, severitynd extent of disease.
Due to the large range of disease phenotypes treatment isltaied according to the
individual needs of each child.

1.8.1 Medications used to treat Crohn's disease

A recent NHS review in England has estimated that to treat adultBD costs around
720 million per yeari® with approximately 1/4 of costs taken up by medications
used to treat IBD.1%® Medications used to treat Crohn's disease and IBD are aimed
at inducing and maintaining disease remission through modation of immunomod-

ulatory processes (Table 1.43%*

Although the 2014 second European consensus on preventiomggtosis and man-
agement of infections in IBD, concluded that IBD patients sbuld not be routinely
considered to have altered immunocompetenger se there are a number of im-
munomodulators used in the treatment of IBD which are assated with increased
risk of infections!% These include corticosteroids, thiopurines, methotrexatecal-
cineurin inhibitors, anti-TNF agents and other biologics. Ufortunately there is no
sound biological means to measure immunosuppression in |BBtients.
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Table 1.4: Medication used to treat children with Crohn's disease in he UK.

Type Drug name Role Action
Antibiotics Metronidazole induction of remission reduction of gut bacteria
Cipro oxacin (esp. perianal disease)
Corticosteroids Prednisolone induction of remission down-regulation of pro-in ammatory
Hydrocortisone cytokines; interference of NF B
in ammatory signalling
Immuno- Azathioprine maintain remission immune suppression and cytotoxicity;
suppressant 6-Mercaptopurine induce T cell apoptosis
Biologics In iximab induction of remission antibody agains t TNF

Observational studies like the current one cannot control fahe confounding e ect
that medications might have on the composition and functica behaviour of the gut
microbiota, hence it is important to examine the potential mpact drugs might have
on results. A 2007 study reported from mucosal biopsies th#fte suppressed mi-
gration of leukocytes in UC patients treated with azathioprie was associated with a
28-fold higher concentration of mucosal bacteria when corugd with patients treated
with 5-ASA, and 1000-fold when compared with healthy control&®® Therefore it is
important to know when measuring bacteria that changes are éuto dietary treat-
ment like maintenance enteral nutrition (MEN) rather than the immunosuppressant
Azathioprine, which many children take along with MEN therapy.

Antibiotics Although medical therapy has targeted suppression of the imme sys-
tem, antibiotics are frequently used as an ancillary treatent in Crohn's disease'®’

There is con icting evidence regarding the e cacy antibioics to help induce remis-
sion on Crohn's disease. A 2011 review paper concluded thasictive Crohn's disease
using data from ten RCTs involving 1,160 patients, that treament with antibiotics

was superior to placebo (RR=0.85; 95% CI=0.73{0.99, p=0.03'°" however interpre-
tation is challenging due to the diversity of antibiotics ued. It is unclear whether
antibiotics work due to reduction of a single species, or vighanges to overall bacte-
rial composition.1°® It is possible, gut bacteria are not driving IBD, but rather @use
secondary infection due to underlying in ammation, exacdyating disease activity:%®

Immunosuppressants Immunosuppressants on their own cannot induce remission
and are therefore used to help maintain remission in IBD pagnts. As such azathio-
prine or 6-mercaptopurine are the primary treatment for maitenance of remission of
moderate to severe Crohn's disease.

Biologics  Tumour necrosis factor- (TNF- ) inhibitors are biological agents intro-
duced in the 1990s for the treatment of IBD. It is recommendetbr treatment of
children aged 6{17 with severe active disease who have nadpended to immunosup-
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pressants, corticosteroids and nutritional therapy® The introduction of anti-TNF

therapy has improved the quality of life as well as reducingirhe in hospital and
surgery for Crohn's disease patient§t! The most common TNF- antagonist used
for Crohn's disease is in iximab. Although it is e ective in lowering in ammation,

treatment-induced immunosuppression is suspected to incesainfection risk'?

Corticosteroids Corticosteroids were rst used to treat IBD in the 1950s withthe
successful use of cortisone acetate in patients with U& Since this time corticos-
teroids have become the cornerstone in treating IBD patiestwith moderate to se-
vere active in ammation.!'* Despite the widespread use of corticosteroids, studies
concerning optimal therapeutic strategies have mostly beelone in adults with IBD,
with as many as 80-90% of adults treated with corticosteragdreporting at least one
adverse event during their therapy:'® Although corticosteroids are clinically e ca-
cious and induce remission, their use in children can havewsanted side e ects such
as weight gain, growth impairment, increased acne as well lasv mood!'® thus chil-
dren with IBD can be more sensitive to the side e ects of codbsteroids than adults,
particularly with respect to impaired growth.!t’

A number of studies have shown that systemic use of corticesbids work via a

number of routes including: inhibiting epithelial cell gee expression of cytokines
(IL-1 , IL-6, & TNF- ), growth factor and receptors (GM-CSF & TGF- ), as well

as various in ammatory chemokines of the CXC and CC familie§*® They can also
reduce diarrhoea by increasing sodium and water absorptiof®

1.8.2 Treatment with exclusive enteral nutrition (EEN)

As a chronic in ammatory condition of the gut, Crohn's diseas causes severe nutri-
tional complications. The use of exclusive enteral nutritio (EEN) to treat the dietary
and growth needs of children with Crohn's disease led to EENeboming an e ective
therapy which could successfully help children achieve dése remission without the
need for corticosteroids-?°

EEN is a liquid nutrition diet which exclusively replaces tle child's normal diet.!?*
Being a liquid preparation with no bre, it is easily digest@ in the small intestine.
Once the individual calori ¢ requirement for a child about b start EEN has been
calculated, the formula is normally introduced slowly oveR-4 days and continued
for around 6-12 weeks?? Normal food is then reintroduced, although some centres
slowly reintroduce speci ¢ types of food rst!??

Only one study has attempted to answer the question as to whuedr it is necessary
to have full exclusion of the normal diet in order to achieveemission in paediatric
Crohn's disease, and they found that EEN increased the rermien rate 3-fold when
compared to the energy requirement being met from 50% enterautrition and 50%
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normal diet.*>> However paediatric centres often permit a variety of additisal foods
in addition to EEN, 2% including sugarless chewing gurt?! clear soup or carbonated
beverages such as lemonade. More than 40% of studies allow &ed co ee, and
almost half allow the introduction of additional sugar in tre form of hard boiled
sweets!?* Further studies are needed to explore the e cacy of these adibnal food

items, before being added to EEN protocols.

It would be unethical not to treat patients with active diseae, hence no placebo con-
trolled trial has ever been carried out to test the e cacy of EEN in IBD. The e cacy
of EEN to induce remission in active Crohn's disease has thevef been measured
against medications, in particular corticosteroids® EEN has been shown to induce
remission in 80-85% of children with active Crohn's disegd® with recent guidelines
advising the use of EEN as the rst line induction treatment ér children with in-
ammatory luminal disease!?® A 2008 Cochrane review looked at the e ectiveness of
EEN as primary therapy to induce remission in children with Cohn's disease from
1966-2006°° From the fteen studies included they concluded corticosteid therapy
was more e ective than EEN for inducing remission of active @hn's disease, but
that EEN had the added bene t of mucosal healing. Many of thesstudies were of
low quality, and the two highest quality studies in this reviev had opposing nd-
ings, with one in favour of steroid therapy?® and the other EEN;!?” although neither
study reached statistical di erence. However, recent rewes have shown EEN is just
as e ective as corticosteroids in inducing remission (OR=26 [95% CI 0.77, 2.05]) in
children with Crohn's disease; and mucosal healing was sigantly higher in chil-
dren receiving EEN compared to corticosteroids (OR=4.5 [95%I 1.64, 12.32])!?8
Enough studies showing EEN to be a bene cial primary treatnm for active Crohn's
disease triggered the European Crohn's and Colitis Orgaaizon (ECCO) in 2014
to revise their consensus guidelines and recommend EEN as trst line therapy to
induce remission in children with luminal Crohn's diseaseTable 1.5).%8:125

There are factors which could in uence the e cacy of EEN, inaliding variation in
type and severity of Crohn's disease, the way disease actwénd remission is de ned;
composition of EEN; duration of EEN, as well as the timing of afical assessment&®
In some studies, length of treatment is e ectively too short @ properly evaluate
e cacy of EEN against corticosteroids. For example Tjellstom et al. 2012 concluded
that children with active perianal Crohn's disease, saw no iprovement in clinical
status, or in ammatory parameters after treatment with EEN.2°

There are trade-o0 s to using EEN as a therapy to induce remissn over corticosteroids
including: palatability; distress caused by use of nasogast tubes; and stress or
isolation from the social aspects of normal family/school eal times!!® These issues
are important considerations since the 2012 NICE guidelinE8 reported that all
studies included in the Cochrane reviet# of EEN are of low to very low quality.
Hence it might be premature to assume EEN is always the bettepton.
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Table 1.5: Studies since 2012 on exclusive enteral nutrition (EEN) shoimg remission rates, length of
treatment and type of feed.

Study NO.' of Type Feed Duration ~ Remission Notes
children
rate
Connors et 111 Retrospective  unknown 6-16 86.6% Remission with EEN was as-
al. 2017130 weeks sociated with reduced risk of
CS treatment over 2-years
Luo et al. 28 Retrospective  Not given 8 weeks 90% Longer time to relapse in
2015131 those treated EEN vs CS
(signi cant)
Lee et al. 90 Prospective Not given 8 weeks 88% Partial enteral nutrition in-
2015132 cohort duced remission in 64% of
children
Levine etal. 201 Prospective unknown 6-8 weeks  79% No dierence seen between
2014133 cohort EEN and CS
74 Retrospective  Polymeric 6-8 weeks  84.2% Longer time to rela pse in
Hojsak et those treated EEN vs CS
al. 2014134 (signi cant)
Soo et al. 105 Retrospective 33 polymeric; 6 weeks 88.9% No dierence seen between
201313 3 elemental EEN and CS
57 Retrospective  Polymeric 4-8 weeks  84% compared with cortic os-
Lambert et teroids
al. 2012136
50 Retrospective  Polymeric 6 weeks 32% No comparison with cort i-
Saadah et costeroids
al. 2012137

CS -corticosteroid therapy; EEN -exclusive enteral nutrit ion. Studies prior to 2012 are given in the ~ 2012 NICE
guidelines'. 110 Similar results have not been reproduced in adult studies, w ith EEN resulting in lower response rates
than using steroids (perhaps due to lack of compliance in adu lts). 138

E ect on in ammation and mucosal healing Although the e ect of EEN on mu-
cosal in ammation is not fully understood, it has been showthat clinical response to
treatment with EEN is associated with mucosal healing and dm-regulation of mu-
cosal pro-in ammatory cytokine mRNA in the terminal ileum and colon.}*® A 2005
study in patients with adult Crohn's disease observed that EN reduced mucosal
cytokine production, correcting an imbalance between prand anti-in ammatory
cytokines14? Two 2006 paediatric studies also showed that EEN is more e eg¢
than corticosteroids at healing in ammatory associated kons in the gut1°%4! This
bene cial e ect of enteral nutrition on mucosal healing hadeen shown to a lesser
degree during maintenance therapy for quiescent Crohn's dase®

Potential mechanisms How EEN works to induce remission is unclear. There are
a number of theories including removal of dietary antigensa reduction of microbial
antigens. In 2004, Bannerjeet al.'*? conducted a study on twelve children with
active Crohn's disease treated with EEN for 6-weeks. Theywachanges in ESR
and IL-6 within 3-days; and in disease activity scores, CRRnd insulin-like growth
factor-1 within 7-days. They did not see nutritional improements until 14-21 days;
hence suggest an early anti-in ammatory e ect rather than atritional improvement

is driving remission in Crohn's patients. Recent studies ka provided insight into
possible mechanisms linking changes in the gut microbiotadbacterial metabolites
with gut in ammation. 3 These show EEN causes a reduction in bacterial diversity,
leading to changes in bacterial metabolites and functionafi 144145 However causality
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has yet to be established.

1.8.3 Treatment with maintenance enteral nutrition (MEN)

Following the success of EEN, studies have gone on to suppletire normal diet
with enteral nutrition (MEN), to try and maintain disease remission (Table 1.6), thus
reducing the need for corticosteroid therapy®* Several approaches have been tested,
including overnight nasogastric feeds combined with norrhaating during the day;
short periods of nasogastric feeds several times a year; andaily supplement drink
used alongside normal eating. In one study overnight nasagac feeding signi cantly
reduced relapse to 43% at 12-months compared with 79% forldnén who chose not
to take MEN.® Another study using nasogastric enteral nutrition for one auof
every four months over a year, also saw a signi cant increaseremission rates'4’ A
study on adults with Crohn's disease saw an interim remissigate using MEN, which
was double that of the non-MEN treatment group, and hence tat was inappropriate
to continue the study as they decided the bene t had been cldg demonstrated;14®

a similar success rate to a paediatric study which reported68 of Crohn's disease
children in remission after 12-months on MEN#® MEN has also been shown to reduce
relapse after surgery in Crohn's disease adults, particulg in those with penetrating
disease and non-active lesiori§? A later Japanese study also found MEN reduced
recurrence rates after bowel resectioft.

In a recent review, although ten studies found remission ra$ were signi cantly higher
in Crohn's disease patients who received MEN compared witlagents who did not,
only one of these was a randomised controlled triat! It could be argued that al-
though the sample size in these studies was smallZ0 MEN patients), combined they
represent a reasonable sample population. Eight studiesoto place in Japan, thus
these results may not translate to Western populations. Alsdhe studies as a whole
found that the ability of enteral nutrition to induce remission was dose-dependent
with higher doses resulting in higher remission rates.

A recent adult study compared MEN with the use of the immunogepressive drug
6-mercaptopurine (6-MP) and non-treatment controls;®® reported a remission rate
of 46.9% for MEN which was comparable with 60% remission in&h6-MP group;
remission in controls were 27.2%. Two patients in the 6-MP gup developed liver
injury and one alopecia, thus highlighting the need to devegbosafer forms of long
term treatment such a nutritional therapy. If MEN is an e ective treatment for the
maintenance of remission in Crohn's disease, as some stadseiggest, more work
needs to be done to understand the mechanisms behind why EENdaMEN work,
so that treatment to induce and maintain remission can be ophised for Crohn's
disease patients.
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1.9 Role of the gut microbiota and microbiome in Crohn's disease

Involvement of the gut microbiota in Crohn's disease pathamesis was rst shown
in studies where faecal stream diversion prevented recunce of ileal diseas&® and
that subsequent post-operative exposure to the gut micradia resulted in relapse®®
Treatment with antibiotics is also associated with clinickimprovement in IBD pa-
tients. 189161 Accumulating evidence now suggests, that IBD is linked to amappro-
priate in ammatory response to the intestinal microbiota n genetically susceptible
hosts 12 If children with Crohn's disease have a gut microbiota proé, both distinct
from healthy children and other in ammatory diseases inclding UC, it could have
potential as a clinical marker for Crohn's disease. Understding why the gut micro-
biota is altered in these children could also lead to improvg treatment strategies.

The term microbiome refers to the collective genome of the human indigenous mi-
crobes (micro ora or microbiota), the idea being that a comprhensive genetic view
of Homo sapiensas a lifeform should include the genes from our microbiomé®?
The term microbiota refers to the actual microbes, but in theliterature is often
interchangeable with the term microbiomé® The human gut contains a surpris-
ingly complex ecosystem with an abundance of over a thousadderent bacteria
and other micro-organisms. This structural composition inmost people include the
dominant bacterial phyla, Bacteroidetes and Firmicutes, agell as the less abundant
Proteobacteria and Actinobacteria.

As well as their role in digestion and absorption, epitheliatells that line the luminal
surface of the gut form a physiochemical barrier to bacterian healthy individuals
intestinal goblet cells produce mucus which contain antimiobial peptides all of which
keep the majority of bacteria to the more uid outer layer of he mucus and the lumen
of the gut, keeping bacteria away from the surface of epithal cells. However the
depth of the mucus layer varies signi cantly along the lengthof the gut. In the
colon where bacterial load is greater, goblet cells are vetlgnse where they secrete
an additional sterile layer of mucus which acts as a barriert dhe cell surface. It
has been shown in mice that lack the MUC2 gene that the mucus &yis unable to
prevent bacteria coming into contact with epithelial cellsvhich can in turn result in
in ammation, 165166

Pattern recognition receptors (PRRs) towards bacteria ha/been shown to control
the production of microbicidal peptides produced by entergtes and Paneth cells in
the gut.’®” PRRs produced by epithelial cells include membrane assogdttoll like
receptors (TLR) and intracellular nucleotide binding oligmerisation domain con-
taining protein (NOD) like receptors (NLR) as well as retinoicacid inducible gene
related receptors (RIG) which are able to recognise micradi molecular patterns.
TLR1-5 and TLR9 can recognise bacterial motifs as can a numbef intracellular
PRRs (NOD1/CARD4 NOD2/CARD15 ). The NOD2 gene encodes for a protein which
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Is mostly expressed in peripheral blood leukocytes, recaging bacterial molecules
that contain a muramy! dipeptide moiety as well as activatingNF- B.%® Mutations
in this and other genes have been associated with Crohn'sehse'®® suggesting that
the way epithelial PRRs interact with commensal bacteria unerpin host protection
against both resident and pathogenic bacteri&®’

From altering gut composition as a treatment via probiotics dietary changes or

faecal transplant, to searching for causative agents or kigactors amongst disease
groups like IBD, IBS and arthritis, crosstalk between bactga and host cells, as well
as modulation of the immune system, are all important areasf @urrent research.

Bacteria also produce bacteriocins, which play a role in coraptive dynamics between

strains of bacteria, possibly helping to maintain microbiehomoeostasis-"

Culture based plating was the primary method of investigatig the gut microbiota
for many years, and was subsequently replaced by conventd®NA analysis using
either sequencing or uorescent detection. These focusedpapaches did not account
for the vast array of bacteria that interact to make up the gut nicrobiota, resulting
in an incomplete picture!’ In the last decade culture independent detection meth-
ods have now progressed to include 16&\NA sequencing and high throughput DNA
sequencing’? as well as third generation sequencing analysi& This has allowed
highly detailed bacterial classi cation as well as informabn about the functional
genes that make up the gut microbiomé’4’®> These methods now allow us to char-
acterise phylogenetic disease-associated gut microbicteanges and highlight changes
in individual microbial species, as well as telling us sometty about the functional
capability of the gut bacterial community. As "omics' techntingies and analysis have
become more widely available and a ordable, this has reseli in the exploration of
global gut microbial taxonomy and function, allowing a more&eomprehensive investi-
gation of the complex relationships between the gut microiia and host tissues.

While a number of bacterial species have been linked with Cnols disease, such as
species fromMycobacterium, Campylobacter, Escherichiand Helicobacter present
evidence does not support the idea that Crohn's disease is sad by a single species or
strain of bacteria.!’® Evidence from both stool and mucosal biopsy samples, sugges
that Crohn's disease is associated with signi cant di ereoes in gut microbiota at a
community-level often referred to as dysbiosi%™®

1.9.1 Types of dysbiosis associated with Crohn's disease

Loss of bene cial commensal bacteria In infancy, development of the core com-
mensal microbiota is vital for the maturation and developma of the normal intesti-
nal immune responsé!” 7817 The mucus layer is composed of mucin glycoproteins
which are secreted into the lumen by epithelial goblet celldt consists of two layers:
an inner layer of strati ed mucus which is adherent to gut eghelial cells ( 50 m
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thick); and a thicker outer non-attached layer which is homéo the commensal ora.
Recent research into the identi cation and development ofanmensal bacteria are
beginning to shed light on some of the mechanisms responsilbbr driving the mat-
uration of host immunity in the gut. In order to establish homaostasis the immune
response needs to prevent undesirable immune response tasaself and bene cial
commensal bacteria while at the same time be primed to dealtipotentially harm-
ful pathogens. Establishing this level of homoeostasis tiailly involves production of
mucus and antimicrobial peptides which create this protete, but dynamic barrier,
between the host gut wall and the commensal bacteria. Vaisava et al. 2011 showed
in a mouse model that a secreted antibacterial lectin (RegR was necessary for main-
taining a 50 m layer that acts as a physical barrier to the luminal microbita. *®° Loss
of this barrier in Reg3 -/- mice resulted in bacterial colonisation of the gut epitkelial
surface along with increased adaptive immune responses tcteria. These ndings
suggest that antimicrobial peptides play a crucial role in mintaining host-bacteria
mutualism by regulating the spatial relationships betweetbacteria and the host. It
has also been shown that members of the commensal gut micaoghican inhabit the
intestinal mucus without activating the host in ammatory response®® Hence the
mucus layer is not a simple physical barrier but is a dynami@yer that controls the
interaction between nutrients, antigens, commensal bacta and the immune system.

Immunotolerance to self tissue and bene cial commensalsdentrolled in large part
by a subset of T-lymphocytes known as T4.'8 Studies in germ-free mice have shown
that T g function is compromised but can be restored by introducindie human com-
mensal bacterium,Bacteroides fragilisor with a combination of Clostridium strains
IV and XIVa. 182183 Although mouse models do not fully represent the human gut, it
is likely the molecular basis of the evolution of commensallewance is similar across
all mammals. There are other human strains dBacteroides which have also been
shown to modulate the amount of colonic £y, in mouse models includind3. caccae,
B. thetaiotaomicron, and B. vulgaris; 84182 as well as a number ofClostridia spp.
isolated from humans!®®18 and a number ofLactobacillus strains as well as some
strains of Bi dobacterium in a cell culture model, suggesting the modulation of {4
is a common mechanism to induce tolerance in the gut. Howevdrelse experiments
do not test a comprehensive selection of bacteria thereforencat represent the over-
all make-up or complexity of the developing human microbiotavhich modulate T,eq
and other immune responses in the gut.

Reduced diversity Members of the gut microbiota have various functions that cen
tribute to host well-being, such as being involved in antin ammatory pathways or

the induction of in ammatory responses. Some members of theicrobiota promote
the growth of anti-in ammatory networks within the host, as well as protective in-
ammatory responses. In a germ-free mouse model it has bedmwn that some
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bacterial/host interactions such as changes in metaboliteoncentrations or accumu-
lation of gut T,y cells, are initiated only when a number of bacterial speciese
present!8* This demonstrates a role for bacterial diversity in alterig host immuno-
logical phenotypel®* and the loss of total microbial diversity is an important aspct
of dysbiosis in Crohn's disease.

Teg function has also been shown to be compromised in germ-free&cen however
when human faecal sample enriched for chloroform-resistaracteria (selecting for
thirty strains Clostridiales) were used to recolonise micet induced a 3-fold expan-
sion of T,eq compared with controls!®¢83 |f only one strain of Clostridia was used,
Treg induction was diminished!#83 This demonstrates that increased diversity, even
within the same family, maximises cellular development in #nhost gut. It is possible
that early exposure to a diverse microbiota is crucial to thealelopment of healthy
host/microbial interactions.*’® For example, a study looking at microbial diversity in
newborn babies at 1-week and 1-month has shown children whevdloped asthma at
7-years of age had lower microbial diversity in early infagcbut not at 12-months,
compared with healthy children in the study (p<0.05).18’

Although studies of patients with IBD, regardless of diseaszctivity, show they have
a marked loss of symbiont bacteria within the gut, speci cdy Clostridium groups
XIVa and IV, 18818 it is not yet clear whether lack of bene cial bacteria play aole in
driving in ammation, or conversely, in ammatory processeslay a role in reducing
commensals.

Expansion of pathobionts The gut microbiota also contains bacteria that have
potential to cause harm. The term pathobiont was coined to @deribe members of the
‘normal' commensal community that can, under certain circustances, cause damage
to the host.*®® The most commonly recorded incidence of pathobiont expansi is
that of the phylum of gram-negative bacteria, Proteobactea, and particular the
family Enterobacteriaceae, includingescherichia coli, Shigellaand Klebsiella®! This
increase in Enterobacteriaceae has also been recorded irusgomodels of colitig;®?
especially those with the TLR5 mutation®® It is not likely that pathobiont expansion
on its own could cause IBD, since recent years of study have &ailto identify a single
organism speci c to IBD patients.

Although three distinct forms of dysbiosis are described heré is likely that gut
microbial dysbiosis, in any one individual, will include a nxture of all three types.

1.9.2 Evidence for microbial di erence in Crohn's disease

The idea of gut bacteria being altered as a collective, as apged to a single species
or strain resulting in IBD is a crucial step forward in IBD regarch. The development
of “omics' technologies/? now permit analysis of microbiota in a way which allows
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researchers to see global changes in the gut which are beingdid with the function-
ality of the microbiome, and its impact on the host. Both huma and animal studies
are starting to provide clues as to how the microbiome couldebaltering mucosal im-
mune function, potentially leading to chronic in ammation. It is therefore vital that

research, not only aims to identify which groups of bacteriare changing in the gut,
but also tries to determine what impact these changes have gat immunoregulation.

In 2014 Geverset al.’® carried out a large study on 425 ileal and 300 rectal tis-
sue biopsies, and 199 faecal samples collected from chitdweith Crohn's disease
prior to treatment. They recorded an increased abundance fiamilies Enterobacte-
riaceae, Pasteurellacaea, Veillonellaceae, and Fusolea@ceae, as well as decreased
abundance of Bi dobacteriaceae, Erysipelotrichales, Gitridiales and Bacteroidales
compared to a control group of non-IBD children, which cortated well with dis-
ease status. The di erences were less pronounced in faecahgkes than was seen
in both ileal and rectal biopsies, but did include an incre&sin Streptococcusand a
loss in a taxa belonging to the order of Clostridiales, inctling Dorea, Blautia, and
Ruminococcus They also found that antibiotic use ampli ed bacterial dydiosis in
Crohn's disease. Previous studies had mostly included patte with ongoing disease
and were small in scale hence lacked statistical power, andughcould not easily take
into account confounding factors such as medication us®. It should also be noted
that although this study did a comparison with faecal sampkonly 12% (n=26) of
non-IBD controls gave a stool sample.

The study by Quinceet al. 2015"** also highlighted that di erences in gut bacteria

between children with Crohn's disease are not uniform ac®genera with species
like Ruminococcus obeunbeing lower in children with Crohn's whileR. gnavuswas

higher. It is therefore important to see the whole picture to nderstand how patterns

of gut microbiota might play a role in aetiology or patient synptoms.

Metagenomic studies have suggested Crohn's disease can baticed from distinctive
microbiota compositions compared to healthy control$’® supported by Davenportet
al. 20147 who used 16S ribosomal sequencing of mucosal biopsies framnty-one
Crohn's disease patients and twenty-four healthy controldo show an overall alter-
ation in the ratio between Firmicutes and Bacteroidetes, wit a relative abundance
being signi cantly greater than healthy controls (p=0.05) The controls were not
age-matched (20-year mean di erence) and it is therefore hpst possible, but quite
probable that at least some of the observed di erence, esjaty in Bacteroidetes,
are attributable to age related change$?® Other meta-analysis studies have also
identi ed a dysbiosis characterised by a reduction in Firmigtes and an increase in
Proteobacterial® A study looking at the metagenomic pro le of monozygotic twi
pairs discordant and concordant for Crohn's disease alsaufa that the faecal mi-
crobiota pro le was more similar between healthy twins, tha between twins with
Crohn's disease, particularly if they were discordant for th disease®
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A 2010 study using metagenomic sequencing has shown that ooty did twenty- ve
patients with IBD have lower bacterial diversity than ninet/-nine non-IBD individu-
als, but also an average of 25% fewer geri8.A loss in microbial functional genes
in IBD patients could a ect crosstalk between host cells andhe mucosal bacteria.
An IBD study looking at monozygotic twins went on to show bacteal abundance at
the genus level, when linked with transcriptomic pro les, dmonstrates a loss of host
bacterial interaction in patients with UC.2%! A linked study looking at six monozy-
gotic twins and their mothers, showed community level metatho network changes
in the microbiome of Crohn's disease patients, mostly at thegpiphery of these net-
works, highlighting the importance of the host/microbiomenterface in the aetiology
of Crohn's diseas&% Demonstrating links between the bacterial taxa, environnral
factors, and a host genome is complicated by the various dise states in Crohn's
disease, as well as the large intra-and inter patient varidiiy in microbial diversity.

A study has reported that mucosal biopsy samples in Crohn'ssase patients show
little di erence in gut bacterial composition between in amed and neighbouring non-
in amed tissue, whereas those taken from UC patients appeao tdemonstrate clear
bacterial clustering between in amed and non-in amed tisse,!®’ suggesting that

any dysfunctional aspect of the mucosal bacteria in Crohnsatients could be more

systemic than that of UC. However di erences could be presengspecially among
species of low abundance, which were not detected using thesethods.

1.9.3 Interaction between host genome and the gut microbiota

It is an over simpli cation to suggest that a speci ¢ bacteriaor group of bacteria cause
Crohn's disease and hence these studies looking at change®é gut microbiota need
to be interpreted in the context of the host genome as well asher environmental
factors.

Although studies have shown that some bacterial species swagAkkermansia muciniphila
(human) and Enterorhabdus mucosicoldmouse) have the ability to damage the in-
testinal mucosa?®® alterations in host genes such as the gel forming mucin MUC19
might make patients more susceptible to this type of microhl interaction allow-
ing some bacterial species that degrade mucus to thrive ingtmucus layer?®* The
mucosal barrier which protects the lamina propria from baetria in the lumen, has
been shown to be reduced in IBD patientd® It has been suggested that inherited
mutations (NOD2 and IL23R) a ecting mucosal composition in @rn alter the com-
position of gut bacteria in contact with the mucosa. This in tirn impairs the ability

of the mucosa to protect the gut, allowing opportunistic baeria to colonise the mu-
cosa leading to a further increase in the immune response acttonic in ammation.
Defects in the genes SLC22A5A, GPR35 or GPR65 which are invalva sensing bac-
terial metabolites could also be responsible for triggegnan inappropriate immune
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response. Genetic susceptibility to bacterial dysbiosisah been demonstrated in col-
itis mouse models de cient in the NOD like receptor and pyrin dmain 6 (NLRP6)
genes®® However, to put the role of genetic variants into context, Josts et al.
2012 have identi ed 163 susceptibility loci for IBD%! which have been calculated
to contribute to only 33% of genetic susceptibility in Crohfs disease and 16% in
UC.2% Although there is good evidence that NOD2, autophagy, and Thlifnmune
responses have strong links to Crohn's disease pathogesesiis important to note
that these susceptible loci only contribute around 14% of tal disease varianceé?!
However, much of this genetic evidence still points towards key role between the
host immune response and the gut microbiota.

Genetic variants do not explain why some people within a failgidevelop IBD while
others do not. When exploring the aetiology of Crohn's diseast is essential to
consider the context of a complex microbial milieu, rathettan individual species, and
how changes in the environment might drive changes which agte an in ammatory
state. Bacteria associated with compromised gut mucosal foigrs often consist of
mixed communities?” and future research studies need to try and build study desig
and models of analysis which take these multiple factors mtaccount.

1.9.4 The microbiome and innate immunity

The gut microbiome is a hub of signalling connecting input fra the diet, with ge-
netically controlled immune signals to control metabolic ppcesses, as well as innate
immune regulation of pathogens. Both haematopoietic and nehaematopoietic in-
nate immune cells are located at the host/microbiome intesite, where they can sense
micro-organisms and metabolites, which can in turn be trafeted into an appropri-
ate host physiological response to regulate the microbialilreu. Dysfunction in this
communication network between the innate immune system andhé gut microbiota
might play a role in the aetiology of a number of complex dissas including Crohn's
disease.

1.9.5 The role of diet in shaping the gut microbiota

One of the most important factors which impact the human gut ndrobiota compo-
sition are dietary choices, a factor which has been shown teivee the evolution of
microbiome composition in mammalg® Colonisation of the gut microbiota is estab-
lished very quickly in the newborn gut, reaching adult conegrations within only a
few days. Subsequent microbiota development is then usualiharacterised by an
increase in bacterial diversity until around three years ofige?® The process from
colonisation to a stable microbiota in homoeostasis is notell understood; however
it appears control mechanisms, particularly related to inate immunity, control the
establishment of the normal commensal microbiota which inutn acts to preclude
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further colonisation by exogenous bacteria. This might sggst that the primary in-
oculum after birth and initial microbial exposure are veryinportant to development
of a healthy gut.

For the rst six months of life, human milk is regarded as the ptimal diet for in-
fant health, growth, and development, however for a numberf eeasons around 80%
of babies have been either fed fully or partially with formulamilk.?® A study has
shown that the microbiota of six breastfed babies was predamately made up from
Bi dobacterium, while six babies fed formula milk generally had a more diveg mi-
crobiota with lower abundance oBi dobacterium and higher levels of bacteria such
asEscherichia coli, Clostridium di cile, Bacteroides and Lactobacillusthat have the
potential to act as pathogens’'® Another study looking at the gut bacteria of 3-month
old babies found higher levels o€lostridium cluster XVIII, Lachnospiracea incertae
sedis, Streptococcus, Enterococcuand Veillonella in the formula fed group?*!

A number of studies have also shown how changing the diet ofdithy people can
alter the gut microbiota. In a controlled feeding study of te adults, microbiota com-
position changed within 24-hours of taking a high-fat/lowbre or low-fat/high- bre
diet, a ecting ratios of Bacteroides, Prevotella,and Firmicutes. Interestingly the
enterotype remained stable for the 10-days of dietary inteention, suggesting that
enterotypes are more stable in the longer-term, and that sheterm changes may
have less impact'? A strict vegan or vegetarian diet has been shown to have sifi
icantly lower counts ofBacteroidesspp. (p=0.001), Bi dobacterium spp.(p=0.002),
Escherichia coli (p=0.006) and Enterobacteriaceaespp.(p=0.008) compared with an
omnivorous diet2** Although the relationship between diet and the gut microbicd
Is complex it has become a key target for therapeutic intermgon in IBD.

In the last 20-years, interest in using nutritional therapyto induce remission of active
Crohn's disease has increasédt Recent studies investigating the suggested mecha-
nisms of action of enteral nutrition in Crohn's disease, havhighlighted the impor-
tance of interactions between nutritional therapy and the bst gut microbiota.

1.9.6 Changes in gut bacteria during exclusive enteral nutrition

The idea that gut bacteria could be altered using diet, is a pacularly important
area of research in paediatric Crohn's disease. Treatmenitlv corticosteroids can
reduce the speed of growth in children, making dietary alteatives attractive as a
strategy to induce disease remission, while also achieviogtimum growth.

Although no speci c diet has yet been identi ed which could diectly induce, prevent,
or cure IBD, it is becoming more evident that the interaction letween nutrition, nutri-

ents, and the gut microbiota have a role to play in disease aelbgy. The therapeutic
e ect of EEN in treating Crohn's disease suggests that dietlays a crucial role in this
disease. However, to set up large scale dietary studies in hams is very challenging
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and hence the amount of data linking diet with IBD is limited. Most gut microbiota

studies into the e ects of EEN have been carried out on chilén and usually with

small sample sizes. Comparing these studies is also di culué to variation in meth-

ods such as type of formula; inclusion of non-EEN foods; pentage of EEN used and
method of delivery (oral/NGT). Also variation in sample type (stool/mucosal); gut

site of sample collection; inter-patient variation; geo@phical and genetic variation;
as well as dierences in how samples were handled and procdst® analysis, all

contribute to making comparison and interpretation of data lkallenging.

However as the role of gut bacteria in IBD has become more ediabed, some inter-
esting patterns have emerged from gut microbiota studiesdking into the e ect of
EEN. In the past decade a number of studies, both human and anat) have looked
at changes in the gut microbiota before, during and after EENp197, Table 5.10).

In 2005, Lionetti et al.?> was the rst to report on the modulating e ect EEN had on
the gut bacteria of children with Crohn's disease. They use@mperature gradient gel
electrophoresis (TGGE) to visualise 16S rRNA bands from fagicsamples taken from
nine children with active Crohn's disease undergoing treatemt with 8-weeks EEN
and ve healthy controls. They reported that EEN could be charaterised by changes
in banding patterns in all patients whereas healthy childnme were stable over time;
although they only show evidence for four of their patients andne healthy child.
They also failed to provide any data or formal analysis of barscand hence their results
were somewhat subjective. In a similar study, Leackt al. 20081¢ using 16s rRNA
and denaturing gradient gel electrophoresis (DGGE) on stbsamples taken from six
children with Crohn's disease, showed that the percentagerslarity was signi cantly
lower (p<0.05) before and after 8-weeks of EEN, than an 8-week durationhealthy
children for Eubacteria; Bi dobacteria; Bacteroides and two Clostridium species.
The study did nd a strong positive correlation (r>=0.738, p=0.028) between the
percentage oBacteroides/Prevotellagroup during EEN with a change in paediatric
Crohn's disease activity index ( PCDAI). They also recordeda correlation between
faecal calprotectin levels and PCDAI (R=0.529, p=0.002), buthe strength of the
correlation might suggest the (PCDAI) scores were not entihg representative of gut
in ammation. It was also interesting to note that healthy chidren had only between
59% to 84% similarity in these bacteria groups, suggestingpég gut microbiota of
healthy children is variable over time. However, as DGGE barsdcan only give an
estimate of diversity, some of this variance might be due to hmethod used.

Research had begun to identify di erences in speci ¢ groupsf bacteria in children
with Crohn's disease, thus studies started to ask questioradout whether specic
bacteria changed during an elemental diet of EEN (028 Extrapnd if these changes
could be linked with disease remission after EEN. Particulaemphasis was given
to the Firmicutes phylum, especiallyFaecalibacterium prausnitzii which had been
shown to be reduced in active Crohn's diseag¥. Interestingly, one study showed
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that in twenty adults with Crohn's disease levels of one straiof F. prausnitzii A2-
165, decreased signi cantly after treatment on 2-weeks oHRN compared to baseline,
while levels of another strainF. prausnitzii M21/2 decreased without signi cance
(p=0.61).2%* Their analysis showed the levels of botR. prausnitzii strains in Crohn's
patients were signi cantly lower than those in other patiets groups both before and
after successful treatment with 2-weeks EEN; hence EEN did nmcrease levels of
F. prausnitzii towards that seen in healthy controls.

Using terminal restriction fragment length polymorphism (FRFLP) analysis of bac-
terial 16s rRNA, Shigaet al. 2012 went on to show a reduction of bacterial diversity
in the gut of eight adult patients treated with an elemental érmula (Elental ),?2*°
however results were not statistically signi cant. They ado treated nine patients with
total parental nutrition (TPN), a method of feeding uids into a vein thus bypassing
the gut. In these patients there was a signi cant reductionri bacterial diversity after
8-weeks treatment. Although when applied to complex microdi communities such
as the gut microbiota, T-RFLP compresses the output data to aund only 20-50
peaks creating both a bias and oversimpli cation of actual baerial diversity; the
group carried out further gPCR analysis which showed a reduonh in Bacteroides
fragilis after treatment with EEN. It should be noted the reduction in Bacteroides
after EEN was matched by a non-signi cant reduction oBacteroidesin healthy con-
trols. This was inconsistent with the di erence over time sen in other bacterial
groups, hence this result could be an experimental anomalyel to storage condi-
tions, or Bacteroides numbers could be more variable in the gut of healthy people
than other bacteria groups measured.

In 2014, Gerasimidiset al.'*®> using TTGE and gPCR went on to show that the
global bacterial diversity and abundance in fteen childra with Crohn's disease de-
creased (g 0.05) after treatment with EEN. This was accompanied by a redtion

in the stability of bacterial composition in the gut in compaison to healthy children
(p<0.01). F. prausnitzii spp. was shown to decrease after 30-days on treatment with
EEN (p<0.05), a nding supported by an earlier adult study into EEN?'8 and might
counter the previously held assumption that~. prausnitzii plays a protective anti-
in ammatory role in the gut. 21" This paradoxical decrease iffr. prausnitzii is not yet
understood, and a recent mucosal biopsy study on thirty-ser children with Crohn's
disease has reported thaf. prausnitzii is signi cantly more abundant in the gut
mucosa of Crohn's patients than controls (p=0.02¥?° The same study also reported
a non-signi cant trend for decreasing concentrations dBi dobacteria after 4-weeks
(p=0.108) and 8-weeks (p=0.120) on EEN which went back to preeatment levels
once children went back to their normal habitual diet. Geramidis et al.'*® also found
that in children with Crohn's disease who went into remissiomfter treatment with
EEN, the bacterial changes were greater and the amount Biacteroides/Prevotella
was signi cantly reduced (p< 0.05). All these recorded changes along with bacterial
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diversity, returned to pre-treatment levels once childremeturned to their normal ha-
bitual diet. In 2015 this group went on to carry out next geneation sequencing of
these samples?* During EEN, bacterial diversity in children with Crohn's disease
decreased and the community pro le moved further away form héhy children than
at baseline. They calculated that for every 10-days on EEN, ére was a loss of 0.6
genus diversity equivalents. They also recorded that thiytfour genera had decreased
including F. prausnitzii while Lactococcusincreased during EEN.

Lewis et al. 2015 evaluated changes in gut microbiota from faecal samptegen at
1-week, 4-weeks and 8-weeks EEN in a Canadian cohort of creld with Crohn's
disease. The treatment regime was approximately 90% EEN (foula not given)
hence some foods were consumed during the diet. They alsoluded a group of
twelve children taking partial EEN, around 50% (PEN). Rather han using a dis-
ease activity index they chose to use a cut-o in faecal calpwectin below 250mg/g
which is less subjective to gauge levels of in ammation. Tlefound that the gut
bacteria pro le in children treated with EEN changed signi cantly within 1-week of
treatment, moving further away from gut microbiota pro le of healthy children (rel-
ative to baseline p=0.005). The abundance of six out of fortgenera were nominally
di erent but this did not reach signi cance. A similar pattern was not seen among
the PEN patients (p=0.83) or anti-TNF patients (p=0.02). Int erestingly they found
that children treated with anti-TNF moved closer to healthy git microbiota pro le
within 1-week, the opposite of those on EEN.

Although only a single case study, D'argenie@t al. 2013?! is the only study to
have looked at the mucosal microbiota (ileal) rather than faml samples. Consistent
with faecal studies, when compared to a single control, dyisBis was characterised
by reduced diversity, less Bacteroidetes and increased Peobacteria. After treat-
ment with EEN the diversity and relative abundance of Bactasidetes increased and
Proteobacteria decreased in-line with control sample ldge In a small study of only
four children with active Crohn's taking EEN, Guinet-Charpentier et al. 2016%2,
reported an increase in abundance &listipes along with a decrease in the genera
Escherichia-Shigella(p< 0.01) andSutterella (p< 0.05) of the phylum Proteobacteria.

In another small study of ve children with Crohn's disease ath ve controls, Kaak-
oushet al. 201522 also recorded decreased microbial diversity, and that dyisisis
was highly variable in Crohn's disease. In-line with previgs studies, after treatment
with EEN a further decrease in the number of OTUs and bacterialiversity was seen.
They also recorded a correlation between relative abundanof six Firmicutes fami-
lies (Erysipelotrichaceae, Ruminococcaceae, Lachnosp#&ae, Streptococcaceae, Veil-
lonellaceae and Peptostreptococcaceae) with clinical ingpements. However there
was a lot of variation in changes across these families beemechildren.

Schwerdet al. in a small study of eight Crohn's disease patients reporteché mi-
crobiota was characterised by a reduction in Firmicutes congxity at baseline, but
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contrary to other studies, treatment with EEN increased thei relative abundance,
particularly in the Christensenellacea&?* They did however nd that EEN decreased
the relative abundance of gram negative Bacteroidetes. Tinmmber of species (Shan-
non e ective diversity) ranged between 8-50 per faecal sangphnd did not change
signi cantly during EEN. This con icts with Kaakoush et al.??®> who reported that
EEN induced remission was linked with reduced numbers of OTU&AIthough Schw-
erd claimed to have used a more robust method for ltering OTUghe small sample
size of these studies makes variability a serious problem. i$hstudy also saw no
signi cant di erence in relative abundance of any single sgcies (OTU) associated
with treatment on EEN. 224

It has been suggested from previous studies that the micralté prole pre-EEN
could identify which children will, or will not, respond to treatment with EEN. In
2016 Dunnet al. took faecal samples from ten children with Crohn's disease -un
dergoing EEN and ve healthy controls. They investigated tis idea by comparing
gut microbiota pro les between those children who maintainedemission for at least
6-months after EEN, and those who either failed EEN, or failedotsustain remission.
Interestingly in those who maintained remission after EEN, e pre-EEN relative
abundance of Verrucomicrobia, Firmicutes and Bacteroidetegere similar to healthy
controls. However those that failed EEN, or failed to stay in maission for 6-months,
had higher abundance of Proteobacteria, a commonly repodteaspect of dysbiosis
in Crohn's disease??>221226 This study also reported that in patients who failed to
respond after treatment with EEN, Proteobacteria saw a furthr increase. However,
studies which look at non-responders to EEN, need to keep in mdi that failure to
adhere to dietary treatment could in uence results. Dunnet al. also found that
during treatment bacterial diversity decreased in respondg while increasing in non-
responders. This group went on to use a new Bayesian analytié@mework to deal
with inter-individual variation, to show that the most common OTUs associated
with sustained remission wereédkkermansia muciniphila, Bacteroides (B. fragilis &
B. ovatus), Lachnospiraceae and Ruminococceae. The OTUs associatethwion-
response to EEN were fronBacteroides (including B. plebeius)Enterobacteriaceae
(Klebsiella), and Prevotella 22’

A study using Denaturing Gradient Gel Electrophoresis (DG&) examined mucosal
biopsies before treatment with EEN in six patients with Crohts disease and again
at post-treatment (8-weeks)??® 16S rRNA was used to generate cluster diagrams of
similarity of the bacterial community, which showed not onf was the mucosal bacteria
di erent between healthy individuals, but also that in these individuals there was
variation at di erent sections of the gut including betweenthe ileum and colon. In
patients with active Crohn's disease a similar pattern of v@ation was seen between
individuals, but without the same normal variation along thelength of the colon found
in healthy individuals. What was interesting in the six Crohrs disease children was,

34



after treatment with EEN, this loss of variation across di erent sites in the gut,
returned back to normal colonic variability228

Given that some of these studies record a swing in ratio from nicutes towards
Bacteroides, it will be interesting to see if future studies kich look at changes in
gut bacteria during EEN, identify a reversal of this ratio assciated with induction

of remission in Crohn's disease patients; although the redian in bacteria such as
F. prausnitzii seen in the Gerasimidist al. 2014 study**® suggests that this is not
the case. Overall these studies show that EEN induces a rapiddacomplex change
in the gut microbiota pro le which can be linked with reduction in clinical markers
of in ammation and clinical remission in children with Crom's disease.

Once remission has been induced using EEN, enteral nutritigiven as a supplement
to normal diet has been trailed with the aim of keeping childmn in remission and
preventing disease relapse (p23, Table 1.6). However, théerof maintenance enteral
nutrition (MEN) has not been well studied in children with Crohn's disease. If
induction of remission is driven by gut bacterial changes @uto EEN, then the key

guestion would be, can these microbial changes be maintainesing MEN to sustain

remission?

1.9.7 Changes in gut bacteria during maintenance enteral nutrition

Few studies have gone on to look at the gut microbiota comptien in patients with
Crohn's disease, who after treatment with EEN, have taken a oose of maintenance
enteral nutrition (MEN) to try and maintain disease remission The current study
aim is to Il major gaps in our understanding about how diet, anl speci cally MEN,
might alter microbial composition in children with Crohn's dsease.

In 2005 Lionetti et al.?'®> collected faecal samples from nine children with active
Crohn's disease who were undergoing EEN using a polymerionoila (Modulen); and
ve healthy children. After 8-weeks of EEN, children with Crom's disease returned
to their normal habitual diet but continued to supplement 40%of their daily energy
intake with the Modulen. The faecal bacteria were analysedybl6S-rRNA PCR
and temperature gradient gel electrophoresis (TGGE) withidect visual comparison
of band pro les of PCR products. Changes in bacterial compiti®n were seen in
the gut of all nine children with Crohn's disease after treatm@ on EEN, and these
changes continued once the child went back onto normal dietubdid stabilise after
several months. In healthy children the TGGE results showed stable bacterial
pro le over 3-months. A major drawback was that this study dd not include a non-
MEN control group, making it impossible to tell if MEN had an eect which would
also been seen in children returning to normal diet without N supplementation.
The change in composition is consistent however, with that cerded in an earlier
study using TGGE which showed a similar di erence in gut ba&rial composition in
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eight adult Crohn's disease patients with active diseasepmpared to eight patients
in remission??°

In 2008 Leachet al.?*® carried out a small study to look at faecal samples from six
children with Crohn's disease collected at diagnosis, duririgeatment with EEN and
then on MEN for 4-months after treatment; and compared theswith seven healthy
children, where samples were collected 8-weeks apart. Altlgh using 16S-rRNA
DGGE, they showed a signi cant change in the gut bacteria on EN, the study was
completely underpowered to draw any conclusions about thesel of MEN, with a
maximum of three children being followed up at 26-weeks foaeh bacterial group. It
was also interesting that in the ve children who continued o MEN, although there
was a partial return to the bacterial pro le found at the start of treatment (40%
similarity), the gut bacteria composition was still to somedegree altered at 4-months
post treatment with EEN. For example a negative correlation btween changes in the
C. leptum group and both changes in PCDAI and faecal calprotectin, suggted that
C. leptum stability after treatment with EEN, was associated with a rediction in
gut in ammation and disease activity.2%® It is worth noting that although ve of the
children went onto MEN, two of the six began medication on amosalicylates while
two started azathioprine, hence we cannot be sure whether dieation contributed
to these results.

MEN, if shown to be e ective, is an appealing option for mainteance of remission
in children with Crohn's disease, since it avoids the negag events associated with
drugs such as immunosuppressants and biologics. It is thinee vital to gain an

understanding of gut bacterial changes during MEN, in orderotshow whether MEN
is linked with an anti-in ammatory gut composition, and herce had real clinical
bene t in reducing in ammation in children with Crohn's disease.

Partial enteral nutrition Although Lewis et al. 2015 evaluated changes in gut
microbiota from faecal samples taken at 1-week, 4-weeks aveeks EEN they also
gave a group of children partial enteral nutrition which maeé up 53% of the child's
daily intake. When they compared the gut bacteria pro le in clidren treated with
EEN with those children treated with partial enteral nutrition the same pattern of
change was not seen (p=0.83) hence they concluded that eitrhanges to bacterial
pro le seen during EEN are dose dependant, or that only totatemoval of normal
diet is in uencing the microbiota composition during this week of treatment.

1.10 Bacterial fermentation in the gut

As discussed in the previous section, the type of bacteria whiferment bre have
been reported to be reduced in the gut mucosa and faeces of IB&tients. Therefore
the products of colonic fermentation in relation to their im@ct on immunoregulation
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in the gut, is a key area of interest, particularly because #se metabolites could open
a potential new source of therapy for patients.

The key function of bacteria that reside in the colon is fermeation of food that has
escaped digestion or absorption in the upper gut. It is a cong{ process which in-
volves a large number of metabolic processes, products ofiethcan be used by host
tissues and cell€3° The end products of colonic carbohydrate fermentation ingtle or-
ganic acids, lactate and short chain fatty acids (SCFA), alapwith hydrogen, carbon
dioxide and methane. The branched-chain fatty acids, iso-buate and iso-valerate
as well as ammonia, amines and phenols are all products of fgin fermentation.2*°
The main fatty acids associated with colonic fermentationra given in Table 1.7.
Fermentation activity varies throughout the large intestne, with highest production
of SCFA and reduced luminal pH in the caecum and ascending @nl?%23! As the
amount of available substrate diminishes in the distal coig this is where protein fer-
mentation tends to occur, leading to increased branched-ah fatty acids, ammonia
and phenols. Here the pH increases towards neutral.

Table 1.7: Short and medium chain fatty acids produced and utilised by gti bacteria

Carbon chain length  Common name Systematic name  Ester/Salt

Short chain

C, Acetic acid Ethanoic acid Acetate

Cs Propionic acid  Propionic acid Propionate
Cy Butyric acid Butanoic acid Butyrate

Cs Valeric acid Pentanoic acid Valerate
Branched chain

i-Ca Iso-butyric acid Iso-butanoic acid  Iso-butyrate
i-Cs Iso-valeric acid Iso-pentanoic acid Iso-valerate
Medium chain

Cs Caproic acid Hexanoic acid Hexanoate
Cy Enanthic acid Heptanoic acid Heptanoate
Cs Caprylic acid Octanoic acid Octanoate

1.10.1 Introduction to short chain fatty acids (SCFA)

P I e
H—C—C H-C-C~€ H-G-G-C-C

i O—H HH O-H HHH O-H
Acetic acid (acetate) Propionicacid (propionate) Butyric acid (butyrate)

Figure 1.2: Short chain fatty acids (SCFA) are carboxylic acids with aliphatic tails of between 1-6
carbons, with acetate (C2), propionate (C3), and butyrate (C4) being the most abundant in the gut
where they are an important source of fuel for colonocytes.

SCFA (Fig. 1.2) are produced via anaerobic fermentation of dery bres in the
gut,?32 with dietary bre being de ned as “carbohydrate polymers wih three or more
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monomeric units, which are neither digested nor absorbed the small intestine of
humans'2®3 A recent metabolic reconstruction, based on data from the HumaMi-
crobiome Consortium show that, although there is a great deaf variation in gut
microbiota pro les between individuals, the metabolic prde which includes SCFA is
more constant?** This is because many biochemical pathways are consistent@ss
species and groups of bacteria. For gut bacteria, SCFA are aagessary waste product
which are needed to balance reduction-oxidation reactioms the anaerobic environ-
ment of the gut lumen23® However, the absorption of SCFA as a product of bacterial
metabolism provides an additional source of energy to hoselts from dietary bre
which the host is unable to digest directly in the small intene. Around 90% of
SCFA which are produced from the digestion of foods, are albbed in colon, while
the remaining are excreted in faeces®

The main products, acetate, propionate and butyrate, are uslly found in an ap-
proximate ratio of 60:20:20, in the colon and stool of heakhindividuals.?*° The
production of SCFA depends on abundance and species of guttesia present, as
well as nutritional availability in the gut for fermentation.?” Also, depending on di-
etary composition, the total concentration of SCFA reducerébm 70-140mM in the
proximal colon to 20-70mM in the distal color?®® SCFA are mostly absorbed in the
caecum and colon hence only small amounts can be detected e faeceg3® Once
absorbed into the body via the gut, SCFA are metabolised indsues; the colonocytes
use butyrate as well as some propionate and acetate for enegroduction and cell
maintenance; in the liver hepatocytes metabolise propiomat(gluconeogenesis) and
acetate (lipogenesis); while muscle cells can oxidise egefrom residual acetate?*®
The metabolic e ects of SCFA appear to be tissue speci ¢, andheir role at particular
sites requires further research in humans. SCFA also havede to play in controlling
tight junction proteins, which control permeability of the gut epithelial barrier, thus
regulating molecular transport across the gut lumen and hafic portal. 24°

Acetate (C2)  Acetate is the most abundant SCFA found in the gut, being prodted
by a large range of gut bacteria, mostly from the phylum Firmistes.?** The citric
acid cycle uses acetate in the form of acetyl co-enzyme A, ajowith water to reduce
NAD+ to NADH in cells. This energy is then utilised in the process bglycolysis to
generate pyruvate (Fig. 1.3). According to stable isotope stlies acetate contributes
around 6-8% of energy expendituré*? Acetate is consumed by butyrate and propi-
onate producing bacteria includingaecalibacterium prausnitzii, Roseburia sppand
Eubacterium spp?#324 Anaerostipes caccaéas also been shown to utilise acetate to
produce butyrate in conjunction with the class of bacteriaClostridia. ?*® The ratio of
acetate in faeces is therefore dependant on the ratio of bu#iye producing bacteria
and bre availability in the gut. 24
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Figure 1.3: Most SCFA are produced via more than one pathway. The pathwag represented are
the major routes of production. Adapted from Louis et al. 2014?47

Propionate (C3) In non-ruminants, including humans, propionate arises frorthe
-oxidation of odd chain and branched chain fatty acids. In huams it is relatively
minor substrate for gluconeogenesis in the liver comparedthv ruminants where
propionate is the principle gluconeogenic substraté® Propionate can be used in the

human gut as a source of energy by colonocytes, but is less esat than butyrate.

Commensal gut bacteria which produce propionate are less dise than butyrate
producers, with their distribution being dominated by onlya few genera. Three
pathways (Fig. 1.3) have been described for the production pfopionate.?*® The
succinate pathway is the main route for hexose conversion pvopionate by gram-
negative Bacteroides as well the class of bacteria Negativicutes (Firmicutes). The
acrylate pathway is restricted to members of the Lachnosgiceae family including
Coprococcus catusand Negativicutes, where lactate is converted to propionatédow-
ever, butyrate is the main source of lactate utilisation amug gut bacteria?*° In the
propanediol pathway, propionealdehyde dehydrogenase hasen shown to convert
deoxysugars such as fucose and rhamnose in members of thénhaspiraceae family
including Ruminococcus obeunand Roseburia inulinivorans?4°

Butyrate (C4) Butyrate in particular has been identi ed as being importan for
maintaining the colonic epithelium, and being the preferk fuel utilised by colono-
cytes, it is the primary site of butyrate sequestration in tie body?2°%252 In 2012 Wang
et al. carried out a study using a cellular model of the colon, to shovihat butyrate
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was an important regulator of tight junction assembly protés, increasing intestinal
barrier function via increased production of claudin-1, whd inducing tight junction
proteins, ZO-1 and occludin, redistribution in the cell memiane 24°

These SCFA, not only provide a source of energy for the host, tbalso have anti-
in ammatory and anti-apoptotic e ects that could potentia lly protect the gut against
colitis. 253:254:255:2%6 A recent 2014 study showed that butyrate could reverse the ab
rant expression of ZO-1 as well as decreasing lipopolysaaitie translocation which
lead to inhibition of macrophage activation, pro-in ammatay cytokine production
and neutrophil in Itration in the liver of rats. 2°” Increasing permeability is also linked
with translocation of pathogens and antigens potentially iggering the in ammatory
cascade. More recently studies have shown that SCFA have derdo play in reg-
ulating human immune responses and in ammation. It has beeknown for some
time that butyrate is involved in regulation of the immune sysem via inhibition of
NF- B activation in macrophages in the lamina propria of patierst with UC.2%8 In
2010 Mancoet al.?*® showed that an increase in bacterial lipopolysaccharide ggers
a TLR4 mediated pro-in ammatory cascade in monocytes and ncaophages. This in
turn activates downstream pathways including NF-B and mitogen-activated protein
kinase, leading to cytokine (TNF- and IL-6) driven in ammation.

The main butyrate producing bacteria in the gut belong to the Rimicutes phylum,
with species from the families Ruminococcaceae and Lachpioaceae being the most
abundant.?44280 The |actate utilizing bacteria such asEubacterium and Anaerostipes
species also contribute to butyrate productiorf** The Ruminococcaceae speci€s
prausnitzii is reduced in IBD patients, especially those with Crohn's dease, which
accompanied by the evidence thaF. prausnitzii has anti-in ammatory properties
has made it of particular research interest. Recently a 15kDanti-in ammatory
protein (MAM) produced by F. prausnitzii has been shown to inhibit the NF-B
pathway in intestinal epithelial cells lines, leading to tle possible development of new
anti-in ammatory drugs for IBD in future. 25!

A few studies have suggested that administration of SCFA clil have a positive
impact on the treatment of UC?62:263:264:265 and Crohn's disease patients with mild to
moderate ileocolonic diseas®&® In 2013, two studies went on to show that butyrate,
in a dose dependant manner, promotes regulatory T-cell f) generation through
inhibition of histone deacetylase€®’?°® These studies also found thatle Nnovo T eq
cell generation in the periphery, was enhanced by propioreavia histone deacetylase
inhibition. However acetate lacked this inhibitory functiaality.

An in vitro study has shown that when T-cells are given butyrate underdy inducing
conditions, acetylation of the Foxp3 promoter region inceses along with enhancer
elements thus allowing Foxp3 to be expressed. A number of hosceptors includ-
ing G-protein coupled receptors GPCR43 and GPCR109a can senSCFA269:270
GPCR43 expression is speci cally increased ongf within the gut epithelium, 2%
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hence loss of GPCR43 or similar receptors could lead to hossseptibility to colonic

in ammation. This highlights a possible route for gut bactera via bacterial metabo-
lites to alter the status of host immunity, theoretically a ecting the balance between
pro-in ammatory and anti-in ammatory mechanisms.

Valerate (C5) A recent paper looking at the gut bacteria as potent class | &
tone deacetylase inhibitor, which is primarily involved incell survival, proliferation
and di erentiation, suggest that valerate (C5) plays a roldn its expression?’! After
screening seventy-nine diverse commensal bacteria for ithieistone deacetylase in-
hibitory properties, the three most potent strains were evaated for speci c class |
and class Il histone deacetylase inhibition. All three wereutyrate producing strains,
but one also produced substantial levels of valerate (C5) arttexanoic acid (C6).
This study identi ed valerate as a potential contributor to the histone deacetylase
inhibitory e ect. This Megasphaerabacterial strain, was then assessed in a mixed
community where it was shown to increase the capacity of th@mmunity to produce
butyrate and valerate, showing that bacteria via SCFA prodation have the ability
to a ect gene expressiort’* The structure of valerate is similar to the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA), and a recenstudy has shown
that plant extracted valerate could act as a GABA-agonist in rgs.2"2

SCFA in the form mono-valerin and tri-valerin which are estes of valerate, when
given as feed additives to chickens have been shown to reddice colonisation of
Salmonella enteritidis?”® as well as reducing the incidence of necrotic enteritis caags
by Clostridium perfringens 2’4

Branched-chain fatty acids (iC5 and iC4) The branched chain fatty acids, iso-
butyrate (iC4) and iso-valerate (iC5), are products of pratin fermentation, speci -
cally from the amino acids valine and leucine respectively> Ammonia, amino acids,
phenolic compounds, and branched chain fatty acid conceatrons are higher in the
distal colon where substrate sources are more limited andnditions including in-
creased pH, allow protein fermentation to take placé®?3! The production of iso-
butyrate (iC4) and iso-valerate (iC5) are correlated, eveminder changes in diet, a
feature that has been replicated across animal models as vesilhumans?’® Although
products of protein fermentation such as ammonia, have besnggested as possible
causes of in ammation in IBD,?’® studies measuring SCFA have not reported an in-
crease in iso-butyrate and iso-valerate (Chapter 6, Table®.suggesting that protein
fermentation is not increased in IBD.

Medium chain fatty acids Hexanoate (C6) and Octanoate (C8) The medium
chain fatty acid (MCFA) octanoate (caprylic acid) is commera@lly used as an antimi-
crobial agent on surfaces in food handling businesses andhkls processing plants,
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as well as a disinfectant in health care facilities and schiso A 2010 study using
a rabbit model, showed a supplement of octanoate reduced thamber of coliform
bacteria isolated from the stomach and caecum of rabbits, agll as a reduction in
the number of anaerobes isolated from the caecuift.

Animal husbandry studies have shown that sub-minimal inhilbory concentrations of
the fatty acids propionate (C3), butyrate (C4), octanoate (®) and hexanoate (C6),
signi cantly alter the invasive capability of Salmonella typhimuriumin piglets.2’8

This suggests that SCFA/MCFA, in optimum concentrations, hae a role to play
in maintaining bacterial homoeostasis in the gut. Animal husandry studies have
also shown that the MCFA hexanoate and octanoate a ect the ecoposition of the
intestinal microbiota as well as having inhibitory e ects m bacterial concentrations
(Salmonellaand coliform bacteria) in the digestive tract of weaned pigts.?’® Inter-

estingly the inhibitory concentration of MCFA has been showrio be much lower
than SCFA such as propionate (C3) and butyrate (C4¥%’° It is therefore possi-
ble that within the gut microbiota, individual bacteria secrete particular pro les

of SCFA/MCFA which work to inhibit the growth of competing species.

In summary SCFA/MCFA have the potential to alter gut barrier integrity, by regu-
lating tight junctions; 2*° alter cytokine expressiorf® promote T,y generation?67:268;
and directly inhibit the growth of potential pathogenic speies 2’82’ These properties
of fatty acids suggest they might play a key role in driving or mintaining in am-
mation in patients with IBD. Understanding the ways in which olonic fatty acid
pro les di er between patients with IBD and Crohn's diseases therefore a vital area
of research.

1.10.2 SCFA levels in IBD and Crohn's disease

The type of bacterial species which ferment dietary bre to ppduce SCFA, are typ-
ically found to be reduced in the mucosa and faeces of patientsth IBD when

compared to healthy individuals. Studies have indeed gon@& ¢o show that faecal
SCFA levels are reduced in patients with active IBD (Chapter 6Table 6.1).

However, interpreting SCFA from samples has some limitatioras the concentrations
found in faeces are also a ected by a number of confounding:tars within the colon;
including gut motility; transit time; SCFA absorption and host metabolism. Thus
using SCFA as an indicator of bacterial activity in the colon \Wwere the majority
are quickly absorbed or metabolised in the gut, means faecaléls cannot give an
accurate picture of fermentation processes in the proximablon;?®! such that two
individuals with the same level of butyrate in faeces may havdi erent bacterial
fermentation and butyrate absorption capacities. Given tig limitation, the potential
functional di erences between IBD patients and healthy intviduals make the study
of bacterial metabolites, an essential part of future resezh.
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Decreasing levels of butyrate have been linked with lowenigs of microbiota diversity
in both UC and Crohn's patients!® Of SCFA producing bacteria,Phascolarctobac-
terium (Ruminococcaceae) an&Roseburiahave been shown to be reduced in Crohn's
diseaset®® Given that Ruminococcaceae metabolise hydrogen to produeeetate,
which can in turn be converted byRoseburiato butyrate, it makes sense that these
interdependent bacterial groups might decrease together Crohn's diseasée?®

If patients with IBD have impaired SCFA production, this woud not only result
in reduced energy to colonocytes but also a loss of normal imnoregulation. Un-
derstanding the role of SCFA in Crohn's disease could help &g understand why
bacterial dysbiosis drives in ammation in these patientsand how modulation of the
diet can alter SCFA levels in the gut, creating a pro-in ammaory state. The mech-
anisms of how SCFA, especially butyrate, regulate in ammadin in IBD is still not

understood. Hence it is important to try and link SCFA producton, the microbiota
and diet with in ammatory markers in individual patients in order to understand
how these factors a ect each other.

1.11 Key concepts of this thesis

It has already been shown that dysbiosis in Crohn's diseasecindes an increase in
the numbers of bacteria with reduced bacterial diversity, ae@trease in abundance of
Firmicutes and an increase in Proteobacteria and Bacteroitss. Although it is not
the main aim, the current study will test this assumption aganst healthy children,
but also a group of children with non-IBD conditions as well & children with UC.

In addition to exploring these di erences in the gut microlota between healthy indi-

viduals and those with Crohn's disease, microbial studiesdking at the use of EEN
as a treatment for children with Crohn's disease, have givean interesting insight

into bacterial changes involved in remission and are up in @hn's disease. As well
as being underpowered, these earlier studies were limitedusing older technologies
which limit the number of bacterial groups/species that cold be included. The cur-

rent study aims to |l this gap by using 16s rRNA and lllumina technology to build

a wider picture of which bacterial groups, down to speciesvie, are changing during
treatment with EEN. This level of detail could give insight ino why 1:5 children fail

to respond to EEN. It will also provide a better picture of whetler EEN works by al-

tering the levels of speci ¢ pathogens or rather modi es thglobal balance of bacteria
in the gut. Understanding changes in the gut microbiota comsition and bacterial

metabolic activity during the use of EEN, will help to increas our understanding of
the mechanisms that control in ammation in Crohn's disease

No previous studies had looked at gut bacterial or metabolitehanges in children with
Crohn's disease post-EEN who were being treated with MEN. Thaurrent study de-
sign was set up to explore whether MEN could maintain gut baat&al and metabolite
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changes achieved during EEN. This work is of particular imptance since MEN is
currently being used as a treatment strategy, given as a supment in addition to
normal diet (usually 20% of EAR), with little understanding of how it might work.

Although previous studies have looked at dietary intake in ¢liren with Crohn's
disease, no study has tried to link diet with the microbiota inthe same patients.
Thus the aim of the current study is to collect dietary data fom children pre- and
post-EEN to see if dietary composition can be linked with baerial and metabolite
composition.

Understanding what drives in ammation in Crohn's disease Mli not only improve
delivery of treatment, but allow clinicians to predict whichpatients are most likely
to bene t from enteral nutrition in the form of EEN and MEN, increasing its success
rate. Although the successful use of EEN has been well demaastd it is not used
universally across the globe, hence understanding the menfsms that lead to these
distinct changes in gut microbiota composition which improe barrier function, could
help to widen its use, as well as develop consistent protocols@ss centres.

1.11.1 Hypotheses summary

Children with Crohn's disease have a gut microbiota and bagtial metabolite
pro le, which is distinct from that of children with UC, non-I BD conditions and
healthy children.

Gut microbiota pro les at baseline can predict which childen with Crohn's
disease will respond to treatment with EEN.

Treatment with EEN is associated with changes in gut microbta and metabo-
lite composition, which is linked with changes in in ammatoy status.

For children in disease remission post-EEN, supplementingturn to normal
diet with (20%) maintenance enteral nutrition (MEN) can increase remission
times; and that MEN helps to maintain gut microbiota and metalolite pro les
associated with remission achieved during EEN.

The pro le of dietary intake at baseline for children with Crohn's disease is
distinct from children with UC, non-IBD conditions and healty children. Also

that dietary intake in children with Crohn's disease post-EN is associated with
time to disease relapse.

To test these hypotheses, bacteria and metabolites in therfo of short/medium chain
fatty acids will be extracted from stool samples. Faecal mkers of in ammation

(calprotectin) and blood markers of in ammation (CRP, ESR,albumin, FBC, LFT)

will also be collected. Dietary intake from food frequencyugstionnaires along with
patient characteristics (disease activity, disease locat, height, weight, BMI) will

also be used (Chapter 2).
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2 Recruitment, Sample collection and methods

2.1 Study design

This chapter will describe the method of child recruitment a well as ethical con-
siderations and ethics approval including participant eligility. It will also set forth
how samples were collected; detailed lab methods and thetsttcal design used to
answer the questions proposed in the hypotheses.

This prospective observational study was carried out in daboration between Uni-
versity of Glasgow and the West of Scotland Paediatric Gasienterology, Hepatology
and Nutrition (WoSPGHaN) network, with a core subspecialty sarice and endoscopy
at Royal Hospital for Children, Glasgow and outreach servisenith named paediatri-
cians at Forth Valley Royal Hospital, Wishaw General HospitalUniversity Hospital
Crosshouse and the Royal Alexandra Hospital allowing some Ichien to be seen
within their own local centre. Within the University of Glasgav the study com-
bined expertise from the Department of Human Nutrition and Glagow Polyomics
Facility, University of Glasgow. The study was approved by théMest of Scotland
Research Ethics committee and the NHS Greater Glasgow & ClydeeRearch and
Development department to run from 24/6/14 for 4-years (stdy reference number
14/WS/1004) under the title, Gut Microbial Taxonomy and Metabolism in Paediatric
Crohn's Disease during Exclusive and Supplementary Entéddutrition using OMICS
Technologies (appendix 1). This study is publicly registed with ClinicalTrials.gov
under the reference NCT02341248.

Observation, replication, and prediction are fundamentato all sciences. One of
the key qualities of a scientist is to be a good observer, redorg and reporting
observations in a su cient amount of detail to allow other s¢entists to replicate
the study. Over recent years there has developed a pressurgpublication to create
shorter articles. It is true that papers can be reduced in szawithout any fundamental
loss of meaning, however this can be more problematic whensdebing detailed
methodology. Sadly, it has become often impossible to regte studies because of
insu cient detail in methods, and contacting authors to request these details can be
di cult, particularly where the author is no longer working in academia or has died.
Methodologic issues section of journals have to some extertiped to overcome this
problem, as well as encouraging discussion around method@ésgand facilitating
the practice of experimental replication. As such this chapt will aim to provide
su cient detail and discussion around methods used, whichheuld allow replication.

Another problem with biomedical research is that due to impnements in technol-

ogy; company updates; or current understanding of processemethodologies are
constantly being updated or superseded by newer methods. Thresearchers need to
keep themselves up to date with current improvements and maldecisions based on

45



cost and the degree of improvement, about whether the questis they are trying to
answer would be better served by moving to newer methods. Althgh using newer
methods can make it di cult to compare across similar studis that have used di er-
ent methods, hence decisions are sometimes made to use anrataethod if linking
in with other studies is of key importance. Also within existing methodologies it is
important that the researcher undertaking lab work undersinds, and designs exper-
iments that account for the role that experimental variable play in producing data
that help to power studies and answer research questions. tlns chapter | will try
to discuss where possible some of the issues around expeattraariables and identify
where improvements could be made.

This study is a prospective observational study and as suchdre is no placebo and
no correction for any type of treatment bias. Observationadtudies lack the aspect of
randomised allocation of a treatment as it would be unethi¢do withhold treatment
that is known to be e ective. Hence the current study is limitedto discussing any
bias which is observed and trying to understand results inght of these limitations.

2.2 Subjects
2.2.1 Identi cation and recruitment of participants

Patients were identi ed from the West of Scotland Paediatg Gastroenterology, Hep-
atology and Nutrition (WoSPGHaN) network which covers a wide rage of areas in
the west of Scotland. Children from distant rural or island ommunities however were
not recruited on to the study, as it was impracticable to colict a series of six stool
samples over these distances. Three groups of children apedwveen 3 and 18-years
were included in the study (Fig. 2.1).

—

A
o . Awaiting diagnosis
Paediatric patients under treatment naive
investigation for gut inflammation —

B

Crohn’s disease
repeat course of treatment

Cc
Healthy child

Figure 2.1: Groups of children recruited on to the study.

The rst group invited to join the study were children undergoing endoscopic in-
vestigation (colonoscopy) to rule out colonic in ammation,jncluding both ulcerative
colitis (UC) and Crohn's disease. Only children who receiveal diagnosis of Crohn's
disease then went on to participate in the follow up aspect dhis study i.e. those
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undergoing treatment with exclusive enteral nutrition (EEN) The second group in-
vited to join the study were children with a previous diagnas of Crohn's disease
who were about to start on an 8-week standard course of treaémt with EEN due
to disease are up. The nal group invited to join the study werea cohort of age
and sex matched healthy children, unrelated to Crohn's diase patients, who were
recruited as a control group.

Group A. Children undergoing endoscopic investigation for IBD

Prior to diagnosis This study group were recruited from all children age three
to eighteen years old, booked in to have a colonoscopy to istigate possible gut
in ammation by a paediatric gastroenterologists at the Rogl Hospital for Children,
Glasgow. Eligible participants were identi ed through endscopy appointment lists
with assistance from the paediatric gastroenterologistshe were co-investigators of
this study. The clinician informed potential participants about the study during
their routine appointment and asked them if they would be hapy to speak with
a researcher after their appointment. If the child and theiparent/guardian were
agreeable, the researcher met with them after their appoimtent to explain the study
in full, and answer any questions they had. The family were gw an information
pack which contained a lea et for the parents and an age apppdate lea et for
the child. If both parent/guardian and the child were willing to take part in the
study the researcher requested to collect urine, a faecahgale, bloods if these were
already being taken for clinical diagnostic reasons, andgét additional tissue biopsy
samples from the gut lining if the patient was having a colorscopy. We also requested
permission to collect relevant medical information, suchsanformation on medication
and disease status from their patient notes.

After obtaining informed consent, the parent/guardian and chd were asked to com-
plete a food frequency questionnaire (FFQ). They were given faecal and urine
sample kit along with detailed instructions (appendix 2.3) ad requested, if possible,
to provide a faecal and urine sample prior to their colonospg. If unable to provide a
sample before colonoscopy, a sample was requested befoey gtarted any treatment.

After diagnosis ~ Once children had given the rst set of samples and undergone
their colonoscopy, only children who had a con rmed diagn@s of Crohn's disease
continued on the study. The samples collected from childremho were not diagnosed
with Crohn's disease, were retained and used as patient coritgroups made up from
those who had UC; and a second non-IBD group who had a range of etltonditions.
These two groups of children were not requested to give anyrtteer samples.
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Figure 2.2: The target time points and type of sample collected from childen with Crohn's disease
undergoing treatment with exclusive enteral nutrition (EEN).

Group B. Children with previous diagnosis of Crohn's disease

Children with a previous diagnosis of Crohn's disease abotd start on an 8 week
course of treatment with EEN, were recruited from across the ¥gt of Scotland
Paediatric Gastroenterology, Hepatology and Nutrition (Wo8GHaN) network, in-

cluding centres at Glasgow, Wishaw, Larbert (Forth Valley) ad Crosshouse (Ayr-
shire). Eligible participants were identi ed through hospial appointment lists with

the assistance of medical sta, including IBD nurses and didans. The process of
recruitment was as described for group A, except this group achildren were not
asked to provide any mucosal biopsy samples, since they waot about to undergo
a colonoscopy.

Children from patient groups A and B, diagnosed with Crohn'slisease and under-
going 8-weeks of treatment with EEN, were asked to provide attd of six faecal
and urine samples: at baseline; 2-samples during treatmesith EEN and 3-samples
post-EEN (Fig. 2.2). A sample of blood was requested duringutne clinical blood
collection. A food frequency questionnaire (FFQ) was reques at baseline then at
three collection points post-EEN. An estimated 3-day food dig, to record detailed
dietary intake, was requested at 2-weeks and 8-weeks po&ENE (Fig. 2.2).

Once children in group A and B had completed their treatment vilh EEN some
children opted to take a maintenance form of enteral nutriobn (MEN) along with
their normal habitual diet. However some chose not to continu&ith MEN, due to
the supplement becoming unpalatable during their exclusavdiet or because they saw
no benet from taking it, if they had failed to respond to EEN. Bah children who
took MEN and those who did not, were retained on the study for th full 36-weeks.

Group C. Healthy children (control group) Healthy children unrelated to Crohn's
disease patients, aged between 2 and 17-years were idemti@nd invited to take

48



part in the study via word of mouth or advertising through posers and lea ets.
Where possible, they were recruited from the same geograliareas as our patient
cohort. After introducing the study to children and their parent/guardian and giving
them age appropriate detailed information lea ets (appendiX.2), healthy children
who consented were requested to give a single faecal and ergample and complete
dietary questionnaires in the form of a 3-day food record areh FFQ.

2.2.2 Consent and ethical considerations

The recruitment strategy we chose followed the tried and te=d procedure used for
children at Yorkhill in the "BISCUIT study' (IRAS Ref:09/S0802/24). A clinician
informed potential participants about the study during ther routine appointment and
ask them if they would be happy to speak with a researcher afttheir appointment.
If the child and their parent/guardian were agreeable, theasearcher met with them
to explain the study in full and answer any questions they mig have at this stage.

The parents/guardians were given a detailed information &et (appendix 2.1) which
was speci c for each of the three groups: (A) children prior to idgnosis; (B) chil-
dren with Crohn's disease; (C) healthy children. Children win were age seven or
under were provided with a pictorial form of the information éa et to help them to
understand what the study involved and the researcher or pant/guardian read the
simpli ed age appropriate information lea et to them (apperdix 2.2). The language
used in each age appropriate information lea et was carefulchosen, with the advice
of primary school teachers, to be easy to understand yet dd&d enough so that
children were fully informed about the study. Participantswilling to take part in the
study were invited to sign a consent form in duplicate: one ifdhe participant and
one for the research site le. A third copy of the consent fornwas placed in the
hospital medical notes of all hospital patients who took par Parents were asked to
sign an assent form to con rm they agreed with their child takang part. For children
of primary school age it was the parent who signed consent atite child an assent
form. If the child was unable to write their own name the pareincompleted a consent
form on their behalf. It was also made clear that they could whdraw from the study
at any time without giving a reason. In the interest of partigpant welfare, an external
contact name and phone number was provided to all participésy whom they could
contact if they had concerns or wished to raise a complaint.

To ensure the well being and safety of participants the reseaer undertook NHS
Greater Glasgow & Clyde Good Clinical Practice training caises. Access to patient
medical records and storage of sensitive data by the resdaac followed the rules
governed by the NHS Code of Practice (Scotland) Version 1.0 acdrrent data pro-

tection laws.282 Only the researchers named in the study ethics had access tasth
information.

49



2.2.3 Inclusion and exclusion criteria

A health check questionnaire was used to screen patients. tieats were excluded
if they had treatment with antibiotics or surgery to remove g@rt of the gut, in the

previous 6-weeks, since this would likely alter gut microbia composition. Healthy
children were also excluded if the had any gastrointestinaymptoms in the last
6-weeks.

Medication A note of all medications taken in the last 6-weeks was recad at
baseline as part of the health check questionnaire. Any adaihal medications as
well as those taken as part of standard treatment during theerm of the study were
recorded from patient notes.

2.3 Treatment with exclusive and maintenance enteral nutrition

This was a prospective observational study and as such chigsir with Crohn's disease
who took part in the study underwent a standard course of treatent with EEN
to induce disease remission under the care of the West of Sant Paediatric Gas-
troenterology, Hepatology and Nutrition team. Normal treatmeat requires them to
complete 8-weeks of exclusive feeding with the polymeric ergkenutritional formula
Modulen IBD (Nestle, Switzerland) or in children with cow's nilk protein intoler-
ance, Elemental 028 extra (SHS international, Liverpool, UK)The amount given
was calculated for each child to meet their estimated averagequirement (EAR) for
age. This was usually increased by up to 10% for children wheere underweight
at the time of starting treatment.?83 As per normal treatment, at the end of the
8-weeks children either continued taking enteral nutritio (about 25% of EAR) as a
supplement to their normal diet (MEN) or stopped enteral nutition altogether and
went back to their normal habitual diet. The study made no aleration or addition
to the child's normal treatment for Crohn's disease, and onlgollected samples and
monitored their progress under normal treatment conditios.

Children who were unable to tolerate EEN orally were given Miulen IBD via naso-
gastric intubation which involves the insertion of a plastt tube (NG tube) through
the nose and throat to reach down into the stomach. The duratiofrom the start of
remission to subsequent disease relapse over the course8siv@eks after treatment
was documented for each child with Crohn's disease. Diseastapse was de ned as
an increase in disease activity resulting in a repeat coursé treatment with either
EEN or corticosteroids; or a step-up in medical treatment sth as biologics or surgery.
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2.4 Measurements and samples collected from participants
2.4.1 Anthropometric measures

The height of children was measured using a Secd_ eicester stadiometer (Seca 213,
Birmingham, United Kingdom) to the nearest centimetre by theresearcher or by
nursing sta in clinics. Body weight and body composition wee measured where
possible with a TANITA  (TBF300, TANITA, Japan) body composition weighing
scales; however as this method was not used by nursing sta dtinics, only height,
weight and BMI was used to assess anthropometric measurestims study. All
children had their height and weight measured at baseline.oFchildren with Crohn's
disease measurements were taken at time points: 0-weeks {ppeatment with EEN);
8-weeks EEN; then 2-weeks and 8-weeks post-EEN.

LMS (lambda, mu, sigma) method software, based on the UK 1996ference growth
standards data, was used to calculate percentiles which weconverted to standard
deviation scores (SDS), commonly referred to as z-scof&Theses growth standards
provide sex and age speci c LMS parameters that allow the callation of z-scores
that indicate how close each individual is to the populatioomedian. An example of
typical conversions for comparison is shown in Table 2.1.

Table 2.1: List of usually used percentile and SDS
z-score conversion values

percentile Z-scores (standard deviation scores)
0.2nd -3.00
2.3rd -2.00
2.5th -1.96
5th -1.64
15th -1.04
16th -1.00
50th (median) 0

84th +1.00
85th +1.04
95th +1.64
97.5th +1.96
97.7th +2.00
99.8th +3.00

In statistics the z-score or standard deviation score
(SDS) is the signed number of standard deviations
above the mean. See equation (1).

observed value - median value of reference population
z-score or SDS = — . (2)
standard deviation value of reference population
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Interpreting the results for height and weight as z-scoresab advantages. Firstly the
z-score scale is linear, and thus has a xed height or weighterence for all children
of the same age in the population. In terms of analysis, z-sesrmake comparison
across di erent age groups possible. Secondly z-scores areduced independently
for girls and boys, which means children's growth status rects di erences in both
sex and age.

The BMI z-score categories were used to work out whether adnén were under or
over weight as per the NHS National Obesity Observatory (NOO) gdelines?®® A
simple guide to classifying body mass index in children (TabI2.2).

Table 2.2: BMI z-score categories

Catergory BMI z-score Centiles

very underweight -2.67 BMI z-score (' 0.4th rounded centile)

low weight -2 BMI z-score ( 2nd rounded centile)
healthy weight > -2to < 1.34 BMI z-score & 2 to < 91st rounded centile)
overweight 1.34 BMI z-score (' 91st rounded centile)

obese 2 BMI z-score ( 98th rounded centile)
extremely obese 2.67 BMI z-score (' 99.6th rounded centile)

NHS NOO guidelines 2011: A simple guide to classifying body mass index in children

2.4.2 Socioeconomic status

The Scottish Index of Multiple Deprivation (SIMD) was used b estimate socioe-
conomic status?®® In all, seven indicator ‘domains' are used: income, emplogm,
education, health, access to services, crime and housinghefe seven domains are
then used to create a rank from 1 (most deprived) to 9,976 (ledadeprived). The
resulting 9,976 individual zones are divided into areas ofjeal population size?2
To visualise the data, the 6,976 SIMD data zones were subdled into quintiles (5-
bands) using the SIMD rank scores. Each band contains 20% bEttdata zones, with
rank-1 containing the 20% most deprived and rank-5 containg the least deprived
zones in Scotland.
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Figure 2.3: The Scottish Index of Multiple Deprivation 2016 by area distribution 28

The SIMD scores need to be used with some caution. They are ndiwvays a clear
indicator of deprivation because the di erence between twanks could be very small
or quite large. The emphasis of di erent domains might alsoary with some areas
having similar scores for di erent reasons hence making it dult or inaccurate to
associate with health outcomes. Also not everyone who is dejed lives in a deprived
area and vice versa, hence in a small study like this one thaesome limitation in
using the SIMD score to assume the socioeconomic status oy amdividual child in
the study. It is however useful to look at any potential di erences between groups of
patients and outcomes, because it can help to target resoasctowards where they
are needed, where socioeconomic status plays a role in risk @atment outcomes.

When the national 2016 SIMD gures are split into the di erent health boards, they
show that Greater Glasgow & Clyde followed by Ayrshire & Arranthen Lanarkshire,
have the highest income deprivation and health deprivatiom Scotland as well as the
highest overall deprivation shown by SIMD scoré®® (Fig. 2.3). As these are the
areas this study recruited from our cohort of patients may riobe representative of
Scotland or the UK as a whole, in terms of socioeconomic status.
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Crohn's disease UC and healthy
children. Rows and columns are ordered using hierarchical clustering (avage linkage) to identify
blocks of interest. Heatmap depicts TSS+CLR (total sum scaling + centered log ratio) normalised
abundances: high abundancergd); low abundance (blue). Blocks of interest show that children
with IBD have lower gram-positive commensals such askuminococcus spp. and higher levels of
gram-negative species such abBusobacterium and Enterobacter spp. as well as Negativicutes like
Veillonella. 156





















baseline then after 4-weekstreatment with EEN, and healthy children for comparison. Rows
and columns are ordered using hierarchical clustering (average liglge) to identify blocks of interest.
Heatmap depicts TSS+CLR normalised abundances: high abundance (red)piv abundance (blue).
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responded to or failed
treatment with EEN. The algorithm is a 2-step process where two components are foud reducing

the classi cation error rates (using max.dist) in the algorithm, with (a) showing the ordination of
samples using all the SNVs (species) in the rst two components (PLIA) with ellipses representing
95% con dence interval and percentage variations explained by these congments in axes labels.
In step two, (b) the number of discriminating SNVs (species) were éund for each component,
highlighted as diamonds. In (c) the ordination used the discriminants from all two components
(sPLS-DA). (d) is a heatmap of discriminant SNVs (species), with rowsand columns ordered using

hierarchical clustering (average linkage) to show patterns of inteest. Heatmap depicts TSS+CLR
normalised abundances: high abundance (red) and low abundance (blue).

Table 5.5: Genera which were more abundant at baseline in children whoesponded
to or failed treatment (non-responders) with EEN

log, fold p-value up-regulated

Genus base mean change adj in
Anaerococcus 5.79 -2.92 2.98E-03 Non-responders
Cronobacter 5.03 -2.91 3.95E-03 Non-responders
Peptostreptococcus 65.60 -3.94 3.95E-03 Non-responders
Actinobacillus 9.72 3.47 9.34E-03 Responders
Aggregatibacter 6.85 3.15 2.86E-02 Responders
Akkermansia 66.00 5.38 4.77E-04 Responders
Fusobacterium 54.72 3.27 2.86E-02 Responders
Phascolarctobacterium 137.18 6.40 3.46E-05 Responders
Prevotella 9 1291.23 7.65 2.84E-06 Responders
Ruminococcaceae UCG-004 9.95 2.80 2.86E-02 Responders
Ruminococcaceae UCG-014 8.98 3.35 1.93E-02 Responders

Di erential expression analysis DESeq?2. 167



increasedspecies richness ode-
creasedin species richness on EEN. The algorithm is a 2-step process where@d components are
found reducing the classi cation error rates (using max.dist) in the algorithm, with (a) showing
the ordination of samples using all the species (SNVs) in the rst two @mponents (PLS-DA) with
ellipses representing 95% con dence interval and percentage variains explained by these compo-
nents in axes labels. In step two, (b) the number of discriminatirg species (SNVs) were found for
each component, highlighted as diamonds. In (c) the ordination used the idcriminants from all two
components (SPLS-DA). (d) is a heatmap of discriminant species (SNVs)with rows and columns
ordered using hierarchical clustering (average linkage) to show pagrns of interest. Heatmap depicts
TSS+CLR normalised abundances: high abundance (red) and low abundanceblue).
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(HC) are shown for comparison but were not included in test
for signi cance. Samples were taken at end of EEN\(Veek-08; then 2-weeks Week-10 and 8-weeks
(Week-16 after return to normal diet. Change in community structure over ti me on normal diet
was not signi cant for any treatment group (PERMANOVA). Ellipse shows 95% CI .
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end of EEN (week-8) in children with Crohn's
disease and then once they go ontaormal diet plus maintenance therapy (week-16). The algorithm
is a 2-step process where two components are found reducing the casation error rates (using
centroid.dist) in the algorithm, with (a) showing the ordination of sam ples using all the species
(SNVs) in the rst two components (PLS-DA) with ellipses representing 95% con dence interval
and percentage variations explained by these components in axes labels step two, (b) the number
of discriminating species (SNVs) were found for each component, higlghted as diamonds. In (c)
the ordination used the discriminants from all two components (sPLS-DA). (d) is a heatmap of
discriminant species (SNVs), with rows and columns ordered usingibrarchical clustering (average
linkage) to show patterns of interest. Heatmap depicts TSS+CLR normalsed abundances: high
abundance (red) and low abundance (blue).
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2.2.2 Appendix: Information for age 8-11 Colonoscopy
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2.2.6 Append
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2.2.8 Appendix: Information for age 8-11 healthy child
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