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Abstract

Objectives Treatment with exclusive enteral nutrition (EEN) is an effective ther-
apy, successfully helping children with Crohn’s disease achieve remission without the
need for corticosteroids. The use of maintenance enteral nutrition (MEN) following
induction of remission using EEN, is thought to help maintain clinical remission.
Although the efficacy of EEN is well established, the mechanism remains unknown.
There is now strong evidence to support an aetiopathogenesis in Crohn’s disease
which implicates an interaction between environmental factors and the indigenous

gut microbiota in genetically susceptible individuals.

The aim of this prospective observational study was to test the hypothesis that clinical
response to EEN and reduction of colonic inflammatory markers are associated with a
characteristic bacterial taxonomy (composition) and short/medium chain fatty acids
(C2-C8) (functionality); and that maintenance of these profiles with MEN, while
returning to habitual diet, reduces the risk of relapse. The idea that gut bacteria can
be altered using diet, is an important area of research in paediatric Crohn’s disease,

hence this study also aimed to link the gut microbiota with dietary intake.

Methods Thirty-four children with Crohn’s disease; 10 with ulcerative colitis (UC);
11 patients without inflammatory bowel disease (non-IBD); and 25 healthy controls
were asked to provide faecal samples. Children with Crohn’s disease also provided
samples at 4-weeks, and 8-weeks of treatment with EEN; and then at 2-weeks and
8-weeks of MEN. Dietary intake was estimated using a food frequency questionnaire
(FFQ), at week-0 and at 2-weeks and 8-weeks post-EEN. Post-EEN, children were
treated with either 20% MEN, an immunosuppressant, or both. Bacterial DNA was
extracted using the chaotropic method followed by amplification of the 16s rRNA
gene (V4) for llumina MiSeq sequencing. SCFA extraction was carried out with

diethyl ether followed by gas chromatography.

Results Baseline: Children with Crohn’s disease had retarded growth and weight
gain compared with healthy children (p<0.01). BMI z-scores correlated with inflam-
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 of poor
growth outcomes. Faecal calprotectin was higher in children with Crohn’s disease
and UC than non-IBD patients and healthy children (p<0.001). Multi-dimensional
scaling using euclidean distance of white blood cell counts; ALT/AST; CRP; ESR and
albumin, shows children with Crohn’s disease have a blood marker profile which has
20% variance from children with UC and non-IBD conditions (R2=0.197; p<0.001).

Patients with Crohn’s disease and UC had reduced microbiota diversity compared

with healthy children (p<0.001). Many gram-positive commensal bacteria, includ-



ing butyrate producing species of Firmicutes (particularly Clostridiales) were de-
creased; while gram-negative potential pathobionts including Gamma-proteobacteria;
Fusobacterium and Veillonella increased in children with Crohn’s disease compared
with healthy children. Akkermansia, a genus associated with healthy gut mucosa,

was also reduced in Crohn’s disease patients (mean log, difference p<0.05).

The faecal short chain fatty acid valerate (p=0.02) and medium chain fatty acids,
hexanoate and octanoate (p<0.001), were reduced in children with Crohn’s disease
compared with healthy children. The profile of short/medium chain fatty acids in
children with Crohn’s disease differed from healthy children (p=0.01). Reduced hex-
anoate was associated with reductions in a number of Firmicutes in children with
Crohn’s disease (p<0.05). Estimated dietary intake suggested children with Crohn’s
disease also had reduced fibre intake, particularly fruit, along 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 (wPCDAI <12.5).
Nine (28%) failed to respond and went on to corticosteroids. No differences were seen
for baseline faecal calprotectin or blood markers, between children who responded to
EEN and those who failed EEN. In children who responded to 8-weeks of EEN cal-
protectin, ESR and CRP were reduced (p<0.001, p=0.002 and p=0.02 respectively);
mirrored by an increase in albumin (p<0.001). Blood inflammatory marker profiles
after treatment with EEN were similar to non-IBD controls (R2=0.225; p<0.001).

Although 25 bacterial species discriminated responders from non-responders at base-
line, there was no pattern of taxonomic relatedness between these. Successful treat-
ment with EEN changed the microbiota community structure further from that of
healthy children (R2=0.070; p<0.001). During EEN gram-negative bacteria including
Pasteurellaceae, Bacteroidales S24-7, Fusobacteriaceae and Veillonellaceae (Negativi-
cutes) were reduced, while increases mostly came from gram-positive Clostridiales
(p<0.05). During EEN short/medium chain fatty acid profiles moved towards that
of healthy children (R2=108; p=0.002), while the concentration of short/medium
chain fatty acids decreased, particularly butyrate (p=0.001). Neither energy intake

nor composition of diet at baseline predicted response to EEN.

MEN: Of the 23 children who responded to EEN, 17 (74%) were treated with MEN
post-EEN. Although children responding to treatment had age appropriate growth
during EEN (p=0.056), growth velocity was not maintained once children went back
onto normal diet (p=0.96). No differences in growth were seen between types of
maintenance therapy. The use of MEN was not associated with an increase in length
of remission, however the number of children in the non-MEN group was too small

(n=6) to reject the null hypothesis.

Faecal calprotectin returned to near pre-treatment levels, having a significant increase
after only 8-weeks post-EEN (p=0.004), showing MEN failed to maintain the reduc-



tion of inflammation achieved during EEN. Bacterial changes during EEN, were also
not maintained post-EEN. Patients using MEN, had increases in gram-negative bac-
teria (Veillonellaceae, Enterobacteriaceae, Bacteroidaceae, Prevotellaceae and Verru-
comicrobiaceae). Within 2-weeks post-EEN, short chain fatty acids including bu-
tyrate returned towards pre-treatment levels (p<0.001). The use of MEN did not
appear to prevent the ratio of short/medium chain fatty acids returning to pre-
treatment levels. One year after the start of treatment with EEN, only 8/23 (35%)

original respondents had maintained remission.

Conclusions Reduced fibre intake in children with Crohn’s disease appears to lead
to reduced diversity of Firmicutes, particularly Clostridiales. This reduction in
commensal bacteria opens a niche for gram-negative bacteria like the Enterobac-
teriaceae. These changes could lead to decreased short/medium chain fatty acids,
valerate, hexanoate and octanoate, which provide antimicrobial protection against
gram-negative bacteria; again opening a niche for Enterobacteriaceae and other gram-
negative pathobionts. Decreased intake of fibre may trigger some bacteria to switch
from fermenting fibre to feeding on mucin glycans, consequently damaging the pro-
tective layer of the gut mucosa. It is thus possible that low fibre intake, under certain
conditions, drives increased gut inflammation. Malabsorption, of vitamins A, C, D
and E, which have immunoregulatory roles, could further exacerbate inflammation.
As faecal calprotectin levels rise this limits bacterial access to zinc, manganese and
iron, thus further depleting Clostridiales and increasing dysbiosis. Therefore a chronic

escalation of calprotectin, could contribute in part to increased inflammation.

This study does not support the hypothesis that 20% MEN can extend remission
times in children with Crohn’s disease. The fact that 74% of children went onto MEN
post-EEN, but only 35% remained in disease remission after 1-year, suggests that
either MEN is dose dependent or that exclusion of the normal diet leads to reduced
inflammation. Altering normal diet in order to induce and maintain remission in
children with Crohn’s disease is an attractive option, for both patients and treatment
centres. Further studies are needed to explore whether increased fibre or vitamin
intake can protect against inflammation and relapse in Crohn’s disease. Studies also

need to examine the role calprotectin plays in modifying the gut microbiota.



1 Introduction

The purpose of this introductory chapter is to provide a framework for the original
research presented in following chapters. Included are practical background descrip-
tions of the topics being researched. Detailed descriptions of selected methods can
be found in chapter 2 and the references cited herein, or in appendices where appro-
priate. The means by which the material presented in chapters 3-7 are interlinked
is discussed in chapter 8, and how these relate to our ability to address and answer
questions about the role the gut microbiota, bacterial metabolites and diet might
play in terms of risk and disease activity in inflammatory bowel disease (IBD) and

specifically Crohn’s disease.

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

pathogenic bacteria and viruses.

However, the homoeostasis of this mutualistic symbiosis between the microbiota and
its human host can become out of balance, potentially leading to disease. This ‘dys-
biosis’ is associated with a number of inflammatory diseases including IBD. There
are many factors that are potential modulators of the microbiota including our own
genome, diet, medication, environmental exposure to pathogens and other bacteria,
hence research into the microbiome is complex. To understand it, we must explore
interactions between diet, the microbiome and other functional systems in the body.
By understanding the relationship between the microbiota as a whole and how mi-
crobial changes impact on the health of the host, it might become possible to create

new personalised and targeted strategies to treat conditions like IBD.

1.1 Overview of inflammatory bowel disease

IBD is an inflammatory condition affecting the human gut and refers to two related
but distinct conditions, ulcerative colitis (UC), and Crohn’s disease (Fig. 1.1). The
key differences are firstly the location of inflammation and secondly the extent of the
inflammation. UC is restricted to the colon while Crohn’s disease can affect any part
of the digestive system from the mouth to the anus. In UC the inflammation only
affects the inner lining of the gut (mucosa) while in Crohn’s disease the inflammation
can extend through the entire thickness of the intestinal wall to the outer most wall

of the digestive tract. These differences lead to different outcomes and treatments. A
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Figure 1.1: Differences between Crohn’s disease and UC

small number of children with chronic inflammatory colitis cannot be classified into
either of the two sub-types of IBD after endoscopic and histological assessment and

are characterised as IBD unspecified (IBD-U).?

The major symptoms of UC and Crohn’s disease overlap (Table 1.1). These include
abdominal pain, changes in bowel habits, with additional symptoms such as weight
loss, decreased appetite, fever and fatigue. Symptoms can vary a great deal between
people and over periods of time, with patients having times when symptoms are
severe (flare-ups) and times with few or no symptoms (remission). Inflammation can
also affect 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 diagnosed in young
people aged 15-25 and there is an increased risk of IBD in those who have a family
member with the condition. The disease tends to be more severe in children with
IBD but there is no notable difference in the distribution of disease types between
children and adults.* Defining the exact epidemiology of IBD can be challenging due
to the insidious nature of the condition, often marked by delays in disease diagnosis
as well as occasional incorrect diagnosis of patients with early stage disease. The
small number of children presenting with IBD can also hinder the speed at which the

correct diagnosis is reached.

1.2 Crohn’s disease

Crohn’s disease is a clinical classification of IBD, often presenting in childhood. It is
a chronic condition which relapses and remits throughout the patient’s life, having a
substantial impact on the child and their families quality of life, as well as a significant

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)
- fistulas (channel connecting internal organs or to epidermis)

Because of variability in the severity and location of Crohn’s disease, as well as its
transmural nature, patients can have a wide range of presentations. In addition
to diarrhoea, children usually present with abdominal pain, particularly before a
bowel movement; and around 40% of patients can show a range of extra-intestinal
manifestations affecting the function of a wide range of body systems.® Systemic
symptoms including fatigue, anorexia, and weight loss can also be present in more
severe cases. Although less common, children with Crohn’s disease may initially
present with stricturing or perforating complications.” Around 10% of children have
perianal disease,® possibly a distinct phenotype of Crohn’s disease linked with a
susceptibility locus on chromosome 5.2 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 boys.!® A 1994 study of children with Crohn’s disease showed
that in 73% (n=11) of girls menarche occurred 2-years later than girls with UC and
healthy girls (NS).™ Another study of fifty-five children with IBD found a mean delay
of puberty of 0.70 years (SD 1.14), while a more robust US study found that in 104
children with Crohn’s disease puberty was delayed by 1.5-years (p<0.01) compared
with 233 healthy children.!?

Timely diagnosis in children is very important, since missing school due to symptoms
like pain, diarrhoea and fatigue as well as possible isolation from peers, exacerbated
by a prolonged diagnostic work-up, can have a long-term psychosocial and physical

impact on children.!?

1.3 Classification of disease location and phenotypes of Crohn’s disease

Crohn’s disease is typically characterised by inflammation of the gastrointestinal tract
which is non-continuous unlike inflammation in UC which is continuous and restricted
to the colon and rectum. Treatment strategies for paediatric Crohn’s disease are de-
pendent on disease location and disease extent, however there is discordance between

endoscopic (macroscopic) and histological (microscopic) disease extent, which can



make classification of disease location challenging, and inaccurate in terms of re-
search where microscopic evaluation might be unavailable.!* In order to properly
identify disease location it is normally recommended that the whole gastrointestinal
tract is examined by upper endoscopy, ileocolonoscopy, and ileal imaging.'®> A num-
ber of studies, have suggested that disease location can be an indicator of treatment

outcomes in Crohn’s disease.

Disease classification as well as being a tool for clinical practice, also has a role to
play in research. In IBD research studies an increasing number of bio-banks are
being created to allow the sharing of molecular data linked with phenotypic clini-
cal data. Therefore high quality disease classification systems will become an im-
portant feature of clinical data used in multi-centre prospective research studies.

716 used disease lo-

Previous classification methods such as the “Rome classification
cation (stomach/duodenum, jejunum, ileum, colon, rectum, anal-perianal); disease
behaviour (primarily inflammatory, primarily fistulising, primarily fibrostenotic) as
well as extent of disease (localised, diffuse) and surgical history (primary, recurrent).
This method could theoretically result in as many as 756-subgroups of Crohn’s dis-
ease. It had also been shown that for some aspects of the classification, particularly
disease location and behaviour, there was inter-observer bias creating the potential
for non-comparable results between patients and over-time.!” Mucosal healing based
on histology is often referred to as the ‘true’ measure of disease remission, where
earlier clinical classification systems were based exclusively on endoscopic and radi-
ological disease extent. In 2000, the Vienna classification (Table 1.2) was created
to try and simplify the classification of the clinical phenotypes of Crohn’s disease. !
Following on from this in 2003 a group of investigators sought to resolve some of the
issues around creating a Crohn’s disease sub-classification that took into account the
clinical, molecular, and serological markers of IBD. The results were presented at the
Montreal World Congress of Gastroenterology in 2005 where they tried to address
issues that affect both the needs of clinicians and the needs of scientific researchers in
the field.! In 2011 Levine et al.'® devised the Paris classification, containing further
sub-categories based on histology which also took into account growth abnormalities
in children. However, the small number of patients with Crohn’s disease limit the use
of the Paris disease classification sub-sets for research, as it can 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 imaging enterography and
computed tomography enterography have increased awareness of how common upper
disease is among children with Crohn’s disease. Upper involvement has been reported

as anywhere between 30%-80% in children and adults.?’



Table 1.2: Vienna, Montreal and Paris classification 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*  Ld4a upper disease proximal to
ligament of Treitz*
L4b upper disease proximal to
ligament of Treitz and proxi-
mal to distal 1/3 ileum*
Behaviour B1 non-stricturing, Bl non-stricturing, non- Bl 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 different times
p perianal disease modi- p perianal disease modifierf
fierf
Growth n/a n/a Go no growth delay

G1 growth delay

*In the Montreal and Paris classification L4 and L4a/L4b can coexist with L1-L3.
t is added to B1-B3 when concomitant perianal disease is present. Taken from
Satsangi et al. 2006 and Levine et al. 2011.1°

The L4 category of the Montreal classification does not distinguish between ileal dis-
ease, and oesophageal or gastric involvement. A large 2011 study concluded that
patients with jejunal disease were at significantly greater risk of stricturing disease
and surgeries than either oesophageal, gastric, duodenal or ileal (without proximal)
disease, thus they suggested this category be further split in the new Paris classifica-
tion (Table 1.2). The study also found that adult patients with upper (L4) disease
were less likely to have concurrent colonic (L2) disease (12% vs. 21%; p<0.001).%!
Very few patients have isolated upper (L4) disease without concurrent ileal/colonic

disease (L.1-L3) making it difficult to include this group of patients in studies.

Ileal, ileocolonic and colonic disease The terminal ileum, ileocaecal valve, and
caecum are the most common sites involved at disease presentation. 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 remaining 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 being isolated colitis, while ileal

disease is found more often in children who are diagnosed after age nine.?%23

A retrospective study which evaluated pathology of Crohn’s patients that underwent



surgery for either stricturing or fistulas, found no specific pathology differentiated
patients with stricturing from fistulising disease. However, in terms of histology they
did find that ileocolonic (L3) localisation was significantly more common in non-
perineal fistulising disease than in patients with strictures.?* Another 2016 study
recorded from 120 adults patients found that Crohn’s disease evolved, progressing to
more aggressive stricturing and penetrating phenotypes over a 5-year period. Inter-
estingly disease location remained relatively stable over time, with 93% of patients
showing no change in disease location. The study reported that ileal involvement,
stricturing, presence of fistulas and perineal lesions were predictive of surgery and
immunosuppressant or immunomodulatory treatment.?® With respect to treatment
with exclusive enteral nutrition (EEN), a meta-analysis of ten trials was unable to link
disease location and phenotype with efficacy of treatment, or time to relapse,?® de-
spite limited evidence suggesting that patients with ileal involvement respond better
to EEN. 2728

Extra-intestinal features FExtra-intestinal features in Crohn’s disease can include
the eyes, mouth, skin, joints, liver, bile ducts and anus. Oral lesions, anal fissures,
abscesses, ulceration around stomas and anal skin tags being common features of
Crohn’s disease.?” In a 2015 European inception cohort, patients with Crohn’s disease
were found to be twice as likely as patients with UC to experience extra-intestinal

symptoms. 3°

Orofacial granulomatosis (OFG) is seen as swelling of the tissues around the mouth
due to granulomatous inflammation.! Tt is often referred to as cheilitis (inflammation
of the lip). The swelling can cause midline fissuring of the lip called median cheilitis or
produce sores in the corners of the mouth called angular cheilitis. OFG is associated
with Crohn’s disease sometimes preceding gastrointestinal symptoms by a number of
years;>? however OFG might also be the only obvious symptom of underlying Crohn’s
disease. OFG can also be associated with oral ulcers, gingival inflammation and
cobblestone appearance of the buccal mucosa, the histological features of which are
indistinguishable from Crohn’s disease and systemic sarcoidosis.®? In 2007 Freysdottir

1.3 showed in oral biopsies from ten patients with OFG that the Thl immune

et a
response resembled that seen in gut biopsies from patients with Crohn’s disease. Thus
there is no clear way to determine when OFG is a stand-alone condition and when it

is an oral manifestation of Crohn’s disease.

Studies of perforating perianal disease report an incidence of around 8-15% in children
with a diagnosis of Crohn’s disease.* Perianal disease can also be a strong predictor
of developing a more complicated pathology in Crohn’s disease and in children can
be debilitating, either preceding or following intestinal inflammation.3> Perianal ab-
normalities can include lesions on perianal skin or the anal canal, as well as abscesses

and fistulas. This perianal component of Crohn’s disease can be asymptomatic in



some children but for others it can be a serious source of disability and distress.36:37

Paediatric Crohn’s disease The extent of disease in adult Crohn’s tends to remain
more stable, unlike that found among children, where a significant and rapid change
in both disease location and behaviour was recorded over time in a large cohort of 276
Scottish paediatric patients.®® The same study found that disease location was more
dynamic in childhood disease onset, such that within 2-years of diagnosis, disease
progressed to involve additional sites in 39% of patients that did not have maximal
ileocolonic (L3) and upper (L4) involvement. It was also noted that disease behaviour
decreased in non-stricturing, non-penetrating disease (B1) from 91% to 83% by the
second year and 76% by the fourth year after diagnosis. Another study involving
404 children with childhood-onset Crohn’s disease found that complicated disease
behaviour (stricturing B2, and penetrating B3) doubled during a 7-year follow-up

from 29% at diagnosis to 59% plateauing after ~9-years.

1.4 Understanding chronic inflammation in Crohn’s disease

It is hypothesised that IBD occurs in genetically susceptible people after exposure to
unknown environmental factors which leads to aberrant immune responses. Although
a number of environmental factors have been suggested, the causal 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, including gut tight junction
barrier function, defective trans-epithelial cell transport, extracellular matrix barrier
proteins, and Paneth cell antibacterial peptides.*' Also the polarisation of T-cells to
a Thl cytokine profile has been a recognised feature of Crohn’s disease. More recent
studies also point to a role for Th17 cells, hence taken together, both Thl and Th17

cells are important mediators of inflammation in Crohn’s disease.*?

It has also been suggested that neutrophil dysfunction could be playing a role in
altered innate immunity in the early stage of Crohn’s disease development.*3 There
are known genetic disorders with neutrophil function deficiency which give rise to
clinical symptoms and pathology that is indistinguishable from Crohn’s disease.** The
exact mechanisms underlying disease pathogenesis are yet to be elucidated, however
the current hypothesis for the aetiology of Crohn’s disease suggests a T-cell driven
inappropriate mucosal immune response in the gut, leading to an overproduction
of inflammatory cytokines, most likely against endogenous bacteria.*> Unlike acute
inflammation, chronic inflammation continues for long periods (months or years),
leading to tissue damage and long term associated disease.*® Until recently, chronic
and acute inflammation were thought to be separate processes activated by different
mediators and outcomes, but it is now accepted that the processes are interlinked in

such a way that defects in the processes that drive acute inflammation play a role
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in chronic inflammation,*” with tissue damage being the net result of the activated
inflammatory process. Standard therapy for Crohn’s disease is 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 in active Crohn’s disease
where weight loss at diagnosis is noted in up to 90% of cases,*®%° but there are
no standards or screening tools to specifically identify malnutrition in IBD. In 2016

1.9 proposed a new screening tool which uses BMI, weight loss over 3-

Jansen et a
months and plasma CRP levels to approximate a malnutrition score specifically 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 body weight when com-

5152 Tt is not always easy

pared to the national reference range of healthy children.
to identify the cause of growth failure in individual children due to factors including:
reduced food and nutrient intake; malabsorption due to inflammation; and possibly

treatment with corticosteroids.%®

More recent data suggests the risk of IBD patients being underweight is decreasing,
with some studies showing a large number of patients being overweight at diagno-
sis which is most likely linked with increases in obesity in the general population.
Although there is limited evidence showing the prevalence of obesity among newly
diagnosed patients with IBD, a number of paediatric and adult studies suggest that
the current number of overweight (BMI 25.0-29.9kg/m5) and obese (BMI 30.0kg/m;
or more) IBD patients matches that of the general population (~20%-30%). One
US study found that in a population of 1598 children with IBD, around one in five
children with Crohn’s disease and one in three with UC were overweight or obese.®?
A similar US adult study in 2015 found the rate of obesity to be 30.3% in Crohn’s
disease and 35.2% in UC patients.®® 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 equivalent to the general Scot-
tish population. Overall, obesity was found to be more prevalent in Crohn’s disease
than in UC patients (p=0.05).%°

A retrospective study in Philadelphia (1997-2002) looking at 126 patients with Crohn’s
disease found that 32.4% were overweight or obese at diagnosis. They also found that
time to first surgery for patients with a BMI of under 18.5kg/my was considerably
longer than patients with a BMI of 25kg/my or higher (p=0.04).°¢ Although two of
these US studies found that an increase in BMI was associated with an increased need

for surgery, the other studies found that obesity in IBD (using BMI) was associated
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with a less severe disease course.”%

A large Canadian time-trend analysis of body weight and disease activity between
1991-2008; including forty randomised controlled trials involving a total of 10,282
patients with Crohn’s disease, saw a significant increase in weight (r=0.36; 95% CI)
and BMI (r=0.14; 95% CI) as well as a significant increase in clinical disease activity
(r=0.109; 95% CI) and disease duration (r=0.063; 95% CI) in Crohn’s patients over
the time period.®” It is therefore possible that there is a link between adiposity and

inflammation in Crohn’s disease which needs to be studied further.

1.6 Risk factors for Crohn’s disease

The aetiology of Crohn’s disease is complex, with the most widely acknowledged hy-
pothesis being that Crohn’s disease is a dysregulation of the normal immune response
in genetically susceptible individuals, where the onset of disease is triggered by one or
more environmental factors that lead to gut inflammation and abnormal gut immune

responses to the gut microbiota.

Genetics The link with genetic risk factors is supported by ethnic and racial varia-
tion in the prevalence of IBD, with the highest rates being found among Caucasians,
particularly Ashkenazi Jews who have a two to ninefold greater prevalence of IBD.%®
However, there is a trend towards growing prevalence in populations previous thought
not to be at risk, thus the balance between genetic risk and environmental fac-
tors are complex. The idea that IBD has a heritable component is well established
through family studies which show that 5-30% of these patients, 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 developing disease at
a younger age.? They reported that in a group of eighty-two children with Crohn’s
disease, 42% of those under 11-years of age had a positive family history of IBD, sig-
nificantly greater than older children (19%). However this type of split age analysis

can be scientifically biased and misleading.

The genetic component of IBD risk is supported by the higher concordance rate found
among monozygotic twins, that is not seen in same sex dizygotic twins; as well as the
increased incidence among first degree relatives of those affected.® It is likely that
some genetic variants affect the host relationship with the gut microbiota via immune
expression, which put some individuals at higher risk of developing IBD. As well as
understanding risk factors genetic studies are beginning to highlight the importance

of host-microbe interactions in the pathogenesis of IBD (see section 1.9.3).

Genome-wide association studies (GWAS) created a framework for new insights into
the aetiology of Crohn’s disease. Identification of 163 IBD loci with 30 being Crohn’s

specific, is more than any other complex disease.%! 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 populations are needed to properly un-
derstand how these genes might put individuals at risk of IBD. Although there is
good evidence that NOD2, autophagy, and Th17 immune responses have strong links
in Crohn’s disease pathogenesis, susceptible loci only contribute around 14% of total

disease variance. 6!

North-south divide There is a higher incidence of both Crohn’s disease and UC
reported in northern latitudes, compared to southern latitudes in the northern hemi-

63:40:64 There is growing evidence that a relationship exists between IBD and

sphere.
a north-south gradient in a number of countries, while some studies have shown a
relationship between latitude and incidence of Crohn’s disease linked with low ex-
posure to sunlight and vitamin D insufficiency. %% Higher dietary vitamin D levels
among fish eating coastal populations might explain why not all studies observe a

higher incidence of IBD at higher latitudes (Prof C. Edwards pers. comm.).

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 serum 250HD 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 noted, the group which

received the vitamin supplement had greater azathioprine use than the control group.

Nutrition Diet is known to have a role in the expression of IBD, however most
studies are retrospective case-controlled, meaning dietary habits are either asked to
be recalled from a time before the onset of the disease, or as the current diet, which
may not represent normal habitual diet prior to developing symptoms. In 2011 Hou
et al. carried out a systematic review, concluding that not only were total fats,
polyunsaturated fatty acids (PUFAs), omega-6 fatty acids, and meat associated with
an increased risk of IBD but that higher fibre and fruit intake reduced the risk of

Crohn’s disease. %8

Gut microbiota The importance of the microbiota in the pathogenesis of Crohn’s
disease has been demonstrated since diverting the faecal stream results in healing
and prevention of Crohn’s disease relapse in humans and animal colitis models. %
Identifying a ‘high risk’ microbiota profile in IBD and Crohn’s disease has therefore
become a priority. A reduction in bacterial species abundance and diversity within
the commensal gut microbiota community of patients with IBD have become key

features however a link with causality has yet to be shown (Section: 1.9). 707172
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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 different from those associated
with antibiotic use. This evidence was based on creating two bacterial composition

clusters of Crohn’s patients which may have introduced some bias into results.

1.7 Epidemiology of Crohn’s disease

The incidence of Crohn’s disease is increasing worldwide with prevalence being par-
ticularly high in the northern countries of Europe and America. A Canadian study
recorded the incidence rate of paediatric IBD rising from 9.5 per 100,000 /yr in 1994
to 11.4 per 100,000/yr in 2005; including an incidence in Crohn’s disease of 6.2-7.0
per 100,000/yr.™ Crohn’s disease had previously been classed as a western disease
because it was more common in industrialised nations, due to low prevalence rates
in places such as South America, Eastern Europe and Asia.”"® However, recently
it has become clear that Crohn’s disease is an emerging disease in countries with
previously low rates, such as Japan where the adult prevalence rate rose to 21.2 per
100,000 by 2005.7" The speed at which incidence is increasing in areas where Crohn’s
disease was previously absent suggests that environment, including diet, is pivotal in
triggering disease.”™ It is possible that the introduction of a more westernised diet
in these countries is playing a role in the elevation of patient numbers. This is sup-
ported by the fact that there is an increase in occurrence of IBD among families when
they emigrate from a country where incidence is low to one where incidence is high,

highlighting the importance of identifying environmental triggers. "

Some limitations in describing the worldwide epidemiology of Crohn’s disease are
that increases in IBD have not been described in a uniform way, with many countries
lacking accurate estimates of incidence and prevalence particularly for paediatric IBD.
There is also a particular lack of data about rates of paediatric IBD from developing
countries in Asia, Africa, and South America,”™ hence most of the data regarding
epidemiology is taken from European and North American cohorts. Additionally
most reports do not include the category of IBD-U thus the overall incidence of IBD
is higher than that inferred from available data.™ In Europe the highest incidence
and prevalence rates have been found in Scandinavian countries®® 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 children has increased by 76%
including a 66% rise in Crohn’s disease (Table 1.3). There has also been a marked
increase over the past 10-years in the incidence of children with Crohn’s disease in
Ireland.®? These increases in the Scottish paediatric IBD population, which have
lead to an overall IBD incidence rate of 7.82/100,000/yr (derived from the 2003-2008

figures) may have continued to rise towards levels of incidence described 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) difference sig. at

IBD 4.45 7.82 p<0.0001
Crohn’s  2.86 4.75 p<0.0001
ucC 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 has fallen 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 with severe nutritional defi-
ciencies.® About 85% of these children present with weight loss, with up to 15-40%
of them failing to reach their growth potential.®%87 This risk of malnourishment can
impair growth and affect pubertal development,® therefore nutritional therapy is an
integral part in the management of children with Crohn’s disease. The onset of IBD
in childhood tends to be characterised by a more extensive disease location as well
as more aggressive and severe disease condition than found in adult onset IBD. 888
Overall the impact on the health of children with Crohn’s disease can be more serious,

leading to children requiring increased NHS resources.

Gender differences In Asian studies a male predominance has been recorded in
both, paediatric and adult populations.?*919%9 For European and North-American
studies the female/male ratio has varied from an even distribution to as much as
2.5:1.9% Many cultures have particular gender roles, potentially resulting in different
exposure to environmental risk factors, which could in part account for geographical

differences in IBD gender ratios.

Henderson et al. 20113 reported that among Scottish children with IBD that more
boys were affected than girls especially for Crohn’s disease. The adjusted male/female
ratio for the 2003-2008 figures was 1.29, rising from 1.07 in 1990-1995; and mainly due
to an increase in male/female incidence ratio in children with Crohn’s disease (1.22
to 1.38). It will be important for future studies in Scotland to look at the reasons
behind gender differences in Crohn’s disease which could be down to difference in
exposure to environmental risk factors; dietary choices; or hormonal differences. The
possibility that girls, especially in their teen years, are less willing to come forward
with bowel problems, to discuss diarrhoea and other gastrointestinal symptoms with
parents and clinicians, leading to a possible gender bias in mild cases, or greater time

to diagnosis in more severe cases, needs to be considered. It has also been noted in
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some clinical gender studies, that general practitioners can be more prone to interpret
male symptoms as physiological, while attributing a more psychological element to
the symptoms of female patients, which affects referral and diagnosis.? Increased
side-effects from bowel preparation have been recorded in female IBD patients®?%:%
which could in turn affect the completeness and accuracy of an endoscopic result.
Another study has recorded a lower rate of follow-up colonoscopies in female IBD
patients.?” Hence there are a number of potential biases which could account for
gender ratio differences. However this type of bias could also be due to genuine
biological gender differences in the severity of symptoms, which need to be identified

by future research.

1.8 Current treatment strategies for paediatric Crohn’s disease

Crohn’s disease is currently incurable and thus therapeutic approaches aimed at
achieving clinical remission of the condition only provide short term relief from symp-
toms.”® The management of Crohn’s disease firstly involves inducing remission and
is then followed by medical treatment to maintain remission.” The use of corticos-
teroids to induce remission in patients with active Crohn’s disease is effective.!%
However the side effects over the long-term, particularly in children, make their use
less than ideal and they are ineffective at inducing mucosal healing. The side effect
of weight gain and acne as well as poor bone health and development can also be
a significant problem for adolescents with Crohn’s disease being treated with corti-

costeroids. 101

Choice of treatment is not only determined by whether a child with
IBD has UC or Crohn’s disease but also the location, severity and extent of disease.
Due to the large range of disease phenotypes treatment is tailored 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 adult IBD costs around
£720 million per year,'%? 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 modification of immunomod-

ulatory processes (Table 1.4).104

Although the 2014 second European consensus on prevention, diagnosis and man-
agement of infections in IBD, concluded that IBD patients should not be routinely
considered to have altered immunocompetence per se, there are a number of im-
munomodulators used in the treatment of IBD which are associated with increased

risk of infections.1%°

These include corticosteroids, thiopurines, methotrexate, cal-
cineurin inhibitors, anti-TNF agents and other biologics. Unfortunately there is no

sound biological means to measure immunosuppression in IBD patients.
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Table 1.4: Medication used to treat children with Crohn’s disease in the UK.

Type Drug name Role Action

Antibiotics Metronidazole induction of remission reduction of gut bacteria
Ciprofloxacin (esp. perianal disease)

Corticosteroids Prednisolone induction of remission down-regulation of pro-inflammatory
Hydrocortisone cytokines; interference of NFxB

inflammatory signalling

Immuno- Azathioprine maintain remission immune suppression and cytotoxicity;

suppressant 6-Mercaptopurine induce T cell apoptosis

Biologics Infliximab induction of remission antibody against TNF«

Observational studies like the current one cannot control for the confounding effect
that medications might have on the composition and functional behaviour of the gut
microbiota, hence it is important to examine the potential impact drugs might have
on results. A 2007 study reported from mucosal biopsies that the suppressed mi-
gration of leukocytes in UC patients treated with azathioprine was associated with a
28-fold higher concentration of mucosal bacteria when compared with patients treated
with 5-ASA, and 1000-fold when compared with healthy controls. Therefore it is
important to know when measuring bacteria that changes are due to 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 immune sys-
tem, antibiotics are frequently used as an ancillary treatment in Crohn’s disease. 07
There is conflicting evidence regarding the efficacy antibiotics to help induce remis-
sion on Crohn’s disease. A 2011 review paper concluded that in active Crohn’s disease
using data from ten RCTs involving 1,160 patients, that treatment 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 used. It is unclear whether
antibiotics work due to reduction of a single species, or via changes to overall bacte-

108

rial composition. " It is possible, gut bacteria are not driving IBD, but rather cause

secondary infection due to underlying inflammation, exacerbating disease activity.!%

Immunosuppressants [mmunosuppressants on their own cannot induce remission
and are therefore used to help maintain remission in IBD patients. As such azathio-
prine or 6-mercaptopurine are the primary treatment for maintenance of remission of

moderate to severe Crohn’s disease.

Biologics Tumour necrosis factor-a (TNF-«a) inhibitors are biological agents intro-
duced in the 1990s for the treatment of IBD. It is recommended for treatment of

children aged 6-17 with severe active disease who have not responded 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 reducing time in hospital and
surgery for Crohn’s disease patients.'! The most common TNF-a antagonist used
for Crohn’s disease is infliximab. Although it is effective in lowering inflammation,

treatment-induced immunosuppression is suspected to increase infection risk. 2

Corticosteroids Corticosteroids were first used to treat IBD in the 1950s with the
successful use of cortisone acetate in patients with UC.''3 Since this time corticos-
teroids have become the cornerstone in treating IBD patients with moderate to se-
vere active inflammation.!'* Despite the widespread use of corticosteroids, studies
concerning optimal therapeutic strategies have mostly been done in adults with IBD,
with as many as 80-90% of adults treated with corticosteroids reporting at least one
adverse event during their therapy.!® Although corticosteroids are clinically effica-
cious and induce remission, their use in children can have unwanted side effects such
as weight gain, growth impairment, increased acne as well as low mood, ¢ thus chil-
dren with IBD can be more sensitive to the side effects of corticosteroids than adults,

particularly with respect to impaired growth.!?

A number of studies have shown that systemic use of corticosteroids work via a
number of routes including: inhibiting epithelial cell gene expression of cytokines
(IL-15, 1IL-6, & TNF-«), growth factor and receptors (GM-CSF & TGF-f), as well
as various inflammatory chemokines of the CXC and CC families.'® They can also

reduce diarrhoea by increasing sodium and water absorption. 1

1.8.2 Treatment with exclusive enteral nutrition (EEN)

As a chronic inflammatory condition of the gut, Crohn’s disease causes severe nutri-
tional complications. The use of exclusive enteral nutrition (EEN) to treat the dietary
and growth needs of children with Crohn’s disease led to EEN becoming an effective
therapy which could successfully help children achieve disease remission without the

need for corticosteroids. 120

EEN is a liquid nutrition diet which exclusively replaces the child’s normal diet.!?!
Being a liquid preparation with no fibre, it is easily digested in the small intestine.
Once the individual calorific requirement for a child about to start EEN has been
calculated, the formula is normally introduced slowly over 2-4 days and continued
for around 6-12 weeks.'?* Normal food is then reintroduced, although some centres

slowly reintroduce specific types of food first. 22

Only one study has attempted to answer the question as to whether it is necessary
to have full exclusion of the normal diet in order to achieve remission in paediatric
Crohn’s disease, and they found that EEN increased the remission rate 3-fold when

compared to the energy requirement being met from 50% enteral nutrition and 50%
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normal diet.'?® However paediatric centres often permit a variety of additional foods
in addition to EEN,'?* including sugarless chewing gum,!?! clear soup or carbonated
beverages such as lemonade. More than 40% of studies allow tea and coffee, and
almost half allow the introduction of additional sugar in the form of hard boiled
sweets. 124 Further studies are needed to explore the efficacy of these additional food

items, before being added to EEN protocols.

It would be unethical not to treat patients with active disease, hence no placebo con-
trolled trial has ever been carried out to test the efficacy of EEN in IBD. The efficacy
of EEN to induce remission in active Crohn’s disease has therefore been measured
against medications, in particular corticosteroids.!'® EEN has been shown to induce
remission in 80-85% of children with active Crohn’s disease,?? with recent guidelines
advising the use of EEN as the first line induction treatment for children with in-
flammatory luminal disease.?> A 2008 Cochrane review looked at the effectiveness of
EEN as primary therapy to induce remission in children with Crohn’s disease from
1966-2006.%% From the fifteen studies included they concluded corticosteroid therapy
was more effective than EEN for inducing remission of active Crohn’s disease, but
that EEN had the added benefit of mucosal healing. Many of these studies were of
low quality, and the two highest quality studies in this review had opposing find-
ings, with one in favour of steroid therapy'?® and the other EEN;!?" although neither
study reached statistical difference. However, recent reviews have shown EEN is just
as effective as corticosteroids in inducing remission (OR=1.26 [95% CI 0.77, 2.05]) in
children with Crohn’s disease; and mucosal healing was significantly higher in chil-
dren receiving EEN compared to corticosteroids (OR=4.5 [95% CI 1.64, 12.32]).128
Enough studies showing EEN to be a beneficial primary treatment for active Crohn’s
disease triggered the European Crohn’s and Colitis Organization (ECCO) in 2014
to revise their consensus guidelines and recommend EEN as the first line therapy to

induce remission in children with luminal Crohn’s disease (Table 1.5).%125

There are factors which could influence the efficacy of EEN, including variation in
type and severity of Crohn’s disease, the way disease activity and remission is defined;
composition of EEN; duration of EEN, as well as the timing of clinical assessments. 2
In some studies, length of treatment is effectively too short to properly evaluate
efficacy of EEN against corticosteroids. For example Tjellstrom et al. 2012 concluded
that children with active perianal Crohn’s disease, saw no improvement in clinical

status, or inflammatory parameters after treatment with EEN. 29

There are trade-offs to using EEN as a therapy to induce remission over corticosteroids
including: palatability; distress caused by use of nasogastric tubes; and stress or
isolation from the social aspects of normal family /school meal times. % These issues
are important considerations since the 2012 NICE guidelines'® reported that all
studies included in the Cochrane review?® of EEN are of low to very low quality.

Hence it might be premature to assume EEN is always the better option.
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Table 1.5: Studies since 2012 on exclusive enteral nutrition (EEN) showing remission rates, length of
treatment and type of feed.

Study CN}ﬁl d?in Type Feed Duration = Remission Notes
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
(significant)
Lee et al. 90 Prospective Not given 8 weeks 88% Partial enteral nutrition in-
2015132 cohort duced remission in 64% of
children
Levine et al. 201 Prospective unknown 6-8 weeks  79% No difference seen between
2014133 cohort EEN and CS
74 Retrospective  Polymeric 6-8 weeks  84.2% Longer time to relapse in
Hojsak et those treated EEN vs CS
al. 2014134 (significant)
Soo et al. 105 Retrospective 33 polymeric; 6 weeks 88.9% No difference seen between
2013135 3 elemental EEN and CS
57 Retrospective  Polymeric 4-8 weeks  84% compared with  corticos-
Lambert et teroids
al. 2012136
50 Retrospective  Polymeric 6 weeks 32% No comparison with corti-
Saadah et costeroids
al. 2012137

CS -corticosteroid therapy; EEN -exclusive enteral nutrition. Studies prior to 2012 are given in the ‘2012 NICE
guidelines’. 110 Similar results have not been reproduced in adult studies, with EEN resulting in lower response rates
than using steroids (perhaps due to lack of compliance in adults). 38

Effect on inflammation and mucosal healing Although the effect of EEN on mu-
cosal inflammation is not fully understood, it has been shown that clinical response to
treatment with EEN is associated with mucosal healing and down-regulation of mu-
cosal pro-inflammatory cytokine mRNA in the terminal ileum and colon.'® A 2005
study in patients with adult Crohn’s disease observed that EEN reduced mucosal
cytokine production, correcting an imbalance between pro- and anti-inflammatory
cytokines. % Two 2006 paediatric studies also showed that EEN is more effective
than corticosteroids at healing inflammatory associated lesions in the gut.!%%!4! This
beneficial effect of enteral nutrition on mucosal healing has been shown to a lesser

degree during maintenance therapy for quiescent Crohn’s disease.*?

Potential mechanisms How EEN works to induce remission is unclear. There are
a number of theories including removal of dietary antigens and reduction of microbial

1.142 conducted a study on twelve children with

antigens. In 2004, Bannerjee et a
active Crohn’s disease treated with EEN for 6-weeks. They saw changes in ESR
and [L-6 within 3-days; and in disease activity scores, CRP, and insulin-like growth
factor-1 within 7-days. They did not see nutritional improvements until 14-21 days;
hence suggest an early anti-inflammatory effect rather than nutritional improvement
is driving remission in Crohn’s patients. Recent studies have provided insight into
possible mechanisms linking changes in the gut microbiota and bacterial metabolites
with gut inflammation.*® These show EEN causes a reduction in bacterial diversity,

leading to changes in bacterial metabolites and functionality. #4114 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 supplement the normal diet
with enteral nutrition (MEN), to try and maintain disease remission (Table 1.6), thus

101 Several approaches have been tested,

reducing the need for corticosteroid therapy.
including overnight nasogastric feeds combined with normal eating during the day;
short periods of nasogastric feeds several times a year; and a daily supplement drink
used alongside normal eating. In one study overnight nasogastric feeding significantly
reduced relapse to 43% at 12-months compared with 79% for children who chose not
to take MEN.'6 Another study using nasogastric enteral nutrition for one out of
every four months over a year, also saw a significant increase in remission rates. " A
study on adults with Crohn’s disease saw an interim remission rate using MEN, which
was double that of the non-MEN treatment group, and hence felt it was inappropriate
to continue the study as they decided the benefit had been clearly demonstrated;!4®
a similar success rate to a paediatric study which reported 66% 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, particularly in those with penetrating
disease and non-active lesions. A later Japanese study also found MEN reduced

recurrence rates after bowel resection.*®

In a recent review, although ten studies found remission rates were significantly higher
in Crohn’s disease patients who received MEN compared with patients who did not,
only one of these was a randomised controlled trial.'®! It could be argued that al-
though the sample size in these studies was small (~20 MEN patients), combined they
represent a reasonable sample population. Eight studies took place in Japan, thus
these results may not translate to Western populations. Also, the 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 immunosuppressive 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 the 6-MP group;
remission in controls were 27.2%. Two patients in the 6-MP group developed liver
injury and one alopecia, thus highlighting the need to develop safer forms of long
term treatment such a nutritional therapy. If MEN is an effective treatment for the
maintenance of remission in Crohn’s disease, as some studies suggest, more work
needs to be done to understand the mechanisms behind why EEN and MEN work,
so that treatment to induce and maintain remission can be optimised 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 pathogenesis was first shown
in studies where faecal stream diversion prevented recurrence of ileal disease'®® and
that subsequent post-operative exposure to the gut microbiota resulted in relapse. %
Treatment with antibiotics is also associated with clinical improvement in IBD pa-

160:161° A ccumulating evidence now suggests, that IBD is linked to an inappro-

tients.
priate inflammatory response to the intestinal microbiota in genetically susceptible
hosts. 1% If children with Crohn’s disease have a gut microbiota profile, both distinct
from healthy children and other inflammatory diseases including UC, it could have
potential as a clinical marker for Crohn’s disease. Understanding why the gut micro-

biota is altered in these children could also lead to improving treatment strategies.

The term microbiome refers to “the collective genome of the human indigenous mi-
crobes (microflora or microbiota), the idea being that a comprehensive genetic view
of Homo sapiens as a lifeform should include the genes from our microbiome”. 1%
The term microbiota refers to the actual microbes, but in the literature is often

164 The human gut contains a surpris-

interchangeable with the term microbiome.
ingly complex ecosystem with an abundance of over a thousand different bacteria
and other micro-organisms. This structural composition in most people include the
dominant bacterial phyla, Bacteroidetes and Firmicutes, as well as the less abundant

Proteobacteria and Actinobacteria.

As well as their role in digestion and absorption, epithelial cells that line the luminal
surface of the gut form a physiochemical barrier to bacteria. In healthy individuals
intestinal goblet cells produce mucus which contain antimicrobial peptides all of which
keep the majority of bacteria to the more fluid outer layer of the mucus and the lumen
of the gut, keeping bacteria away from the surface of epithelial cells. However the
depth of the mucus layer varies significantly along the length of the gut. In the
colon where bacterial load is greater, goblet cells are very dense where they secrete
an additional sterile layer of mucus which acts as a barrier at the cell surface. It
has been shown in mice that lack the MUC2 gene that the mucus layer is unable to
prevent bacteria coming into contact with epithelial cells which can in turn result in

inflammation. 165166

Pattern recognition receptors (PRRs) towards bacteria have been shown to control
the production of microbicidal peptides produced by enterocytes and Paneth cells in
the gut.'%” PRRs produced by epithelial cells include membrane associated toll like
receptors (TLR) and intracellular nucleotide binding oligomerisation domain con-
taining protein (NOD) like receptors (NLR) as well as retinoic acid inducible gene
related receptors (RIG) which are able to recognise microbial molecular patterns.
TLR1-5 and TLR9 can recognise bacterial motifs as can a number of 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, recognising bacterial molecules
that contain a muramyl dipeptide moiety as well as activating NF-xB.1%® Mutations
in this and other genes have been associated with Crohn’s disease, ' suggesting that
the way epithelial PRRs interact with commensal bacteria underpin host protection

against both resident and pathogenic bacteria. 67

From altering gut composition as a treatment via probiotics; dietary changes or
faecal transplant, to searching for causative agents or risk factors amongst disease
groups like IBD, IBS and arthritis, crosstalk between bacteria and host cells, as well
as modulation of the immune system, are all important areas of current research.
Bacteria also produce bacteriocins, which play a role in competitive dynamics between

strains of bacteria, possibly helping to maintain microbial homoeostasis.!™

Culture based plating was the primary method of investigating the gut microbiota
for many years, and was subsequently replaced by conventional DNA analysis using
either sequencing or fluorescent detection. These focused approaches did not account
for the vast array of bacteria that interact to make up the gut microbiota, resulting

171

in an incomplete picture.”* In the last decade culture independent detection meth-

ods have now progressed to include 16S rRNA sequencing and high throughput DNA

2 as well as third generation sequencing analysis.'™ This has allowed

sequencing 7
highly detailed bacterial classification as well as information about the functional
genes that make up the gut microbiome.'™17 These methods now allow us to char-
acterise phylogenetic disease-associated gut microbiota changes and highlight changes
in individual microbial species, as well as telling us something about the functional
capability of the gut bacterial community. As ‘omics’ technologies and analysis have
become more widely available and affordable, this has resulted in the exploration of
global gut microbial taxonomy and function, allowing a more comprehensive investi-

gation of the complex relationships between the gut microbiota and host tissues.

While a number of bacterial species have been linked with Crohn’s disease, such as
species from Mycobacterium, Campylobacter, Escherichia and Helicobacter, present
evidence does not support the idea that Crohn’s disease is caused by a single species or
strain of bacteria.!™ Evidence from both stool and mucosal biopsy samples, suggests
that Crohn’s disease is associated with significant differences in gut microbiota at a

community-level often referred to as dysbiosis. 7

1.9.1 Types of dysbiosis associated with Crohn’s disease

Loss of beneficial commensal bacteria In infancy, development of the core com-
mensal microbiota is vital for the maturation and development of the normal intesti-
nal immune response. 71717 The mucus layer is composed of mucin glycoproteins
which are secreted into the lumen by epithelial goblet cells. It consists of two layers:

an inner layer of stratified mucus which is adherent to gut epithelial cells (~50pum
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thick); and a thicker outer non-attached layer which is home to the commensal flora.
Recent research into the identification and development of commensal bacteria are
beginning to shed light on some of the mechanisms responsible for driving the mat-
uration of host immunity in the gut. In order to establish homoeostasis the immune
response needs to prevent undesirable immune response towards self and beneficial
commensal bacteria while at the same time be primed to deal with potentially harm-
ful pathogens. Establishing this level of homoeostasis initially involves production of
mucus and antimicrobial peptides which create this protective, but dynamic barrier,
between the host gut wall and the commensal bacteria. Vaishnava et al. 2011 showed
in a mouse model that a secreted antibacterial lectin (Reg3+), was necessary for main-
taining a 50um layer that acts as a physical barrier to the luminal microbiota. ¥ Loss
of this barrier in Reg3~-/- mice resulted in bacterial colonisation of the gut epithelial
surface along with increased adaptive immune responses to bacteria. These findings
suggest that antimicrobial peptides play a crucial role in maintaining host-bacteria
mutualism by regulating the spatial relationships between bacteria and the host. It
has also been shown that members of the commensal gut microbiota can inhabit the
intestinal mucus without activating the host inflammatory response.!%® Hence the
mucus layer is not a simple physical barrier but is a dynamic layer that controls the
interaction between nutrients, antigens, commensal bacteria and the immune system.

Immunotolerance to self tissue and beneficial commensals is controlled in large part

181 Studies in germ-free mice have shown

by a subset of T-lymphocytes known as T).,.
that T, function is compromised but can be restored by introducing the human com-
mensal bacterium, Bacteroides fragilis or with a combination of Clostridium strains
IV and XIVa.!®%183 Although mouse models do not fully represent the human gut, it
is likely the molecular basis of the evolution of commensal tolerance is similar across
all mammals. There are other human strains of Bacteroides which have also been
shown to modulate the amount of colonic T, in mouse models including B. caccae,

184;182

B. thetaiotaomicron, and B. vulgaris; as well as a number of Clostridia spp.

185183 and a number of Lactobacillus strains as well as some

isolated from humans;
strains of Bifidobacterium in a cell culture model, suggesting the modulation of T,
is a common mechanism to induce tolerance in the gut. However these experiments
do not test a comprehensive selection of bacteria therefore cannot represent the over-
all make-up or complexity of the developing human microbiota which modulate T,

and other immune responses in the gut.

Reduced diversity Members of the gut microbiota have various functions that con-
tribute to host well-being, such as being involved in anti-inflammatory pathways or
the induction of inflammatory responses. Some members of the microbiota promote
the growth of anti-inflammatory networks within the host, as well as protective in-

flammatory responses. In a germ-free mouse model it has been shown that some
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bacterial /host interactions such as changes in metabolite concentrations or accumu-
lation of gut T,., cells, are initiated only when a number of bacterial species are

t.18% This demonstrates a role for bacterial diversity in altering host immuno-

presen
logical phenotype,® and the loss of total microbial diversity is an important aspect

of dysbiosis in Crohn’s disease.

T,y function has also been shown to be compromised in germ-free mice, however
when human faecal sample enriched for chloroform-resistant bacteria (selecting for
thirty strains Clostridiales) were used to recolonise mice, it induced a 3-fold expan-
sion of T,e, compared with controls.'8%1%3 If only one strain of Clostridia was used,
T, eq induction was diminished. 186:183 This demonstrates that increased diversity, even
within the same family, maximises cellular development in the host gut. It is possible
that early exposure to a diverse microbiota is crucial to the development 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 who developed asthma at
T-years of age had lower microbial diversity in early infancy, but not at 12-months,
compared with healthy children in the study (p<0.05). 7

Although studies of patients with IBD, regardless of disease activity, show they have
a marked loss of symbiont bacteria within the gut, specifically Clostridium groups
XIVa and IV, 188189 it is not yet clear whether lack of beneficial bacteria play a role in
driving inflammation, or conversely, inflammatory processes play 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 describe members of the
‘normal’ commensal community that can, under certain circumstances, cause damage
to the host.'® The most commonly recorded incidence of pathobiont expansion is
that of the phylum of gram-negative bacteria, Proteobacteria, and particular the
family Enterobacteriaceae, including Escherichia coli, Shigella and Klebsiella.*®! This
increase in Enterobacteriaceae has also been recorded in mouse models of colitis, 1?2

especially those with the TLR5 mutation. %3

It is not likely that pathobiont expansion
on its own could cause IBD, since recent years of study have failed to identify a single

organism specific to IBD patients.

Although three distinct forms of dysbiosis are described here, it is likely that gut

microbial dysbiosis, in any one individual, will include a mixture of all three types.

1.9.2 Evidence for microbial difference in Crohn’s disease

The idea of gut bacteria being altered as a collective, as opposed to a single species

or strain resulting in IBD is a crucial step forward in IBD research. The development

72

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 being linked with the function-
ality of the microbiome, and its impact on the host. Both human and animal studies
are starting to provide clues as to how the microbiome could be altering mucosal im-
mune function, potentially leading to chronic inflammation. It is therefore vital that
research, not only aims to identify which groups of bacteria are changing in the gut,

but also tries to determine what impact these changes have on gut immunoregulation.

In 2014 Gevers et al.'% carried out a large study on 425 ileal and 300 rectal tis-
sue biopsies, and 199 faecal samples collected from children with Crohn’s disease
prior to treatment. They recorded an increased abundance in families Enterobacte-
riaceae, Pasteurellacaea, Veillonellaceae, and Fusobacteriaceae, as well as decreased
abundance of Bifidobacteriaceae, Erysipelotrichales, Clostridiales and Bacteroidales
compared to a control group of non-IBD children, which correlated well with dis-
ease status. The differences were less pronounced in faecal samples than was seen
in both ileal and rectal biopsies, but did include an increase in Streptococcus and a
loss in a taxa belonging to the order of Clostridiales, including Dorea, Blautia, and
Ruminococcus. They also found that antibiotic use amplified bacterial dysbiosis in
Crohn’s disease. Previous studies had mostly included patients with ongoing disease
and were small in scale hence lacked statistical power, and thus could not easily take
into account confounding factors such as medication use.!? It should also be noted
that although this study did a comparison with faecal samples only 12% (n=26) of

non-IBD controls gave a stool sample.

The study by Quince et al. 2015'** also highlighted that differences in gut bacteria
between children with Crohn’s disease are not uniform across genera with species
like Ruminococcus obeum being lower in children with Crohn’s while R. gnavus was
higher. It is therefore important to see the whole picture to understand how patterns

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

Metagenomic studies have suggested Crohn’s disease can be identified from distinctive
microbiota compositions compared to healthy controls, ' supported by Davenport et
al. 2014197 who used 16S ribosomal sequencing of mucosal biopsies from twenty-one
Crohn’s disease patients and twenty-four healthy controls, to show an overall alter-
ation in the ratio between Firmicutes and Bacteroidetes, with a relative abundance
being significantly greater than healthy controls (p=0.05). The controls were not
age-matched (20-year mean difference) and it is therefore not just possible, but quite
probable that at least some of the observed difference, especially in Bacteroidetes,
are attributable to age related changes.'® Other meta-analysis studies have also
identified a dysbiosis characterised by a reduction in Firmicutes and an increase in
Proteobacteria.'®® A study looking at the metagenomic profile of monozygotic twin
pairs discordant and concordant for Crohn’s disease also found that the faecal mi-
crobiota profile was more similar between healthy twins, than between twins with

Crohn’s disease, particularly if they were discordant for the disease.!%
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A 2010 study using metagenomic sequencing has shown that not only did twenty-five
patients with IBD have lower bacterial diversity than ninety-nine non-IBD individu-
als, but also an average of 25% fewer genes.?? A loss in microbial functional genes
in IBD patients could affect crosstalk between host cells and the mucosal bacteria.
An IBD study looking at monozygotic twins went on to show bacterial abundance at
the genus level, when linked with transcriptomic profiles, demonstrates a loss of host
bacterial interaction in patients with UC.?! A linked study looking at six monozy-
gotic twins and their mothers, showed community level metabolic network changes
in the microbiome of Crohn’s disease patients, mostly at the periphery of these net-
works, highlighting the importance of the host /microbiome interface in the aetiology
of Crohn’s disease.?"? Demonstrating links between the bacterial taxa, environmental
factors, and a host genome is complicated by the various disease states in Crohn’s

disease, as well as the large intra-and inter patient variability in microbial diversity.

A study has reported that mucosal biopsy samples in Crohn’s disease patients show
little difference in gut bacterial composition between inflamed and neighbouring non-
inflamed tissue, whereas those taken from UC patients appear to demonstrate clear
bacterial clustering between inflamed and non-inflamed tissue,®” suggesting that
any dysfunctional aspect of the mucosal bacteria in Crohn’s patients could be more
systemic than that of UC. However differences could be present, especially among

species of low abundance, which were not detected using these methods.

1.9.3 Interaction between host genome and the gut microbiota

It is an over simplification to suggest that a specific bacteria or group of bacteria cause
Crohn’s disease and hence these studies looking at changes in the gut microbiota need
to be interpreted in the context of the host genome as well as other environmental

factors.

Although studies have shown that some bacterial species such as Akkermansia muciniphila
(human) and Enterorhabdus mucosicola (mouse) 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 microbial interaction allow-
ing some bacterial species that degrade mucus to thrive in the mucus layer.?* The
mucosal barrier which protects the lamina propria from bacteria in the lumen, has
been shown to be reduced in IBD patients.?% It has been suggested that inherited
mutations (NOD2 and IL23R) affecting mucosal composition in turn alter the com-
position of gut bacteria in contact with the mucosa. This in turn impairs the ability
of the mucosa to protect the gut, allowing opportunistic bacteria to colonise the mu-
cosa leading to a further increase in the immune response and chronic inflammation.
Defects in the genes SLC22A5A, GPR35 or GPR65 which are involved in sensing bac-

terial metabolites could also be responsible for triggering an inappropriate immune
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response. Genetic susceptibility to bacterial dysbiosis has been demonstrated in col-
itis mouse models deficient in the NOD like receptor and pyrin domain 6 (NLRP6)
genes.® However, to put the role of genetic variants into context, Jostins et al.
2012 have identified 163 susceptibility loci for IBD,%! which have been calculated
to contribute to only 33% of genetic susceptibility in Crohn’s disease and 16% in
UC.2% Although there is good evidence that NOD2, autophagy, and Th17 immune
responses have strong links to Crohn’s disease pathogenesis, it is important to note
that these susceptible loci only contribute around 14% of total disease variance.%!
However, much of this genetic evidence still points towards a key role between the

host immune response and the gut microbiota.

Genetic variants do not explain why some people within a family develop IBD while
others do not. When exploring the aetiology of Crohn’s disease it is essential to
consider the context of a complex microbial milieu, rather than individual species, and
how changes in the environment might drive changes which activate an inflammatory
state. Bacteria associated with compromised gut mucosal barriers often consist of
mixed communities,?°” and future research studies need to try and build study designs

and models of analysis which take these multiple factors into account.

1.9.4 The microbiome and innate immunity

The gut microbiome is a hub of signalling connecting input from the diet, with ge-
netically controlled immune signals to control metabolic processes, as well as innate
immune regulation of pathogens. Both haematopoietic and non-haematopoietic in-
nate immune cells are located at the host/microbiome interface, where they can sense
micro-organisms and metabolites, which can in turn be translated into an appropri-
ate host physiological response to regulate the microbial milieu. Dysfunction in this
communication network between the innate immune system and the gut microbiota
might play a role in the aetiology of a number of complex diseases 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 microbiota compo-
sition are dietary choices, a factor which has been shown to drive the evolution of

208 Colonisation of the gut microbiota is estab-

microbiome composition in mammals.
lished very quickly in the newborn gut, reaching adult concentrations within only a
few days. Subsequent microbiota development is then usually characterised by an
increase in bacterial diversity until around three years of age.?”” The process from
colonisation to a stable microbiota in homoeostasis is not well understood; however
it appears control mechanisms, particularly related to innate immunity, control the

establishment of the normal commensal microbiota which in turn acts to preclude
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further colonisation by exogenous bacteria. This might suggest that the primary in-
oculum after birth and initial microbial exposure are very important to development

of a healthy gut.

For the first six months of life, human milk is regarded as the optimal diet for in-
fant health, growth, and development, however for a number of reasons around 80%
of babies have been either fed fully or partially with formula milk.?'® A study has
shown that the microbiota of six breastfed babies was predominately made up from
Bifidobacterium, while six babies fed formula milk generally had a more diverse mi-
crobiota with lower abundance of Bifidobacterium and higher levels of bacteria such
as Escherichia coli, Clostridium difficile, Bacteroides and Lactobacillus that have the
potential to act as pathogens.?'? Another study looking at the gut bacteria of 3-month
old babies found higher levels of Clostridium cluster XVIII, Lachnospiracea incertae

sedis, Streptococcus, Enterococcus, and Veillonella in the formula fed group.?!!

A number of studies have also shown how changing the diet of healthy people can
alter the gut microbiota. In a controlled feeding study of ten adults, microbiota com-
position changed within 24-hours of taking a high-fat /low-fibre or low-fat /high-fibre
diet, affecting ratios of Bacteroides, Prevotella, and Firmicutes. Interestingly the
enterotype remained stable for the 10-days of dietary intervention, suggesting that
enterotypes are more stable in the longer-term, and that short-term changes may
have less impact.?!? A strict vegan or vegetarian diet has been shown to have signif-
icantly lower counts of Bacteroides spp. (p=0.001), Bifidobacterium spp.(p=0.002),
FEscherichia coli (p=0.006) and Enterobacteriaceae spp.(p=0.008) compared with an

t 213

omnivorous die Although the relationship between diet and the gut microbiota

is complex it has become a key target for therapeutic intervention in IBD.

In the last 20-years, interest in using nutritional therapy to induce remission of active
Crohn’s disease has increased.?'* Recent studies investigating the suggested mecha-
nisms of action of enteral nutrition in Crohn’s disease, have highlighted the impor-

tance of interactions between nutritional therapy and the host 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 particularly important
area of research in paediatric Crohn’s disease. Treatment with corticosteroids can
reduce the speed of growth in children, making dietary alternatives attractive as a

strategy to induce disease remission, while also achieving optimum growth.

Although no specific diet has yet been identified which could directly induce, prevent,
or cure IBD, it is becoming more evident that the interaction between nutrition, nutri-
ents, and the gut microbiota have a role to play in disease aetiology. The therapeutic
effect of EEN in treating Crohn’s disease suggests that diet plays a crucial role in this

disease. However, to set up large scale dietary studies in humans 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 effects of EEN have been carried out on children and usually with
small sample sizes. Comparing these studies is also difficult due to variation in meth-
ods such as type of formula; inclusion of non-EEN foods; percentage of EEN used and
method of delivery (oral/NGT). Also variation in sample type (stool/mucosal); gut
site of sample collection; inter-patient variation; geographical and genetic variation;
as well as differences in how samples were handled and processed for analysis, all

contribute to making comparison and interpretation of data challenging.

However as the role of gut bacteria in IBD has become more established, some inter-
esting patterns have emerged from gut microbiota studies looking into the effect of
EEN. In the past decade a number of studies, both human and animal, have looked
at changes in the gut microbiota before, during and after EEN (p197, Table 5.10).

In 2005, Lionetti et al.?'® was the first to report on the modulating effect EEN had on
the gut bacteria of children with Crohn’s disease. They used temperature gradient gel
electrophoresis (TGGE) to visualise 16S rRNA bands from faecal samples taken from
nine children with active Crohn’s disease undergoing treatment with 8-weeks EEN
and five healthy controls. They reported that EEN could be characterised by changes
in banding patterns in all patients whereas healthy children were stable over time;
although they only show evidence for four of their patients and one healthy child.
They also failed to provide any data or formal analysis of bands and hence their results
were somewhat subjective. In a similar study, Leach et al. 2008216 using 16s TRNA
and denaturing gradient gel electrophoresis (DGGE) on stool samples taken from six
children with Crohn’s disease, showed that the percentage similarity was significantly
lower (p<0.05) before and after 8-weeks of EEN, than an 8-week duration in healthy
children for Eubacteria; Bifidobacteria; Bacteroides and two Clostridium species.
The study did find a strong positive correlation (r?=0.738, p=0.028) between the
percentage of Bacteroides/Prevotella group during EEN with a change in paediatric
Crohn’s disease activity index (APCDAI). They also recorded a correlation between
faecal calprotectin levels and PCDAI (R=0.529, p=0.002), but the strength of the
correlation might suggest the (PCDAI) scores were not entirely representative of gut
inflammation. It was also interesting to note that healthy children had only between
59% to 84% similarity in these bacteria groups, suggesting the gut microbiota of
healthy children is variable over time. However, as DGGE bands can only give an

estimate of diversity, some of this variance might be due to the method used.

Research had begun to identify differences in specific groups of bacteria in children
with Crohn’s disease, thus studies started to ask questions about whether specific
bacteria changed during an elemental diet of EEN (028 Extra), and if these changes
could be linked with disease remission after EEN. Particular emphasis was given
to the Firmicutes phylum, especially Faecalibacterium prausnitzii which had been

shown to be reduced in active Crohn’s disease.?!” Interestingly, one study showed
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that in twenty adults with Crohn’s disease levels of one strain of F. prausnitzii A2-
165, decreased significantly after treatment on 2-weeks of EEN compared to baseline,
while levels of another strain F. prausnitzii M21/2 decreased without significance
(p=0.61).2!® Their analysis showed the levels of both F. prausnitzii strains in Crohn’s
patients were significantly lower than those in other patients groups both before and
after successful treatment with 2-weeks EEN; hence EEN did not increase levels of

F'. prausnitzii towards that seen in healthy controls.

Using terminal restriction fragment length polymorphism (T-RFLP) analysis of bac-
terial 16s rTRNA, Shiga et al. 2012 went on to show a reduction of bacterial diversity
in the gut of eight adult patients treated with an elemental formula (Elental®),2!9
however results were not statistically significant. They also treated nine patients with
total parental nutrition (TPN), a method of feeding fluids into a vein thus bypassing
the gut. In these patients there was a significant reduction in bacterial diversity after
8-weeks treatment. Although when applied to complex microbial communities such
as the gut microbiota, T-RFLP compresses the output data to around only 20-50
peaks creating both a bias and oversimplification of actual bacterial diversity; the
group carried out further qPCR analysis which showed a reduction in Bacteroides
fragilis after treatment with EEN. It should be noted the reduction in Bacteroides
after EEN was matched by a non-significant reduction of Bacteroides in healthy con-
trols. This was inconsistent with the difference over time seen in other bacterial
groups, hence this result could be an experimental anomaly due to storage condi-
tions, or Bacteroides numbers could be more variable in the gut of healthy people

than other bacteria groups measured.

In 2014, Gerasimidis et al.'% using TTGE and qPCR went on to show that the
global bacterial diversity and abundance in fifteen children with Crohn’s disease de-
creased (p<0.05) after treatment with EEN. This was accompanied by a reduction
in the stability of bacterial composition in the gut in comparison to healthy children
(p<0.01). F. prausnitzii spp. was shown to decrease after 30-days on treatment with
EEN (p<0.05), a finding supported by an earlier adult study into EEN,?'® and might
counter the previously held assumption that F. prausnitzii plays a protective anti-
inflammatory role in the gut.?!” This paradoxical decrease in F. prausnitzii is not yet
understood, and a recent mucosal biopsy study on thirty-seven children with Crohn’s
disease has reported that F. prausnitzii is significantly more abundant in the gut
mucosa of Crohn’s patients than controls (p=0.02).?** The same study also reported
a non-significant trend for decreasing concentrations of Bifidobacteria after 4-weeks
(p=0.108) and 8-weeks (p=0.120) on EEN which went back to pre-treatment levels
once children went back to their normal habitual diet. Gerasimidis et al.'*® also found
that in children with Crohn’s disease who went into remission after treatment with
EEN, the bacterial changes were greater and the amount of Bacteroides/Prevotella

was significantly reduced (p<0.05). All these recorded changes along with bacterial
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diversity, returned to pre-treatment levels once children returned to their normal ha-
bitual diet. In 2015 this group went on to carry out next generation sequencing of
these samples.'** During EEN, bacterial diversity in children with Crohn’s disease
decreased and the community profile moved further away form healthy children than
at baseline. They calculated that for every 10-days on EEN, there was a loss of 0.6
genus diversity equivalents. They also recorded that thirty-four genera had decreased

including F. prausnitziz while Lactococcus increased during EEN.

Lewis et al. 2015 evaluated changes in gut microbiota from faecal samples taken at
1-week, 4-weeks and 8weeks EEN in a Canadian cohort of children with Crohn’s
disease. The treatment regime was approximately 90% EEN (formula not given)
hence some foods were consumed during the diet. They also included a group of
twelve children taking partial EEN, around 50% (PEN). Rather than using a dis-
ease activity index they chose to use a cut-off in faecal calprotectin below 250mg/g
which is less subjective to gauge levels of inflammation. They found that the gut
bacteria profile in children treated with EEN changed significantly within 1-week of
treatment, moving further away from gut microbiota profile of healthy children (rel-
ative to baseline p=0.005). The abundance of six out of forty genera were nominally
different but this did not reach significance. A similar pattern was not seen among
the PEN patients (p=0.83) or anti-TNF patients (p=0.02). Interestingly they found
that children treated with anti-TNF moved closer to healthy gut microbiota profile
within 1-week, the opposite of those on EEN.

Although only a single case study, D’argenio et al. 20132?2! is the only study to
have looked at the mucosal microbiota (ileal) rather than faecal samples. Consistent
with faecal studies, when compared to a single control, dysbiosis was characterised
by reduced diversity, less Bacteroidetes and increased Proteobacteria. After treat-
ment with EEN the diversity and relative abundance of Bacteroidetes increased and
Proteobacteria decreased in-line with control sample levels. In a small study of only
four children with active Crohn’s taking EEN, Guinet-Charpentier et al. 2016222,
reported an increase in abundance of Alistipes along with a decrease in the genera
Escherichia-Shigella (p<0.01) and Sutterella (p<0.05) of the phylum Proteobacteria.

In another small study of five children with Crohn’s disease and five controls, Kaak-
oush et al. 2015,%2% also recorded decreased microbial diversity, and that dysbiosis
was highly variable in Crohn’s disease. In-line with previous studies, after treatment
with EEN a further decrease in the number of OTUs and bacterial diversity was seen.
They also recorded a correlation between relative abundance of six Firmicutes fami-
lies (Erysipelotrichaceae, Ruminococcaceae, Lachnospiraceae, Streptococcaceae, Veil-
lonellaceae and Peptostreptococcaceae) with clinical improvements. However there

was a lot of variation in changes across these families between children.

Schwerd et al. in a small study of eight Crohn’s disease patients reported the mi-

crobiota was characterised by a reduction in Firmicutes complexity at baseline, but
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contrary to other studies, treatment with EEN increased their relative abundance,
particularly in the Christensenellaceae.??* They did however find that EEN decreased
the relative abundance of gram negative Bacteroidetes. The number of species (Shan-
non effective diversity) ranged between 8-50 per faecal sample and did not change
significantly during EEN. This conflicts with Kaakoush et al.??® who reported that
EEN induced remission was linked with reduced numbers of OTUs. Although Schw-
erd claimed to have used a more robust method for filtering OTUs, the small sample
size of these studies makes variability a serious problem. This study also saw no
significant difference in relative abundance of any single species (OTU) associated

with treatment on EEN.?%4

It has been suggested from previous studies that the microbiota profile pre-EEN
could identify which children will, or will not, respond to treatment with EEN. In
2016 Dunn et al. took faecal samples from ten children with Crohn’s disease un-
dergoing EEN and five healthy controls. They investigated this idea by comparing
gut microbiota profiles between those children who maintained remission for at least
6-months after EEN, and those who either failed EEN, or failed to sustain remission.
Interestingly in those who maintained remission after EEN, the pre-EEN relative
abundance of Verrucomicrobia, Firmicutes and Bacteroidetes were similar to healthy
controls. However those that failed EEN, or failed to stay in remission for 6-months,
had higher abundance of Proteobacteria, a commonly reported aspect of dysbiosis
in Crohn’s disease.??%221:226 This study also reported that in patients who failed to
respond after treatment with EEN, Proteobacteria saw a further increase. However,
studies which look at non-responders to EEN, need to keep in mind that failure to
adhere to dietary treatment could influence results. Dunn et al. also found that
during treatment bacterial diversity decreased in responders while increasing in non-
responders. This group went on to use a new Bayesian analytical framework to deal
with inter-individual variation, to show that the most common OTUs associated
with sustained remission were Akkermansia muciniphila, Bacteroides (B. fragilis €
B. ovatus), Lachnospiraceae and Ruminococceae. The OTUs associated with non-

response to EEN were from Bacteroides (including B. plebeius), Enterobacteriaceae
(Klebsiella), and Prevotella.?*"

A study using Denaturing Gradient Gel Electrophoresis (DGGE) examined mucosal
biopsies before treatment with EEN in six patients with Crohn’s 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 only was the mucosal bacteria
different between healthy individuals, but also that in these individuals there was
variation at different sections of the gut including between the ileum and colon. In
patients with active Crohn’s disease a similar pattern of variation was seen between
individuals, but without the same normal variation along the length of the colon found

in healthy individuals. What was interesting in the six Crohn’s disease children was,
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after treatment with EEN, this loss of variation across different sites in the gut,

returned back to normal colonic variability. 22

Given that some of these studies record a swing in ratio from Firmicutes towards
Bacteroides, it will be interesting to see if future studies which look at changes in
gut bacteria during EEN, identify a reversal of this ratio associated with induction
of remission in Crohn’s disease patients; although the reduction in bacteria such as

145 quggests that this is not

F. prausnitzii seen in the Gerasimidis et al. 2014 study
the case. Overall these studies show that EEN induces a rapid and complex change
in the gut microbiota profile which can be linked with reduction in clinical markers

of inflammation and clinical remission in children with Crohn’s disease.

Once remission has been induced using EEN, enteral nutrition given as a supplement
to normal diet has been trailed with the aim of keeping children in remission and
preventing disease relapse (p23, Table 1.6). However, the role of 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 due to EEN, then the key
question would be, can these microbial changes be maintained using 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 composition in patients with
Crohn’s disease, who after treatment with EEN, have taken a course of maintenance
enteral nutrition (MEN) to try and maintain disease remission. The current study
aim is to fill major gaps in our understanding about how diet, and specifically MEN,

might alter microbial composition in children with Crohn’s disease.

In 2005 Lionetti et al.?'® collected faecal samples from nine children with active
Crohn’s disease who were undergoing EEN using a polymeric formula (Modulen); and
five healthy children. After 8-weeks of EEN, children with Crohn’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 analysed by 16S-TRNA PCR
and temperature gradient gel electrophoresis (TGGE) with direct visual comparison
of band profiles of PCR products. Changes in bacterial composition were seen in
the gut of all nine children with Crohn’s disease after treatment on EEN, and these
changes continued once the child went back onto normal diet, but did stabilise after
several months. In healthy children the TGGE results showed a stable bacterial
profile over 3-months. A major drawback was that this study did not include a non-
MEN control group, making it impossible to tell if MEN had an effect which would
also been seen in children returning to normal diet without MEN supplementation.
The change in composition is consistent however, with that recorded in an earlier

study using TGGE which showed a similar difference in gut bacterial composition in
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eight adult Crohn’s disease patients with active disease, compared to eight patients

in remission. 229

In 2008 Leach et al.?'® carried out a small study to look at faecal samples from six
children with Crohn’s disease collected at diagnosis, during treatment with EEN and
then on MEN for 4-months after treatment; and compared these with seven healthy
children, where samples were collected 8-weeks apart. Although using 16S-rRNA
DGGE, they showed a significant change in the gut bacteria on EEN, the study was
completely underpowered to draw any conclusions about the use of MEN, with a
maximum of three children being followed up at 26-weeks for each bacterial group. It
was also interesting that in the five children who continued on MEN, although there
was a partial return to the bacterial profile found at the start of treatment (40%
similarity), the gut bacteria composition was still to some degree altered at 4-months
post treatment with EEN. For example a negative correlation between changes in the
C. leptum group and both changes in PCDAI and faecal calprotectin, suggested that
C. leptum stability after treatment with EEN, was associated with a reduction in
gut inflammation and disease activity.?!® It is worth noting that although five of the
children went onto MEN, two of the six began medication on aminosalicylates while
two started azathioprine, hence we cannot be sure whether medication contributed

to these results.

MEN;, if shown to be effective, is an appealing option for maintenance of remission
in children with Crohn’s disease, since it avoids the negative events associated with
drugs such as immunosuppressants and biologics. It is therefore vital to gain an
understanding of gut bacterial changes during MEN, in order to show whether MEN
is linked with an anti-inflammatory gut composition, and hence had real clinical

benefit in reducing inflammation 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 and 8-weeks EEN they also
gave a group of children partial enteral nutrition which made up 53% of the child’s
daily intake. When they compared the gut bacteria profile in children 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 either changes to bacterial
profile seen during EEN are dose dependant, or that only total removal of normal

diet is influencing 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 which ferment fibre have
been reported to be reduced in the gut mucosa and faeces of IBD patients. Therefore

the products of colonic fermentation in relation to their impact on immunoregulation
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in the gut, is a key area of interest, particularly because these metabolites could open

a potential new source of therapy for patients.

The key function of bacteria that reside in the colon is fermentation of food that has
escaped digestion or absorption in the upper gut. It is a complex process which in-
volves a large number of metabolic processes, products of which can be used by host
tissues and cells.?3° The end products of colonic carbohydrate fermentation include or-
ganic acids, lactate and short chain fatty acids (SCFA), along with hydrogen, carbon
dioxide and methane. The branched-chain fatty acids, iso-butyrate and iso-valerate
as well as ammonia, amines and phenols are all products of protein fermentation.?3°
The main fatty acids associated with colonic fermentation are given in Table 1.7.
Fermentation activity varies throughout the large intestine, with highest production
of SCFA and reduced luminal pH in the caecum and ascending colon.?3%23! As the
amount of available substrate diminishes in the distal colon, this is where protein fer-
mentation tends to occur, leading to increased branched-chain fatty acids, ammonia

and phenols. Here the pH increases towards neutral.

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

Carbon chain length Common name Systematic name  Ester/Salt

Short chain

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

Ceg Caproic acid Hexanoic acid Hexanoate
Cr Enanthic acid Heptanoic acid Heptanoate
Csg Caprylic acid Octanoic acid Octanoate

1.10.1 Introduction to short chain fatty acids (SCFA)

P I e &
H—C— -4 H-C-C~C| H-C-C-C-C

Y 0—H HH O-H HHH OH
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 dietary fibres in the

gut, ?3? with dietary fibre being defined as ‘carbohydrate polymers with three or more
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monomeric units, which are neither digested nor absorbed in the small intestine of
humans’.?*® A recent metabolic reconstruction, based on data from the Human Mi-
crobiome Consortium show that, although there is a great deal of variation in gut
microbiota profiles between individuals, the metabolic profile which includes SCFA is
more constant.?3* This is because many biochemical pathways are consistent across
species and groups of bacteria. For gut bacteria, SCFA are a necessary waste product
which are needed to balance reduction-oxidation reactions in the anaerobic environ-

235 However, the absorption of SCFA as a product of bacterial

ment of the gut lumen.
metabolism provides an additional source of energy to host cells from dietary fibre
which the host is unable to digest directly in the small intestine. Around 90% of
SCFA which are produced from the digestion of foods, are absorbed in colon, while

the remaining are excreted in faeces.?

The main products, acetate, propionate and butyrate, are usually found in an ap-
proximate ratio of 60:20:20, in the colon and stool of healthy individuals.?*° The
production of SCFA depends on abundance and species of gut bacteria present, as
well as nutritional availability in the gut for fermentation.?3” Also, depending on di-
etary composition, the total concentration of SCFA reduce from 70-140mM in the
proximal colon to 20-70mM in the distal colon.?3® SCFA are mostly absorbed in the
caecum and colon hence only small amounts can be detected in the faeces.?3 Once
absorbed into the body via the gut, SCFA are metabolised in tissues; the colonocytes
use butyrate as well as some propionate and acetate for energy production and cell
maintenance; in the liver hepatocytes metabolise propionate (gluconeogenesis) and
acetate (lipogenesis); while muscle cells can oxidise energy from residual acetate.??
The metabolic effects of SCFA appear to be tissue specific, and their role at particular
sites requires further research in humans. SCFA also have a role to play in controlling
tight junction proteins, which control permeability of the gut epithelial barrier, thus

regulating molecular transport across the gut lumen and hepatic portal.?4

Acetate (C2) Acetate is the most abundant SCFA found in the gut, being produced
by a large range of gut bacteria, mostly from the phylum Firmicutes.?*! The citric
acid cycle uses acetate in the form of acetyl co-enzyme A, along with water to reduce
NAD+ to NADH in cells. This energy is then utilised in the process of glycolysis to
generate pyruvate (Fig. 1.3). According to stable isotope studies acetate contributes
around 6-8% of energy expenditure.?4? Acetate is consumed by butyrate and propi-
onate producing bacteria including Faecalibacterium prausnitzii, Roseburia spp., and
Eubacterium spp.?*3?% Anaerostipes caccae has also been shown to utilise acetate to
produce butyrate in conjunction with the class of bacteria, Clostridia.?*® The ratio of
acetate in faeces is therefore dependant on the ratio of butyrate producing bacteria

and fibre availability in the gut.?4
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Figure 1.3: Most SCFA are produced via more than one pathway. The pathways represented are
the major routes of production. Adapted from Louis et al. 2014247

Propionate (C3) In non-ruminants, including humans, propionate arises from the
p-oxidation of odd chain and branched chain fatty acids. In humans it is relatively
minor substrate for gluconeogenesis in the liver compared with ruminants where
propionate is the principle gluconeogenic substrate.?*® Propionate can be used in the

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

Commensal gut bacteria which produce propionate are less diverse than butyrate
producers, with their distribution being dominated by only a few genera. Three
pathways (Fig. 1.3) have been described for the production of propionate.?*® The
succinate pathway is the main route for hexose conversion to propionate by gram-
negative Bacteroides as well the class of bacteria Negativicutes (Firmicutes). The
acrylate pathway is restricted to members of the Lachnospiraceae family including
Coprococcus catus and Negativicutes, where lactate is converted to propionate. How-
ever, butyrate is the main source of lactate utilisation among gut bacteria.?° In the
propanediol pathway, propionealdehyde dehydrogenase has been shown to convert
deoxysugars such as fucose and rhamnose in members of the Lachnospiraceae family

including Ruminococcus obeum and Roseburia inulinivorans.*?

Butyrate (C4) Butyrate in particular has been identified as being important for
maintaining the colonic epithelium, and being the preferred fuel utilised by colono-
cytes, it is the primary site of butyrate sequestration in the body. 21252 In 2012 Wang

et al. carried out a study using a cellular model of the colon, to show that butyrate
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was an important regulator of tight junction assembly proteins, increasing intestinal
barrier function via increased production of claudin-1, while inducing tight junction

proteins, ZO-1 and occludin, redistribution in the cell membrane.?4°

These SCFA, not only provide a source of energy for the host, but also have anti-
inflammatory and anti-apoptotic effects that could potentially protect the gut against
colitis. 253:254:255:256 A recent 2014 study showed that butyrate could reverse the aber-
rant expression of ZO-1 as well as decreasing lipopolysaccharide translocation which
lead to inhibition of macrophage activation, pro-inflammatory cytokine production
and neutrophil infiltration in the liver of rats. 25" Increasing permeability is also linked
with translocation of pathogens and antigens potentially triggering the inflammatory
cascade. More recently studies have shown that SCFA have a role to play in reg-
ulating human immune responses and inflammation. It has been known for some
time that butyrate is involved in regulation of the immune system via inhibition of
NF-xB activation in macrophages in the lamina propria of patients with UC.?%® In
2010 Manco et al.?®® showed that an increase in bacterial lipopolysaccharide triggers
a TLR4 mediated pro-inflammatory cascade in monocytes and macrophages. This in
turn activates downstream pathways including NF-xB and mitogen-activated protein

kinase, leading to cytokine (TNF-a and IL-6) driven inflammation.

The main butyrate producing bacteria in the gut belong to the Firmicutes phylum,
with species from the families Ruminococcaceae and Lachnospiraceae being the most
abundant.?#4260 The lactate utilizing bacteria such as Eubacterium and Anaerostipes
species also contribute to butyrate production.?* The Ruminococcaceae species F.
prausnitzii is reduced in IBD patients, especially those with Crohn’s disease, which
accompanied by the evidence that F. prausnitzii has anti-inflammatory properties
has made it of particular research interest. Recently a 15kDa anti-inflammatory
protein (MAM) produced by F. prausnitzii has been shown to inhibit the NF-xB
pathway in intestinal epithelial cells lines, leading to the possible development of new

anti-inflammatory drugs for IBD in future.?¢!

A few studies have suggested that administration of SCFA could have a positive

(C262:263;264:265 5d Crohn’s disease patients with mild to

impact on the treatment of U
moderate ileocolonic disease.?%® In 2013, two studies went on to show that butyrate,
in a dose dependant manner, promotes regulatory T-cell (T,.,) generation through
inhibition of histone deacetylase.?¢7268 These studies also found that de nowvo Theg
cell generation in the periphery, was enhanced by propionate via histone deacetylase

inhibition. However acetate lacked this inhibitory functionality.

An in vitro study has shown that when T-cells are given butyrate under T, inducing
conditions, acetylation of the Foxp3 promoter region increases along with enhancer

elements thus allowing Foxp3 to be expressed. A number of host receptors includ-

ing G-protein coupled receptors GPCR43 and GPCR109a can sense SCFA.26%270

GPCRA43 expression is specifically increased on T,., within the gut epithelium,?%
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hence loss of GPCR43 or similar receptors could lead to host susceptibility to colonic
inflammation. This highlights a possible route for gut bacteria via bacterial metabo-
lites to alter the status of host immunity, theoretically affecting the balance between

pro-inflammatory and anti-inflammatory mechanisms.

Valerate (C5) A recent paper looking at the gut bacteria as potent class I his-
tone deacetylase inhibitor, which is primarily involved in cell survival, proliferation
and differentiation, suggest that valerate (C5) plays a role in its expression.?" After
screening seventy-nine diverse commensal bacteria for their histone deacetylase in-
hibitory properties, the three most potent strains were evaluated for specific class I
and class II histone deacetylase inhibition. All three were butyrate producing strains,
but one also produced substantial levels of valerate (C5) and hexanoic acid (C6).
This study identified valerate as a potential contributor to the histone deacetylase
inhibitory effect. This Megasphaera bacterial strain, was then assessed in a mixed
community where it was shown to increase the capacity of the community to produce
butyrate and valerate, showing that bacteria via SCFA production have the ability
to affect gene expression.?” The structure of valerate is similar to the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA), and a recent study has shown

that plant extracted valerate could act as a GABA-agonist in rats.?™

SCFA in the form mono-valerin and tri-valerin which are esters of valerate, when
given as feed additives to chickens have been shown to reduce the colonisation of
Salmonella enteritidis,?™ as well as reducing the incidence of necrotic enteritis caused

by Clostridium perfringens.?™

Branched-chain fatty acids (iC5 and iC4) The branched chain fatty acids, iso-
butyrate (iC4) and iso-valerate (iC5), are products of protein fermentation, specifi-
cally from the amino acids valine and leucine respectively.?”> Ammonia, amino acids,
phenolic compounds, and branched chain fatty acid concentrations are higher in the
distal colon where substrate sources are more limited and conditions including in-

230231 The production of iso-

creased pH, allow protein fermentation to take place.
butyrate (iC4) and iso-valerate (iC5) are correlated, even under changes in diet, a
feature that has been replicated across animal models as well as humans.?™ Although
products of protein fermentation such as ammonia, have been suggested as possible
causes of inflammation in IBD,?" studies measuring SCFA have not reported an in-
crease in iso-butyrate and iso-valerate (Chapter 6, Table 6.1) 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 commercially used as an antimi-

crobial agent on surfaces in food handling businesses and drinks processing plants,
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as well as a disinfectant in health care facilities and schools. A 2010 study using
a rabbit model, showed a supplement of octanoate reduced the number of coliform
bacteria isolated from the stomach and caecum of rabbits, as well as a reduction in

the number of anaerobes isolated from the caecum.?"

Animal husbandry studies have shown that sub-minimal inhibitory concentrations of
the fatty acids propionate (C3), butyrate (C4), octanoate (C8) and hexanoate (C6),
significantly alter the invasive capability of Salmonella typhimurium in piglets.?™
This suggests that SCFA/MCFA, in optimum concentrations, have a role to play
in maintaining bacterial homoeostasis in the gut. Animal husbandry studies have
also shown that the MCFA hexanoate and octanoate affect the composition of the
intestinal microbiota as well as having inhibitory effects on bacterial concentrations
(Salmonella and coliform bacteria) in the digestive tract of weaned piglets.?™ Inter-
estingly the inhibitory concentration of MCFA has been shown to be much lower
than SCFA such as propionate (C3) and butyrate (C4).%™ Tt is therefore possi-
ble that within the gut microbiota, individual bacteria secrete particular profiles
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-

240 alter cytokine expression;?* promote T, generation;26726%;

lating tight junctions;
and directly inhibit the growth of potential pathogenic species. 27827 These properties
of fatty acids suggest they might play a key role in driving or maintaining inflam-
mation in patients with IBD. Understanding the ways in which colonic fatty acid
profiles differ between patients with IBD and Crohn’s disease is 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 fibre to produce SCFA, are typ-
ically found to be reduced in the mucosa and faeces of patients with IBD when
compared to healthy individuals. Studies have indeed gone on to show that faecal
SCFA levels are reduced in patients with active IBD (Chapter 6, Table 6.1).

However, interpreting SCFA from samples has some limitations as the concentrations
found in faeces are also affected by a number of confounding factors 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 where the majority
are quickly absorbed or metabolised in the gut, means faecal levels cannot give an
accurate picture of fermentation processes in the proximal colon;?®! such that two
individuals with the same level of butyrate in faeces may have different bacterial
fermentation and butyrate absorption capacities. Given this limitation, the potential
functional differences between IBD patients and healthy individuals make the study

of bacterial metabolites, an essential part of future research.
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Decreasing levels of butyrate have been linked with lower levels of microbiota diversity
in both UC and Crohn’s patients.'®® Of SCFA producing bacteria, Phascolarctobac-
terium (Ruminococcaceae) and Roseburia have been shown to be reduced in Crohn’s

195

disease. ? Given that Ruminococcaceae metabolise hydrogen to produce acetate,

which can in turn be converted by Roseburia to butyrate, it makes sense that these

interdependent bacterial groups might decrease together in Crohn’s disease. %

If patients with IBD have impaired SCFA production, this would not only result
in reduced energy to colonocytes but also a loss of normal immunoregulation. Un-
derstanding the role of SCFA in Crohn’s disease could help us to understand why
bacterial dysbiosis drives inflammation in these patients, and how modulation of the
diet can alter SCFA levels in the gut, creating a pro-inflammatory state. The mech-
anisms of how SCFA, especially butyrate, regulate inflammation in IBD is still not
understood. Hence it is important to try and link SCFA production, the microbiota
and diet with inflammatory markers in individual patients in order to understand

how these factors affect each other.

1.11 Key concepts of this thesis

It has already been shown that dysbiosis in Crohn’s disease includes an increase in
the numbers of bacteria with reduced bacterial diversity, a decrease in abundance of
Firmicutes and an increase in Proteobacteria and Bacteroidetes. Although it is not
the main aim, the current study will test this assumption against healthy children,

but also a group of children with non-IBD conditions as well as children with UC.

In addition to exploring these differences in the gut microbiota between healthy indi-
viduals and those with Crohn’s disease, microbial studies looking at the use of EEN
as a treatment for children with Crohn’s disease, have given an interesting insight
into bacterial changes involved in remission and flare up in Crohn’s disease. As well
as being underpowered, these earlier studies were limited to using older technologies
which limit the number of bacterial groups/species that could be included. The cur-
rent study aims to fill this gap by using 16s rTRNA and [llumina technology to build
a wider picture of which bacterial groups, down to species level, are changing during
treatment with EEN. This level of detail could give insight into why 1:5 children fail
to respond to EEN. It will also provide a better picture of whether EEN works by al-
tering the levels of specific pathogens or rather modifies the global balance of bacteria
in the gut. Understanding changes in the gut microbiota composition and bacterial
metabolic activity during the use of EEN, will help to increase our understanding of

the mechanisms that control inflammation in Crohn’s disease.

No previous studies had looked at gut bacterial or metabolite changes in children with
Crohn’s disease post-EEN who were being treated with MEN. The current study de-

sign was set up to explore whether MEN could maintain gut bacterial and metabolite
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changes achieved during EEN. This work is of particular importance since MEN is
currently being used as a treatment strategy, given as a supplement 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 children with Crohn’s
disease, no study has tried to link diet with the microbiota in the same patients.
Thus the aim of the current study is to collect dietary data from children pre- and
post-EEN to see if dietary composition can be linked with bacterial and metabolite

composition.

Understanding what drives inflammation in Crohn’s disease will not only improve
delivery of treatment, but allow clinicians to predict which patients are most likely
to benefit from enteral nutrition in the form of EEN and MEN, increasing its success
rate. Although the successful use of EEN has been well demonstrated it is not used
universally across the globe, hence understanding the mechanisms that lead to these
distinct changes in gut microbiota composition which improve barrier function, could

help to widen its use, as well as develop consistent protocols across centres.

1.11.1 Hypotheses summary

e Children with Crohn’s disease have a gut microbiota and bacterial metabolite
profile, which is distinct from that of children with UC, non-IBD conditions and
healthy children.

e Gut microbiota profiles at baseline can predict which children with Crohn’s

disease will respond to treatment with EEN.

e Treatment with EEN is associated with changes in gut microbiota and metabo-

lite composition, which is linked with changes in inflammatory status.

e For children in disease remission post-EEN, supplementing return to normal
diet with (20%) maintenance enteral nutrition (MEN) can increase remission
times; and that MEN helps to maintain gut microbiota and metabolite profiles

associated with remission achieved during EEN.

e The profile of dietary intake at baseline for children with Crohn’s disease is
distinct from children with UC, non-IBD conditions and healthy children. Also
that dietary intake in children with Crohn’s disease post-EEN is associated with

time to disease relapse.

To test these hypotheses, bacteria and metabolites in the form of short /medium chain
fatty acids will be extracted from stool samples. Faecal markers of inflammation
(calprotectin) and blood markers of inflammation (CRP, ESR, albumin, FBC, LFT)
will also be collected. Dietary intake from food frequency questionnaires along with
patient characteristics (disease activity, disease location, 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 as well as ethical con-
siderations and ethics approval including participant eligibility. It will also set forth
how samples were collected; detailed lab methods and the statistical design used to

answer the questions proposed in the hypotheses.

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

Observation, replication, and prediction are fundamental to all sciences. Omne of
the key qualities of a scientist is to be a good observer, recording and reporting
observations in a sufficient amount of detail to allow other scientists to replicate
the study. Over recent years there has developed a pressure in publication to create
shorter articles. It is true that papers can be reduced in size without any fundamental
loss of meaning, however this can be more problematic when describing detailed
methodology. Sadly, it has become often impossible to replicate studies because of
insufficient detail in methods, and contacting authors to request these details can be
difficult, particularly where the author is no longer working in academia or has died.
Methodologic issues section of journals have to some extent helped to overcome this
problem, as well as encouraging discussion around methodologies and facilitating
the practice of experimental replication. As such this chapter will aim to provide

sufficient detail and discussion around methods used, which should allow replication.

Another problem with biomedical research is that due to improvements in technol-
ogy; company updates; or current understanding of processes, methodologies are
constantly being updated or superseded by newer methods. Thus researchers need to

keep themselves up to date with current improvements and make decisions based on
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cost and the degree of improvement, about whether the questions they are trying to
answer would be better served by moving to newer methods. Although using newer
methods can make it difficult to compare across similar studies that have used differ-
ent methods, hence decisions are sometimes made to use an older method if linking
in with other studies is of key importance. Also within existing methodologies it is
important that the researcher undertaking lab work understands, and designs exper-
iments that account for the role that experimental variables play in producing data
that help to power studies and answer research questions. In this chapter I will try
to discuss where possible some of the issues around experiment variables and identify

where improvements could be made.

This study is a prospective observational study and as such there is no placebo and
no correction for any type of treatment bias. Observational studies lack the aspect of
randomised allocation of a treatment as it would be unethical to withhold treatment
that is known to be effective. Hence the current study is limited to discussing any

bias which is observed and trying to understand results in light of these limitations.

2.2 Subjects
2.2.1 Identification and recruitment of participants

Patients were identified from the West of Scotland Paediatric Gastroenterology, Hep-
atology and Nutrition (WoSPGHaN) network which covers a wide range of areas in
the west of Scotland. Children from distant rural or island communities however were
not recruited on to the study, as it was impracticable to collect a series of six stool
samples over these distances. Three groups of children aged between 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 first group invited to join the study were children undergoing endoscopic in-
vestigation (colonoscopy) to rule out colonic inflammation, including both ulcerative
colitis (UC) and Crohn’s disease. Only children who received a diagnosis of Crohn’s

disease then went on to participate in the follow up aspect of this 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 diagnosis of Crohn’s disease
who were about to start on an 8week standard course of treatment with EEN due
to disease flare up. The final group invited to join the study were a cohort of age
and sex matched healthy children, unrelated to Crohn’s disease 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 investigate possible gut
inflammation by a paediatric gastroenterologists at the Royal Hospital for Children,
Glasgow. Eligible participants were identified through endoscopy appointment lists
with assistance from the paediatric gastroenterologists who 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 happy to speak with
a researcher after their appointment. If the child and their parent/guardian were
agreeable, the researcher met with them after their appointment to explain the study
in full, and answer any questions they had. The family were given an information
pack which contained a leaflet for the parents and an age appropriate leaflet 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 faecal sample, bloods if these were
already being taken for clinical diagnostic reasons, and eight additional tissue biopsy
samples from the gut lining if the patient was having a colonoscopy. We also requested
permission to collect relevant medical information, such as information on medication

and disease status from their patient notes.

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

sample before colonoscopy, a sample was requested before they started any treatment.

After diagnosis Once children had given the first set of samples and undergone
their colonoscopy, only children who had a confirmed diagnosis of Crohn’s disease
continued on the study. The samples collected from children who were not diagnosed
with Crohn’s disease, were retained and used as patient control groups made up from
those who had UC; and a second non-IBD group who had a range of other conditions.

These two groups of children were not requested to give any further samples.
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week 0 week 4 week 8 week 10 week 16 week 36

Pre- 4-weeks 8-weeks 2-weeks 16-weeks 36-weeks
treatment with on on after after after end of
EEN EEN EEN end of EEN end of EEN EEN or relapse
Samples Samples Samples Samples Samples Samples
stool stool stool stool stool stool
urine urine urine urine urine urine
blood blood blood
dietary data dietary data dietary data dietary data

8 week treatment on EEN

Figure 2.2: The target time points and type of sample collected from children 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 about to start on an 8 week
course of treatment with EEN, were recruited from across the West of Scotland
Paediatric Gastroenterology, Hepatology and Nutrition (WoSPGHaN) network, in-
cluding centres at Glasgow, Wishaw, Larbert (Forth Valley) and Crosshouse (Ayr-
shire). Eligible participants were identified through hospital appointment lists with
the assistance of medical staff, including IBD nurses and dietitians. The process of
recruitment was as described for group A, except this group of children were not
asked to provide any mucosal biopsy samples, since they were not about to undergo

a colonoscopy.

Children from patient groups A and B, diagnosed with Crohn’s disease and under-
going 8-weeks of treatment with EEN, were asked to provide a total of six faecal
and urine samples: at baseline; 2-samples during treatment with EEN and 3-samples
post-EEN (Fig. 2.2). A sample of blood was requested during routine clinical blood
collection. A food frequency questionnaire (FFQ) was requested at baseline then at
three collection points post-EEN. An estimated 3-day food diary, to record detailed
dietary intake, was requested at 2-weeks and 8-weeks post-EEN (Fig. 2.2).

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

Group C. Healthy children (control group) Healthy children unrelated to Crohn’s

disease patients, aged between 2 and 17-years were identified and invited to take
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part in the study via word of mouth or advertising through posters and leaflets.
Where possible, they were recruited from the same geographical areas as our patient
cohort. After introducing the study to children and their parent/guardian and giving
them age appropriate detailed information leaflets (appendix 2.2), healthy children
who consented were requested to give a single faecal and urine sample and complete

dietary questionnaires in the form of a 3-day food record and an FFQ.

2.2.2 Consent and ethical considerations

The recruitment strategy we chose followed the tried and tested procedure used for
children at Yorkhill in the ‘BISCUIT study’ (IRAS Ref:09/S0802/24). A clinician
informed potential participants about the study during their routine appointment and
ask them if they would be happy to speak with a researcher after their appointment.
If the child and their parent/guardian were agreeable, the researcher met with them

to explain the study in full and answer any questions they might have at this stage.

The parents/guardians were given a detailed information leaflet (appendix 2.1) which
was specific for each of the three groups: (A) children prior to diagnosis; (B) chil-
dren with Crohn’s disease; (C) healthy children. Children who were age seven or
under were provided with a pictorial form of the information leaflet to help them to
understand what the study involved and the researcher or parent/guardian read the
simplified age appropriate information leaflet to them (appendix 2.2). The language
used in each age appropriate information leaflet was carefully chosen, with the advice
of primary school teachers, to be easy to understand yet detailed enough so that
children were fully informed about the study. Participants willing to take part in the
study were invited to sign a consent form in duplicate: one for the participant and
one for the research site file. A third copy of the consent form was placed in the
hospital medical notes of all hospital patients who took part. Parents were asked to
sign an assent form to confirm they agreed with their child taking part. For children
of primary school age it was the parent who signed consent and the child an assent
form. If the child was unable to write their own name the parent completed a consent
form on their behalf. It was also made clear that they could withdraw from the study
at any time without giving a reason. In the interest of participant welfare, an external
contact name and phone number was provided to all participants, whom they could

contact if they had concerns or wished to raise a complaint.

To ensure the well being and safety of participants the researcher undertook NHS
Greater Glasgow & Clyde Good Clinical Practice training courses. Access to patient
medical records and storage of sensitive data by the researcher followed the rules
governed by the NHS Code of Practice (Scotland) Version 1.0 and current data pro-
tection laws.?®? Only the researchers named in the study ethics had access to this

information.
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2.2.3 Inclusion and exclusion criteria

A health check questionnaire was used to screen patients. Patients were excluded
if they had treatment with antibiotics or surgery to remove part of the gut, in the
previous 6-weeks, since this would likely alter gut microbiota composition. Healthy
children were also excluded if the had any gastrointestinal symptoms in the last

6-weeks.

Medication A note of all medications taken in the last 6-weeks was recorded at
baseline as part of the health check questionnaire. Any additional medications as
well as those taken as part of standard treatment during the term 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 children with Crohn’s disease
who took part in the study underwent a standard course of treatment with EEN
to induce disease remission under the care of the West of Scotland Paediatric Gas-
troenterology, Hepatology and Nutrition team. Normal treatment requires them to
complete 8-weeks of exclusive feeding with the polymeric enteral nutritional formula
Modulen IBD (Nestle, Switzerland) or in children with cow’s milk protein intoler-
ance, Elemental 028 extra (SHS international, Liverpool, UK). The amount given
was calculated for each child to meet their estimated average requirement (EAR) for
age. This was usually increased by up to 10% for children who were underweight
at the time of starting treatment.?®® As per normal treatment, at the end of the
8-weeks children either continued taking enteral nutrition (about 25% of EAR) as a
supplement to their normal diet (MEN) or stopped enteral nutrition altogether and
went back to their normal habitual diet. The study made no alteration or addition
to the child’s normal treatment for Crohn’s disease, and only collected samples and

monitored their progress under normal treatment conditions.

Children who were unable to tolerate EEN orally were given Modulen IBD via naso-
gastric intubation which involves the insertion of a plastic tube (NG tube) through
the nose and throat to reach down into the stomach. The duration from the start of
remission to subsequent disease relapse over the course of 28-weeks after treatment
was documented for each child with Crohn’s disease. Disease relapse was defined as
an increase in disease activity resulting in a repeat course of treatment with either

EEN or corticosteroids; or a step-up in medical treatment such 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 Seca® Leicester stadiometer (Seca 213,
Birmingham, United Kingdom) to the nearest centimetre by the researcher or by
nursing staff in clinics. Body weight and body composition were measured where
possible with a TANITA® (TBF300, TANITA, Japan) body composition weighing
scales; however as this method was not used by nursing staff in clinics, only height,
weight and BMI was used to assess anthropometric measures in this study. All
children had their height and weight measured at baseline. For children with Crohn’s
disease measurements were taken at time points: 0-weeks (pre-treatment with EEN);
8-weeks EEN; then 2-weeks and 8-weeks post-EEN.

LMS (lambda, mu, sigma) method software, based on the UK 1990 reference growth
standards data, was used to calculate percentiles which were converted to standard
deviation scores (SDS), commonly referred to as z-scores.?®* Theses growth standards
provide sex and age specific LMS parameters that allow the calculation of z-scores
that indicate how close each individual is to the population median. 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 =

(1)

standard deviation value of reference population
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Interpreting the results for height and weight as z-scores has advantages. Firstly the
z-score scale is linear, and thus has a fixed height or weight difference for all children
of the same age in the population. In terms of analysis, z-scores make comparison
across different age groups possible. Secondly z-scores are produced independently
for girls and boys, which means children’s growth status reflects differences in both

sex and age.

The BMI z-score categories were used to work out whether children were under or
over weight as per the NHS National Obesity Observatory (NOO) guidelines: #° A
simple guide to classifying body mass index in children (Table 2.2).

Table 2.2: BMI z-score categories

Catergory BMI z-score Centiles
-2.67 BMI z-score < 0.4th rounded centile)

very underweight

< (
low weight < -2 BMI z-score (< 2nd rounded centile)
healthy weight > -2 to < 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 to estimate socioe-
conomic status.?®® In all, seven indicator ‘domains’ are used: income, employment,
education, health, access to services, crime and housing. These seven domains are
then used to create a rank from 1 (most deprived) to 9,976 (least deprived). The
resulting 9,976 individual zones are divided into areas of equal population size.?8¢
To visualise the data, the 6,976 SIMD data zones were subdivided into quintiles (5-
bands) using the SIMD rank scores. Each band contains 20% of the data zones, with
rank-1 containing the 20% most deprived and rank-5 containing the least deprived

zones in Scotland.
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SIMD Deciles (2016)

Figure 2.3: The Scottish Index of Multiple Deprivation 2016 by area distribution 236

The SIMD scores need to be used with some caution. They are not always a clear
indicator of deprivation because the difference between two ranks could be very small
or quite large. The emphasis of different domains might also vary with some areas
having similar scores for different reasons hence making it difficult or inaccurate to
associate with health outcomes. Also not everyone who is deprived lives in a deprived
area and vice versa, hence in a small study like this one there is some limitation in
using the SIMD score to assume the socioeconomic status of any individual child in
the study. It is however useful to look at any potential differences between groups of
patients and outcomes, because it can help to target resources towards where they

are needed, where socioeconomic status plays a role in risk or treatment outcomes.

When the national 2016 SIMD figures are split into the different health boards, they
show that Greater Glasgow & Clyde followed by Ayrshire & Arran, then Lanarkshire,
have the highest income deprivation and health deprivation in Scotland as well as the
highest overall deprivation shown by SIMD scores?®® (Fig. 2.3). As these are the
areas this study recruited from our cohort of patients may not be representative of

Scotland or the UK as a whole, in terms of socioeconomic status.
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2.4.3 Measurement of disease activity and location

Disease activity Although it is by no means a perfect tool, the Paediatric Crohn’s
Disease Activity Index (PCDAI) is the standard outcome measure in paediatric
Crohn’s disease research. The inclusion of blood results, a perianal examination,
and measuring height velocity can make constructing the PCDAT score difficult, par-
ticularly if doing this retrospectively from patient notes. In our study a new weighted
version (WPCDAI), now being used by clinicians in West of Scotland Paediatric Gas-
troenterology, Hepatology and Nutrition network, was used because it has been shown
to perform better than the previous PCDAI being more feasible to complete and eas-
ier to use in practice. In 2011 Turner et al. tested the wPCDAI against the PCDAI
for 437 children with Crohn’s disease, and concluded that the wPCDAI performed
better in construct validity and responsiveness, as well as discriminating better be-
tween disease activity categories (ROC: 0.97; 95% CI: 0.95-0.99);%7 with a recent
2017 study confirming these findings.?®® In the current study children with Crohn’s
disease were assessed for wPCDALI scores at baseline, after 8-weeks of EEN, and

8-weeks post-EEN on normal diet (wPCDAI shown in appendix 3).

Table 2.3: Montreal classification for Crohn’s disease (Satsangi et al. 2006).1

Montreal

Age at diagnosis A1l below 17 yrs
A2 between 17 and 40 yrs
A3 above 40 yrs

Location L1 ileal
L2 colonic
L3 ileocolonic
L4 isolated upper disease *

Behaviour B1 non-stricturing, non-penetrating
B2 stricturing
B3 penetrating
p perianal disease modifier {

* L4 is a modifier that can be added to L1-L3.
1 is added to B1-B3 when concomitant perianal disease is present.

Disease location Crohn’s disease is typically characterised by non-continuous in-
flammation which can effect the entire gastrointestinal system. The Montreal clas-
sification! was used to categorise disease location in children with Crohn’s disease.
Although not the most recent classification system, the small number of patients with
Crohn’s disease in our study limit the research use of the newer Paris disease classifi-
cation sub-sets, ' as these would reduce the power of our data sets. The problem with
using disease extent in the classification system is that due to the dynamic nature of
Crohn’s disease, there is instability of disease extent over time, and children were not

given a follow-up colonoscopy unless their condition deteriorated (Table 2.3).
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2.4.4 Sample collection and processing

Faecal and urine samples: After giving consent, each participant was given a
faecal /urine sample collection kit, which contained a pre-weighed stool collection
pot, a plastic bag which could be sealed with the pot inside, an anaerobic sachet
(Anaerocult® A Merck KGaA 62471 Darmstadt, Germany) and a sterile universal
container for urine. The aim was to enclose the pot and limit expose to oxygen to
protect anaerobic bacteria. The pack also contained an ice-pack and instruction sheet
which included contact details. A potential sample collection day was agreed between
the family and the researcher; courtesy calls and reminders were made every few days
to provide support and answer any questions. As soon as the sample was ready, the
family would call or text the researcher for collection with the aim to collect and have
it in the lab within 4-hours. Samples where collected in person by the researcher form

a wide range of areas in the west of Scotland (Fig. 2.4).
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Figure 2.4: Map shows the distribution of children recruited onto the study. Children with Crohn’s
disease (green); UC (yellow); Non-IBD (red); healthy (blue).

Mucosal tissue biopsies: In children who were due to have a colonoscopy for di-
agnostic purposes, and with the consent of participants and their parent/guardian,
an additional six mucosal pinch biopsy samples; two from the terminal ileum when
possible; two from the ascending colon and two from the descending colon were taken
by the gastroenterologist (14-16 are collected at normal colonoscopy for diagnostic
purposes). An additional two biopsy samples were also collected from the duodenum

during upper endoscopy. These samples were taken during routine biopsy sampling
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a. Duodenum

Transverse colon

d. Descending colon
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Figure 2.5: Two pinch biopsies were collected from sites highlighted with blue boxes, a) duodenum;
b) terminal ileum; ¢) ascending colon; d) descending colon.

carried out as part of disease diagnosis at the Royal Hospital for Children, Glasgow.
Biopsy samples were taken using standard endoscopic forceps by the gastroenterol-
ogist and transferred by the researcher from the forceps using a sterile blunt ended
needle to a 2mL screw top tube. These were kept on ice for between 1-3 hours before
being stored at -80°C. Biopsies were held in a biobank by the department of Human

Nutrition to be included in a another study.

Bloods: Bloods were only collected from patient groups (5-8ml) and were only taken
if the child was having routine bloods taken as part of their normal treatment. Hence
no additional needle insertion was required. If the child had any anxieties about
giving routine blood and the nurse felt the additional blood might add anxiety we

did not request bloods.

Baseline bloods were normally taken from patients along with diagnostic bloods while
the child was under general anaesthetic during their colonoscopy (week-0). The child
was fasted and had taken an age appropriate dose of Picolax (sodium picosulfate
combined with magnesium citrate) as a bowel emptying preparation for colonoscopy.
Subsequent blood samples were not fasted. A blood sample was collected around
8-weeks of EEN during the child’s end of treatment review; and after 8-weeks of
normal diet post-EEN (Fig. 2.2). Bloods were held in a biobank by the department

of Human Nutrition to be included in a another study.
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Sample processing
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Figure 2.6: Immediately after collection faecal samples were homogenised and processed as shown,
before being stored for further analysis.

Faecal and urine samples: To minimise any possible changes in bacterial compo-
sition, the aim was to start processing faecal samples within 4-hours after collection.
This was not always possible due to travel distances and the collection of multiple
samples. The mean elapsed time between production (telephone call) and arrival of

sample for laboratory processing is shown in (Table 2.4).

Table 2.4: Time between stool sample production and lab processing

group

CD UC non-IBD HC

mean number of hours 05:31 03:09 03:28 02:39
standard deviation 02:15 02:13 03:24 01:16
<4-hours (%) 0%  83% 60% 78%

On arrival in the lab the sample was weighed and then homogenised using a sterile
blender in a class-2 laminar flow cabinet. A summary of sample processing is given
in Figure 2.6. 1.5g of homogenised faecal sample was weighed into a 5mL bijoux
in quadruplicate and immediately stored at -80°C. 1g of faecal sample was weighed
into 5mL bijoux containing five glass beads in quadruplicate. 1M NaOH (1:1 w/v)
was added to samples to stabilise volatile short chain fatty acids such as acetate and
stored at -80°C. These samples were then freeze dried within 4-weeks as described in

section 2.7.1.
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Bloods: After bloods were taken by the nurse they were decanted in two 4mlL
blood tubes, one containing Ko EDTA and one with lithium heparin. These were
stored in a cool bag on ice and immediately transferred to the lab, where they were
centrifuged at 3 000g for 15-minutes (4°C). The plasma from each tube was split into
three eppendorf tubes and the remaining red blood cells transferred into a another

eppendorf tube. These were stored at -80°C.

Data on clinical markers C-reactive protein (CRP); erythrocyte sedimentation rate
(ESR); serum albumin; as well as full blood count (FBC); liver function test (LFT)

and urea and electrolytes (U/Es) were obtained from routine clinical lab results.

Although blood, urine, and mucosal biopsies were collected, these were not used in the
current project. These will be analysed as part of an ongoing wider research extension

to this study by the department of Human Nutrition, University of Glasgow.

2.5 Collection of dietary information

This study is based on the relationship between the effect of diet in the form of enteral
nutrition (EEN and MEN) and the outcome it has on gut inflammation and whether
a positive outcome has a direct effect on changes in the gut bacteria profile. It was
therefore necessary to gather additional information about the child’s dietary intake
at different time points over the course of the study, both before and after treatment
with EEN to determine if differences in diet could be correlated with changes in the
gut microbiota and inflammatory status of children with Crohn’s Disease (Fig. 2.7).
An ideal record of food intake should measure the true intake during the period of
study to create a valid dietary record which is a comprehensive and precise record of
all food consumption on recorded days. Due to the complexity of human behaviour

this is actually quite difficult to achieve.

At consent During treatment After treatment
Pre- 28 days of 56 days of 15 days 60 days 12 months
EEN EEN EEN post EEN post EEN post EEN
A Crohn’s _
Disease FFQ FFQ FFQ FFQ
only 0 & only
b 24hrrecall 24hr Recall
No treatment
Non
B Crohn’s o
controls only
I
No treatment
Healthy
c Controls Fiﬂ
24hr Recall

Figure 2.7: Dietary questionnaire time points. 24-hour recalls were replaced with 3-day food diaries.
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After reviewing a number of methods we decided to use the five-step multiple pass
24-hour dietary recall questionnaire to collect data on the actual diet at the time
faecal and urine samples were collected. A dietary recall is a retrospective method
of dietary assessment whereby an individual is interviewed about their food and
beverage consumption during a defined period of time, typically the previous day or
the preceding 24-hours. Recall of intake over a longer time period is problematic due
to the limitations of memory. Several national surveys use the 24-hour recall method
because of its high response rate and its ability to obtain detailed information. The
interview can be carried out in person, by telephone or increasingly via the Internet.
The Norwegian arm of the EPIC software study showed no significant differences in
dietary data between face to face (n=102) and telephone 24-hour recalls (n=103). 2%
We planned to take this record on three separate days over the period of one week

(two week days and one weekend day).

However after 2-weeks of starting to use this method it became apparent that the
burden on patients of completing this questionnaire was greater than had been an-
ticipated. Firstly many children had after school activities and it was difficult to
find 3-evenings they were free to complete it. Secondly, on testing this method on
adults, the questionnaire took between 15-25 minutes; however in practice telephone
interviews often did not work well because parents/guardians found it difficult to an-
swer questions unless their child was sitting with them, being unsure what children
had eaten at school or away from home. The children found it difficult to report
their own eating habits, because they often did not have the skills to describe food
or portion sizes without parental help. The discussion between parents and children
resulted in the average time to conduct the interview being 45-minutes, much longer
than anticipated. Also a number a parents had very young children at home making
demands on them and interviews were thus interrupted or ended before completion.
It was not possible to visit the homes of children three times per week to carry out
these interviews and after listening to feedback from patients, and a problem with
non-compliance, it was decided to switch to a 3-day food record (Appendix 7.1.1)
which could be filled out at the families convenience. Hence although we had chosen
the best scientific method, in the context of young children, busy adolescents and
parents coming to terms with chronic IBD, the time burden was too much for most

families.

2.5.1 Food frequency questionnaire (FFQ)

The FFQ is a constructed list of foods and drinks with a frequency response tick-box
section for participants to report how often each item was consumed over a specific
period of time. Participants were shown pictures of portion sizes and asked to count
larger portions as two incidences rather than one. Calculations for nutrient intake

were then estimated by the diet survey team at the University of Aberdeen. These
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calculations multiply the reported frequency of each food eaten by the amount of

nutrient in that serving of food.?%

FFQs are good when measuring habitual intake which can be variable from day-to-
day and are relatively easy for participants to complete, as well as being low cost.
Craig et al. 2010 compared the child FFQ with a 4 day food diary in 150 children.
Children age 12-16 filled out their own questionnaire while parents completed it for
those age 3-11 years. The study found that Spearman rank correlation coefficients
were significant (p<0.05) for all nutrients, with the exception of energy, total fat
and vitamins C and E, in the FFQ for children aged 12-16. Although the ranking
agreement was best in the 3-11 age group, absolute intakes agreed best between the
two methods for children in the 12-16 age group. Therefore the FFQ is a useful tool

to look at generalised differences between groups.?%

It does however have some drawbacks. It is a retrospective method that relies on the
participant having a reasonably good memory and it is not very sensitive to measures
of absolute intake for specific nutrients. Also the way foods are grouped might not
make sense for some participants or may not contain foods popular with families
originating from other countries or who choose to shop outside of mainstream UK

stores. These factors might lead to inaccurate data if not taken into account.?

Paper copies of the Scottish Collaborative Group validated FFQ (Appendix 7.1.2)
provided by the University of Aberdeen were used. These include around 150 commonly-
eaten types of UK food or drink which are grouped into 19 sections.?’! Two versions
were used: the children’s FFQ which is designed for children aged 3-11 and is nor-
mally completed by the parent. The second version of the children’s FFQ used is
designed for children aged 12-17. It has additional foods such as coffee and alcoholic
drinks, and is completed by the young person themselves. An FFQ was given to
each participant both patients and healthy children at the start of the study. The
researcher explained the FFQ in detail paying particular attention to the portion
sizes shown on the front of the questionnaire (Appendix 7.1.2) and explaining how to
record this in the tick boxes. They were also prompted to think about hidden foods
in composite foods such as milk and sugar in tea; or butter in sandwiches. They were
asked to record the foods and drinks they had consumed in the previous 2-weeks. An
FFQ was also collected 2-weeks, 8-weeks and 28-weeks post-EEN (Fig. 2.7).

2.5.2 3-Day dietary records

It was decided in the current study to avoid using weighed food diaries, because
it is known that asking participants to weigh food can alter the behaviour of the

t.292 Weighing food takes extra time thus, subconsciously or consciously,

participan
participants may choose a meal that is easier to weigh to save time. There is also the

problem that asking participants to weigh food makes them consider food types and
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portion sizes that might be considered to be socially desirable.?? This can lead to
an inaccurate record of the actual ‘normal’ habitual diet. After researching different
methods the current study chose to use the 5-step multi-pass 24-recall which has been
shown to be an excellent method to help the participant recall all food consumed
by using prompts which remind the participant to recall drinks and snacks out-
with normal meal times, or forgotten items such as sugar added to hot drinks.?%3
Participants were asked if the researcher could call them on the telephone on two
typical weekdays and one weekend day to conduct the interview. For the first five
recruited patients three refused to give dietary information over the phone as they felt
it was either too inconvenient, or could not find time due to other activities. Another
had difficulty completing the interviews due to the needs of young children in the
home. The other interview went very well. Given the low level of participation in
3-day food records over the phone, and after listening to feedback from participants,
it was decided to change the method to a 3-day written diary, which had the effect
of increasing compliance, as participants could complete it at times more suitable to
their own individual needs. An introductory instruction sheet based on the 5-day
multi-pass interview was given to participants along with the dietary record, to try

and prompt participants to remember snacks (Appendix 7.1.1).

Three-day food records were requested from participants once they had completed
treatment with EEN and had returned to habitual diet for 2-weeks; then 8-weeks; and
at disease relapse or seven months after completing treatment with EEN, whichever
came first. Three day food records were not requested prior to the start of treat-
ment, firstly because patients were being asked to fast as part of their preparation
for colonoscopy, and secondly because a large number of patients started treatment
within a few days of recruitment and hence would not have sufficient time to record
three separate days before starting enteral nutrition either as the eight week course

of EEN treatment or as ‘tasters’in preparation for EEN.

Many people after filling out an FFQ failed to complete and return the 3-day food

record. Compliance was so poor it was decided not to include these in the study.

2.6 Detailed lab methods
2.6.1 Stool sample consistency as a measure of disease activity

Bristol Stool Chart The Bristol stool chart was used to record the consistency
of faecal samples before they were processed for analysis. It is a system of seven
categories often used by health professionals to classify the form of human faecal
samples. It was developed in 1997 at the University of Bristol?** as proxy measure
of colonic transit time. Although it has been shown that it has limited use in terms

295

of measuring transit time, =’ it is a useful research tool to evaluate the effectiveness

of treatments used to reduce inflammation in the gut.?"® Type 1 and 2 represent
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constipation while 3 and 4 are ideal stools which are easy to pass. 5 & 6 contain

excess liquid tending towards severe diarrhoea at type 7 (Fig. 2.8).

Bristol Stool Chart

® o @ Separate hard lumps, like nuts
L ® @ °® (hard to pass)

Type 2 Sausage-shaped but lumpy

its surface

Like a sausage or snake, smooth
and soft

Type 3 - Like a sausage but with cracks on

Type 4

¥ @ Soft blobs with clear-cut edges
Trpe 5 “‘ 88 (passed easily)

Trpek ~ Fluffy pieces with ragged edges, a
mushy stool

Watery, no solid pieces.
Entirely Liquid

Type 7

Figure 2.8: Bristol Stool Chart: Types 1 and 2 show constipation; 3 and 4 are ideal stools with 5,
6 and 7 tending towards diarrhoea.

2.6.2 Faecal calprotectin as a marker of disease activity
Faecal calprotectin was measured using the commercial ELISA kit CALP-0170 (CalproLab™

CALPRO, Lysaker, Norway) according to the manufacturer’s instructions.

Sample extraction: Previously homogenised frozen (-20°C) faecal samples where
thawed at room temperature and ~100mg weighed into 15mL corning tubes using an
inoculation loop. The loop was left inside the tube as an agitator. The manufacturer’s
extract buffer was added (w/v 1:50) and the samples vortexed before being shaken
for 45-minutes on an orbital shaker (IKA VIBRAX VXR BASIC) at 1000rpm. Samples
were then centrifuged at 3,000g for 5-minutes at 4°C before 1.8mL of the supernatant

transferred to 2mL eppendorfs. These extracts were stored at -20°C until used.

ELISA: On the day of analysis, extracts were thawed at room temperature and
centrifuged at 3,000g for 5-minutes at 4°C. The extracts were then diluted 1:100

in the manufacturer’s dilution buffer, vortexed and then 100ul. added to wells in
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duplicate. A set of six standard dilutions (0, 7.8, 31.3, 62.5, 125, 500) along with a
high and low control sample were set up as per the manufacturer instructions and
also added to the plate along with a negative control. The plate was incubated on a
plate shaker (500rpm) in the dark for 45-minutes at room temperature then washed
five times with 300uL of manufacturer’s wash buffer. 100uL of manufacturer’s ALP
enzyme conjugate was then added to wells using a multi-channel pipette (reverse
pipetting) and again incubated on a plate shaker (500rpm) in the dark for 45-minutes
at room temperature. Solution was removed by inverting the plate, tapping dry and
then washed five times with 300uL of manufacturer’s wash buffer. Finally 100uL
of pNPP enzyme substrate solution was added to wells and incubated in the dark
for 30-minutes at room temperature before adding 100uL of 1M NaOH to stop the
reaction. The OD values at 405nm were then read on an ELISA reader (ThermoLab
Systems Multiskan Spectrum). The concentration of calprotectin in faecal samples
was calculated with reference to the standard curve (4-parameter logistic non-linear

regression model) and expressed as mg/kg of dry faecal material.

2.6.3 Faecal pH

Faecal pH was measured from a 1:3 w/v faecal slurry: 1g of homogenised faecal
sample was suspended in 3mL of distilled water with four glass beads. The slurry
was vortexed until completely dispersed. Measurement of pH was performed using
an auto-calibrated portable digital pH meter (Hanna HI98140, Portugal).

2.6.4 Faecal ammonia (NH3)

Faecal ammonia was measured from the 1:3 w/v faecal slurry used for measurement
of pH. This slurry was further diluted with water to 1:500. 10mL of slurry was then
passed through a 0.22uL filter (Millex®GP, Millipore, USA cat. SLGP033RB) into
a glass vial. This was used to obtain a blank measurement on the ammonia analyser
(Hannah Electrical HI93715; Hannah manual.pdf) before adding 4-drops each of the
proprietary reagents (Hannah HI-93715-01: Nessler method). The vial was inverted

to mix reagents and the measure of ammonia (NH3) recorded as mg/L (ppm).

2.7 Measuring short chain fatty acids (SCFA)
2.7.1 Sample preparation and storage

Short chain fatty acids (SCFA) are the major end product of bacterial metabolism
in the colon, and are associated with nutritional benefit for colonocytes and the host
in general. Due to the importance of SCFA it was important to use an efficient,

economical, and sensitive method to measure the range of short and medium chain
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fatty acids in a large number of faecal samples. SCFA (C2-C8) and branched chain
fatty acids (BCFA) iso-butyrate, iso-valerate, and iso-hexanoate (Table 2.5) were

extracted and then measured using gas chromatography.2?”

Principle of extraction The pKa of acetic acid is 4.8 (other SCFA are similar)
which means at 4.8 the ratio of the acid or anion (salt) form is equal. In their natural
acidic form SCFA are volatile. However the base sodium hydroxide (NaOH) can
be added to faecal samples to lock SCFA in their ionic form (salt) to prevent loss
from the sample. To then unlock the SCFA the addition of a strong acid such as
orthophosphoric acid decreases the pH to less than 1; and at this pH more than 99%
of SCFA return to their acidic form. SCFA can then be extracted using the organic
solvent diethyl ether which forms two phases when mixed with faecal slurry. The
acidic form which is miscible in ether can then be extracted for analysis using Gas
chromatography. Although this method recovers close to 100% of SCFA an internal
standard (2-ethyl-butyrate) is added to faecal samples prior to extraction to account

for any possible loss. 27

Stabilisation of SCFA for storage Approximately 1g of faecal sample was added
to a bijou tube containing 4 glass beads along with an equal volume of 1M NaOH
w/v. The tube was vortexed until the sample was fully homogenised. Samples were

then stored at -80°C until freeze dried and analysed.

Freeze drying faecal samples Faecal samples for short chain fatty acid analysis
were removed from -80°C and holes made in the lids of sample tubes using syringe
needles. The samples were returned to -80°C for one hour and then freeze dried
(Edwards apparatus Micro Modulyo, Thermo Scientific®) for 36-hours. Fresh lids
were placed on freeze dried samples after they had been homogenised with a sterile
wooden spatula. Sealed tubes were stored at room temperature with a silica gel

desiccant until further analysis.

Determination of water content Water content was determined by weighing sam-
ples before and after freeze drying. Once faecal sample dry weight was known, water

content was then expressed as percentage of water per mass of stool sample less the
weight of added NaOH.

SCFA extraction 100mg of freeze dried faecal sample was weighed out into 15mL
corning tubes (Corning®, Mexico, USA). The sample was homoginised with 300pL
of distilled water by vortexing. 100uL of orthophosphoric acid and 100pL of 2-ethyl
butyric acid (as internal standard) was added to samples. 1.5mL di-ethyl ether was
added to the tube and vortexed on an orbital shaker (IKA® Vibrax Orbital Shaker)
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at 1200rpm for one minute. The upper ether phase was removed to a separate 15mL
corning tube and the process repeated 3 times. The extracted supernatant was then
transferred to 1.5mL glass vials (Agilent technologies®, USA, cat. 5181-3375) and
sealed with silicone rubber seal crimp tops to avoid evaporation(Fisher scientific®,

UK, cat. 11588150) in preparation for gas-chromatography.

SCFA standards Gas chromatograph does not give an equimolar response to sam-
ples being measured so an external standard to quantify the amount of SCFA in
samples was used. An external set of 11-standards (Table 2.5) was extracted with 6
dilutions (10, 25, 50,100, 200, and 300xL) using the same protocol as for the unknown
samples to obtain the retention times and draw quantification calibration curves. The
concentration of individual acids used to construct standard curves were previously
optimised by Laurentin and Edwards (2004).%7

Table 2.5: Concentration of external standards used in SCFA extraction

no. of carbons acid name concentration (mmol/L)
2 Acetic acid 183.50
3 Propionic acid 134.52
4 Butyric acid 111.74
5 Valeric acid 89.92
6 Hexanoic acid 80.12
7 Heptanoic acid 68.53
8 Octanoic acid 57.59
4 Iso-butyric acid 104.22
5 Iso-valeric acid 85.51
6 Iso-hexanoic acid 52.41

Concentrations were based on those previously optimised by Laurentin & Edwards. 27

2.7.2 Gas chromatography

A TRACE 2000 gas chromatograph (GC) (ThermoQuest Ltd, Manchester, UK) using
a flame ionisation detector (250°C) and a Zebron ZB-Wax capillary column (15m
x 0.53mm idxlpm film thickness), (Cat. TEK-GO007 Phenomenex, Cheshire, UK).
Nitrogen set at a flow rate of 1.89cc/min was used as the carrier gas. 1ul of sample
was auto injected at 230°C onto the column. The column temperature was held at
80°C for one minute ramping 15°C/min to a final oven temp of 210°C (Fig 2.9).

Samples were analysed on the GC using 32 bit Chrom-card (version 2.2 2003 Thermo-
Scientific®, Milan Italy). Individual peaks were identified based on the retention
times calculated from the analysis of known external standards (Table 2.5). To
check the column prior to sample analysis 100% ether containing only the internal
standard (sample blank) was run and the chromatogram checked for any potential

contamination in the column or ether. The needle was washed with ether and absolute
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methanol between each sample.
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Figure 2.9: In gas chromatography (GC) sample is injected in and vaporised (210°C under pressure);
it then flows through a column with a carrier gas (nitrogen). Via a mobile and static phase the
sample separates into components. The detector then generates peaks on a chromatogram to identify
and quantify SCFA.

Data recorder

Each sample was extracted in duplicate but as separate extractions and in reverse
order to the previous extraction to account for any evaporation over time of volatile
SCFA. If the variance between duplicates was low the mean between these was used.
Samples with high variance were re-extracted. A standard control sample was in-
cluded at the beginning and the end of the run to test repeatability of the extraction
over time. The 100uL dilution of external standard was run after every 12-samples
to test the coefficient of covariance. Measurement of SCFA concentration were based
on the area under the curve calculated from chromatogram peaks. The concentration
was expressed as pug/g of freeze dried faecal material. The area ratio for each indi-
vidual SCFA was calculated by taking the area under the curve (AUC) for individual
acid and dividing by the AUC for the internal standard.

AUC forsample SCF A

Area Ratio = AUC Internal Std

The relative response factor accounts for difference in the area ratios between SCFA

in the external and internal standards.

Area Ratioof SCF Ain100uL ExtStd
Conc. Each SCF A in sample/Conc. Int Std in sample

Relative Response Factor =

Finally the concentration of SCFA was calculated using the formula:

Area Ratio of Individual SCF A

SCFA Conc. =
one Relative Response Factor

x Conc. of Internal Std
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2.7.3 Potential limitations of SCFA extraction

Although the extraction of SCFA using diethyl ether measures SCFA concentrations
with a good level of accuracy it does have some limitations. Some faecal samples
may hive a higher proportion of undigested food remnants. We removed any obvious
undigested food items like seeds and thoroughly homogenised the sample with a
blender. Diethyl ether is volatile and thus can facilitate the loss of SCFA such as
acetate during sample handling and analysis after they are extracted from the sample.

We checked and corrected for this by using an internal standard.

2.8 DNA extraction methods

The development of culture independent techniques has been followed by a need for
the methods used to determine the microbial composition to be robust. This begins
with obtaining good quality and yield of genomic bacterial DNA. Faecal samples
contain a mixture of undigested food, mucosa, dead cells, bile, enzymes, and other
substances, which can degrade bacterial DNA and inhibit PCR amplification. Thus
optimal DNA recovery should take these factors into account and choice of a good
DNA extraction method very important. There are a number of easy to use com-
mercial kits available which can be used specifically for extracting DNA from faecal
samples (Table 2.6) Although these kits are known to be efficient in extracting bacte-
rial DNA, a number of studies have recorded variation in the quantity and purity of
DNA between these kits,?*® which could to some extent explain differences in relative
abundance between different studies.?? There is also controversy about whether the

302:303 ympact on

temperature of storage and freezing has a significant®°%*°! or minor
the population of gut bacteria recorded after sequencing. There is also evidence that
bacterial profiles change while in storage after as little as 2-months and can alter the

304 This is a major issue

amount of specific groups of bacteria such as Bifidobacteria.
when comparing the findings of different studies, and may play a role in why studies

have contradictory findings. 2%

Table 2.6: Commonly used DNA extraction kits for stool samples

Kit Manufacturer

PowerSoil® DNA Isolation kit  MoBio Laboratories Inc. Carlsbad, USA
Qiagen® DNeasy kit Qiagen, Hilden Germany

QIAamp® DNA Stool Mini kit  Qiagen, Valencia CA USA

ZR Faecal DNA MiniPrep Zymo Research Corp. Irvine USA

Faecal samples The chaotropic DNA extraction method3%, combined with bead-

beating was chosen as it has a higher yield compared to commercial kits, and when
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tested against other methods is better at capturing sub-dominant groups of bacte-
ria.* This method had already been used by previous researchers in the same lab 4
allowing us to cross reference and potentially pool data. A number of components in
samples cause PCR inhibition including: heme; bilirubins; bile salts and complex car-
bohydrates. The chaotropic method uses guanidine thiocyanate in extraction process
to effectively remove these potential inhibitors. This method was chosen not only
due to extensive cleaning and purification steps but because it is good at maintaining
the gut microbiota composition because it keeps extracted DNA intact. Previous
work has also shown that this method gives the highest yield and good purity of ge-
nomic bacterial DNA (on spectrophotometry and agarose gel electrophoresis) when
compared to methods such as the QIAamp® DNA Stool Mini Kit, and phenol chlo-
roform method.?”® A summary of reagents used in bacterial DNA extraction along

with their concentrations and functions are given in Table 2.7.

Faecal samples were collected and homogenised as previously described. Approxi-
mately 200mg faecal sample was stored in 1.5mL screw cap tubes in quadruplicate
and immediately stored in -80°C. Before starting DNA extraction, each sample was
thawed at room temperature. To avoid variability of extraction between the samples
and to maintain efficiency of the researcher, DNA was extracted from a set of twelve
samples each time with all samples from the same patient included in the same run.

Each set of DNA extractions needed 2-days to complete.

To lyse cells and virus particles in the sample and to prevent activity of RNase
and DNase enzymes by denaturing them, 250uL of 4M Guanidine thiocyanate 0.1M
Tris-Cl (pH7.5) (Sigma Aldrich,® UK) and 40pL of 10% N-Lauroylsarcosine (Sigma
Aldrich,® UK) was added to each sample before being vortexed then centrifuged for
3-seconds at 15,000g. The sample was then incubated at room temperature for 10-
minutes. Anionic surfactant, N-Lauroylsarcosine (5%) and 500pL, already prepared
in 0.1M Phosphate buffer (pH8.0), was added to the sample. The sample was vortexed
and centrifuged for 3-seconds before being incubated for 1-hour at 70°C in a dry
bath (Dri-Block Teche, UK). The sample was vortexed at 20-minute intervals, then
centrifuged for 3-seconds before adding 750mg of sterile 0.1 mm zirconia glass beads
(Biospec Products. USA). Samples were vortexed before being placed on an MP
FastPrep®-24 benchtop homogeniser for 2x30 seconds at 6m /s, resting between each
burst for 15-seconds to allow cells to cool down. Samples were then placed on ice for
5-minutes before homogenising again for 2x30 sec at 6m/s. The samples were cooled
on ice for 5-minutes and centrifuged for 3-seconds before adding 15mg of PVPP
powder (Sigma Aldrich® Co) and vortexed upside down to mix the pellet. Samples
were then placed on a shaker for 5-minutes (1,000rpm) and centrifuged for 3-minutes

at 15,000g (4°C) before recovering the supernatant in sterile 2mL safe-lock tubes.

200mg of TENP buffer was used to wash the pellet by vortexing and then centrifuging

for 3-min at 15000g (4°C). The supernatant was recovered in the same tube. This was
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repeated 3 times. The supernatant was then centrifuged for 10-minutes at 15,000g
(4°C) before being split into two 2mL tubes. An equal volume of isopropanol (v:v)
was added to each sample to precipitate DNA and gently mixed by hand before being
incubated at room temperature for 10-minutes. Samples were then centrifuged for 5-
minutes at 15000g (4°C) and the supernatant discarded. Tubes containing the pellet
were inverted and tapped onto absorbent paper until dry and then left to air dry
in the hood for 30-minutes. 225uL of 0.1M phosphate buffer (pH 8) and 25uL 5M
potassium acetate were added to each sample and tubes placed on an orbital shaker

for 5-minutes to dissolve pellet. Samples were then stored overnight at 4°C.

The next day samples were shaken on an orbital shaker for 10-minutes before duplicate
samples were combined in to one 2mL tube. Samples were centrifuged for 30-minutes
at 15,000 g (4°C) and the supernatant recovered in a new 2mL tube. To remove
RNA 5uL of RNAase (RNAse ONE, M426A, Promega®) 10mg/mL was added to
each sample. Samples were vortexed, pulsed for 3-seconds to bring contents down,
before being incubated for 45-minutes on a shaking dry bath at 37°C. 25uL of 10%
SDS (Sigma Aldrich® Co), along with 12.5uL of proteinase K 800units/mL (Sigma
Aldrich® Co) were added to the sample to digest proteins which have the potential
to inhibit PCR reactions. The samples were vortexed and incubated at 45°C for 2-
hours on a shaking dry bath. Samples were then pulsed for 3-seconds before adding
54uL of 3M sodium acetate buffer (S2889, Sigma Aldrich®) and 1mL 100% ethanol
(-20°C) which was mixed by inverting. The sample was then kept at -20°C for 1-
hour. Samples were then placed on an orbital shaker for 10-minutes and centrifuged
for 10-minutes at 15,000g (4°C).

The supernatant was discarded and 240uL. DNase/RNase free water added to the
pellet and vortexed to dissolve it. 560uL 100% ethanol (stored at -20°C) was added to
the pellet and transferred to an orbital shaker for 10-minutes at 1,000rpm. The sample
was centrifuged for 10-minutes at 15,000g (4°C) and the supernatant discarded; these
washing steps were repeated 3 times. The pellet was then tapped dry on lint-free
paper and air dried under a class-2 biological cabinet for 1-hour. Samples were re-
suspended in 300uL of TE buffer and after 10-minutes on an orbital shaker, aliquoted
to 0.2mL PCR-tubes and stored at -20°C for further analysis. Negative extraction
controls were performed using the same method protocols and then evaluated by gel
analysis after both PCR amplification and sequencing. The DNA was then measured
using Qubit dsDNA broad range assay reagents. See section 2.14.4.
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Table 2.7: Reagents used in chaotropic DNA extraction method

Reagent

Conc.

preparation

Function

guanidine thio- 4M
cyanate

12.37g; ddH2O 13.5ml; Tris-
Cl 1M (pHT7.5) 2.6ml

Lyse cells; denature RNase and
DNase

N-Lauroylsarcosine 5%

N-Lauroylsarcosine  10%

1lg; Phosphate buffer 0.1M
(pH8) fill to 20ml
NLS 1.1g 4+ 19ml ddH,O

anionic detergent

anionic detergent

phosphate buffer 0.1M

NaoHPO4 1M with NaH>PO4
1M pHS

buffer

Tris-Cl pH7.5 and 1M

Trizma base 12.11g; ddH2O

dispersion agent to clean DNA

pHS fill to 100ml
Sodium Acetate 3M 2.461g; ddH2O fill to 10ml buffer (source of monovalent
cations)
Polyvinylpyrrolidone PVPP 15mg per sample dispersion  agent; removes
polyphenol (can inhibit PCR)
TE buffer 10mM Tris-CL (pH8) add 1ml
TENP buffer 1M Tris-Cl (pH8) 1ml dispersion agent to clean DNA
0.5M ImM EDTA (pHS) add 0.8ml
5M NaCl (pHS8) add 0.4ml
ddH-O fill to 20ml
1% PVPP add 200mg
ethanol 70% precipitate DNA
isopropanol v/v precipitate DNA
potassium acetate 5M salt for isopropanol precipita- salt aids precipitation of DNA
tion of DNA in ethanol
RNAase 10mg/ml  1mM EDTA (pH8) add 0.8ml  denatures RNA
Sodium Dodecyl 10% SDS 10mg in 90ml ddH»O strong anionic detergent; dena-

Sulphate (SDS)
Proteinase K

ture proteins

800units/ml 12.5u] per sample digests proteins

2.9 16S ribosomal RNA gene amplicons

Profiling the gut microbiota can be undertaken by analysing the prokaryotic 16S
ribosomal RNA gene (16S rRNA), which is approximately 1,500bp long. It contains
nine variable regions which are inter-spaced between highly conserved regions of DNA.
These variable regions can be used in phylogenetic classification down to genus or
species level allowing us to profile diverse microbial populations such as those found
in the gut microbiota. The choice of 16S rRNA region to sequence is a current area of
debate and is influenced by experimental objective; methods used and type of sample
being analysed. The current study used 16S rRNA primers covering the variable V4
region (Fig 2.10), which is the most commonly used in microbiota research. V4 not
only captures an optimum range of sequence variants, but also results can be reliably
compared with similar studies.?"® Di-methyl sulfo-oxide (DMSO) was added to PCR

reactions to prevent non-specific primer binding.

A point of note is that the copy number of the 16S rRNA gene per individual species
or strain of bacterium is variable. Therefore a sequence of high frequency could ei-
ther represent, a high copy number per bacterium of lower abundance, or a low copy
number per bacterium of higher abundance. Therefore when we report relative abun-

dance of 16S rRNA genes this may not fully represent true community structure.?’”
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Although this has the potential to be a significant source of systematic bias in 16S
rRNA studies, and there are ways to estimate copy number and correct this bias, do-
ing so creates another potentially more serious bias, since different strains of bacteria
have known to have widely varying copy number per bacterial strain. Therefore the
correction for copy number was not used in this study as it would simply replace one

bias with another.

2.9.1 16S rRNA amplicon sequencing library preparation

To create the amplicon library for paired-end community sequencing on the Illumina
MiSeq platform, the V4 region of 16S rRNA was amplified using Golay fusion adaptors
with the barcode added to the reverse strand (806R), in combination with the forward

degenerate 515F primer (shown below).3%

AATGATACGGCGACCACCGAGATCTACAC TATGGTAATT GT GTGCCAGCMGCCGCGGTAA
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Using degenerate primers widens the scope of bacterial species represented by 16S am-
plicons giving a better representation of the gut bacterial profile.?** Around 10ng/uL
of template was added to each 25uL reaction. PCRs were run in triplicate along with
a non template control. PCR components were added as shown in Table 2.8. The
HiFi HotStart Kit (KAPABIOSYSTEMS®, USA, KK2502) was used for PCR, and
DMSO (SIGMA-Aldrich D1970-5VL) added to improve reaction efficiency.

The reagents for four reactions were mixed in one tube, vortexed, and then 23uL
transferred to each of the remaining PCR tubes. 2yl of DNA template was added
to three of the PCR tubes the and same volume of water added to the non template
control. Ten samples were amplified in each run (i.e. 40 tubes). Samples from disease
and control groups were included in each set of ten to account for any environmental
variation. All PCR tubes were vortexed and spun down before being placed in the
thermal-cycler The samples were amplified as follows: 95°C for hmin; (98°C for 20sec;
60°C for 15sec; 72°C for 1min; for 25 cycles); 4°C oo.

2.9.2 16S rRNA gel electrophoresis

2g agarose in 200mL 1X TAE buffer was melted in a microwave until clear. Once

cooled to 55°C 20uL SYBR® safe DNA gel stain 10,000X in DMSO (Invitrogen®,
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Figure 2.10: Diagram showing the structure and regions of 16s rRNA
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Table 2.8: 16S rRNA PCR reagents

reagent volume per reaction
Nuclease Free water 13.76 L
KAPA HiFi Fidelity buffer (5x) 5.00pL
KAPA dNTP 10mM mix 0.75uL
KAPA HiFi hotstart polymerase 0.50uL
forward Primer (same for all samples) 0.87uL
Reverse Primer (different for each sample) 0.87uL
DMSO(Di-Methyl Sulfo-Oxide) 1.25uL
DNA template (5ng/uL) 2.00pL
Total volume 25.00uL

USA) was added (1pL/10mL). The 1% gel was cast and allowed to cool for 50-minutes
in the dark (covered by foil), before being transferred to the electrophoresis tank filled
with 1X TAE buffer.

One of the triplicate sample tubes was distributed between the other two sample
tubes, and 5uL blue/orange loading dye 6x (Promega Corporation, USA) was added.
The dye contains xylene cyanol, bromophenol blue, and orange G to help optimise gel
running time by tracking the smaller fragments. A 100bp DNA ladder was used to
quantify the base-pair size of DNA template. Three wells were loaded for each sample
(non-template control and replicate template). The gel was run for 60-minutes at 100
volts before being visualised under UV light using Gel Doc 2000 (Bio Rad). Each
sample resulted in two bands: proximal band containing the amplified sample and
a distal band containing residual primers, primer dimers, and any degraded DNA.
The non-template control shows only a distal band indicating that only the target
template was amplified. If smearing, indistinct bands, absent bands, or multiple

bands were seen, these were re-amplified (Fig. 2.11).

amplified sample

residual DNA

Figure 2.11: Electrophoresis gel showing amplified 16S rRNA bands done in duplicate with a negative
control between. The PCR, was not always successful due to poor quality samples containing mucus
or blood.
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Extraction of bands using Zymo-Spin extraction kit Amplicon bands were viewed
under UV light (Fig. 2.11) and excised from the gel by cutting bands and placing in
2mL DNA low-bind eppendorf tubes. The Zymoclean Gel DNA recovery kit (ZYMO
Research™cat. no. D4002) was used to recovery the target DNA. Gel fragments
were weighed and the correct amount of agarose dissolving buffer added to tubes
(3:1 w/v). The mixture was then incubated at 55°C for 10 mins in a shaking dry
bath (Thriller Peglab) to dissolve the gel fragment. The melted agarose solution was
added to a Zymo-Spin™Column in a collection tube and centrifuged at 10,000g for
Imin. The flow-through was then discarded. 200uL of DNA wash buffer containing
ethanol was added to the column and centrifuged at 10,000g for 1min. This wash
step was repeated and the flow-through again discarded. 12ulL of elution buffer was
added directly to the column and centrifuged at 10,000g for 1min to recover DNA,
which was then stored at -20°C.

Qubit fluorometric quantitation Unlike Nano-drop™, Qubit™is based on the de-
tection of target-specific fluorescence, making it more reliable than UV absorbance
for DNA quantification. Hence Qubit™is a better tool for measuring double stranded
DNA concentration in preparation for running on the Illumina HiSeq platform. Qubit
has the additional advantage of having a range of high sensitivity reagents which mea-

sure very small amounts of DNA reliably and accurately.

The concentration of amplicons was measured using a working solution prepared by
adding 1puL. dsDNA high sensitivity assay reagent with 199uL buffer (Life technolo-
gies, USA). Standards were used to calibrate the unit before 1yl of amplicon was
mixed with 199uL of the working solution in specialised 500uL. PCR tubes supplied
with the kit. Any sample with a concentration of less than 2.5ng/ul. was re-amplified

and extracted until this minimum concentration was reached.

2.9.3 Pooling the amplicons for running on MiSeq

The final DNA concentration of each sample was standardised to 5ng/ul. 3uL from
each sample was transferred to a single 0.5mL DNA low-bind eppendorf tube to
make an amplicon pool which was then stored at -20°C. DNA concentration of five
samples measured by Qubit, selected in random, showed a median concentration of
2.45ng /L. From this 300uL pool, 100uL was aliquoted into another 0.5 ml DNA

lowbind tube and transported to the laboratory for sequencing, in dry ice.

2.9.4 16S rRNA sequencing on MiSeq Illumina

Defining microbial communities by sequencing 16S rRNA genes has grown dramati-

cally due to an increase in lower cost high-throughput instruments. Illumina MiSeq
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was chosen for these reasons, along with it’s higher accuracy rate.3*® When com-
pared with 454-pyrosequencing, [llumina MiSeq has a lower error rate and is not as
prone to insertion/deletion errors in homopolymer stretches. The brightness of light
indicates the length of the homopolymer in 454-pyrosequencing hence distinguishing
the brightness of light in a sequence AAAAA and AAAAAA can cause errors.3?”
Sequencing of the V4 region of the 16S rRNA gene was performed on the MiSeq plat-
form (Illumina, Essex, UK) using our pooled 2x250bp paired-end reads. The TruSeq
LT assay was used on FASTQ only to generate FASTQ files.

2.10 Bioinformatics and statistical methods
2.10.1 Creation of 16S rRNNA abundance tables

Operational Taxonomic Units (OTU) based approach: Sickle v1.2003!° was used
to trim and filter Illumina paired-end reads using a sliding window approach. Reads
were trimmed when the average base quality fell below twenty. A 10bp length thresh-
old was set below which reads were discarded. BayesHammer3' from SpadesV2.5.0
assembler was then used as a read error correction tool. Pandaseq V(2.4) was used to
assemble overlapping pair-end read while correcting mismatches and uncalled bases
using a minimum overlap of 50bp to assemble the reads. This workflow has been

shown to be effective with substitution errors being reduced in MiSeq datasets by
between 77% and 98% (mean 93.2%).3'?

To generate clusters in the form of OTUs the UPARSE (v7.0.1001) pipeline was
used (url: UPARSE.link) According to research analysis on mock communities carried
out by Edgar et al. 2013, UPARSE generates OTUs that are superior to other
frequently used methods, making these OTU sequences accurate predictions of actual

biological sequences to represent species.

Briefly reads were pooled together from different samples (barcodes used to track
sample origin). Reads were dereplicated and sorted by decreasing abundance while
discarding singletons. Reads were then clustered by 97% similarity, discarding those
shorter than 32bp. Although the cluster_otu command had removed chimeric reads,
a few chimeras may remain, especially if parents are absent from reads or have
very low abundance. Hence, a reference-based chimera filter was used from the
‘gold database’ (ChimeraSlayer reference database in the Broad Microbiome Utili-
ties (url:ChimeraSlayer.link).The original sample barcode reads were then matched
with OTUs with 97% similarity and an OTU table generated containing a total of

1,205 unique sequences for all samples.

OTU free approach: As a comparison a more recent method, divisive amplicon de-

noising algorithm, (DADA2)3™ was used to infer species from the sample sequences
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taken from our amplicon sequencing reads. These will be referred to in chapters as
single-nucleotide variants (SNVs). DADAZ2 is a reference free method which does
not create OTUs. Rather it infers sample sequences exactly, being able to resolve
differences of as little as one nucleotide and thus giving output data of a much higher
resolution. The method is built on a model of the errors in Illumina-sequenced
reads, and assigning an "abundance p-value’ to unique sequences that have associated
abundance, as a ‘goodness of fit’ criteria to the Poisson density function. Starting
by placing all sequences in a single partition, the algorithm iterates by forming new
partitions (with their associated Poisson density function) whenever the criteria is not
met, and allowing unique sequences to join the partition most likely to have produced
them. When the algorithm has converged, all the partitions represent unique variants
the central most abundance sequence of each partition as representative sequence.
The DADA2 workflow (DADA2.link)http://benjjneb.github.io/dada2/tutorial.html
learns the error model from the data first, dereplicates the reads and then runs the
DADAZ2 algorithm separately on both forward and reverse reads. The SNVs are then
reduced by merging the overlapping reads from both forward and reverse reads. For
our data set this generated a SEQ table containing a total of 2,751 unique sequences
for samples, more than double that of the OTU table.

The accuracy of the DADA2 approach has been tested on two mock communi-
ties and was found to be closer to the expected number of strains than any other
methods.?!® At genus level DADA2 was able to identify 25/26 expected taxonomies
(Bokulich mock community 1688), with the one missed taxonomy likely being absent
from the sequencing data and 18/18 in a second dataset (Bokulich mock community
1685). DADAZ2 also detected some unexpected genera, all of extremely low abun-
dance (<0.01%) likely to be correctly identified contaminants. DADA2’s F-score
at the genus level was 0.7659574, which was higher than any other methods tested
(0.39-0.54).315

The OTUs and SNVs used in the current study were taxonomically classified against a
custom database using the package Qiime ‘assign_taxonomy.py’ script workflow.3!¢ To
calculate the phylogenetic distances between sequences, multi-sequences were aligned
using multiple sequence alignment program MAFFT v7.04.37 FastTree v2.1.73® was
then used to infer ‘approximately-maximum-likelihood” phylogenetic trees from align-
ments of sequences. Finally ‘make_otu_table.py’ was used to combine the abundance

table with taxonomic information to create a Biological Observation Matrix (BIOM)

file for both OTU and SNVs.

2.10.2 Modelling limitations

Describing microbial communities using mathematical models, in which the bacterial

population are represented by global empirical functions does not fully describe the
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complex functional workings of the human gut microbiota. Sequencing technologies
now allow us to record the diversity of the gut microbiota in unprecedented detail.
These new data sets can represent a relatively unbiased compositional snapshot,
of not only the bacteria present, but also the genes and metabolites that might
give insight into the functional activities present in both diseased and healthy gut
environments. However, the challenge to translate this empirical data into testable
predictions which lead to meaningful research used to improve the quality of life for

patients, is challenging.3!?

Because of the way sequence variation differs in terms of defining bacterial species
the following issues need to be kept in mind. Firstly the exact same genome can
have difference in their sequences, due to multiple copies of the 16S target gene.
The DADA2 method can detect these. Secondly two different strains of the same

species might have the same sequence in the specific 16S region amplified. It is also

possible on some occasions that two different species might have the same sequence
in the region we amplified and no method can tell the difference between strains
when this is the case. Also two different strains from the same bacterial species can

have different sequences in the 16S region amplified and in this case DADA2 can

frequently tell these apart, even when they differ by only one nucleotide. However

these are usually classed under the same species by the taxonomic classification step.

2.10.3 Statistical methods and graphics

The statistical package R3%° was used to carry out statistical analysis and functions.
The community ecology package vegan3?*' and high-throughput microbiome handling
package phloseq®?? was used for alpha and beta diversity analyses. phloseq®?? was
used to calculate phylogenetic distances, including unweighted UniFrac and weighted
UniFrac distance. More traditional plotting methods such as linear and scatter plots
have been replaced by non-metric multidimensional scaling (NMDS) plots where large
data sets are compressed into a readily viewable format. This provides an overview
of data trends which would be impossible to obtain from data tables. NMDS plots
of OTUs and SNVs were generated using the following packages: phyloseq; vegan;
ggplot2; ape and phangorn. Phyloseq is used to organise, link, store, and analyse the
phylogenetic sequencing data.

(Vegan adonis) was used to carry out permutational multivariate analysis of vari-
ance using distance matrices (PERMANOVA) to calculate statistical significance.???
Adonis function fits linear models to distance matrices (Bray-Curtis, Unweighted
UniFrac, Weighted UniFrac) and uses a permutation test with pseudo-F ratios to
give sources of variation for metadata (it returns R2 values for a predictor, and if
significant, p<0.05, is the percentage variability in community structure contingent

upon the possible observable values of that predictor).
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Alpha diversity (within sample) Alpha diversity is the species richness, or number
of taxa, present within a single microbial environment or sample; i.e. how many
different bacterial species can be detected in a specific patient sample? This seems
like a simple question, however it is not always easy to define a bacterial species.
Therefore in microbiota analysis operational taxonomic units (OTUs) are often used,

where this proxy for ‘species’ is any bacteria with 97% genetic similarity.

Although an OTU count (richness) gives useful information about diversity it can
be misleading because it fails to capture information about species relatedness. For
example, sample A may contain three species from the same genus: sample B may
contain two species from the same genus and one from another genus; sample C may
contain bacteria from three different genera. A simple count would conclude that
sample A, B and C had a species count of three, suggesting these three groups were
equally diverse which is not really true. Hence using a phylogenetic tree and adding
up the branch lengths between different species (or OTUs) in a sample to give a
measure of phylogenetic diversity can be more useful. Using a phylogenetic approach

would show sample A had the least diversity and sample C had the greatest diversity.

Another drawback with species richness is that it does not take into account the ratio
of each species present in a given sample. A bacterial community which is dominated
by one or two species is considered less diverse than one where several different

24 can account for

species have a similar abundance. The Shannon diversity index?
both species richness and the evenness of bacterial species present, where species

evenness is a measure of the relative abundance of bacterial species.

S
H==) pi+lp
=1

H= Shannon diversity index; S= the number of genera; p,= where p; is the fraction of total species comprised

by species i; [Richness=exp(H); giving estimated number of taxa observed in the rarefied samples]

Beta diversity (between samples) The term (-diversity was first introduced in a
1960 paper by Whittaker32> where he defined it as “the extent of change in commu-
nity composition, or degree of community differentiation, in relation to a complex-
gradient of environment, or a pattern of environments”.32> He proposed several ways
to quantify [-diversity. In its simplest form, g-diversity is defined as the ratio be-
tween regional and local diversities and as such for the gut microbiota, S-diversity

represents the diversity in microbial community between different groups.

Non-metric (ordinal) distance scaling (NMDS) was used to visualise cluster differ-
ences in microbiota data. Bray-Curtis dissimilarity was used to incorporate species
abundance counts.3?% Bray-Curtis is used to quantify the compositional dissimilarity

between two different groups based on counts within each group. It is simple in that
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unlike unifrac, it does not make assumptions about the genetic relationship between
bacteria. 26 Samples were grouped around the mean ordination value using vegan or-
diellipse, with the ellipse showing the 95% CI for each grouping. Bacterial community
analysis including alpha and beta diversity analyses was done in R using Vegan.3*!
Phylogenetic distances were calculated using phyloseq.3*? Pair-wise ANOVA was used

to calculate p-values.

Metric distance scaling (MDS) plots were used to analyse metadata such as short
chain fatty acids, using the capscale function. Data was normalised using auto-
scaling, before using vegdist ‘euclidean’ to calculate the distance between samples
and adonis function (PERMANOVA) to test for significance. The ordiplot function

(ordihull & ordispider) were used to visualise the data.3*"

Permutational Multivariate Analysis of Variance Using Distance Matrices To
calculate multivariate homogeneity of groups dispersions between multiple condi-
tions, Vegan betadisper function was used. Betadisper is a multivariate analogue of
Levene’s test3?® for homogeneity of variances. Vegan adonis was used to carry out
permutational multivariate analysis of variance using dissimilarity matrices Bray-
Curtis. Adonis analyses and partitions sums of squares using semi-metric and metric
dissimilarity matrices of multivariate data sets and hence is directly analogous to the
multivariate analysis of variance (MANOVA). Although previously know as a ‘non-
parametric MANOVA’, McArdle and Anderson 2001 coined the term permutational
MANOVA (PERMANOVA).?2%:329 Because its inputs are linear predictors and it has
a response matrix of arbitrary number of columns ranging from two to millions it is
a robust choice over both parametric MANOVA and other ordination methods for

describing how variation is linked to different treatments or covariates.

Temporal and space—time analysis of community composition data Local con-
tribution to beta diversity (LCBD)33" was calculated by using the Hellinger trans-
formation to work out total sum of squares of species composition for all samples,
from which sample-wise local contributions to S-diversity could be shown as a pro-
portion of total beta diversity. These were plotted as bubbles under stacked bar
plots (TAXAplots) to represent marked differences in species composition. ANOVA
of LCBD values between different treatment groups was carried out to show signifi-

carnce.

Estimation of microbiota fold change between groups using DESeq2 To test if
there was a significant difference in abundance between selected groups or conditions,
differential expression analysis DESeq?2 was used in R. It is based on the ‘Negative
Binomial” (Gamma-Poisson) distribution. This method enables a more quantitative

analysis which is focused on the strength rather than the presence of differential ex-
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pression.?3! Results are expressed as the log, fold change between patient /treatment

groups and controls. R script was adapted from Albertsen. 332

sPLS-DA Discriminant Analysis Sparse Projection to Latent Structure- Discrimi-
nant Analysis (sSPLS-DA) was used within R’s mizOmics package.®3* This procedure
constructs artificial latent components of the predicted dataset (genera table de-
noted as X (N x P) collated at genus level) and the response variable (denoted as Y
with categorical sample data) by factorising these matrices into scores and loading
vectors in a new space such that the covariance between the scores of these two ma-
tricescov (Xpap, Y,b,) in this space is maximized under two constraints: ||as|l2 = 1;
and ||apl|1 < A, where aj, and by, are the corresponding loading vectors for X and
Y, and h represents the number of components (similar to PCA analysis). The first
constraint ensures the loading vector to have unit magnitude (requirement of the pro-
cedure) and the second constraint (also called I3 penalty) to ensure that in features
that do not vary between the categories, the corresponding loading vector coefficients
go to zero. This is achieved by using the sparsity control parameter A in the above
equation, enforcing shrinkage of loading vector coefficients. The recommendations
in mizOmics package (http://www.mixomics.org), are to pre-filter 1% of the lowest
abundant genera and then perform Total Sum Scaling followed by Centralised Log
Ratio (TSS+CLR) normalisation, before applying splsda. To predict the number
of latent components (associated loading vectors) and the number of discriminants,
the perf.plsda and tune.splsda functions were used, respectively. The model was fine
tuned by using leave-one-out cross-validation, by splitting the data into training and
testing sets and then finding the classification error rates employing two metrics,
overall error rates and balanced error rates (BER), between the predicted latent vari-
ables with the centroid of the class labels using the centroid distance. BER accounts

for differences in number of samples between different categories.

The BVSTEP routine The BVSTEP routine, a method for linking multivariate

4 was used to search for the high-

community structure to environmental variables, 3
est correlation, in a Mantel test, between dissimilarities of fixed and multivariate
datasets. The BVSTEP algorithm is part of the sinkr package version 0.6.3% It was
used to best correlate dissimilarities (Bray-Curtis distance) of samples using subsets
against dissimilarities of the samples given using all the genera. This analysis is
complementary to the sPLS-DA which was used to identify which genera are causing
major shifts in f-diversity but without considering their grouping (e.g. time points)

allowing the identification of the genera that change the most in the sample space.

Kendall rank correlation coefficient Kendall tau test is a non-parametric test

for statistical dependence based on the tau coefficient.?3¢ This was used to examine
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correlations between gut microbiota and meta data in the form of a facet-grid using
ggplot2 in R. P-values were adjusted for multiple comparison using Benjamini &
Hochberg (1995).337

38 is a non-parametric method

Kernel density estimation Kernel density estimation?®
used to estimate the probability density function of a random variable i.e. inferences

about a population are made, based on smoothing our finite data set.

The grouping of variables was created using pairwise Pearson correlation coefficients.
The threshold correlation value for this grouping was set between 0.99 and 0.60
depending on the number of features or variables in different data sets. Under the
chosen threshold for each data set, features were grouped into feature-sets. Then for
each feature-set a distance based kernel score test and a stratified kernel score test

were applied.33®

A probabilistic PCA (ppca) was used which combines an expectation maximisation
(EM) method for PCA with a probabilistic model. The EM method is based on an
assumption that the latent variables as well as the noise have normal distribution.
By using ppca the function is defined such that the likelihood for data to be far from
the training set is lower, even when they are close to the principal subspace, allowing

improved estimation accuracy.

Pearson’s chi-squared test The Pearson’s chi-squared test (y?) was used to assess
the likelihood that an observed difference between sets of categorical data were due
to chance. The Yates’ correction®” which is designed to prevent the overestimation
of statistical significance in small data set was not used at it has been shown that
the Yates formula has a tendency to over correct the P value, resulting in a type II
error. Sokal et al. suggest that the Yates’ correction can therefore be unhelpful where

sample sizes are smaller.34

Kruskal Wallis/Dunn’s test To look at differences between different groups of
patients the Kruskal Wallis test followed by the Dunn’s Test of multiple comparisons
using rank sums was used. The Dunn’s test3*! reports results among multiple pairwise
comparisons after a Kruskal-Wallis test for stochastic dominance among groups.?
The null hypothesis for each pairwise comparison is that the probability of observing
a randomly selected value from the 1st group that is larger than a randomly selected
value from the 2nd group equals one half. The Dunn’s test can be understood as a

test for median difference.
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3 Participant characteristics

This chapter will provide more detailed information on the disease condition of chil-
dren, as well as participant demographics including: socioeconomic background, gen-
der and age. For children with Crohn’s disease the medications taken before, during
and after treatment with exclusive enteral nutrition (EEN) and maintenance enteral
nutrition (MEN), and the implications of these will be discussed. The chapter will go
on to describe details about disease activity and location of disease within the gut.
It will then go on to explore body composition data as an objective measure of how
well children were achieving growth targets, as well as assessing if children and study
groups as a whole were achieving optimal height and weight for their age. In this
section the question of whether EEN as a treatment for children with Crohn’s disease
has an impact on both short and long term growth outcomes will be studied; as well
as asking if low weight or BMI at the start of EEN predicts how successful EEN
is in inducing remission in children with Crohn’s disease. The study subgroups are
examined to judge whether they are a good representation of the Scottish population
of children as a whole and identify any bias or limitations, as well as exploring what
lessons could be learned from the recruitment process of this study which could ben-
efit the planning of similar studies in future. Finally any limitations in the data set
will be explored along with a discussion about the robustness of the data which will
be used to help answer questions about how diet, bacterial composition and microbial

metabolic status might play a role in disease activity in subsequent chapters.

3.1 Summary of hypotheses

e Children with IBD will have reduced height /weight /BMI at baseline compared

to those with non-IBD conditions and healthy controls.

e Increased disease activity in children with Crohn’s disease is associated with

poorer growth outcomes.

e BMI at baseline in children with Crohn’s disease can predict response to treat-

ment with exclusive enteral nutrition (EEN).

e Disease location in children with Crohn’s disease can predict response to treat-
ment with EEN.

e For children in disease remission post-EEN, supplementing return to normal
diet with (20%) maintenance enteral nutrition (MEN) will maintain the growth

velocity associated with growth outcomes achieved during EEN.
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Figure 3.1: Numbers and groups of children recruited onto the study

3.2 Research participants

Of 102 children invited to join the study ten declined to take part (Fig. 3.1). Twenty-
five, all of whom gave a stool sample, were a healthy cohort of children with no
gastrointestinal symptoms or family history of inflammatory bowel disease (IBD),
recruited from the West of Scotland general population. The remaining sixty-seven
were children referred to hospital because of suspected IBD. Of these sixty-seven
children twelve were unable to provide a baseline stool sample (ten dropped out of
the study). After diagnosis thirty-four children were found to have Crohn’s disease,
ten had ulcerative colitis (UC), two were classified as IBD undetermined (IBD-U) and
eleven had other conditions such as irritable bowel syndrome or colonic polyps which
were not related to IBD (non-IBD). This non-IBD group were included in the study as
a patient control group with the caveat that five of these had a family history of IBD
and hence it cannot be ruled out that some of these children could have subclinical
IBD. Of the thirty-four children recruited with Crohn’s disease two were subsequently
excluded from the study: one because they had additional treatment with antibiotics
during treatment with EEN which would affect the composition of gut bacteria and
the other because they stopped treatment with EEN via nasogastric tube after only
3-days, once the results of their colonoscopy showed very mild disease. Of the twenty-
three children who went into remission on EEN, seventeen (74%) children took MEN
once they returned to their normal diet, while only six (26%) children opted not to
take MEN (Fig. 3.2).
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Crohn's patient Crohn'’s patient

(treatment naive) (previous course of EEN)
Treatment with ___egg[u_d_e_d_ _____ > 1 on EEN for 3-days
EEN 1 on antibiotics

responder / \ non-responder
return to
normal diet

Normal Diet Normal Diet
+ MEN only

1 child normal diet for 6
4-mths then MEN for ~<--- (26%)
2-mths before relapse

Figure 3.2: Flow chart showing numbers of children on each dietary treatment. EEN- Exclusive
enteral nutrition; MEN- maintenance enteral nutrition

3 non-responders
finished 8-wks EEN

Sample collection Samples were collected over a period of 22-months (July 2014
to May 2016). Detailed methods and a summary of faecal, urine and stool sample
collection as well as any issues, are described in Methods, section 2.4.4. The number

of faecal samples collected for each group and time-point are shown in Table 3.1.

Table 3.1: Number of samples collected for each group

Group HC non-IBD UC Crohn’s disease time-points

wk-0 wk-4 wk-8 wk-10 wk-16 wk36

faecal samples 25 11 10 34 24 21 21 23 13
FFQs 21 5 6 22 - - 12 9 7

HC- healthy controls; UC- ulcerative colitis
FFQ- food frequency questionnaire

3.3 Demographics

Patients who were successfully recruited on to the study all fell within the West
of Scotland Paediatric Gastroenterology, Hepatology and Nutrition (WoSPGHaN)
network which covers a wide range of areas in the West of Scotland (Methods, section
2.4.4; Fig. 2.4). The healthy control cohort were successfully recruited from the same

geographical areas as our patient cohort.

Socioeconomic characteristics The postcode of participants was used to gener-
ate Scottish Index of Multiple Deprivation (SIMD) scores. The 6 976 SIMD data

zones were subdivided into quintiles (5-ranks) with each rank containing 20% of total
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zones (Methods, section 2.4.2). Of the thirty-two children with Crohn’s disease who
provided samples around 18% came from each deprivation rank giving a very even
SIMD distribution, with the exception of Rank-2 containing 28% of children with
Crohn’s disease (Fig. 3.3). Although 4/10 children with UC (40%) came from the
most deprived group (Rank-1), four children with UC (40%) also came from the least
deprived areas (Ranks-4 & 5). The control group of eleven non-IBD patients came
from all socio-economic backgrounds with a slightly higher proportion (4, 36%) from
Rank-3. Of the twenty-five children who were recruited as healthy controls ten (40%)
came from the least deprived areas of Scotland (Rank-5) and only three (12%) came

from the most deprived areas (Rank-1).

SIMD Quintile Rank

01 02 O3 m4 m5

most deprived least deprived

Non-IBD (n=11) 2 1 4 1 _

UC (n=10) 4 1 1 2 -

Crohn's (n=32) 6 9 6 6 -

Healthy (n=25) 3 2 4 6 _
0% 25% 50% 75% 100%

Figure 3.3: Scottish Index of Multiple Deprivation (SIMD) data zones were divided into 5-bands
with each band containing 20% of total data zones. Rank-1 (pink) contains the 20% most deprived;
rank-5 (blue) contain the 20% least deprived zones in Scotland. The number of children in the 20%
band is shown on each band of the bar.

The difference between the median SIMD score for children with Crohn’s disease
(3454; IQR 3507) and healthy children (5034; IQR 2611) did not reach statistical
significance (p=0.12). The group of children with non-IBD conditions (3477; IQR
3308) also came from an even spread of deprivation and were just as likely to come
from the least or most deprived areas. The median SIMD score for children with UC
(2879; IQR 4404) was not substantially different from other groups (p>0.12).

Gender Of thirty-two children with Crohn’s disease nine were female (28%) and
twenty-three were male (72%). The gender difference for the twenty-five healthy
children was eleven female (44%) and fourteen male (56%). Of the nine children with
UC four were female (44%) and five were male (56%). The patient control group of
eleven children with non-IBD conditions also had a gender difference of two female
(18%) to nine males (82%).
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Age 'The median age for children with UC were, as a group, slightly older than chil-
dren with Crohn’s disease (p=0.24); Non-IBD (p=0.07) and healthy children (p=0.02)

(Fig. 3.4).

{ p=0.02
? o
(4]
2 o °
)
=)
_=
T T T T
Crohn's uc non-IBD Healthy
n=34 n=10 n=11 n=25

Figure 3.4: The age distribution of each group of children at the start of the study. Median age for
children with UC was higher than the three other groups. Difference significant for healthy children.
(Dunn’s test of multiple comparisons was used following a significant Kruskal-Wallis test).

3.4 Disease characteristics at baseline

3.4.1 Non-IBD participants

The group of children who were found not to have IBD (non-IBD), had a number of

different conditions including: no known medical condition; intestinal polyps; irritable
bowel syndrome (IBS) and gastritis (Table 3.2). The five children who were not

diagnosed with a medical condition all had a first or second degree relative with IBD.

Table 3.2: Diagnosis of patients with non-IBD conditions

diagnosis no. of children

family history of IBD

no medical condition diagnosed b)
intestinal polyps

irritable bowel syndrome (IBS)
gastritis/enteritis

anal fissure

umbilical hernia

=N =

5

oSO o oo

3.4.2 Disease location in Crohn’s disease patients

The Montreal classification was used to subdivide children with Crohn’s disease into

groups based on disease location (Methods, section 2.4.3). Of the thirty-two children
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with Crohn’s disease four (13%) had isolated ileal disease (L1); nine (28%) had colonic
disease (L2) and nineteen (59%) had both involvement of ileum and colon (L3) (Table
3.3). The overlapping relationship between disease locations in each patient is shown
in figure 3.5. Twenty-three (72%) children had upper involvement (L4): three (9%)
with orofacial granulomatosis (OFG); nineteen (59%) had gastric involvement and
eleven (34%) children had duodenal involvement. Additionally two (6%) children
with L3 had perianal disease.

ileal colonic
disease disease

avh

upper
disease

Figure 3.5: Venn diagram showing number of children with ileal, colonic and isolated upper disease.
Overlap shows number of children who fall into two or all three disease location categories.

Table 3.3: Montreal classification of disease location of the
thirty-two children with Crohn’s disease.

classification of disease distribution n (%)
L1  terminal ileal +/- limited caecal disease 4 (13)
L2  colonic 9 (28)
L3  ileocolonic 19 (59)
L4*  isolated upper disease™ 23 (72)

*may coexist with L1, L2 and L3

3.5 Changes in disease activity during EEN

Disease activity was assessed by clinicians using the weighted paediatric Crohn’s
disease activity index (wPCDATI)(Methods, section 2.4.3).287 Scores were calculated
for each patient at pre-treatment (week-0); after treatment with EEN (week-8); and 8-
weeks normal diet (week-16) (Table 3.4). Disease remission was defined as a wPCDAI
score of <12.5. Mild disease between 12.5-40; moderate disease >40-57.5 and severe

disease as >57.5.%87
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Table 3.4: Number of children with Crohn’s disease in each disease
activity category (wPCDAI) before and after treatment with EEN

Treatment Timepoint

week-0 week-8 week-16
baseline end of EEN  normal diet

in remission 1 (3%) 23 (72%) 18 (56%)
mild disease 14 (44%) 9 (28%)* 12 (38%)
moderate disease 7 (22%) 0 (0%) 2 (6%)
severe disease 10 B1%) 0 (0%) 0 (0%)

* 6 of these children did not complete the full 8-weeks of EEN. wPCDAI
scores: remission <12.5; mild 12.5-40; moderate 40-57.5; severe >57.5

Of the thirty-two children diagnosed with Crohn’s disease at baseline, one was in dis-
ease remission (WPCDAI score 7.5); fourteen had mild disease; seven had moderate
disease and ten had severe disease. Although macroscopically the child in disease
remission had mild to moderate disease and histologically mild disease, their cal-
protectin (inflammatory marker) was high (>1800 mg/kg); hence this child chose to

undertake a course of EEN and was included in the study group.

After 8-weeks EEN, 72% of children were in disease remission (wPCDAI <12.5). The
remaining 28% had mild disease. Five of these children who failed EEN were in the
mild category at the start and end of treatment, however three had reduced their
wPCDALI score by the end of EEN. Two children who failed treatment with EEN
had stopped treatment after only 1-week. Another four of the children who did not
respond well to EEN stopped treatment early; two after 4-weeks and two after 6-
weeks. The remaining three children who failed EEN completed the full 8-weeks of
treatment before going onto corticosteroids. In total nine children failed to achieve

remission on EEN and went onto treatment with corticosteroids.

Of the seventeen children with Crohn’s disease who had either moderate or severe
disease at the start of treatment, all had reduced disease activity after the 8-weeks
of EEN. Of twenty-three children who responded well to treatment with EEN one
relapsed 6-weeks after returning to normal diet. Another child relapsed after 10-weeks
of normal diet. Two children relapsed within 16-weeks and another two children
within 24-weeks (~6 months). Another two children relapsed within 36-weeks. At
the 36-week timepoint (28-weeks of normal diet), fifteen children were still in disease
remission. One year after the start of treatment with EEN, only eight of the original
twenty-three respondents were still in remission. The number of days to relapse for

each patient is shown in figure 3.6.

3.6 Medications taken by children

Of the thirty-two children diagnosed with Crohn’s disease twenty-three were medica-

tion free at the start of the study (Table 3.5). The child taking an immunosuppressant
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had a previous diagnosis of Crohn’s disease at the time of recruitment. Of the nine
children with UC, seven were medication free. For the group of eleven patients with
non-IBD conditions ten were medication free; the child using a bronchodilator had
asthma. Of the twenty-five healthy children all were medication free except two
children using paracetamol occasionally for headaches and a one child using a bron-
chodilator for asthma. Children with IBD, especially Crohn’s disease were more likely
to be taking some form of dietary supplement (Table 3.5).

Table 3.5: Numbers of children in each study group taking medication prior
to treatment

Crohn’s UC non-IBD healthy
medication n=32 n=9 n=11 n=25

prescribed medication

none 23 7 10 22
corticosteroids 0 0 0 0
immunosuppressant 1 0 0 0
antibiotic 0 0 0 0
biological 0 0 0 0
anti-acid (omeprazole/ranitidine) 2 0 0 0
laxative (movicol) 3 1 0 0
antispasmodic (buscopan) 2 0 0 0
anti-diarrhoeal (imodium) 1 0 0 0
pain killer (paracetamol) 3 1 0 2
bronchodilator 0 0 1 1
dietary supplement*

multivitamin 7 2 1 1
probiotic 4 1 3 0
iron 6 0 0 0
omega 3 2 1 0 0
vit C 1 0 0 0

*nutritional supplements are discussed in chapter on dietary intake

Prior to 8-weeks treatment with EEN no children with Crohn’s disease were taking
regular medications with the exception of two children: one who was taking a proton
pump inhibitor to control gastric acid (omeprazole); and another who was already
on immunosuppressants due to pre-existing diagnosis of Crohn’s disease (Table 3.6).
This child was included in the study as one of four children with existing Crohn’s
disease who were undertaking a second course of treatment with EEN.

Table 3.6: Types of medication given to Crohn’s disease patients
during treatment with EEN and MEN

week-0 week-8 week-16
number of children  pre-treatment end of EEN normal diet
corticosteroids 0 5 7
immunosuppressant 1 15 22
antibiotic 0 1 0
biologic 0 0 1
omeprazole 1 7 6
no medication 30 10 4
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By the end of 8-weeks treatment with EEN: five children were on steroids; fifteen
were on an immunosuppressant; one was taking an antibiotic and seven were taking
omeprazole. Ten children at this point were still taking no medication. At week-16
(2-weeks post-EEN) seven children were on steroids; twenty-two were taking an im-
munosuppressant; one was taking the chimeric monoclonal antibody biologic, inflix-

imab, and six were taking omeprazole. Only four children were taking no medications
at week-16 (Table 3.6).

3.7 Treatment with maintenance enteral nutrition (MEN)
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Figure 3.7: Number of days to disease relapse after end of EEN for children taking a) an immunosup-
pressant (IM); b) maintenance enteral nutrition (MEN) or an immunosuppressant plus maintenance
enteral nutrition (IM plus MEN). KW-test p=0.82

It was predicted using clinical data from the previous 2-years,?®? that approximately
55% of children who had undergone a course of 8weeks EEN would refuse MEN
as a course of treatment to maintain disease remission. However, out of twenty-
three children who went into remission on EEN only six (26%) children opted not to
take MEN (Table 3.7). Another issue was treatment with immunosuppressants: all
six children who declined MEN were on an immunosuppressant; whereas only 8/17
children taking MEN were on immunosuppressants. The number of days to disease
relapse for each treatment group is shown in figure 3.7. All children were given some
form of maintenance therapy post-EEN.

Table 3.7: Number of children with Crohn’s disease taking maintenance enteral
nutrition (MEN)

declined MEN taking MEN
n=6 n=17
immunosuppressants 6 8
(26%) (35%)
no immunosuppressant 0 9
(0%) (39%)

* All children on immunosuppressants were taking azathioprine, except for 4 chil-
dren taking mercaptopurine (2 on MEN and 2 not).
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3.8 Anthropometric characteristics and growth

Body composition data was collected from both patients and healthy children as an
objective measure of how well they were achieving growth targets, as well as assessing
if children and study groups, as a whole, were achieving optimal height and weight for
their age. To correct for age, the standard deviation scores (z-scores)®* for height,
weight and BMI are used to describe differences between groups. The actual height,
weight and BMI are also shown for reference but are not used for statistical analysis
since z-scores better represent whether a child is reaching expected growth targets
for their age (Methods section 2.4.1).

Table 3.8: Body composition in patient groups and healthy children (median; IQR)

Crohn’s ucC non-IBD  Healthy Kruskal-Wallis Test

Category n=32 n=9 n=11 n=23

Height (m) 1.47 1.58 1.48 1.50 -
0.27)  (0.21)  (0.44)  (0.35)

Weight (kg) 35.6 49.9 34.9 40.0 -
(18.6)  (39.4)  (23.0)  (25.9)

BMI (kgm?) 16.0 18.8 17.9 18.8 -
(3.33)  (12.15)  (2.78)  (4.73)

Height z-score  -0.110** 0.061  -0.670** 0.763 p<0.001
(1.45)  (2.20)  (0.87)  (1.50)

Weight z-score  -0.429***  -0.385 -0.134 0.793 p<0.001
(1.89)  (3.87)  (1.94)  (1.42)

BMI z-score -0.447* -0.557 -0.255 0.512 p=0.03
(2.31)  (3.72)  (2.40)  (2.51)

Age 11.5 13.6* 11.3 11.0 p=0.03

(5.04)  (1.67)  (7.88)  (5.67)

Data shows median and (IQR). Only SDS (z-scores) were tested for significance us-
ing Kruskal-Wallis, and multiple comparisons (Bonferroni). Difference from healthy
children significant at * p<0.05, ** p<0.01, *** p<0.001

3.8.1 Height and weight

The pre-treatment median height z-score of children with Crohn’s disease and non-
IBD patients was significantly lower than healthy children (p=0.009 & p=0.004 re-
spectively)(Table 3.8). Children with UC had a lower height z-score than healthy
children (not significant p=0.07). The median weight z-score of children with non-
IBD conditions (NS; p=0.34), UC (NS; p=0.25) and Crohn’s disease (p<0.001) was
less than healthy children. Children with UC had a much greater weight /height /BMI

z-score range compared with the other three groups (Table 3.8).

3.8.2 Body mass index (BMI)

The median BMI z-score was lower in all patient groups when compared to healthy

children; only reaching significance in children with Crohn’s disease (p=0.02) (Table
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Table 3.9: BMI SDS z-score categories in patients and healthy children

Crohn’s  UC non-IBD healthy

Category n=32 n=9 n=11 n=23
clinically very underweight 4 1 0 0
clinically low weight 2 0 0 0
clinically healthy weight 26 5 6 16
clinically overweight 0 1 4 3
clinically obese 0 0 1 3
clinically extremely obese 0 2 0 1

National Obesity Observatory guidelines?8°

3.8). No child with Crohn’s disease fell into the overweight or obese category, and
six were underweight (<-2 BMI z-score), four of which fell into the very underweight
category (<-2.67 BMI z-score) (Table 3.9). For UC patients 3/9 (33%) were over-
weight (>1.34 BMI z-score); with two of these children being extremely obese (>2.67
BMI z-score). 1/9 children with UC had low weight, but this child fell under the
very underweight category with a (-5.85 BMI z-score). No non-IBD patients had low
weight, but five (45%) were clinically overweight, with one falling into the category
of obese. Anthropometric measures were available for twenty-three healthy children,
showing seven (30%) were overweight; with three falling into the obese category (>2
BMI z-score) and one into the extremely obese category. No healthy children were un-
derweight. No differences were seen at baseline between boys and girls with Crohn’s

disease for height, weight or BMI z-scores (Fig. 3.8).
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Figure 3.8: Gender differences in height, weight and BMI z-scores at baseline

In children with Crohn’s disease at baseline, there was no significant correlation
between BMI z-scores and either the wPCDAI or calprotectin as a marker of disease

activity (Fig. 3.9), however the disease markers albumin, CRP and ESR did correlate
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with BMI (Fig. 3.10) showing disease severity has the potential to lead to poorer

growth outcomes.

3.8.3 Change in body composition after treatment with EEN

To explore the effect of 8-weeks of treatment with EEN on growth outcomes in chil-
dren with Crohn’s disease, the change in height and weight between baseline and
the end of the 8-week treatment with EEN (0-8wks) was measured; then again after
8-weeks of normal habitual diet (8-16wks); and again after 28-weeks of normal ha-
bitual diet (16-36wks). The overall change in height and weight was also measured
(0-36wks). Children who failed to enter full remission on treatment with EEN and
went onto corticosteroids (non-responders) were compared with those children who
went into remission on EEN (responders) (Table 3.10; Fig 3.11).

Table 3.10: Change in body composition after 8-weeks treatment with EEN, then
8-weeks and 28-weeks of normal diet. Median (IQR).

week 0-8 week 8-16 week 16-36 week 0-36
& & & &
. EANF A Y A
t
aresory Q&Q% @QO d&/g‘) Q)@'QO Q{&éo QSOQ’O Q{Qg" QSOQO
< < < <
$ $ $ $
n=9 n=22 n=8 n=21 n=8 n=11 n=8 n=12
A Height (cm) 0.45 1.24 0.20 0.88 1.86 1.15 2.93 3.22
(1.37)  (1.73)  (0.68) (1.01) (3.18) (1.47) (3.67) (1.51)
A Weight (kg) 0.92 2.74 2.93 0.47 0.51 0.29 6.34 4.58

(4.85)  (3.07) (6.70) (2.42) (4.38) (6.21) (9.49) (4.48)
A BMI (kgm?) 013 095 117 -014 -031 -0.02  1.92  1.03
(1.89) (1.33) (2.37) (0.98) (2.22) (2.07) (3.30) (1.21)

A Height z-score  0.03  0.06  -0.06 000 002 -0.12% -0.05 -0.04
(0.15)  (0.17) (0.12) (0.16)  (0.20) (0.15) (0.22)  (0.21)
A Weight z-score  0.02 041 032  -0.02* -0.13  -0.18 051  0.22
(0.81)  (0.62) (0.68) (0.36) (0.93) (0.57) (1.02) (0.30)
A BMI z-score 0.00 044 047  -0.08% -0.18 -0.09  0.61  0.40
(1.36)  (0.94) (1.03) (0.51) (1.19)  (0.90) (2.00) (0.68)

* Differences between responders and non-responder significant at p<0.01

At the end of 8-weeks treatment with EEN (0-8wks), children who did not respond to
EEN had the similar height gain as those who responded to treatment (p=0.77)(Fig.
3.11a). However responders to EEN had more weight and BMI gain than children
who failed EEN (p=0.056 & p=0.062 respectively)(Fig. 3.11d, 3.11g). Once back
onto normal diet for 8-weeks (8-16wks), responders to EEN had slightly more height
gain than those who failed EEN (p=0.074). Conversely for weight and resulting
BMI, non-responders had a larger weight and BMI increase after 8-weeks normal diet
(p=0.005 & p=0.002 respectively)(Fig. 3.11e, 3.11h).

In the following 20-weeks (16-36wks) children who had responded to EEN had a

median drop in growth rate in terms of height which was poorer than those who had

94



p=0.162; rho=-0.253 p=0.181; rho=-0.247

BMI z-score
BMI z-score

1 1 1 1
25 50 75 200 1200 1600 2000
wPCDAI Calprotectin

(a) (b)

Figure 3.9: Relationship between adiposity (BMI z-score) and disease activity given by (a) wPCDAI
and (b) faecal calprotectin as a marker of inflammation.

p=0.028; rho=-0.407 p<0.001; rho=0.611 p=0.001; rho=-0.536
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Figure 3.10: Correlation between BMI z-score and disease markers (a) ESR, (b) albumin and (c)
CRP. All were significant
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Figure 3.11: Change in body composition (z-scores) at (a)(d)(g) after treatment with EEN; (b)(e)(h)
8-16 weeks post EEN; and (c¢)(f)(i) 16-36 weeks post EEN for height, weight and BMI. Responder -
child who went into remission on EEN; Non-Responder - child who failed to respond to treatment
with EEN.

96



Table 3.11: BMI of children with Crohn’s disease at baseline, after EEN and post-EEN

week 0 week 8 week 16 week 36
5 5 2 £,
9 Q) 3 9
4, > S > %, > 4 >
S & & 0§ & 5 £ s
Category & K & K & R & N
P & L 9 P & ) &
N & N & & & N &
S < = S

very underweight 2 2 0 0 0 0 0 0
low weight 2 0 0 2 0 0 2 0
healthy weight 19 7 21 7 18 7 7 6
overweight 0 0 2 0 2 1 2 1
Total 23 9 23 9 20 8 11 7

National Obesity Observatory guidelines?®°

failed EEN (non-responders)(p=0.013)(Fig. 3.11c). Over this period there was no
difference in weight or corresponding BMI gain between the two groups of children
(p=0.96 & p=0.84 respectively)(Fig. 3.11f, 3.11i). Overall from pre-treatment to
36-weeks there was no difference in growth outcomes for height (p=0.62), weight
(p=0.44) & BMI (p=0.79) between responders and non-responders (Table 3.10).

3.8.4 Change in BMI categories after treatment with EEN

For children with Crohn’s disease who underwent the 8-weeks treatment with EEN,
among those who responded to treatment, none were underweight. However, two chil-
dren who failed to respond to EEN were in the low weight category; one of these had
been very underweight prior to treatment and had only managed to complete 5-weeks
of EEN; while the other had been at a healthy BMI pre-treatment but continued to
lose weight despite 8-weeks on EEN (Table 3.11). One of the two non-responders who
was very underweight at baseline only took EEN for 2-weeks before failing treatment
and going onto steroids. At the end of their 2-week course they had moved from
very underweight to low weight and it was only after 4-weeks on steroids, this child
moved to the healthy weight category. One child who was a healthy BMI at baseline
and failed treatment with EEN after only 4-weeks, went on to become overweight by

week-16 (8-weeks of normal diet) and remained overweight at 36-weeks.

Among the children with Crohn’s disease who responded to treatment with EEN two
moved from a healthy BMI at baseline, into the overweight category by the end of
EEN. One of these children went back to a healthy BMI once back onto normal diet,
however the other was still overweight at week-16 and week-36. Another two children
continued a consistent rise in BMI to become overweight, one after 8-weeks (week-16)
and the other after 28-weeks (week-36) of normal diet (Table 3.11).
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3.8.5 Effect of nasogastric feeding (NG-tube) on growth

To explore whether children who were given EEN via NG-tube had better growth
outcomes, changes in body composition z-scores, were compared between children
with Crohn’s disease taking EEN via NG-tube and those taking EEN orally. No
difference was observed for changes in height, weight or BMI z-scores (Fig. 3.12)
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Figure 3.12: Change in body composition (z-scores) after 8-weeks treatment with EEN for children
who took EEN orally or via nasogastric tube (NGT) for (a) height, (b) weight and (c) BMI. No
difference between groups.

3.8.6 Gender differences in growth

To explore whether gender might play a role in response to treatment with EEN
we looked at gender differences in growth. There was no gender difference observed
between girls (n=9) and boys (n=23) for median height increase, before and after
treatment on EEN. Although the median weight gain after treatment with EEN for
girls (0.91kg; IQR 3.75) was less than boys (2.25kg; IQR 3.05), the difference was
not significant (p=0.154). The median BMI gain for girls (0.23kg/m?; IQR 1.78) was
less than boys (0.80kg/m?; IQR 1.49) but again the difference was not significant
(p=0.220). Although boys had higher median z-score increases in weight and BMI
after treatment on EEN, these were not significant (p=0.230) (Fig. 3.13).
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Figure 3.13: Change in body composition (z-scores) for girls (F) and boys (M) after 8-weeks treat-
ment with EEN for (a) height, (b) weight and (c¢) BMI. No difference between groups.

Baseline body composition as a predictor to growth outcomes on EEN To test
if height, weight or BMI at baseline, could predict growth outcomes after 8-weeks of
treatment with EEN, the baseline anthropometric measures of children with Crohn’s
disease were plotted against growth increase after treatment. No correlation was seen
between height z-scores of children with Crohn’s disease and gain in height during
EEN for both children who responded to treatment with EEN (responder)(p=0.060)
and those who failed treatment (non-responder)(p=0.321)(Fig. 3.14a).

There was however a strong negative correlation between weight z-score at baseline
and weight gain during EEN. This was more apparent in children who responded
to treatment (p<0.001) than in non-responders (p=0.029)(Fig. 3.14b). Children
who had the lowest weight z-score at baseline had the greatest weight gain during
EEN, and children who were less underweight pre-treatment had the least weight gain
during the 8-week treatment. The correlation with weight translated to BMI where
children with the lowest BMI had the greatest increase in BMI and those with higher
BMI had the least increase during treatment. The correlation for BMI was also more
apparent in children who responded to treatment (p<0.001) than non-responders
(p=0.013)(Fig. 3.14c).

3.8.7 Impact of maintenance enteral nutrition (MEN) on growth outcomes

To look at whether treatment with MEN post-EEN given with or without an im-

munosuppressant, could alter growth outcomes, the change in height, weight and
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Figure 3.14: Relationship (Pearson’s) between baseline anthropometric data (z-scores) and growth
during 8-weeks of EEN for a) height, (b) weight and (c) BMI, for children who failed to respond
(non-responder; n=9) and those who did respond (responder; n=23) to treatment with EEN. Shaded
area represents the 95% confidence interval.

BMI between week-8 and week-16 was measured. No difference in growth outcomes
was seen between treatment groups (Fig. 3.15). However a child in the MEN only
group with the largest decrease in z-score for height /weight/BMI was known to be
struggling with MEN, and may have failed to comply with the treatment. The sample
size was too low to reject the null hypothesis.
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Figure 3.15: Change in height, weight and BMI (growth wk 8-16) in children who took both an im-
munosuppressant plus maintenance enteral nutrition (IM and MEN)(n=8); an immunosuppressant
only (IM only)(n=6); or maintenance enteral nutrition only (MEN only)(n=6). Sample size too low
for reliable statistical analysis.
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3.9 Predicting response to EEN

Socioeconomic status To explore any potential impact of socioeconomic depriva-
tion on the severity of disease the SIMD scores were plotted against markers of disease

activity. No correlation was found between disease activity and socioeconomic status
(Fig. 3.16).
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Figure 3.16: Disease activity and deprivation: scatter-plot showing there is no relationship between
SIMD rank and either (a) wPCDAI or (b) calprotectin as marker of inflammation for children with
Crohn’s disease at the time of recruitment.

To explore whether children with Crohn’s disease, who were from more socially de-
prived areas, were more likely to fail treatment with exclusive enteral nutrition (EEN),
the SIMD deprivation ranks were compared between children who responded to treat-
ment and those who failed treatment (Fig. 3.17). No difference was seen in median
SIMD scores between those who responded and went into remission on 8-weeks of

treatment with EEN and those who failed to respond.
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Figure 3.17: Deprivation score (SIMD) of 23 children with Crohn’s disease who responded to treat-
ment with EEN (responder) compared with 9 children who failed treatment (non-responder). No
difference observed between groups (p=0.609).
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Gender In children with Crohn’s disease there was no difference in disease activity
between girls and boys, either in terms of the wPCDAI score or calprotectin (50;
IQR 31.2 and 37.5; IQR 40.0 respectively). Although girls in this study with Crohn’s
disease were more likely to fail treatment with EEN (5/4; 56%) compared with girls
who responded to treatment (4/19; 17%), the sample size was too low to determine
if girls were truly more likely to fail EEN. Of the five girls who failed treatment
with EEN: one had ileal disease; three had colonic disease and one had ileocolonic
disease. Although girls who undertook 8-weeks of treatment with EEN relapsed in a
fewer number of days than boys (median 99 days; IQR 265 and 236 days; IQR 277
respectively), this difference was not statistically significant (Fig. 3.18).
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Figure 3.18: Days from start of EEN to disease relapse in boys and girls with Crohn’s disease; no
difference between groups (p=0.366). 6 boys and 1 girl still in remission at 1-year are not shown.

Age Children across all age groups were just as likely to fail to respond to treatment
with EEN. Thus age did not predict response to treatment with EEN (Table 3.13).
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Figure 3.19: (a) Age and (b) disease activity (wPCDAI) at baseline did not predict whether children
would respond to treatment with EEN. Responders were compared with non-responders.
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Disease activity To see if children with more severe disease activity at baseline were
less likely to respond to EEN, the median wPCDAI scores were compared between
responders (42.5; IQR ) and non-responders (52.5 IQR ) (Fig. 3.19b). No difference

was seen between groups.

Table 3.12: Disease location in children with Crohn’s disease who did
and did not attain disease remission after 8-weeks of exclusive enteral
nutrition (EEN)

total responder mnon-responder

Disease location (n=32) (n=23) (n=9)

L1 ileal 4 (13%) 3 (13%) 1 (11%)
L2 (isolated colonic) 9 (28%) 3 (13%) 6 (67%)
L3 (ileocolonic) 19 (59%) 17 (74%) 2 (22%)
L4 % upper GI involvement 23 (72%) 19 (83%) 4 (44%)
Ileal involvement *

ileal 20 3
non-ileal 3 6

* Can co-occur with L1, L2 & L3. Sample sizes too low to test location
categories but when looking at * ileal/non-ileal involvement significant
difference were observed between responders and non-responders (x? with
Yates correction p=0.009).

Disease location To explore whether disease location could predict children’s re-
sponse to treatment with EEN, children were categorised into disease location groups
using the Montreal classification. Of the thirty-two children with Crohn’s disease
one child with ileal disease (L1) failed treatment with EEN, while six children with
colonic disease (L2) failed EEN. Only two children with ileocolonic disease (L3) failed
treatment (p=NS) (Table 3.12). A significant difference between response and non-
response to EEN was seen between ileal /non-ileal involvement suggesting that chil-
dren with ileal disease were more likely to response to EEN. Children with ileal
involvement also had a greater median number of days to disease relapse than those

with isolated colonic disease (Fig. 3.20).
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Figure 3.20: Crohn’s disease location and days to relapse. L1 -ileal; L2 -isolated colonic; L3 -
ileocolonic (Dunn’s test of multiple comparisons following a significant Kruskal-Wallis test: p=0.01).
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Baseline body composition Baseline height, weight and BMI z-score in children
with Crohn’s disease who failed to respond to EEN was essentially no different from
the group of children who responded well to treatment. As such height, weight and
BMI z-scores at baseline, did not predict response to treatment (Table 3.13).

Table 3.13: Summary of baseline body composition in children with Crohn’s

disease who did and did not attain disease remission after 8-weeks of exclusive
enteral nutrition (EEN). Shown as median (IQR)

total responder  non-responder p value
Characteristic (n=32) (n=23) (n=9) R vs non-R
height for age 1 -0.31 (1.06) -0.58 (1.03) 0.08 (1.29) p=0.102
weight for age T -0.60 (2.05) -0.43 (1.94)  -1.07 (2.46) p=0.834
BMI for age t  -0.36 (2.15) -0.24 (1.85)  -1.04 (3.50)  p=0.502

wPCDAI score 412 (31.9)  42.5 (35.0)  37.5 (37.5) p=0.414
age 116 (5.0)  11.6 (4.6) 14.2 (7.8) p=0.197

No difference seen between children who failed EEN (non-responders) and those
who went into remission (responders)(MWU test). T standard deviation z-scores.

3.10 Links between patient characteristics

Looking at the relationship between different patient characteristics can help to iden-
tify and understand potential limitations of the study data, helping to better inter-
pret results. To ensure the study included children from a representative range of
backgrounds the Scottish Index of Multiple Deprivation 2016 (SIMD) score of the
twenty-eight children with Crohn’s disease who were able to provide a baseline stool
sample was compared with the six children who were unable to provide a stool sample.
No difference in SIMD score was seen between the two groups (Fig. 3.21). Therefore
those children who were unable to provide a faecal sample came from an even spread

of socioeconomic groups.
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Figure 3.21: The Scottish Index of Multiple Deprivation 2016 (SIMD) score of children with Crohn’s
disease who provided a baseline stool sample (sample) and those who were unable to provide a sample
(no sample).
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3.11 Discussion
3.11.1 Recruitment

Hurdles to recruitment and ethical considerations. Approximately one in ten
children, all of whom were patients, declined to take part in the study (Fig 3.1).
There are a number of reasons why children might decline to take part. Most children
were waiting for a diagnosis which is a stressful time and some families said they felt
taking part could place an extra unnecessary burden on their child. It was observed
that mothers per se, were more positive about the idea of taking part in research,
and seemed to view research as a potential benefit to the long-term well-being of
their child. When fathers were present at recruitment meetings they were, generally
speaking, more likely to dissuade their child from taking part in the research study.
Fathers more often expressed concerns, and often asked more questions about the
potential impact research might have, in the short term, on the health of their child.
It might be helpful for future studies to try and record any gender difference in
attitudes toward research so these differences, if any, could be addressed in the way

recruitment studies are explained to parents and guardians.

Another interesting observation was children themselves, often said that they were
happy to take part ‘especially if it helped another child’. It was surprising children
projected the potential benefits of future research on to ‘other children’ rather than
their own need. This may have been an artefact of the way we explained the study.
While explaining the study it was made clear that this research would not benefit
them directly so as not to mislead children into thinking the study could find a cure
for their condition. Thus children may have taken these comments at face value and

assumed there could be no benefit to themselves, even in the long-term.

As the study progressed it became apparent, taking part in research had a positive
psychological effect on a number of individual children and their families. As with

3 many parents and children who took part in this study

other documented studies,3*
reported they derived comfort from knowing research into IBD was taking place, as
well as satisfaction from being directly involved in that process, even although they
derived no direct benefit from it.?** Therefore it would be an interesting add-on to
future IBD studies to measure any positive impact that knowledge about research

has on patient well-being and health.

There were a number of practical hurdles to recruitment. When planning the study,
effort was made to include a number of different centres where follow-up treatment
for children with Crohn’s disease took place. However, clinics in different locations
could overlap making it impossible for one person to carry out recruitment effectively.
A substantial part of recruitment time was spent travelling between clinics, hence it
would have been more cost-effective to try and include staff who were based on site to

help with recruitment at individual centres, or limit the number of centres involved.
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Table 3.14: Steps taken to optimise recruitment and suggestions for improvement

Strategy Techniques employed Suggestions for improvement
Preparation &  Assess study feasibility at start Increase speed of ethical approval
planning Identify centres in surrounding hospitals Shared database of eligible patients

Establish links with clinical support staff

Engendering Research introduced by patient’s doctor Reduce time commitment required
patient support — Advertise the study for healthy volunteers Better rewards for healthy children
Detailed participant information sheets
Discuss concerns with IBD-nurse
Contact for complaints or concerns
Use of text messaging for convenience

Collaboration Integrated clinical and academic team Improve links with outreach clinicians
with clinicians  Research meetings providing updates Involve NHS staff in recruitment process

Another issue identified during recruitment was the duplication of patient research
questions and measures, which were already being done by clinical staff. The team
in one of the hospital centres came up with the solution of inviting the researcher
into the dietetic clinical appointment which saved the duplication of questions and
measurements. This reduced the burden on both parents and children, allowing them
to leave the hospital more quickly and missing less school/work time. Reducing the

time burden on patients would likely result in more patients completing studies.

283 we estimated around

Meeting recruitment targets From previous hospital records
fifty to sixty children would come into the Royal Hospital for Children in Glasgow to
undergo colonoscopy over 12-months, and be newly diagnosed with Crohn’s disease.
Within the 18-month recruitment time frame of this study, we aimed to approach
around seventy-five treatment naive patients as well as about twenty children with
existing Crohn’s disease. With a recruitment success rate of 65% this would have
given a potential of sixty-two Crohn’s disease participants over 18-months. We pre-
dicted a study retention rate of 65% to give a final number of forty-two Crohn’s
disease patients. Our aim was to age and sex match these with a group of forty-two
healthy children as controls. We managed to approach seventy-six patients: 13%
declined to take part; 14% were unable to provide a baseline stool sample; 14% had
non-IBD conditions and 14% had either UC or IBD-U. This left thirty-four children
diagnosed with Crohn’s disease which at 55% was 10% less than the original target
of 65%. The retention rate was slightly better than the predicted 65%, with 71%
of children with Crohn’s disease completing the study. This left a final number of
twenty-four children with Crohn’s disease who completed the study (57% of original
target); and twenty-five healthy controls (60% of original target).

Recruiting the target number of research participants was extremely challenging for a

number of reasons. Firstly, we needed to ensure a strategy to identify all potentially
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eligible patients were invited to join the study. Coming into recruitment from a non-
clinical background with no prior NHS experience, it took time to establish links
with clinical teams and to gain training and understanding of how hospital systems
such as patient databases worked. Obtaining permissions to access hospital databases
also took time. During this period of establishing links with clinics, obtaining access
and learning how to work NHS databases, a number of potential participants were
missed. The study recruitment was also dependant on the involvement of clinical
staff who were involved in a number of other research studies. The result being, if
staff over several hospitals, including clinicians, nurses, dietitians were not constantly
reminded about our recruitment aims, identifying potential participants was missed.
This complex and time-consuming reminder system did not always work well due
to time constraints, hence future studies may find it more efficient and effective to
have the onus of identifying patients based within the NHS clinical setting. Despite
these challenges we recruited sixty-six patients and twenty-five healthy children due
to the clinicians in Paediatric Gastroenterology at the Royal Hospital for Children
in Glasgow having an active interest in research and inviting patients to meet with
the researcher. Extending the responsibility of recruitment for this study by having
an IBD nurse or dietitian actively involved in carrying out recruitment would also
have lessened the burden on patients and helped with patient retention; although it
would have a greater financial impact on running costs. Creating a shared research
database of potentially eligible patients is one way which the complex situation of
dealing with many different staff over a number of clinics could possibly be improved
(Table 3.14).3

Patient travel times can also be an issue with recruitment and participation. We
recruited a number of patients from outside the greater Glasgow area who attended
hospital in Glasgow. However for those with Crohn’s disease it was often problematic
to collect samples, as patients were not able to come into Glasgow to drop these
off, hence a huge amount of research time was spent driving around the west of
Scotland collecting samples. It would have been more cost effective and time efficient
to either only recruit children within the Glasgow area or to have employed someone
to collect samples. Using existing lab transport services could also have improved
sample collection by facilitating the collection of samples from local GP clinics which

might have been a convenient drop off point for many patients.

Retaining participants Over the course of the study participant retention was
improved by making telephone reminders to parents, and using text messages where
the parent chose this as an option, which all participants with Crohn’s disease did.
One advantage of using text messages as a reminder was, busy parents could call
back at a time that was convenient for them, rather than being disturbed by a phone

call while at work, while shopping, or preparing family meals. Text messages also
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contained useful information such as dates which were at hand, therefore parents
were less likely to forget when the next sample was due. The use of text messages
made it easier for patients to communicate with the researcher. They could easily ask
questions if their child had problems providing samples or inform us if the child was
too fatigued to provide a sample, thus allowing us to be more sensitive to individual
child needs. Good participant communication was key to the successful retention of

participants over the course of the study.

By keeping a detailed patient log (required by ethics), it was noted that children who
failed to provide stool samples and dropped out of the study, tended to be children
who gained the least enjoyment from taking part. As the study progressed it was
easier for researchers to identify any child who was not enjoying taking part and may
wish to drop out; allowing researchers to make leaving the study as easy as possible
for the family. Future studies may want to consider identifying why many children
gain pleasure, while some find it a burden to take part in research. This might help
to identify those likely to drop out at an earlier stage of the study, allowing us to
either help them leave the study before it becomes a burden, or to adapt the study
to better fit their needs.

3.11.2 Representative sampling

Recruitment is a challenging process and it is important to be aware of the limita-
tions of any recruitment bias. There are a number questions to address in terms of
understanding whether the children who were recruited onto the study were a fully
representative subset of the Scottish population of children with IBD and healthy
children. The focus of this study was to look at children with Crohn’s disease hence
our recruitment of healthy children was not random, but designed to match, as far

as possible, the age and gender with our study group.

Social deprivation By checking whether children from more deprived areas were
less likely to partake in the study, it was shown children who failed to provide sam-
ples, were just as likely to come from deprived areas, hence there was no bias in

socioeconomic status for samples collected (Fig. 3.17).

It can be very challenging to recruit healthy controls on studies for a number of rea-
sons. Firstly many volunteers come from personal friends, children of staff/students,
who work within the same environment where the study takes place. This can have
the effect of creating a bias towards a less deprived demographic. Based on a pre-
vious study,% there was a ‘preconception’ that children with Crohn’s disease tended
to come from less deprived backgrounds, and hence this assumption influenced the
effort which was made to recruit healthy children from this demographic.%* To avoid

this bias, future studies should look at the SIMD scores during recruitment, and
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use the SIMD website interactive map,3* to identify areas for targeting recruitment
of healthy controls, in order to better match deprivation scores. This could have
avoided the slight difference we had between children with Crohn’s where 48% came
from more deprived areas (Rank 1 & 2) compared with only 20% of healthy controls
coming from these two more deprived ranks (Fig. 3.3). This difference could be par-
ticularly important in studies related to nutrition, since low income and differences

in access to education might affect dietary choices.

A control group should aim to match the study group not only for sex and age, but also
for other factors contributing to differences between the groups unrelated to disease,
such as differences in activity levels or diet. It is unlikely that the small difference in
deprivation scores in our study, between children with Crohn’s disease and our healthy
control group, will affect results. However, understanding how confounding factors
might affect the interpretation and conclusions drawn from data is very important.
It should be noted that deprivation scores are for areas, and not individuals, such
that any child who lives in an area of social deprivation, is not necessarily deprived
and wvise versa; i.e. the six children with Crohn’s disease who resided in the most

deprived areas may have fairly affluent lifestyles.

The national 2016 SIMD ranks show different health boards have marked differences
in deprivation scores with Greater Glasgow & Clyde, Ayrshire & Arran and La-
narkshire, having the highest income deprivation and health deprivation in Scotland
(Methods Fig. 2.3).2%6 Hence the population of children we recruited from these ar-
eas may not fully represent the whole Scottish population in terms of deprivation. It
would be interesting for future studies to look at patient outcomes in health author-
ities across Scotland, to see if those under the strain of dealing with more deprived
populations, negatively impacts on patient outcomes for children with IBD. Fami-
lies with low socioeconomic status and restricted income, might have less access to
healthy food choices. If dietary choice is a risk factor for Crohn’s disease then we
might expect to see a higher prevalence at one end of the socioeconomic spectrum.
If dietary choice affects the likelihood of relapse we might also expect to see a dif-
ference in disease outcomes. However in this study no evidence was seen linking

socioeconomic status with risk of Crohn’s disease (Fig. 3.3).

Gender The ratio of girls to boys was 1:2.56 for Crohn’s disease, matched by 1:1.27
for healthy children. It was harder to recruit healthy boys, who appeared not to be
as motivated to take part by our offer of a £10 gift voucher. Increasing the value of
the gift may have attracted more healthy boys to volunteer, but for future studies
it would be worth looking at any gender differences which might act as a barrier to

volunteering, so these can be accounted for at the planning stage.
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Age Although we successfully managed to recruit a good match in terms of age
for children with Crohn’s disease, non-IBD patient controls and healthy controls, the
group of children with UC were slightly older than the other three groups (Fig. 3.4).
This needs to be kept in mind when interpreting any differences in variables such
as gut microbiota, metabolites or dietary intake which are examined in subsequent

chapters.

Body composition The study aimed to match at recruitment, the BMI of healthy
children with that of children with Crohn’s disease. However as the study progressed,
it became obvious this was unrealistic, given that children with Crohn’s have often lost
enough weight prior to diagnosis to be classified as underweight to very underweight.
The seven healthy children we recruited that were overweight, have the potential to
create a bias in our dataset when comparing data from gut metabolites or bacteria to
children with Crohn’s disease who were either normal weight or underweight; i.e. any
effects attributed to disease aetiology might in fact be due to differences in energy
intake or body fat mass, hence this needs to be considered when interpreting data in

subsequent chapters.

3.11.3 Patient Characteristics

Gender As reported in European and North American studies, the current study
also saw a higher number of boys than girls with Crohn’s disease in a ratio 1:2.5. To
date no studies have identified whether these gender differences are due to environ-
mental factors such as a gender difference in diet, or if genetic differences related to

gender, such as sex hormones, increase the risk of Crohn’s disease for boys.

Age In 2012 Henderson et al.®* compared 260 Scottish children with IBD from
1990-1995 with 436 children from 2003-2008 and found the age at diagnosis had fallen
from 12.7 to 11.9 years (p<0.01). This was driven by a decrease in age at diagnosis
of children with Crohn’s disease CD from 13.2 to 12.1-years (p<0.001). These mean
ages are in line with the current study of 12.2-years (n=43) for all children with
IBD and 11.8-years (n=34) for children diagnosed with Crohn’s disease. This is of
concern as earlier onset has more potential to impact on linear growth and pubertal

development in children. !0

Body composition Although a measure of height and weight might seem relatively
straightforward, when measuring children over the short term who are undergoing
height growth in a non-linear manner with ‘growth spurts’ and the affect of puberty;
special consideration needs to be given as to whether height is a good tool to measure

whether a child is thriving, and nutritional goals set for the child are being met. This
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is not a problem when using height or BMI as a measure of growth over a longer time
period such as a year, but in this study measures taken at 4-week intervals using
height would produce misleading data. To illustrate this, if we take two children the
same age and height, and improve their nutrition, both might gain 1kg in weight over
four weeks. If one of these children did not gain in height while the other gained 1cm
in stature, the child who grew taller would have a lower BMI and our data might
mislead us into thinking the child who grew less in stature is thriving better in terms
of BMI than the child who is taller. If we use height as a measure of growth then the
reverse would be true. Therefore over the time period of this study weight increase

is considered a more accurate indicator of improved nutritional status in growing

children.

Also when measuring growth impairment in children, static height measurements
may be misleading as they are affected by genetic limitations (parental height) and
pubertal status. A child with Crohn’s disease might be normally short, or a tall child
might not have grown for several years but might still be of average stature for age

and gender.

The current study saw no difference in height /weight /BMI z-score between boys and
girls at baseline (Fig. 3.8) suggesting both genders were equally at risk of poor growth
prior to diagnosis. Failing to reach optimum height for age is of concern, especially in
girls, as delayed linear growth has been linked with around 2-year delay in pubertal
development. %! If the onset of puberty is significantly delayed beyond the age of
14-years, the final height of girls may be permanently compromised.!%!! Boys have
also been shown to have delayed pubertal growth but this did not appear to be linked
with linear growth.!'® In Crohn’s disease impairment of linear growth can also precede

weight loss and thus be an early indicator of disease.

Body mass index (BMI) BMI is only an estimated measure of body fat, as it makes
a potentially inaccurate assumption about how much weight is body fat. Nonetheless
studies have shown BMI correlates well with other measures of body fat including
underwater weight and dual energy x-ray absorptiometry.3*® Unlike other methods
BMI requires only measures of height and weight, making it a reliable, easy and
affordable way to record changes in body composition or differences between study
groups. Its universal acceptance as a method also has the advantage of allowing
researchers to compare historical data with current measures, as well as pool data

from different studies and regions across the world.

BMI has limitations, which should be kept in mind when interpreting or using BMI
data to reach conclusions from data sets. As well as not actually measuring fat, it
does not discern between muscle tissue, bone mass and adipose tissue, genetics and
muscle mass, all of which have the potential to alter the accuracy and reliability

of BMI as a measure of body fat.?*® For example old people tend to have a larger
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proportion of body fat than young adults even although they have the same BMI. 347

Female adults tend to have larger proportions of total body fat than men with the
same BMI,3*® and people with an athletic physique such as rugby players, can have

a BMI which would suggest they are overweight due to having large muscle mass.

There are additional issues when using BMI for children/adolescents. Factors affect-
ing variation in growth rate such as nutrition and genetics, as well as levels of sexual
maturity, alter the relationship between BMI and body fat in children.3%% It has also
been shown the reliability of BMI as a measure of body fat varies with percentage
of body fat. In obese children with a BMI for age which is > 95 percentile, BMI is
a reliable indicator for body fat. However in overweight children which have a BMI
for age between the 85" and 94" percentiles, an increase in BMI can be due to in-
creased fat-free mass rather than adipose tissue.*¢ In addition differences in BMI in
relatively lean children can be due to differences in the proportion of fat-free mass. 34
Since a proportion of the children with IBD in this study are underweight, the results
of BMI measures when compared with healthy children should be interpreted with

caution.

As we might expect, children with Crohn’s disease in the current study had a sig-
nificantly lower height, weight and BMI score than healthy children (p<0.05). Only
one child with UC was underweight; five normal weight and the rest overweight,
while none of the children with Crohn’s disease were overweight. Identifying the
cause of growth failure in individual children is not straight forward, since a number
of factors can be involved such as reduction of food/nutrient intake, malabsorption
due to inflammation, as well as side effects of medications like steroids. Although
western studies particularly those in North America would suggest the risk of IBD
patients being underweight is decreasing, with some studies showing a large number
of patients being overweight at diagnosis, our study found 19% (6/32) of children
with Crohn’s disease were underweight compared with 11% (1/9) of our UC patients.
Given the time constraints of this study it was not possible to track the time taken
from first GP contact to diagnosis. It would however have been interesting to see
if the children who were most underweight had taken longer to be referred by their
GP. Future studies could easily monitor these time-scales to see if strategies can be
identified which would result in less children have clinically low weight prior to treat-
ment. The current study, in line with large North American studies,? found that
more UC (3/9) than Crohn’s disease (0/32) patients were overweight, but numbers
were too small to establish significance. The height, weight and BMI of our healthy
cohort had z-scores above the norm with 7/23 children being overweight-obese. The
z-scores are based on 1990 norms hence it is unclear if our 2014-16 healthy cohort
are representative of overall national increases in child body composition. A large
Scottish study on adults with IBD reported 18% were obese in comparison to 23% for

the total Scottish population.® Another 38% were over-weight which was equivalent

112



to the general Scottish population.®® However, we need to be careful when comparing
adult studies with paediatric studies as Crohn’s disease tends to be more severe in

children, which could impact on the rate of weight loss prior to diagnosis.

In the current study it was interesting that for BMI at baseline in children with
Crohn’s disease, a significant correlation between BMI z-scores and serum disease
markers albumin, CRP and ESR were seen (Fig. 3.10). This highlights the impor-
tance of using body composition measures such as low BMI as an important early

warning sign of potential inflammation and IBD.

3.11.4 Disease Characteristics

In the patient control group diagnosed with non-IBD conditions, the five children
who had a first or second degree relative with IBD, none were diagnosed with a
gastrointestinal condition. Therefore care needs to be taken looking at results in
later chapters, to see if any of this group of five children overlap with our study

group who have IBD, suggesting that they might have subclinical IBD.

Disease location in children with Crohn’s disease Upper gastrointestinal involve-
ment (L4) in Crohn’s disease has been reported in previous studies as anywhere be-
tween 30%-80% in children and adult studies.?® 72% of children in our study had
isolated upper disease showing just how important it is to understand upper involve-
ment. None of the patients included on the study had isolated upper disease without
concurrent ileal/colonic disease (L1-L3). Normally around 40%-50% of patients have
ileal disease (L1) however only 13% of our cohort had ileal disease and the numbers
of ileocolonic (L3) numbers at 59% were higher than previously reported figures of
around 30%-40%.2° The number of children with colonic disease (L2) was much closer

to previously reported figures at 28%.

Studies linking efficacy of EEN with disease location are limited,?% with some evidence
suggesting children with ileal involvement respond better to EEN.?” However this
Japanese study showing children with active Crohn’s disease fail to respond well
to EEN when ileal involvement was not present are not supported by an Italian

127

paediatric study'?” or a later Japanese adult study. !4

In 1990 Teahon et al.3° concluded from a large number of case studies that adult
Crohn’s patients with isolated ileal involvement were more likely to remain in remis-
sion after EEN for longer when compared with patients with colonic, or ileocolonic
disease. Gavin et al.'®® found, after EEN induced remission children with colonic

disease tended to relapse earlier.
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3.11.5 Predicting response to EEN

Socioeconomic status and response to EEN  The current study saw no correlation
between disease activity and socioeconomic status (Fig. 3.16). Children with Crohn’s
disease who were from socially deprived areas were as likely to fail treatment with
EEN as those from less deprived areas, as there was no difference in SIMD scores
between the children who responded well and went into remission on 8-weeks of EEN
and those who failed EEN (Fig. 3.17).

Gender and response to EEN  Although the current study saw a gender difference
in response to treatment on EEN, 3/5 girls who failed EEN had colonic disease, which
did not seem to respond as well to treatment in both girls and boys. For those children
who went into remission on EEN, results show no gender differences in the number

of days to disease relapse once children were back onto their normal habitual diet.

Disease location and response to EEN  As the sample size of the current study was
underpowered in terms of disease location, it was not possible to assess whether ileal,
colonic or ileocolonic (L1, 1.2, L3) disease played a role in how well children responded
to treatment with EEN. However figures are in line with other research studies which
show a significantly greater number of children with ileal involvement respond well to
treatment with EEN, when compared to children with isolated colonic disease (Table
3.12). Results from Kim et al. 20163*! found no difference in disease location between
children who were responders (n=58) and non-responders (n=8) to EEN. Although
the current study saw a higher number (67%) of children with isolated colonic disease
in the non-responder group, Kim et al. saw no children with isolated colonic disease
failing EEN. A meta-analysis of ten trials was unable to link disease location and
phenotype with efficacy of treatment, or time to relapse, despite studies suggesting
patients with ileal involvement respond better to EEN.?6 Therefore further studies
are needed to clarify whether isolated colonic disease could be a separate subcategory
of IBD.

Age and response to EEN  The current study explored the possibility that children
of a particular age group might be at greater risk of failing treatment with EEN,
perhaps due to younger children becoming distressed and not complying with the
diet; or teens finding the diet too difficult to maintain among their peer groups at
school. However since those who failed treatment on EEN ranged in age from 3-16
(median 14.2) it was concluded that no particular age group appeared to be more
at risk of failing treatment (Fig. 3.19a) A 2016 Irish study concluded that EEN was
less effective in patients aged under 10-years (p=0.04).%°? However given the fairly

low number of children who went into remission (n=18), creating an artificial split
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Table 3.15: Age-related response to treatment with EEN in children
with Crohn’s disease: showing potential error in age categorisation

Response to EEN

responder non-responder

Lafferty 201432 0-<10 8 9

>10 33 9 p=0.04
BIG study 0-<10 6 3

>10 16 6 NS
BIG study 0-<12 15 4

>12 8 5 NS

The current study (BIG) has been split into two different age bands,
to show how creating an artificial divide can bias results.

above and below the age of ten was not a robust way to analyse the risk of failing
treatment. If the current study analysed data using the same cut-off age similar ratios
are produced. However if we were to ask if there is a difference between primary and
secondary age children and thus choose a cut-off age of 12-years rather than 10-years,
the data would then suggest the converse is true, ¢.e. that children over the age of
12-year respond less well to treatment than younger children (Table 3.15). Hence
without a good reason for doing so and a clearly defined research question it is not
helpful or advisable to create age categories, but better to analyse as continuous

data.3%3

Body composition and response to EEN Knowing whether the baseline height,
weight or BMI z-score in children who failed treatment with EEN was different from
those who responded was important, since any differences at baseline could introduce
a bias, potentially leading us to identify differences between the response groups
in research variables which were due to differences in nutritional status at baseline.
However height, weight and BMI z-scores at baseline did not predict the response to
treatment (Table 3.13).

3.11.6 Effect of 8-weeks treatment with EEN

Weight gain after EEN It is worth considering how using EEN as a treatment
option to achieve disease remission in children with Crohn’s disease might impact
on growth targets for children who fail to respond to treatment with EEN. Of the
9/32 children with Crohn’s disease who failed to respond to EEN, only 56% gained
weight compared with 95% of responders. Although it might be assumed children
who failed EEN put on less weight due to being on EEN for less weeks, this was not
the case (Fig. 3.22). It appears that among non-responders, children who managed
to stay on EEN for 6 to 8-weeks did not gain any benefit in terms of weight gain
compared to those who stopped EEN early. This was explained when looking at
the effect of baseline weight (pre-EEN) on weight gain (post-EEN). There was clear
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relationship for both responders and non-responders whereby children which were
most underweight at baseline put on the most weight over the 8-weeks regardless of
how long they were on EEN (Fig. 3.23), (Spearman’s rank p<0.001 Rho -0.664).

non-responder
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Change in weight (z-score) after EEN
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Figure 3.22: Relationship between number of weeks on EEN and weight gain in children with Crohn’s
disease who failed to respond to EEN (non-responders). The 2 children with most weight gain had
very low BMI at baseline (z-score -3.53 and -4.32).
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Figure 3.23: Relationship between baseline weight z-score and change in weight z-score after EEN
in responders and non-responders. For combined groups Spearman’s rank p<0.001 Rho -0.664.

This has important implications for studies such as Gavin et al. 2017,3 where they
report a significant gain in BMI among those who took MEN (p=0.004). In the Gavin
study, the children who took MEN were those who had a significantly lower BMI at
baseline (p=0.004) than those who took normal diet alone; and looking at the strong
correlation between baseline weight and weight gain in the current study, it could be
argued that baseline BMI is more likely giving rise to this increase than MEN. Gavin
et al. saw no difference in BMI between children taking EEN and steroid therapy

over a 12-month period. !5

In the current study children who failed EEN, were not more underweight at baseline
than children who responded well to EEN; thus weight gain does not give any clues as
to whether children who failed EEN might have had compliance issues. When asked
at their clinic appointment, all children reported they had fully complied with taking
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EEN. It is difficult to know with certainty whether children who fail to respond to
EEN as a treatment, fail to adhere fully to the treatment regime. It is possible loss
of weight or failure to gain weight was due to malabsorption where EEN had not

succeed in reducing disease activity and inflammation in those who failed treatment.

Although the nutritional benefits of EEN as reported in other studies,28%4%153 Jed
to weight gain (p=0.056) and increased BMI z-scores (p=0.062), inline with these
studies, the current study did not see a corresponding increase in height z-scores
(p=0.77).283:49:153 The time frame of 8-weeks is however not long enough to reliably
measure changes in height (section 3.11.3). It is believed that corticosteroid therapy is
responsible for the negative impact on growth, however some studies have suggested,
age at diagnosis, disease activity and possibly disease location in Crohn’s disease,

may have a larger impact on linear growth than steroid use.3**

For children who fail EEN, it is important that future studies look at the effect
of combining EEN with corticosteroids to establish if these children have the same

opportunity to obtain target growth outcomes as well as achieve disease remission.

3.11.7 Effect of treatment with MEN

Since the current study was an observational study, we could not influence the num-
bers of children choosing to take maintenance enteral nutrition (MEN) post-EEN.
It was predicted from previous years at the Royal Hospital for Children that ap-
proximately 55% of children would refuse MEN as a course of treatment to maintain
disease remission. However only 6/23 (26%) of children who went into remission on
EEN opted not to take MEN (Fig. 3.6), one then going onto MEN around 17-weeks
post-EEN. Another problem was, although all children who opted not to take MEN
were on an immunosuppressant, only 8/17 children taking MEN were taking an im-
munosuppressant, creating a third subgroup. Children taking an immunosuppressant
as well as MEN creates a confounding factor, as it could have an effect on the gut
microbiota profile and metabolites, making understanding differences between these

three groups more challenging.

It is unclear why more children chose to take MEN than in previous years. It is
possible that in explaining the study to parents/guardians and children with Crohn’s
disease, made them more aware of the possible benefits of MEN as a therapy. It is
also conceivable that in discussions with clinical staff, IBD-nurses and dietitians we
influenced the likelihood they would recommend MEN as maintenance treatment. A
combination of both of these may have influenced the choices participants made when
offered MEN.

Although no difference was seen in number of days to relapse between children with
Crohn’s disease who took MEN, an immunosuppressant or both together (p=0.82),

the sample sizes were too low to detect any differences which have been reported in
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other studies (Chapter 1, Table 1.6). It is possible that children who are more likely
to relapse are more likely to be given more aggressive therapy by clinical staff. In
fact, in the current study children with higher disease activity (wPCDAI scores) at
baseline were more likely to be given MEN plus an immunosuppressant post-EEN
(p=0.01)(Fig. 3.24), therefore the treatment groups have a bias in terms of disease
activity, making it impossible to determine if treatment has an effect on days to re-
lapse since those who have more severe disease might relapse sooner. No correlation
was seen between disease activity at baseline (wPCDALI score) and days to relapse
(Spearman’s rank, p=0.480; rho=-0.155); thus having more severe disease at base-
line did not affect how quickly children relapsed. Although baseline disease activity
affected treatment, baseline height /weight /BMI z-scores did not affect whether chil-
dren took MEN, an immunosuppressant or both together (p=0.73, p=0.77, p=0.56

respectively).
80~ .
. [

@ 60- [ .' ]
5 I . |
[
(4]
2 a0 . *
U L ]
0
= . .

]
=
1

X ]

a) M b) MEM chIM plus MEM

Figure 3.24: Effect of baseline disease activity (wPCDAI score) on treatment with maintenance
therapy for children taking a) immunosuppressant (IM); b) maintenance enteral nutrition (MEN)
or ¢) immunosuppressant plus maintenance enteral nutrition (IM plus MEN). IM plus MEN was
significantly higher than IM (p=0.01) and MEN (p=0.03). Dunn’s test of multiple comparisons was
used following a significant Kruskal-Wallis test.

It was important to look at whether treatment with MEN (with or without an im-
munosuppressant), could affect growth outcomes. There was no overall difference
seen between treatment groups (Fig. 3.15). However the child who had the largest
drop in z-score for height, weight and BMI over the 8-weeks of MEN was recorded to
be struggling with MEN, and may not have complied with the treatment. Although
removing this child from the analysis may have given a more accurate assessment of
the effect of MEN on growth outcomes, the remaining sample size of five children was
too low to be meaningful. It is possible in terms of weight change, that children who
took MEN were better able to maintain and gain weight; however as we do not have
a non-treatment control group it is also possible that taking an immunosuppressant
negatively affects the child’s ability to gain weight. A larger sample size is required

to enable reliable statistical analysis.

MEN is an attractive therapy option, because evidence to date suggests when com-
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pared with normal habitual diet, MEN may be effective in maintaining remission
in children with Crohn’s disease (Chapter 1, 1.8.3; Table 1.6). It could also be as
effective as some medication with one study suggesting MEN can delay the need

for corticosteroid therapy %!

as well as improving the child’s growth and nutritional
status. A problem with interpreting MEN studies is different doses and feeding ap-
proaches have been used, such as overnight nasogastric feeds combined with normal
eating during the day; short periods of nasogastric feeds several times a year; and a
daily supplement drink used alongside normal eating with variable success rates. !5
Since the 2007 Cochran systematic review,?® suggesting MEN could be effective at
extending remission post-EEN, studies have been few, usually with small sample sizes
which lack statistical power, making it difficult to draw conclusions.?*® While larger

148 studies

studies are still needed, and given that MEN could be dose dependant
using murine models could shed some light on whether lower doses of around 25%

MEN are likely to be ineffective.

Medications It is important to consider the medications children take at the start
of and during treatment with EEN since these have the potential to influence the gut
microbiota profile and metabolites. 23/32 (72%) of children diagnosed with Crohn’s
disease were medication free at baseline, giving a good study size free of medication
as a confounding factor. 7/9 children with UC (77%) and 10/11 (91%) non-IBD
children were also medication free (Table 3.5), meaning the study control groups also

had a low chance of being affected by any influence of medication.

Treat to Target Although it is evident that inducing and maintaining clinical re-
mission of symptoms for patients with Crohn’s disease are the main therapeutic goals,
they may not be enough to prevent longer term damage to the gut. As such corticos-
teroids have been the cornerstone treatment and provide effective control of symptoms
in the shorter term; however they fail to prevent the long-term progression of dis-
ease.?>” Therefore biochemical markers are becoming a much more important aspect
of monitoring disease progression and gut inflammation. More consistent monitoring
of inflammatory markers such as calprotectin in children with Crohn’s disease could
in future be linked with therapeutic doses of MEN to better control the likelihood of

relapse.
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3.11.8 Summary of key findings

e Children with Crohn’s disease had significantly lower height /weight /BMI z-scores than healthy

children at baseline.

e In children with Crohn’s disease, markers albumin, CRP and ESR, correlated with BMI z-

scores, suggesting increased disease severity results in poorer growth outcomes.

e 72% of children with Crohn’s disease attained remission after 8-weeks EEN; and all children

with moderate to severe disease at baseline had reduced disease activity.

e Of children diagnosed with Crohn’s disease, 72% had upper involvement; with 59% having

gastric disease.

e Children with Crohn’s disease who were underweight pre-EEN put on more weight during

EEN than those who were normal weight at baseline.

e No differences in BMI or growth were seen between responders and non-responders to EEN,

either at baseline or at 28-weeks post-EEN.

e l-year after the start of treatment with EEN, only eight of the original twenty-three respon-

dents (35%) were still in disease remission.

e Children with ileal disease were more likely to respond to EEN (NS).

New findings from this study:

e Although children with Crohn’s disease had age appropriate growth during EEN, growth

velocity was not maintained once children went back onto normal diet.

e No differences in growth were seen between the three types of maintenance therapy (MEN,
MEN+IM, IM).

Future research goals:

e Growth can be used as an outcome to measure the effectiveness of paediatric Crohn’s disease
therapies, however studies to date have focused on short-term growth. There is an urgent
need to study not only clinical outcomes, but also the long-term growth outcomes of treatment
with EEN and MEN.

e Patients with non-IBD conditions should not be used as healthy controls. The current study
shows that these children, when recruited from gastroenterology clinics, have conditions which
should exclude them as controls. Nearly half of the non-IBD controls were given no diagnosis,
and all of these children had a family history of IBD; hence it is possible some could have
subclinical IBD.

e The reality in clinics is therapy for children with Crohn’s disease involves multiple strategies,
which often take place simultaneously making it impossible to ascertain if changes or out-
comes are due to a single therapy or a combination approach; and appropriate controls are
unavailable. Animal studies which trial single and combined therapies with controlled diets,
using well designed controls, would give more robust results which could then form the basis

of more informed human trials.
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4 Markers of inflammation in Crohn’s disease

4.1 Introduction

Chronic and persistent disease activity in IBD is linked with poor prognosis and
hence monitoring inflammatory markers in these patients would allow the potential
suppression of sub-clinical inflammation as a method of treatment.3°® Disease markers
are also a priority, because not only is monitoring disease activity by endoscopy
invasive for the patient, particularly for children who have to undergo a general
anaesthetic, but it is also expensive and diverts valuable resources which might better

benefit IBD patients if these were redirected to long term treatment and care.

Crohn’s disease has historically been managed in a step-wise manner with evaluation
of disease activity and treatment mostly based on active symptoms. Failing to keep
patients in remission worsens the long-term outcomes of patients with Crohn’s disease
and places them at risk of bowel damage.*® Identifying and using specific disease
markers for Crohn’s disease to regularly monitor disease activity would allow the
identification of sub-clinical disease. This concept called ‘treat to target’ has been

beneficial in other autoimmune conditions such as rheumatoid arthritis.36°

In the current study where treatments and outcomes are assessed, it is important to

have reliable markers of inflammation, which are independent of any potential bias.

4.1.1 Stool characteristics and markers of inflammation

Faecal calprotectin Henderson et al.?%! have shown that faecal calprotectin can act
as a better marker of colonic inflammation than other commonly used blood markers
such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), platelet
count, haemoglobin, total white cell count, and albumin in children with IBD. Faecal
calprotectin is a measure of the amount of the protein calprotectin present in the
stool of patients. An increase in calprotectin, is an indicator of neutrophil migration
into the intestinal mucosa, which occurs during the type of gut inflammation caused
by IBD. Testing for calprotectin could reduce the need for repeated and invasive

colonoscopy. 362

Human calprotectin is a 24kDa dimer of the calcium binding proteins SI00A8 and
S100A9.363 It can chelate iron,?%* manganese and zinc,?%® and this ability to sequester
essential metals gives calprotectin its antimicrobial properties.®%® Calprotectin, makes
up around 60% of protein content in the cytosol of neutrophils; it is resistant to

enzymatic degradation, and can be easily measured from stool samples using an
ELISA 366

There are a number of diseases that cause an increased excretion of faecal calprotectin

including IBD, coeliac disease, infectious colitis, necrotising enterocolitis, intestinal
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cystic fibrosis and colorectal cancer.3” However, faecal calprotectin is now frequently
used as indicator for active disease in IBD.3%7 Measurement of faecal calprotectin has
been shown to be strongly correlated with 111-indium-labelled leukocytes which are
considered the gold standard measurement of intestinal inflammation.3%¢ However,
the European Crohn’s and Colitis Organisation (ECCO) suggest that faecal calpro-
tectin only be used as a secondary outcome measure in Crohn’s disease due to high
variability in results, which leads to low levels of precision and unclear cut-off levels

for assessing disease activity. %

By measuring faecal calprotectin as a marker of colonic inflammation in the current
study, and confirming it correlates with measures of clinical disease remission (wPC-
DAI), changes in this continuous data set could be used to help answer the current
study hypotheses. Stool markers such as calprotectin have emerged as a new diag-
nostic tool to detect intestinal inflammation. However, stooling frequency and the
Bristol stool chart score (Methods, Fig. 2.8), an indicator of water content, also have

the potential to act as low cost approximate indicators of gut inflammation in IBD.

4.1.2 Blood markers

C-Reactive protein (CRP) CRP is a pentameric protein present in blood plasma.
It is synthesised in the liver and increases in response to macrophage and T-cell IL-6
production.?%® A normal concentration of CRP in the blood serum of healthy humans
lies between 5-10mg/L and tends to increase with age. CRP is involved in a number
of functions linked with host defence, including its ability to recognise both pathogens
and damaged host cells. As such the level of CRP in plasma increases during acute
phase response to tissue injury, infection, and other inflammatory stimuli and is
therefore routinely used as a marker of inflammation in IBD.3*® It is however less

sensitive than faecal calprotectin as a marker of inflammation. 3%

Erythrocyte sedimentation rate (ESR) ESR is the rate that red blood cells sedi-
ment in one hour and is used as a non-specific measure of inflammation. Inflammatory
processes result in a high level of fibrinogen in the blood which causes red blood cells
to clump into stacks called ‘rouleaux’. Due to increased density these settle more
quickly. However in patients with Crohn’s disease, ESR can be within normal lim-
its while CRP is elevated, and CRP tends to return to normal faster than ESR in

response to treatment. 37

Human serum albumin Serum albumin is the most abundant protein found in
human blood plasma, making up around half of all serum protein. It is produced in
the liver and transports compounds such as hormones, fatty acids, as well as buffering

pH and maintaining the colloid osmotic pressure of blood vessels. Serum albumin is a

122



negative acute-phase protein which is down regulated in inflammatory conditions. As
such it can be used as a non-specific marker of disease activity in IBD.3™ Both ESR

and albumin are criteria used in the weighted Paediatric Crohn’s Disease Activity

Index (wPCDAI) (Appendix 3).

Full blood count Results from a full blood count can show inflammation from the

white blood cell count and anaemia can be detected via red blood cell results. 3™

Liver function test This test helps to monitor if the liver is functioning properly,
and is important in relation to the side effects of some medications used to treat
IBD. Methotrexate and Infliximab have been reported to cause liver damage in IBD
patients.?>'3"2 However the prevalence of altered liver function test results in IBD
patients has been difficult to establish because various studies have used different
methods to collect data, as well as different diagnostic and patient selection crite-
ria. 373374375 Tgsues with liver (hepatobiliary) function can be due to inflammation in
patients with IBD but the causal relationship between abnormal liver function test
results and IBD is unclear.?7%37" Although Mercaptopurine and Azathioprine induced
hepatotoxicity is not common in the adult IBD population, it has been reported in
10-15% of paediatric patients,3™ hence liver function monitoring is important for

children taking these drugs as maintenance therapy.

Urea and electrolytes (U/Es) Urea and electrolytes (U/Es) are routinely measured
from bloods taken from paediatric IBD patients. Measuring an electrolyte panel
including sodium, potassium, chloride, bicarbonate as well as urea and paediatric

379

creatinine (estimates glomerular filtration rate by age and gender),*™ can be used

to check for dehydration; the side effects of medication, and toxic megacolon (a rare

complication of Crohn’s disease).?*

4.1.3 wPCDALI as an indicator of disease activity in Crohn’s disease

Although not a perfect tool, the weighted Paediatric Crohn’s Disease Activity In-
dex (wPCDAI) is a standard outcome measure in paediatric Crohn’s disease research
(Methods, section 2.4.3), and is currently used by clinicians in West of Scotland Pae-
diatric Gastroenterology, Hepatology and Nutrition network to assess disease activity.
The wPCDAI form is shown in appendix 3 and includes raised ESR and albumin as

part of the scoring index.
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4.1.4 Missing observations

One of the limitations of a study looking into inflammatory markers over time is that
it can be challenging to obtain bloods close to the study time-points for a number of
reasons. This was an observational study and as such we were dependent on children
having bloods taken as part of their routine monitoring. On occasions children failed
to turn up to clinic or were on holiday and bloods were not taken until a following
appointment, which did not then coincide with the study time-points. Sometimes
bloods were taken at the planned time but the clinical lab tests were unable to yield
a viable result from the sample, and the test was then not repeated within the time-
point of interest. This had the effect of creating gaps in the dataset which reduces

the power of our ability to look at changes over time.

4.1.5 Hypotheses summary

e Children with Crohn’s disease have an inflammatory marker profile which is
distinct from that of children with UC, non-IBD conditions and healthy children.

e Inflammatory marker profiles at baseline can predict which children with Crohn’s

disease will respond to treatment with exclusive enteral nutrition (EEN).

e For children in disease remission post-EEN, supplementing return to normal
diet with (20%) maintenance enteral nutrition (MEN) will maintain reduced

levels of inflammatory markers associated with remission achieved during EEN.

4.2 Methods

Faecal samples were collected and processed as described in Methods, section 2.4.4.
Bristol stool chart scores and stooling frequency were recorded on sample collection
(Methods 2.6.1). Faecal water content was calculated by weighing samples before and
after freeze-drying (Methods 2.7.1). Faecal calprotectin was measured using the com-
mercial ELISA kit CALP-0170 (CalproLab™ CALPRO, Lysaker, Norway) according

to the manufacturer’s instructions (Methods 2.6.2).

Data on clinical markers CRP; ESR; serum albumin; as well as full blood count
(FBC); liver function test and U/Es were obtained from routine clinical lab results.
To explore the relationship between different inflammatory markers the differential
expression analysis of the blood data was used. A challenge in research datasets based
on biological sampling is that of missing values, which restrict our ability to carry out
this type of analysis accurately. Hence a kernel-based method (KMDA) was used to
account for missing values.33® Kernel density estimation is a non-parametric method
used to estimate the probability density function of a random variable (Methods

2.10.3). Correlation coefficients were used to group variables into feature sets, thus
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allowing us to see the relationship between those variables for each experimental

patient group.

Disease activity was also assessed using the weighted paediatric Crohn’s disease activ-
ity index (wPCDAT)(Methods 2.4.3).%" Disease remission was defined as a wPCDAI
score of <12.5. Mild disease between 12.5-40; moderate disease >40-57.5 and severe

disease as >57.5.%87

4.3 Results
4.3.1 Markers of inflammation at baseline

Collecting markers of inflammation at baseline helps to build a picture of patient
characteristics prior to treatment with EEN and MEN, as well as disease severity.
Markers provide a useful comparison to compare not only against other inflammatory

conditions, but also as a measure of the success of treatment over time.

Calprotectin The pre-treatment median calprotectin concentration for children with
Crohn’s disease was not different from children with UC. Children with Crohn’s dis-
ease and UC had significantly higher faecal calprotectin levels than healthy children
(p<0.0001) and patients with non-IBD conditions (p<0.01) (Table 4.1; Fig. 4.1a).

Bristol stool chart scores and stool water content Baseline median Bristol stool
chart scores for children with Crohn’s disease were not different from children with
UC. Children with both Crohn’s disease and UC had significantly higher median Bris-
tol stool chart scores than both healthy children and those with non-IBD conditions
(Table 4.1; Fig. 4.1b).

Table 4.1: Faecal inflammatory markers between patient groups (median; IQR)

Group

Crohn’s ucC non-IBD Healthy K-W Test

Calprotectin (mg/kg) 411337 (690)  **t 1533 (809) 53 (184) 18 (31) p<0.001
(n=32) (n=9) (n=11) (n=20)

Water content (%) **11 83.5 (11.0)  *f 87.0 (11.0) 70.0 (11.0) 72.0 (9.0) p<0.001
(n=32) (n=T7) (n 11) (n=19)

Bristol stool chart 11 6.0 (2.0) *17.0 (3.5) 0(3.0) 3.0 (1.5) p<0.001
(n=32) (n=9) (n 11) (n=25)

Daily stooling frequency ** 3.0 (2.0) 6.0 (7.0) *3.0(1.5) 1.0 (1.0) p<0.001
(n=27) (n=7) (n=6) (n=19)

Kruskal-Wallis test with Bonferroni correction for multiple testing. Difference from healthy children was
significant at * p<0.01, ** p<0.001. Difference from non-IBD patients is significant at T p<0.01, {1 p<0.001.
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Figure 4.1: Difference in inflammatory markers (a) calprotectin and (b) Bristol stool chart scores
between children with Crohn’s disease, UC, non-IBD conditions and healthy children. KW test:
children with IBD were significantly different from both the non-IBD control group and healthy
children (p<0.01).

The percentage of water content of stool samples (Fig. 4.2) shows that the Bristol
Stool chart scoring is a good a marker of stool sample water content in patient
groups. However for healthy children who had much lower stool chart scores there

was no correlation between these lower scores and stool water content.
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Figure 4.2: The relationship (Pearson correlation) between Bristol Stool chart scores (BSC) and %
of water in faecal samples in patients with (a) Crohn’s disease (s=0.788; p<0.001); (b) UC (s=0.897;
p=0.006); (c) non-IBD (s=0.877; p<0.001) and (d) healthy children (s=-0.199; NS). Shaded area
represents the 95% confidence interval.
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Table 4.2: Blood markers measured at baseline, median (IQR)

Crohn’s ucC non-IBD reference range
Test (n=30) (n=9) (n=11)
CRP 6.0 (20.0) 0 (3.5) 3.0 (2.2) 0-10 mg/L
ESR 21.0 (26.2)  20. 0 (15.5) 5.0 (3.0) 1-9 mm/hr
Full blood count
white blood count (WBC) 9.20 (4.08) 9.70 (3.85) 6.40 (3.40)  4.5-13.5 x10°L
red cell count (RCC) 1%*4.86 (0.63) 4.21 (1.24) 4.68 (0.63)  4.0-5.10 x10'2L
haemoglobin 112.0 (27.5)  108.0 (38.0)  127.0 (19.0) 115-155 g/L
haematocrit 0.36 (0.06) 0.33 (0.12) 0.36 (0.09)  0.350-0.450 L/L
MCV 76.7 (13.8) 79.9 (3.4) 82.3 (9.2) 77.0-85.0 fL
MCH %24.6 (6.2) 26.6 (1.4) 27.4 (3.4) 25.0-33.0 pg
platelet count #%425.0 (218.5)  384.0 (130.5) 301.0 (125.0)  150-400 x 10°L
neutrophils *5.4 (3.3) *5 5 (2.9) 3.4 (1.6) 1.5-8.5 x10°L
lymphocytes © 12.0 (0.9) 9 (0.8) 1(1.8) 1.5-6.8 x10°L
monocytes *0.80 (0.65) *1.00 (0.75)  0.60 (0.30)  0.2-1.0 x10°L
cosinophils 0.30 (0.55)  0.50 (0.55)  0.30 (0.20)  0.1-1.0 x10°L
Liver function test
total bilirubin 6.0 (3.5) 0 (1.0) 7.0 (9.8) <20 pmol/L
alanine transaminase (ALT) 11.0 (7.0) 16. 0 (27.5) 13.5 (5.5) 10-45 U/L
aspartate transaminase (AST) *719.0 (10.5) 24.0 (32.0) 27.0 (16.2) 15-45 U/L
alkaline phosphatase 144.0 (116.5) 208.0 (134.0)  221.5 (64.0) 60-425 U/L
albumin *%32.0 (11.5) 35.0 (7.5) 40.0 (5.2) 35-50 g/L
Urea and Electrolytes
sodium 138.0 (2.0)  137.0 (2.5)  137.5 (2.5) 133-146 mmol/L
potassium 4.0 (0.3) 4.0 (0.4) 4.2 (0.6)  3.5-5.0 mmol/L
chloride 011045 (2.2)  106.0 (2.0) 1045 (5.5)  95-108 mmol/L
bicarbonate 24.0 (4.5) 22.0 (4.5) 21.5 (3.8) 19-28 mmol/L
urea 3.1 (0.8) 3.1 (1.7) 3.9 (1.2)  2.5-6.5 mmol/L
paediatric creatine 46.5 (12.5) 48.0 (19.0) 41.0 (31.2) 20-50 pmol/L
serum ferritin 0 125.5 (27.0) 14.0 (16.0) 26.5 (51.3) 7-140 ng/mL

! Kruskal-Wallis test with Bonferroni correction for multiple comparisons. Difference from non-IBD patients
significant at * p<0.05 ** p<0.01, *** p<0.001. Difference from UC patients significant at {p<0.01, 7p<0.001.
0 n= 18,7,11 respectively. ¢ Significance is likely a type 1 error.

Stooling frequency

Although children with UC had the highest median number

of stools per day, they also had the most variation in number of stools per day

(Table 4.1).

Healthy children were stooling significantly less than all three patient

groups: Crohn’s disease; UC and non-IBD patients (p<0.0001, p<0.0001 and p<0.001

respectively). There was no correlation between daily stooling frequency and either

faecal water content or the Bristol stool chart scores for any group of children.

Blood markers

To explore differences in inflammatory marker profiles between pa-

tient groups, standard clinical lab results for C-Reactive protein (CRP); erythrocyte
sedimentation rate (ESR); full blood count (FBC); liver function test (LFT) and
urea/electrolyte test (U/Es) were obtained from patient records (Table 4.2). Blood

test results were not available for the cohort of healthy children who took part in this

study.
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Although median CRP was higher in children with Crohn’s disease compared to
children with UC and non-IBD patients, this did not reach significance. With the
exception of one non-IBD patient with gastritis, children with non-IBD conditions
and UC did not have raised CRP. However 11/30 (37%) of children with Crohn’s
disease had elevated CRP (>10mg/1).

ESR was higher in both Crohn’s disease and UC compared with non-IBD controls
but the difference did not reach significance, due to high levels of variability in IBD
patients. Only one non-IBD patient with gastritis had raised ESR, compared with
68% Crohn’s and 75% UC patients with elevated ESR (>10mm/hr).

Full blood count (FBC) The red blood cell count was significantly lower in chil-
dren with UC than those with Crohn’s disease (p=0.007) and children with non-IBD
conditions (p=0.009). Although median haemoglobin and the ratio of the volume
of red blood cells to the total volume of blood (haematocrit) were reduced in UC
this was not significant. For children with Crohn’s disease their median corpuscular
haemoglobin (MCH) was lower than non-IBD children (p=0.02) and children with
UC (NS)(Table 4.2). White blood cell count was higher in both IBD groups but did
not reach significance. The number of neutrophils and monocytes was higher in both
children with UC and Crohn’s disease (p<0.05), compared with non-IBD controls.
Although numbers of lymphocytes in children with Crohn’s disease are higher than
non-IBD controls (NS) and those with UC (p=0.03), this is likely a type 1 error as
the non-IBD control group have a range that encompasses both IBD groups (Table
4.2). Platelet count was higher in children with Crohn’s disease (p=0.009) and UC
(NS) compared to non-IBD controls (Table 4.2).

Liver function test (LFT) Median aminotransferases (ALT & AST) and alkaline
phosphatase were lower in children with IBD (Table 4.2), but only reached significance
for AST in children with Crohn’s disease. Albumin was reduced in IBD compared
with non-IBD controls but only reached significance for Crohn’s disease (p=0.003).
17/30 (57%) children with Crohn’s disease; 3/9 (33%) UC and 2/10 (20%) with non-
IBD conditions (one with gastritis; one with intestinal polyps) had albumin levels

lower than the reference range (<35g/L).

Urea and Electrolytes (U/Es) Although children with Crohn’s disease had a me-
dian chloride level that was significantly higher than children with UC, this is likely a
Type 1 error ‘false positive” as the chloride range in children with non-IBD conditions
encompassed both IBD groups. No difference from the non-IBD control group was

seen between groups for the other measures in the U/E test (Table 4.2).
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Serum ferritin as a measure of iron storage Children with UC had significantly
lower median ferritin levels than children with Crohn’s disease (p<0.01). This dif-
ference did not reach significance in children with non-IBD conditions because the
range of ferritin levels (IQR) was too high (Table 4.1).

4.3.2 A Kernel approach for differential expression analysis of blood data

Pearson correlation coefficient with a threshold of 0.70 followed by KMDA, showed
children with Crohn’s disease compared to non-IBD controls, had a higher WBC
grouped with an increase in neutrophils (p<0.001). ESR and CRP in Crohn’s dis-
ease also had a correlated increase (p<0.001); alkaline phosphatase and albumin were
independently lower in children Crohn’s disease when compared to non-IBD controls
(p<0.001 & p=0.01 respectively) (Fig. 4.4b). When children with UC were compared
to non-IBD controls increased WBC correlated not only with neutrophils and mono-
cytes but also with increased platelet count and ESR (p<0.05). In children with UC,
a decrease in RCC was correlated with haemoglobin and haemacrit, as well as al-
bumin (p<0.05). Children with UC also had significantly more eosinophils (p<0.05)
and less serum ferritin (p<0.05) than non-IBD control patients. Serum ferritin, which
was lower in UC (p=0.003) was the only marker to be significantly different between
Crohn’s disease and UC.

The overall blood profile differences between patient groups are shown in figure 4.3.
Although 95% confidence intervals for groups overlap, children with Crohn’s disease
have profiles which are further from the non-IBD control group than children with
ucC.

MDS2

MDS1

Figure 4.3: Difference in blood result profiles between children with Crohn’s disease, UC and non-
IBD conditions shown by metric multi-dimensional scaling (MDS) spider plot. PERMANOVA:
R2=0.197; p=0.0001 (vegan; euclidean). MDS polygon plot shown in appendix 4.
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Figure 4.4: Kernel based differential analysis (KMDA) on blood markers at baseline for (a) children
with Crohn’s vs those with UC, (b) children with Crohn’s vs those with non-IBD conditions and
(¢) children with UC vs those with non-IBD conditions. Correlation coefficients were used to group
variables into feature sets, allowing visualisation of the relationship between those variables for each
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4.3.3 Changes in markers of inflammation during EEN

After treatment with EEN, inflammatory markers faecal calprotectin, ESR and CRP
were significantly reduced in children with Crohn’s disease, along with a significant
increase in albumin (Table 4.3). Changes in inflammatory markers were accompanied

by an overall reduction in disease activity scores (WPCDAI) (Fig. 4.5).
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Figure 4.5: Weighted paediatric Crohn’s disease activity index (wPCDAI) pre-EEN, after 8-weeks
treatment with EEN and 8-weeks post-EEN. Samples are paired across all three time-points (n=18)

Children responding to EEN had a significant reduction in faecal calprotectin, which
was not seen in non-responders (Fig. 4.6). Two non-responders had reduced cal-
protectin after 4-weeks EEN: one of which increased CRP from 1 to 13mg/L during
EEN; while the other had very high levels of calprotectin at baseline which only re-
duced slightly after treatment, and went onto corticosteroids post-EEN (Fig. 4.6a).
In the response group one child had no change in calprotectin levels during EEN,
however their CRP fell from 45 to 3mg/L, ESR fell from 73 to 39mm/hr and albumin
increased from 21 to 38g/L; hence their wPCDALI score fell to zero (Fig. 4.6b).

Table 4.3: Changes in key inflammatory markers in children with
Crohn’s disease at baseline and after 8-weeks EEN.

Baseline EEN  Wilcoxon

number Week-0 week-8 p value

Calprotectin mg/kg n=16 1518 (517) 672 (826) p<0.001
ESR mm/hr n=17 17 (24) 5(10)  p=0.002
CRP mg/L n=13 5 (20) 3(3) p=0.023
albumin g/L n=17 31 (12) 41 (6)  p<0.001

Median (IQR) Differences were analysed with Wilcoxon matched-pairs
signed rank test.
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Figure 4.6: Changes in calprotectin during EEN in (a) responders and (b) non-responders to EEN.
Wilcoxon paired test. Time-points were (wk-00) baseline and (wk-04) after 4-weeks treatment with
EEN.

The Bristol stool chart (Methods Fig. 2.8) was used to measure faecal consistency
(Fig. 4.7b) during EEN. The median Bristol stool chart score after 8-weeks EEN
showed a reduction in water content (4.5; IQR 4) from baseline (6; IQR 2). Once

back onto normal diet for 8-weeks, stool consistency remained similar (4; IQR 4).

The daily stool frequency of children with Crohn’s disease reduced after treatment
with EEN (Fig. 4.7d): from a median of 3 stools per day (IQR 2.0) at pre-treatment
to 1 per day (IQR 0.5) after 8-weeks EEN. Once children were back onto normal diet
for 8-weeks there was a slight increase to 1.5 stools per day (IQR 1.0). Daily stooling
frequency is one of the indicator questions in the wPCDALI score, and a reduction in

water content and stooling frequency was maintained post-EEN (Fig. 4.7).

Blood profiles Clinical blood markers were used to generate a multi-dimensional
scaling profile, which in children with Crohn’s disease moved towards non-IBD con-
trols after EEN (Fig. 4.8). A kernel based differential analysis between blood markers
at baseline and after 8-weeks EEN show changes in CRP and ESR are correlated.
Changes in markers from the U/E test including ALT/AST are also correlated in a
separate subset (Fig. 4.9)
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Figure 4.7: Changes in disease activity pre-EEN and post-EEN were measured using a number
of indicators: (a) calprotectin; (b) the Bristol stool chart; (c) faecal water content and (d) daily
stooling frequency. Time-points were (wk-00) baseline; (wk-04) after 4-weeks treatment with EEN;
(wk-08) after 8-weeks treatment with EEN; (wk-10) after 2-weeks and (wk-16) after 8-weeks of
normal habitual diet.
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Figure 4.8: Changes in blood result profiles between baseline (week 00) and after 8-week treatment
with EEN (week 08) in children with Crohn’s disease; shown by metric multi-dimensional scal-
ing (MDS) spider plot. PERMANOVA: R2=0.225; p=0.0001; Children with non-IBD conditions
(black) are shown for reference. MDS polygon plot shown in appendix 4
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Figure 4.9: Kernel based differential analysis (KMDA) on blood markers in children with Crohn’s at
baseline (week 00) and after 8-weeks treatment with EEN (week 08). Correlation coefficients were
used to group variables into feature sets, allowing visualisation of the relationship between those
variables for each patient group.
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4.3.4 Predicting response to EEN

The median baseline levels of calprotectin as a marker of inflammation were slightly
higher in children who failed to respond to treatment with EEN but the difference
was small and did not reach significance (Table 4.4). No significant difference was
seen for ESR, CRP or albumin between responders and non-responders to EEN. ESR
and albumin are included in the disease activity score index (wPCDAI) which also
saw no difference between responders and non-responders (Table 4.4).

Table 4.4: Predicting response to EEN: Difference in key inflam-

matory markers at baseline between children who responded to
EEN and those who failed EEN.

responder non-responder MWU

n=22 n=8  p value

Calprotectin mg/kg 1328 (639) 1566 (547) p=0.298
ESR mm/hr 21.5 (24) 18 (24) p=0.430
CRP mg/L 6.5 (19.8) 3 (12) p=0.395
albumin g/L 31 (11.5) 36 (8.2) p=0.259
wPCDAI score 42.5 (35.0) 37.5 (37.5) p=0.414

Median (IQR). No significant difference between responders and
non-responders (MW U-test).

4.3.5 Changes in markers of inflammation during MEN

For children who went into remission on EEN, calprotectin significantly increased
after only 8-weeks of normal diet post-EEN. ESR and CRP also increased but failed
to reach significance for ESR. The median disease activity index score (wPCDAI)
had also increased inline with these inflammatory markers after 8-weeks of normal
diet, but failed to reach statistical significance (Table 4.5; Fig. 4.7).

Table 4.5: Inflammatory markers in children who responded to EEN; at the
end of EEN and after 8-weeks normal diet (post-EEN).

end of 8-wks end of 8wks Wilcoxon

n value on EEN  normal diet p value
Calprotectin mg/kg n=14 485 (847) 1140 (638)  p=0.004
ESR mm/hr n=12 5.5 (4.8) 8 (25.8)  p=0.057
CRP mg/L n=10 3.0 (2.2) 5(5.0) p=0.050
albumin g/L n=12 40 (5.5) 39 (7.2) p=0.157
wPCDAT score n=14 0(9.4) 6.2 (19.4)  p=0.066

Median (IQR). Wilcoxon signed rank test with continuity correction.

After children had reached remission on EEN, children chose to either take 20%
maintenance enteral nutrition (MEN) or none (non-MEN). The median level of cal-
protectin was no different between those who took MEN and the non-MEN group
after 2-weeks (study wk-10) and 8-weeks (study wk-16) of normal diet (Fig. 4.10).

The number of children in the non-MEN group was too low to test significance.
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Figure 4.10: Faecal calprotectin as a marker of inflammation during maintenance therapy. Patients
were given either 20% maintenance enteral nutrition (MEN) or none (non-MEN). Sample sizes were
too low to determine significance

A key factor omitted from most studies on MEN, is that children often take an
immunosuppressant (IM) such as azathioprine, as well as MEN as part of maintenance
therapy post-EEN. When children were split into groups which factored in both MEN
and IM use, it appears possible that children with lower calprotectin at the end of

EEN are less likely to be given an IM as part of maintenance therapy (Fig. 4.11).
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Figure 4.11: Faecal calprotectin as a marker of inflammation during maintenance therapy. Sample
sizes were too low to determine significance
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4.4 Discussion

The results of the current study from baseline samples show that faecal calprotectin
is significantly higher in children with IBD than in healthy children. Daily stooling
frequency, faecal water content and Bristol stool chart scores were also significantly
increased in children with IBD. These faecal characteristics were not different between
children with Crohn’s disease and UC. Although not significant, clinical blood marker
profiles in children with Crohn’s disease were shown to have potential differences from
both UC and non-IBD patients.

After 8-weeks of EEN, calprotectin, ESR and CRP were significantly reduced mir-
rored by a significant increase in albumin. Daily stooling frequency, faecal water
content and Bristol stool chart scores were also decreased. Clinical blood profiles af-
ter 8-weeks of EEN became similar to that of non-IBD controls. No differences were
seen for either baseline faecal or blood markers, between children who responded to
treatment with EEN or those who failed EEN.

The current study showed how quickly faecal calprotectin returned to near pre-
treatment levels, with calprotectin having a significant increase after only 8-weeks
return to normal diet. MEN appeared to have no effect in maintaining reduced faecal

calprotectin levels post-EEN.

Markers for disease activity are important in IBD, both for diagnostic and differential
diagnostic reasons. They can help to assess disease activity as well as the risk of com-
plications, or predicting time to relapse. They are particularly useful for measuring
the effects of therapies, however the choice of marker may influence which patients
are classed as responders to a particular treatment. This is a big problem where
more than one disease marker is widely used, or a new disease marker is not used

universally in all centres.!?

4.4.1 Indicators of disease activity in children with Crohn’s disease

Calprotectin  While CRP may be useful in some patients, it has limited specificity
compared to faecal calprotectin which correlates much better with active disease.
Faecal calprotectin is one of the most reliable, non-invasive diagnostic tools used
in the management of Crohn’s disease in both adults and children.3®! A study by

1.3 showed that when evaluated against the Simple Endoscopic Score

Schoefer et a
for Crohn’s disease (SES-CD), calprotectin correlates better with disease activity
than CRP, blood leukocytes and the Crohn’s disease activity index. The current
study was not able to collect SES-CD score data as these were not routinely available
from patient notes. Schoefer et al. also found that calprotectin was the only marker
to discriminate between inactive, mild, moderate and active disease in patients with

Crohn’s disease. Hence, although not specific to IBD, faecal calprotectin is now
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regularly used as indicator for active disease in both Crohn’s disease and UC.3¢7 In
this context it is used as a alternative marker of neutrophil influx into the gut lumen
and as such is a good non-invasive test for IBD.382383% The current study showed
that clinical scores of disease activity (wPCDAI) correlated with faecal calprotectin
although the relationship was weak (R?=0.156, p=0.03).

1.3%% carried out a meta study on the faecal calprotectin lev-

In 2015 Degracuwe et a
els in children with IBD, which included nine individual studies and a total of 853
patients. They established for this data set that faecal calprotectin, as a marker for
diagnosing IBD, had a high sensitivity of 0.97 (95% [CI] 0.92-0.99) and a specificity of
0.70 ([CT] 0.59-0.79). A previous meta-analysis®*? which included both children and
adults with IBD, concluded that faecal calprotectin was a useful screening tool for
identifying which patients to bring forward for endoscopic evaluation. This is partic-
ularly important for children where it helps to reduce unnecessary risk from a general
anaesthetic required for paediatric colonoscopy, as well as the risk from perforation,
bleeding or infection, which although very low are still present.®*® The meta-analysis
went on to use individual participant data to create an algorithm showing the prob-
ability of having IBD was dependant on faecal calprotectin levels relative to the age
of the child.?62

A draw back with meta-analysis of calprotectin levels is that different studies have
used different threshold cut off values.3®¢ The variation in thresholds varies between
centres, as well as changes over time, have affected the numerical thresholds which

defines a faecal calprotectin test result as positive or negative3®7.

In the current
study, calprotectin values are used as continuous data, since using cut-off values for

the purpose of assessing inflammation in research, could result in flawed assumptions.

Clinical use of faecal calprotectin for the management of inflammatory bowel disease,
as a marker of intestinal inflammation is increasing. A study by El-Matary et al.
2017 looked at the impact of faecal calprotectin measurements on the decision mak-
ing process and the clinical care of children with IBD. They found that when high
calprotectin levels were taken into account, it resulted in treatment escalation and

clinical improvement for the majority of children.?®

The competition between the host and gut bacteria for transition metal ions is an im-
portant consideration in IBD, with calprotectin being the only known manganese se-
questering defence protein in mammals.?%® Understanding the way calprotectin mod-
ulates bioavailability of metal ions, and the impact on bacterial growth using in vitro
models, are key areas for future research in IBD. Metal ion requirements vary between
different gut bacteria hence it is important to understand the impact that high levels

of calprotectin might have in driving microbiota compositional changes in the gut.3%
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Stooling frequency The current study saw no link between stooling frequency and
the water content of stool samples. It is possible that some children with IBD,
particularly younger children, are under-reporting stooling frequency. Some older
children communicated at recruitment, that they had altered dietary habits by eating
less to reduce stooling frequency during school hours. Stooling frequency is one of the
questions used in the disease activity index for both Crohn’s disease and UC, however
it may not be a good measure of disease activity if children are under reporting or

fasting to deliberately alter stooling frequency.

Bristol stool chart The current study shows that the Bristol stool chart corresponds
well with disease activity. Therefore future studies could investigate whether teaching
children with Crohn’s disease to use the stool chart, to help them communicate
stooling habits with clinical staff, might alert children to potential relapse sooner and

allow them earlier access to treatment.

Disease activity index (WPCDAI) A problem with clinical scoring indexes is that
some patient questions can be subjective. Particularly where younger children have
to describe severity of pain, well-being or stooling frequency. Also clinical staff might
report a reduction in pain, not because the pain is less, but because the child reports
their pain is no longer interfering with their ability to take part in normal activi-
ties. Hence the score can vary to a small extent depending on clinician and patient
interpretation of questions.?®” To check for inter-observer variability in the current
study questions 1 and 2 of the wPCDAI, which cover pain and general well being
(appendix 3), were reviewed via patient and research notes to check for consistency
of interpretation across all clinical staff. wPCDAI questions which relate to blood
tests (ESR and albumin), or weight loss, perirectal disease and extra-intestinal mani-
festation were straight forward,?®” and hence scoring was consistent between patients

and over time.

4.4.2 Blood markers

Exploring which disease markers correlate with mucosal healing was not within the
scope of the current study and has been covered in other studies. The aim was to see
if blood markers, which are carried out as part of normal clinical routine, could be
used as an inexpensive way to assess disease activity or differentiate disease location

in children with Crohn’s disease.

Kernel based approach ESR is used as a non-specific measure of inflammation,
however it can remain within normal limits even although CRP is elevated.?% Al-

though our data did not see a significant difference in ESR due to low sample size

139



when a standard Kruskal-Wallis test was used, the Kernel approach which took into
account missing data, did show that when compared with non-IBD controls that ESR
was significantly higher in children with Crohn’s disease (Fig. 4.4b) and was associ-
ated with a rise in CRP, showing the kernel method to be a more powerful tool (Fig.
4.4). ESR was also significantly increased in children with UC when compared with
non-IBD controls and was linked with increased white blood cell count (neutrophils

& monocytes) and increased platelet count (Fig. 4.4c).

The kernel based approach allows the rejection of more hypotheses at the same level
of statistical confidence, potentially providing better insights into the aetiology of dis-
case. Zhan et al.?3® developed the KMDA kernel method for use with metabolomics
data. Here we have translated its use to look at the relationship between differ-
ent blood markers, while at the same time accounting for missing data values to
strengthen the power of the dataset. It may appear that using an algorithm to fill in
blank data with ‘smoothed’ data could lead to errors based on what are essentially,
assumptions. However the error created by missing data is a serious problem, since
studies are forced to exclude participants who might only have a single result missing,
which in itself creates potential bias or lack of statistical power. The ability of this
method to shift the unit of analysis from individual blood markers, to groupings of
markers, is a very attractive feature of this kernel-based methodology, since it helps
us to think about the biological relationship between these markers. In comparison to
the traditional differential analysis where each marker is analysed individually using
Kruskal-Wallis followed by a Bonferroni correction for multiple testing to generate a

p-value for each blood marker, the kernel approach is less limiting.

Zhan et al.®® tested this method against four other tests and found performance of
the Kernel method with a false discovery rate of 0.05 was better other tests including
Wilcoxen and 2-sample t-test. In the current study a threshold correlation value of
0.70 was used on blood markers, whereas the metabolite study used 0.95. At 0.95
threshold value the current study had 13-feature sets but no grouping of markers,
hence at this cut-off no potential relationships between markers could be seen. The
current study tested correlation thresholds from 0.60 to 0.99 and chose 0.70 since it
provided four groupings which might give some clues towards relationships between
markers without creating errors due to very weak correlations. Ideally this method
would work better with a larger data set, where the threshold could be set nearer to
an ideal of 0.95; however it was a useful tool despite of the limited size of our data

set.

4.4.3 Inflammatory markers during EEN

In the current study the most marked changes seen during EEN were those of reduced

faecal calprotectin, followed by blood markers ESR and CRP. This was also mirrored
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by an increase in albumin. What was particularly interesting was that blood marker
profiles using differential analysis in children with Crohn’s disease look similar to

patient controls after 8-weeks treatment with EEN.

The effect which EEN has on faecal calprotectin levels in children with Crohn’s disease
has been shown in a number of studies. One study showed that in fifteen children with
Crohn’s disease, faecal calprotectin decreased only in children who achieved clinical
remission.? Another study looked at whether the difference of faecal calprotectin
levels between baseline and 2-weeks of treatment on EEN could predict the clinical
response in thirty-eight children with newly diagnosed Crohn’s disease. However they
found that difference in calprotectin at 2-weeks could not predict the clinical response
at 6-weeks (p=0.18). Although they found that the difference could predict failure
to respond p=0.006 with a sensitivity 58% and specificity 92% for cut-off of faecal
calprotectin increase by 486ug/g, the accuracy was too low to be used as a predictor
of which patients should stop EEN early and switch to steroid therapy.?”! A review
by Day et al. also showed an improvement in ESR, CRP and albumin after 8-weeks
on EEN in those who achieved remission.?? Two studies have shown improvements

in blood markers ESR and CRP in as little as one week. 142141

The current study saw no significant differences for either faecal or blood markers
at baseline, between children who responded and those who failed to respond to
treatment on EEN. Another study has also shown that changes in calprotectin levels
during EEN did not predict length of remission post-EEN.3%

4.4.4 Maintenance enteral nutrition (MEN) post-EEN

For children who went into remission on EEN in the current study showed inflamma-
tory markers returning to pre-treatment levels after only 2-weeks of return to normal
diet. An increase in disease activity (wPCDAI) was also seen after 8-weeks of normal
diet, but did not reach significance. After children had reached remission on EEN,
children who chose to take 20% MEN showed no difference in calprotectin levels from
children in the non-MEN group, although numbers were too low to determine sig-
nificance. The evidence to support the benefits of MEN is inconsistent (Table 1.6),
with the largest of these studies in agreement with the current study, that there is no
difference in relapse rates between MEN and non-MEN patients.'®® Treatment with

MEN and days to relapse in the current study, is shown in Chapter 3, figure 3.7.

A key factor which is omitted from studies on MEN, is that children often take an
immunosuppressant (IM) such as azathioprine, as well as MEN as part of maintenance
therapy post-EEN. When children were split into groups which factored in both MEN
and IM use, it appears possible that children with lower calprotectin at the end of
EEN are less likely to be given an IM as part of maintenance therapy (Fig. 4.11).

This is of paramount importance because it suggests that maintenance treatment is
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Figure 4.12: Kaplan-Meir survival analysis showing days to disease relapse in children who went into
remission after treatment with EEN. Patients were given either 20% maintenance enteral nutrition
(MEN)(n=7) an immunosuppressant (AZA)(n=4) or both (MEN-+AZA)(n=6). Sample sizes were
too low to determine significance

dependent on disease activity post-EEN, thus children on an IM should be put into a
separate group of MEN or non-MEN so that treatment with IM is factored into the
analysis. Low numbers of participants on maintenance therapy studies make this an
unattractive option because it reduces the power of the studies. In the current study
no difference in days to relapse (survival rates) were seen between the three groups
(Fig. 4.12).

4.4.5 Summary

The current study was unable to reject the null hypothesis that children with Crohn’s
disease have an inflammatory marker profile which is distinct from that of children
with UC, non-IBD conditions and healthy children. Although faecal markers includ-
ing calprotectin were not different between children with Crohn’s and UC, clinical
blood marker profiles using differential analysis suggest that it might be possible to
develop a test based on multiple markers that could then be tested in larger popula-

tions for sensitivity and specificity.

Inflammatory marker profiles at baseline could not predict which children with Crohn’s
disease responded to treatment with EEN, hence this hypothesis was rejected. For
children in disease remission post-EEN, supplementing return to normal diet with
(20%) maintenance enteral nutrition (MEN) did not maintain reduced levels of in-
flammatory markers associated with remission achieved during EEN; hence this hy-

pothesis was also rejected.
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4.4.6 Summary of key findings

e Blood inflammatory markers and faecal calprotectin are increased in IBD pa-

tients compared with controls.

e Baseline faecal and blood inflammatory markers, did not predict response to

EEN.

e EEN is a successful treatment for Crohn’s disease induction as shown by reduced

disease activity (wPCDAI) and faecal calprotectin.

New findings from this study:

e Differential analysis may be able to use normal clinical blood markers, a cost

effective method, to identify Crohn’s disease from UC.

e Differential analysis show that clinical blood marker profiles in children with

Crohn’s disease look similar to patient controls after treatment with EEN.

e A kernel-based approach offers a robust new method to look a blood markers
in children with IBD.

e Faecal calprotectin returns to pre-treatment levels more rapidly than previously
recognised once children return to normal diet; and that MEN has no effect in

maintaining the anti-inflammatory effect of treatment with EEN.
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5 The role of gut microbiota in inducing and maintaining

remission in children with Crohn’s disease

5.1 Introduction

Evidence suggests that IBD is linked to an inappropriate inflammatory response to
the gut microbiota in genetically susceptible hosts.6? Although some bacteria have
been linked with Crohn’s disease, such as species of Mycobacterium, Campylobac-
ter, Escherichia and Helicobacter, current evidence does not support the idea that
Crohn’s disease is caused by a single species or strain of bacteria.'™ Evidence from
faecal and mucosal biopsy samples suggests that Crohn’s disease is associated with
significant differences in gut microbiota at a community-level. Hence understand-
ing these differences along with changes in gut bacterial profiles are crucial to our

understanding of Crohn’s disease and IBD.

Studies which have gone on to examine the use of exclusive enteral nutrition (EEN) as
a treatment for children with Crohn’s disease, have highlighted bacterial changes in-
volved in remission and flare up in Crohn’s disease. Since studies were underpowered
and used technologies which limited bacterial groups/species that could be included,
the current study aims to fill this gap using 16S rRNA with Illumina technology to
build a wider picture of which bacterial groups, down to species level, are changing
during treatment with EEN. This will provide a clearer picture of whether EEN works

by reducing pathogens or rather modifies the global balance of bacteria in the gut.

No previous studies had examined gut microbiota changes in children with Crohn’s
disease post-EEN, treated with maintenance enteral nutrition (MEN) with the aim
of preventing disease relapse. The current study design is set up to explore whether
MEN could maintain gut bacterial changes achieved during EEN. This is of particular
interest since MEN is currently being used as a treatment strategy, given as a supple-
ment in addition to normal diet (usually ~20% of EAR), with limited understanding
of any mechanisms. Understanding differences in the gut microbiota composition at
baseline and changes during treatment with EEN and MEN, could help to increase

our understanding of the mechanisms that control inflammation in Crohn’s disease.

Microbial dysbiosis Dysbiosis refers to any change in the composition of the com-
mensal gut bacterial community relative to the community structure found in healthy

39 Our current understanding of what constitutes a healthy gut microbiota

people.
composition comes from studies such as a north American study of 129 male and 113
female healthy adults, carried out as part of the Human Microbiome Project.?** Their
study shows that patterns within samples (a-diversity) differ notably from differences
between samples ([-diversity) from the same habitat (oral, gut, skin, vaginal) among

individuals. The consortium also found that with-in individual variation over time,
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was consistently lower than between-individual variation for both bacterial compo-
sition and metabolic functionality; showing an individual’s microbial composition to

be relatively stable over time.3%

The human gut microbiota is dominated by five bacterial phyla: Bacteroidetes, Fir-
micutes, Actinobacteria, Proteobacteria and Verrucomicrobia. In individuals consid-
ered to be healthy, over 90% of species come from the Firmicutes and Bacteroidetes
phyla.1™ In 2017 a study looking at 1252 healthy control subjects taken from a
cross-study meta-analysis of 3048 public metagenomic datasets (four different stud-
ies), showed that the key genera that correlated with the healthy state of control
subjects were Barnesiella, Ruminococcaceae UCG-005, Alistipes, Christensenellaceae

395 However, these

R-7 group as well as a member of Lachnospiraceae family genera.
results need to be treated with caution as they combined both biopsy samples and
stool samples; included both I[llumina and 454-sequencing methods; and each of the
four included studies used a different set of 16S rRNA primers. This led to some
conflicting results between these studies used to make up the meta-analysis.?% In the
last decade studies have recorded significant changes in bacterial community struc-

ture in patients not only with IBD, but also other conditions such as diabetes,3%

187 allergies and autistic spectrum disorders.3*” This evidence suggests that

asthma,
either changes in bacterial composition, or development of the microbiota during
childhood, is a risk factor in a number of diseases, including Crohn’s disease. It
has been shown that loss in diversity of symbiotic groups such as Bifidobacterium
and Clostridia species, along with increases in Bacteroidetes and Enterobacteriaceae
species associated with inflammation, are key features of Crohn’s disease. Under-
standing these changes is complex because a number of factors can contribute to
changes in gut bacterial composition including host genetics, dietary choices, infec-
tions and medications such as antibiotics. '2 Not only has research identified dysbiosis
in Crohn’s disease but it has linked dysbiosis with disease progression.?®® Three cate-

gories of dysbiosis have been described:3%

a loss of indigenous beneficial microbiota;
overgrowth of less dominant indigenous pathobionts or colonisation by new bacterial
pathogens; and loss of overall microbiota diversity, all of which can occur at the same

time (Chapter 1, section 1.9.1).

The following chapter will examine differences in gut microbiota community struc-
ture seen in the current study, between children with Crohn’s disease, UC, non-IBD
conditions and healthy children. It will also identify any changes in the gut micro-
biota in children with Crohn’s disease undergoing treatment with EEN; and examine
if these changes are maintained once children go back onto normal diet, with or
without maintenance enteral nutrition (MEN). It is hypothesised that each of these
condition states is associated with specific changes in the gut microbiota and that

these changes are associated with disease relapse in children with Crohn’s disease.
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5.1.1 Hypotheses summary

e Children with Crohn’s disease have a gut microbiota which is distinct from UC,
non-IBD conditions and healthy children. In addition the microbiota profile in

children with Crohn’s disease is distinct depending on disease location.

e Treatment with EEN is associated with distinct changes in gut microbiota com-

position; which can be linked with changes in inflammatory status.

e Gut microbiota profiles at baseline can predict which children with Crohn’s

disease will respond to treatment with exclusive enteral nutrition (EEN).

e For children in disease remission post-EEN, supplementing return to normal
diet with (20%) maintenance enteral nutrition (MEN) will maintain the gut

microbiota profile associated with remission achieved during EEN.

Week-0 Week-4 Week-8 Week-10 Week-16
treatment 4 weeks 8 weeks 2 weeks 8 weeks
naive EEN EEN normal diet normal diet
L Y ;7 | Y ] | Y )
hab.itual treatment with exclusive habitual diet with
diet enteral nutrition (EEN) maintenance therapy

Figure 5.1: In children with Crohn’s disease, faecal samples were collected at baseline; 4-weeks
treatment with EEN; end of EEN (8-weeks); then after 2-weeks and 8-weeks of normal habitual diet
plus maintenance therapy with either MEN, an immunosuppressant or both combined.

5.2 Methods

A detailed description of participants and methods used are given in Methods section
2.2.1. Briefly, children with Crohn’s disease (n=34), children with UC (n=9) and a
control group of children with non-IBD conditions (n=11) were recruited from the
Gastroenterology clinic at the Royal Hospital for Sick Children Glasgow. An age and
sex matched group of healthy children (n=25) were recruited from the community. A
faecal sample was collected from each participant at baseline, and for children with
Crohn’s disease at five time-points (Fig. 5.1). DNA extracted from stool samples was
sequenced (Illumina MiSeq platform) from the 16S rRNA gene (Fig. 5.2) as described
in Methods section 2.8 and 2.9.

Local contribution to beta diversity (LCBD)33® was used to work out the total sum
of squares of species composition for all samples, from which sample-wise local contri-
butions to [-diversity could be shown as a proportion of total S-diversity (Methods
section 2.10.3). An aid to understanding the classification of bacteria which are most

associated with IBD is given in Appendix 5.
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Sample DNA Build DNA lllumina MiSeq Bioinformatics
Collection extraction library Sequencing analysis

1 \J
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Figure 5.2: Summary of methods used to process faecal samples for 16s rRNA analysis. 16s rRNA
sequences were then used to determine bacterial groups from the resulting sequence variants. Full
details in Methods section 2.8 and 2.9.

5.3 Results
5.3.1 Microbiota differences between patient groups at baseline

To investigate differences in gut microbiota community structure between children
with Crohn’s disease and those with UC, non-IBD conditions and healthy children,

faecal bacterial profiles determined from 16S rRNA, were compared between groups.

Richness (a-diversity) The number of species (richness) measured as operational
taxonomic units (OTUs) and the Shannon index, a measure of richness and evenness
were compared between groups (Methods section 2.10.3). Both richness and Shannon
index, using OTUs to define species, showed that children with IBD (Crohn’s disease
and UC) had lower faecal bacterial diversity than healthy children (p<0.001). Chil-
dren with non-IBD conditions also had less bacterial diversity than healthy controls

(p<0.05) (Fig. 5.3a).

For comparison, divisive amplicon de-noising algorithm (DADA2), a reference free
method to infer species from single-nucleotide variants (SNVs) rather than OTUs,
was used to examine species level diversity (Methods section 2.10.1). It has previously
been shown, using mock communities that it is more accurate than other methods3!?
(Methods section 2.10.1). This method confirmed, from bacterial richness and Shan-
non index, that children with Crohn’s disease and UC had significantly less species
level diversity than healthy children (p<0.001) and that children with non-IBD con-
ditions also had less species level diversity than healthy controls (p<0.05) (Fig. 5.3b).
Since using DADA2 single nucleotide variants is a better method than using OTUs, 31
all subsequent analyses were done using DADA2 single nucleotide variants (SNVs) as

a measure of bacterial species level taxonomy.

Abundance (S-diversity) Bacterial abundance (S-diversity) was used to look at
difference in bacterial community structure between groups. Non-metric distance

scaling (NMDS) (Methods section 2.10.3) showed a significant difference in species
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level community structure between healthy children and both children with Crohn’s
disease and UC (Fig. 5.4a); which was still significant at phylum level (Fig. 5.4b).
Children with Crohn’s disease tended to have a greater degree of dysbiosis, clustering
further away from healthy children than children with UC (Fig. 5.4a). Children with
non-IBD conditions had a wide range of bacteria profiles that overlapped the other
groups (Fig. 5.4c), showing that some children in the non-IBD group also have a

dysbiotic community structure while others cluster closer to healthy children.

In the current study local contribution to beta diversity (LCBD) shows that (-
diversity of individual healthy children as a proportion of total g-diversity had greater
similarity to one another (between samples) than children with Crohn’s disease and
UC (p=<0.001 and p=<0.01 respectively) (Fig. 5.5). Thus healthy children appear
to have microbiota community profiles which are less prone to high levels of LCBD
than children with IBD, where higher levels represent outliers which sit well outside

the community structure mean.

Taxon differences in microbiota community structure

The current study data set generated a total of 2,751 unique bacterial sequences
representing species (SNVs), and 161 of these SNVs (5.8%) discriminated Crohn’s
children from healthy children (Table 5.1). This shows more bacteria at species level
were down-regulated in all three patient groups than were increased, and that chil-
dren with non-IBD conditions also had a degree of bacterial difference from healthy
children, with significant decreases in seventy-one SNVs (species level taxa). Thirty-
six SNVs were significantly increased and eighteen decreased in children with Crohn’s
disease when compared with UC (2.0%). Details of which species (SNVs) were up or
down regulated are provided in appendix 5.3.

Table 5.1: The number SNVs as a proxy for species, which were significantly different
(detected from logs mean abundance) between patient groups

number of SNVs (species) % of

increased decreased total SNVs
Distinct from Healthy
Crohn’s vs healthy 39 122 (5.8%)
UC vs healthy 17 110 (4.6%)
Non-IBD vs healthy 8 71 (2.9%)
Distinct from Crohn’s
Crohn’s vs UC 36 18 (2.0%)

Total number of SNVs was 2,751. Differences in species level abundance was significant at
p<0.001 (PERMANOVA). A full list of species level taxa (SNVs) are given in appendix 5.3.

Stacked bar plots were used to visualise phylum (Fig. 5.6); family (Appendix 5.1) and
genus (Fig. 5.7) level community structure in individual children from each group.
The phylum level bar plot (Fig. 5.6) shows that children with Crohn’s disease and
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Figure 5.4: Difference in bacterial community structure between patient groups and healthy children

shown by NMDS plot in: (a) children with Crohn
same at phylum level; showing that differences are

s and UC at species level (SNVs) (b) and the

still present at higher taxonomic levels. Figure

(c) shows that some children with non-IBD conditions overlap with healthy controls while others
have a similar profile to children with IBD. Ellipse shows 95% CI.
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Figure 5.5: Local contribution to S-diversity (LCBD) showing how individuals across groups vary
from the [-diversity group mean; in children with Crohn’s disease; UC; non-IBD conditions and
healthy children; showing that children with IBD have a community structure which has much
greater variation from the mean than seen in healthy children. Significance calculated using
ANOVA; Bray-Curtis.

UC have higher relative abundance of the gram-negative phyla Bacteroidetes, Pro-
teobacteria and Fusobacteria, as well as lower relative abundance of Actinobacteria
and Verrucomicrobia which include Bifidobacterium and Akkermansia respectively.
The taxa plot at genus level clearly shows the large degree of inter-patient varia-
tion in children with IBD, as quantified by LCBD bubble size on the base on each
bar. To test for a significant difference in log, fold change from mean abundance
between groups, differential expression analysis was used based on the negative bi-
nomial distribution. Results are expressed as the logy fold change (Methods section
2.10.3) between patients and healthy controls. The mean abundance of Bacillales
Family XI, Fusobacteriaceae and the Proteobacteria families Enterobacteriaceae and
Pasteurellaceae, were all increased in both UC and Crohn’s compared with healthy
children. Neisseriaceae were significantly increased in Crohn’s disease but not in UC
and the family Carnobacteriaceae, were increased in UC but not in Crohn’s disease
when compared with healthy children (p<0.001). The Carnobacteriaceae were also
significantly increased in children with UC when compared with those with Crohn’s

disease. Fusobacteriaceae were further increased in Crohn’s disease compared with

UC.
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The following were reduced compared with healthy children in both Crohn’s disease
and UC: Methanobacteriaceae; Defluviitaleaceae; Clostridiales vadin BB60 group;
Verrucomicrobiaceae and Rhodospirillaceae. Christensenellaceae and Peptococcaceae
were also significantly reduced in Crohn’s disease, but not in UC. The family Bac-
teroidales S24-7 group, were reduced in UC but not in Crohn’s disease when compared
with healthy children (p<0.001). No families were significantly increased and only
two families were decreased (Bacteroidales S24-7 group and Rhodospirillaceae) in
children with non-IBD conditions when compared with healthy children (p<0.001).

In order to show the relatedness of taxa, the phyla, class, order, family, and genera of
bacteria which were significantly decreased /increased in abundance in children with
Crohn’s disease compared with healthy children are shown in a phylogenetic tree (Fig.
5.8); (species level taxa (SNVs) are shown in appendix 5.3). It is noteworthy that
the phylogenetic trees formed by health associated and Crohn’s disease associated
bacteria are separate, with the gram-negative Proteobacteria and Fusobacteria along
with genera from the class Negativicutes increased, while most bacteria that are
reduced in children with Crohn’s come from the phyla Actinobacteria and Firmicutes.
Figure 5.7 shows that children with Crohn’s disease have higher relative abundance
of Veillonella (Negativicutes), a genus which is not prevalent in any of the healthy

children.

The bacterial community structure in children with Crohn’s disease at baseline was
also defined by a significant decrease in abundance of the phylum Euryarchaeota (Ar-
chaea), including the family Methanobacteriaceae; reduced Tenericutes consisting of
the order Mollicutes RF9; and Verrucomicrobia made up from the family Verru-
comicrobiaceae. A number of Firmicutes families from the order Clostridiales were
also decreased in children with Crohn’s disease, including Clostridiales vadinBB60,
Christensenellaceae, Peptococcaceae and Defluviitaleaceae. The family Rhodospir-
illaceae from the Proteobacteria phylum were also significantly reduced in children
with Crohn’s disease (p<0.001)(Fig. 5.8).

To visualise differences in bacterial community structure between groups, a heatmap
of discriminant genera (Fig. 5.9) was created based on sparse projection to latent
structure discriminant analysis (Methods section 2.10.3). From faecal samples taken
at baseline, clear blocks of differences in bacterial abundance were seen, with healthy
children mostly clustering together; a group of children with UC and Crohn’s clus-
tering; and a third cluster containing only children with Crohn’s disease. Healthy
children had higher abundance (red) of commensals such as Ruminococcus and Lach-
nospiraceae which were reduced (blue) in children with IBD. The opposite was true of
gram-negative bacteria such as Bacteroides, Prevotella, Haemophilus, Enterobacter,
Cronobacter, Citrobacter and Fusobacterium, where levels were clearly increased in

many IBD patients, especially children with Crohn’s disease.
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Figure 5.9: Heatmap showing discriminant genera, in children with Crohn’s disease, UC and healthy
children. Rows and columns are ordered using hierarchical clustering (average linkage) to identify
blocks of interest. Heatmap depicts TSS+CLR, (total sum scaling + centered log ratio) normalised
abundances: high abundance (red); low abundance (blue). Blocks of interest show that children
with IBD have lower gram-positive commensals such as Ruminococcus spp. and higher levels of
gram-negative species such as Fusobacterium and Enterobacter spp. as well as Negativicutes like
Veillonella. 156



5.3.2 Crohn’s disease location and microbiota composition

The Montreal classification was used to subdivide children with Crohn’s disease into
groups based on disease location (Methods section 2.4.3). These groups were then
used to look for differences in gut bacteria community structure across these location
groupings. No difference was seen in community structure between disease locations:
L1 ileal 4-/- limited caecal disease (n=4); L2 isolated colonic (n=9); or L3 ileocolonic
(n=16) (Fig. 5.10). Sub-set analysis (BVSTEP routine), a method for linking mul-
tivariate microbiota community structure to environmental variables. This method
works by imploding the microbiota abundance table to those essential features that
explain S-diversity, highlighting which bacterial genera are the main source of varia-
tion between all the samples. A number of genera subsets were found to explain 0.95
variability in microbiota structure for disease location but these were not significant
(Table 5.2).

Table 5.2: Subset analysis showing which genera explain the percentage variability in microbiota
community structure for disease location in children with Crohn’s disease

Subset  Subset of most abundant genera correlation with full PERMANOVA
abundance table

subsets

S1 Veillonella + Haemophilus + Subdoligranulum + 0.95 R?=0.106
Bifidobacterium + Faecalibacterium + Prevotella p=0.115 (NS)
7 + Prevotella 9 + Blautia + Bacteroides

S2 Veillonella + Haemophilus + Bifidobacterium + 0.95 R?*=0.106
Faecalibacterium + Prevotella 7 + Prevotella 9 + p=0.131 (NS)
Blautia + Bacteroides

S3 Veillonella + Haemophilus + Bifidobacterium -+ 0.94 R?=0.111
Faecalibacterium + Prevotella 9 + Blautia + p=0.105 (NS)
Bacteroides

Subsets were generated using the BVSTEP (see detailed Methods section 2.10.3). PERMANOVA of
subsets were performed against disease location: L1(ileal); L2(colonic); L3(ileocolonic) in patients,
with R? explaining the percentage variability in microbiota structure between groupings.
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Figure 5.10: sPLS-DA Discriminant Analysis showing how disease location affects microbiota
community structure in children with Crohn’s disease. The algorithm is a 2-step process where
two components are found reducing the classification error rates (using max.dist) in the algorithm,
with (a) showing the ordination of samples using all the species (SNVs) in the first two components
(PLS-DA) with ellipses representing 95% confidence interval and percentage variations explained by
these components in axes labels. In step two, (b) the number of discriminating species (SNVs) were
found for each component, highlighted as diamonds. In (¢) the ordination used the discriminants
from all two components (sPLS-DA). (d) is a heatmap of discriminant species inferred from SNV,
with rows and columns ordered using hierarchical clustering (average linkage) to show patterns
of interest. Heatmap depicts TSS+CLR normalised abundances: high abundance (red) and low

abundance (blue).
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5.3.3 Microbiota changes in children with Crohn’s disease during EEN

The largest gut microbiota paediatric IBD study, did not follow children over time, !4
therefore this current longitudinal study, chose to look at changes in gut microbiota
diversity, and changes in specific bacterial groups associated with Crohn’s disease
at baseline, by following children during treatment with exclusive enteral nutrition
(EEN). The microbial composition was compared, from faecal samples taken at base-
line, with those taken after 4-weeks and 8-weeks treatment with EEN (Table 5.3).

Table 5.3: Number of faecal samples available at each time-point during EEN

w N
. _ . éhxo ) ‘5?;
Time-point Y&s&)oﬁde Qa\\ed
week-0 (Pre-treatment baseline 20 8
week-4 (4 weeks treatment on EEN) 15 6
week-8 (8 weeks treatment on EEN) 15 4

13 children able to provide a faecal sample at all 3 time-points, 4 of these failed EEN.

Richness (a-diversity) During EEN there was no change in median number of
species inferred from SNVs (richness); however the median Shannon diversity index
(evenness) reduced in children with Crohn’s disease after 4-weeks and at 8-weeks
EEN but this was not statistically significant (Fig. 5.11). Although there was no
significant difference in a-diversity after 4-weeks EEN, in children who responded to
treatment with EEN and those who failed to respond, it should be noted that most
individual children either saw an increase or decrease in numbers of species (SNVs):
with 8/13 responders and 2/6 non-responders having an increase in the number of
species (richness) during EEN (y?=0.43; p=0.52). Although there was no change in
species richness during EEN for children who responded to EEN, children who failed

treatment had a non-significant median decrease in species richness (Fig. 5.12).

Richness Shannon
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Figure 5.11: Species (SNVs) level a-diversity shown by richness and Shannon index in children with
Crohn’s disease during treatment with exclusive enteral nutrition (EEN), who provided samples
at all three time-points (n=13). Species diversity is shown at baseline (week-0); 4 weeks on EEN
(week-4); and 8 weeks on EEN (week-8). Significance tested at p<0.05 ANOVA.
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Figure 5.12: Species (SNVs) level a-diversity shown by richness and Shannon index in children with
Crohn’s disease during treatment with exclusive enteral nutrition (EEN). Paired samples shown for
baseline (wk-0) and 4-weeks on EEN (wk-4); for responders (R) and non-responders (NR) to EEN.
Difference in diversity between 0-4wks were not significant (ANOVA).

Abundance (S-diversity) Changes in bacterial community structure (/3-diversity)
was explored using PERMANOVA (Methods 2.10.3; Fig. 5.13a). There was a sig-
nificant shift in community structure between baseline and 4-weeks of EEN with a
further, less distinct, shift at 8-weeks of EEN (R2=0.099; p=0.001). When children
with Crohn’s disease were split into those who responded to treatment on EEN and
those who failed to respond, there was a significant difference in gut bacteria diversity
during EEN for responders, but not for non-responders (Fig. 5.13).

Table 5.4: Number of species inferred from SNVs which significantly changed in
abundance after 4-weeks of EEN

number of species inferred from SNVs %
increased decreased of total bacteria
After 4wks EEN
Responders 102 47 (5.4%)
Non-Responders 126 41 (6.1%)

Total number of SNVs was 2,751. Differences in species level taxa were significant at
p<0.01. (Differential expression analysis DESeq2)(x*=1.58; p=0.21).

Taxon differences The mean abundance in gut microbiota at species level (SNVs)
changed after 4-weeks EEN, in both those who responded to EEN and those who
failed EEN. There was no difference in the number of bacterial species (SNVs) which
increased /decreased between children who responded to or failed treatment with EEN
(Table 5.4; Fig. 5.14).
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Figure 5.13: NMDS plot showing changes in bacterial community structure in (a) children with
Crohn’s disease at baseline (week-0); after treatment with EEN (week-4) and (week-8), when com-
pared with healthy children; Changes from baseline (wk0), and 4-weeks EEN (wk4) and 8-weeks
EEN (wk8) are shown in children with Crohn’s who (b) responded (R) to treatment and (c) those
who were non-responders (NR). Plots show SNVs (species) level taxa. Ellipse shows 95% CI.
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Figure 5.14: SNVs (proxy for species) that are logs fold different from mean abundance between
baseline and 4-weeks of EEN in (a) children with Crohn’s who responded (R) to treatment with
EEN and (b) those who were non-responders (NR). Dots shown in black are species (SNVs) similar
in abundance between baseline and 4-weeks EEN. Dots shown in red are species (SNVs) significantly
increased or decreased in each patient group during EEN where p<0.001. (Differential expression
analysis DESeq2).

The small number of species which decrease in abundance is surprising, as we might
expect a liquid feed with no fibre, mostly absorbed in the small intestine, would result
in a large reduction in the abundance of many species and with fewer increases in
abundance. However decreases in the number of species (a-diversity) appear to be
accompanied by increased abundance (f-diversity) in many bacterial species (SNVs)
during EEN.

In-terms of over all changes in abundance at family level during EEN (Fig. 5.15)
there was a decrease mainly in gram-negative bacteria. Veillonellaceae which belongs
to the subclass Negativicutes was also decreased during EEN with this group of
Firmicutes having a cell wall similar to gram-negative bacteria. Although two families
of gram-negative bacteria were also increased during EEN, the Enterobacteriaceae
and Verrucomicrobiaceae (Akkermansia) these were of low abundance. All other
bacteria with increased abundance were from the phylum Firmicutes, along with a

small increase in Corynebacteriaceae from the phylum Actinobacteria.

Discrimination analysis show that 4-weeks treatment with EEN shifts the microbiota
community towards a structure, distinct form both children with Crohn’s at baseline
and healthy children (Fig. 5.16). This illustrates that EEN did not restore the

microbiota towards a state similar to healthy children, but further from it.
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Family level taxa log2fold difference from mean abundance

log2 fold

base

change  mean  p-value adj
Rhodospirillaceae 4.72 4| 1.37E-04
Verrucomicrobiaceae 3.86 6/ 5.21E-03
Enterobacteriaceae 2.98 40 7.22E-08
Family XlII 2.59 65| 1.37E-04
Christensenellaceae 2.40 104| 1.96E-04
Corynebacteriaceae .23 255| 4.88E-03
Peptococcaceae 2.09| 1217|2.21E-04
Pasteurellaceae -4.39 10 3.56E-05
Bacteroidales S24-7 group | -4.02 27 2.43E-05
Fusobacteriaceae -3.32 187|7.22E-08
Pr llaceae -3.18 685 4.88E-03
Veillonellaceae -3.10 864 5.45E-04

Figure 5.15: The logs fold difference in family level abundance for children with Crohn’s disease
after 4-weeks EEN. Only families significant to p<0.001 are shown.
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Figure 5.16: Heatmap of discriminant species inferred from SNVs, in children with Crohn’s disease
at baseline, then after 4-weeks treatment with EEN, and healthy children for comparison. Rows
and columns are ordered using hierarchical clustering (average linkage) to identify blocks of interest.
Heatmap depicts TSS+CLR normalised abundances: high abundance (red); low abundance (blue).

163



5.3.4 Changes in individual children during EEN

To explore individual changes in gut bacterial community structure during EEN
two children who failed EEN (non-responders) and four children who respond to
treatment with EEN (responders) are shown in figure 5.17 as typical examples of gut
microbiota changes. Changes in microbiota community structure at genus level are
shown at baseline; 4-weeks EEN; 8-weeks EEN and 2-weeks normal diet.

Patient
NR 005 NR 009 R 015 R 016 R 018 R 036
1.00
Taxa
® Bacteroides
. Blautia
| . Prevotella.7
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. Dorea
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<} — _—
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Figure 5.17: Changes in microbiota community structure (relative abundance) for genus level at (A)
baseline; (B) 4-weeks EEN; (C) 8-weeks EEN and (D) 2-weeks normal diet: in two children with
Crohn’s disease who failed to respond to EEN (NR) and four children who respond to treatment
with EEN (R). Patient R036 relapsed ~6-weeks post-EEN.

In participant NROO05, a child who completed 8-weeks of EEN but failed to respond
and subsequently went onto corticosteroids, the gut microbiota at baseline (S005A)
was dominated by the abundance of Prevotella 7 which was reduced after 4-weeks
of EEN (S005B). This was accompanied by an increase in abundance in a number of
genera including Alstipes and Rumminoccaceae UGGO02. The gut microbiota com-
munity structure at 8-weeks EEN (S005C) was similar to 2-weeks post-EEN (S005D)
which is likely because this child was back onto normal diet for 2-days before man-
aging to provide the end of EEN stool sample. In non-responder NR009 who also
completed 8-weeks on EEN, the abundance of Akkermansia, which was not detected
at baseline, dominated the gut microbiota composition during EEN, but was not
detected at 2-weeks post EEN (009D). Escherichia-Shigella which had not been de-
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tected at baseline or during EEN, was present in abundance once this child stopped
EEN and started corticosteroid therapy (S009D).

In participant R015, a child who responded to EEN, there was an increase in rela-
tive abundance o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>