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Abstract

Crohn’s disease (CD) describes an inflammatory condition characterised by chronic
gastrointestinal (Gl) inflammation. Currently, >1 in 150 people are estimated to
be affected in the UK, with the incidence rising. The pathology of CD is linked to
an aberrant immune response against the gut microbiota. CD is a heterogenous
disease with different disease phenotypes (stricturing and fistulating disease) and
locations; it can affect any part of the Gl tract. A range of drugs is approved for
CD treatment. However, response rates to these specific therapies are low, and

46% of patients still require bowel resective surgery.

The high rates of surgical interventions and unpredictable disease relapse pose
challenges for the clinical management of CD. Little is known about the molecular
mechanisms underlying the different treatment responses, and cost-effective and
feasible approaches to predict these responses are still a long way off. Disease
relapse has been linked with decreased T cell immunoreceptor with Ig and
ITIM (TIGIT) on CD38* CD4* T cells in the peripheral blood of paediatric patients.
Other clinical markers of inflammation have been found to lack specificity in
predicting disease progression. Several biomarkers predicting non-response to
frontline therapeutics blocking the pro-inflammatory cytokine tumour necrosis
factor (TNF) have been proposed, including the levels of luminal membrane-bound
TNF and gene expression of the pro-inflammatory cytokines oncostatin-M (OSM)
and TNF itself. None of these markers are currently used clinically, and there is
still a need for reliable ways to predict disease progression and treatment
responses. Based on these findings | hypothesised that distinct immunopathotypes
in CD drive distinct disease phenotypes and underlie distinct treatment responses
to biologic therapies, such as anti-TNF.

My project aimed to elucidate distinct immunopathotypes in the blood and
intestines of CD patients and link them to disease phenotype, state of
inflammation and treatment response. Two distinct immunopathotypes were
identified. One showed decreased circulating T cells and increased intestinal CD8*
and cytotoxic immune responses. The second immunopathotype was defined by
IL-1B-driven inflammation and granuloma formation in the intestines of people

and was linked to anti-TNF refractory disease.
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Chapter 1: General Introduction

1.1 Inflammatory bowel disease

Crohn’s disease (CD) is one of the two main types of inflammatory bowel disease
(IBD). IBD is an umbrella term describing a range of conditions that exhibit chronic
gastrointestinal (Gl) inflammation. The two most common forms of IBD are CD and
ulcerative colitis (UC), which differ in disease location, behaviour, and
inflammatory response. Inflammation in IBD, like most chronic inflammatory
conditions, including rheumatoid arthritis (RA), follows a pattern of relapse and
remission. During a relapse or flare, the patients experience a lot of discomfort,
including abdominal pain, bloating, rectal bleeding, fatigue, nausea, and extreme
weight loss (Hornecker and Veauthier, 2018). When left untreated, patients can
experience life-threatening complications, including perforation of the intestinal
wall, malnutrition, colonic cancer, bowel obstructions and toxic megacolon, a
condition predominant in UC which leads to rapid swelling of the gut (MFMER,
2022).

The human intestine harbours around 100 trillion microbes (Ley, Peterson and
Gordon, 2006), collectively called the gut microbiota, which usually generate
beneficial metabolites from digested food and occupy niches to prevent the
invasion of pathogens. A hallmark of IBD is an increase in intestinal permeability,
also referred to as “leaky gut”, allowing the translocation of microbiota which in
turn triggers an immune response (Linares et al., 2021). Bacteria or their DNA
fragments have been quantified in lymph nodes (LNs) (O’Brien et al., 2014) as well
as peripheral blood (PB) of CD patients (Guti-acerrez et al., 2009). Some species
may dislocate into the mucosal layer during CD or adhere to the luminal
epithelium. During active disease, the large number of microbiota serves as a
continuous target for a complex immune response. IBD occurs in genetically
susceptible individuals. More than 200 susceptibility genes (Jostins et al., 2012;
Liu et al., 2015) have been identified so far, suggesting that complex interactions
between genetic and environmental factors play important roles in IBD onset
(Figure 1.1)
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The first case of UC was reported in 1859 by Wilks (Wilks, 1859). Crohn et al.
(1932) discovered CD 73 years later. IBD was only associated with chronic
inflammation in 1959 after the identification of autoantibodies in the serum of
diseased children (Broberger and Perlmann, 1959). Since the 20th century, a
global surge in IBD cases has been observed. Initially, this increase was observed
in western countries, including Europe, North America (Canada and the USA) and
Oceania (New Zealand and Australia). However, since China reported its first IBD
case in 1956, newly industrialised country are also exhibiting an increase in
prevalence and incidence of the disease (Kaplan and Ng, 2017). The incidence of
IBD in the UK has been found to have increased by 33.8% between 2006 to 2016
(Freeman et al., 2021). Currently, at least 1 in 123 people are affected with IBD
in the UK (Crohn’s & Colitis UK, 2022).

1.2 Crohn’s disease

1.2.1 CD phenotypes

CD affects any part of the Gl tract and can appear in multiple locations. UC
manifests as a continuous stretch of inflamed tissue being restricted to the colon
and rectum. Most CD patients, approximately 50%, display inflamed tissue in both
the ileum and colon, which is referred to as ileocolonic CD (Cheifetz, 2013;
Feuerstein and Cheifetz, 2017). However, CD can also display solely as ileal or
colonic disease. CD can cause inflammation in any part of the Gl; inflammation
in the perianal and upper regions can occur in a small proportion of patients
(<10%).

Unlike UC, which only affects the mucosal surface, CD inflammation penetrates
the mucosal layer causing a transmural inflammatory response (Panaccione,
2013). The behaviour of CD varies between patients and can change during disease
progression. Patients can develop fistulas, abnormal connections between two
organs, and stricturing due to fibrotic tissue formation and immune cell
infiltration, preventing the passing of digestive matter (Satsangi et al., 2006).
Both complications cannot be reversed and require resective surgery. The most
common phenotype in CD is strictly inflammatory behaviour without strictures or

fistulating disease (Satsangi et al., 2006). However, Louis et al. (2001) monitored
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the disease progression of 125 CD patients over 10 years and found that 27.1%
developed strictures and 29.4% fistulae, although they initially exhibited a solely
inflammatory phenotype.

Commonly most patients are diagnosed between the ages of 17 and 40 (Quezada,
Steinberger and Cross, 2013), but paediatric disease is more predominant year by
year (Sykora et al., 2018). The age of diagnosis has been shown to be an indicator
of disease severity. For example, patients that have been diagnosed above the
age of 60 are more likely to have inflammation restricted to the colon (Crohn’s
colitis) (Saad et al., 2016), which is usually less severe than ileal or ileocolonic
disease. Additionally, paediatric disease onset (<17 years) has a higher proportion
of complications than patients diagnosed later in life (Saad et al., 2016). This
could be due to a longer period of chronic inflammation or stronger genetic and/or

environmental factors driving the disease.

Approximately 6-40% of IBD patients exhibit complications outside the intestine,
referred to as extraintestinal manifestations (EIMs) (Rankin et al., 1979; Bernstein
et al., 2001; Rogler et al., 2021). The percentage of patients with EIMs varies
massively between cohorts, again demonstrating the heterogeneity of IBD. EIMs
can occur in many different locations and can, in fact, affect any organ. The most
common ones (as defined by inflammatory scores defined in section 1.3.1) are
inflammation in the eyes (uveitis), joints (arthralgia and arthritis), fat tissue
(erythema nodosum) and skin (pyoderma gangraenosum) (Best et al., 1976; Harvey
and Bradshaw, 1980).

1.2.2 Genetic predisposition to CD

Genome-wide association studies (GWAS) have identified over 200 gene variants
enriched in patients with IBD (Jostins et al., 2012; Liu et al., 2015). Some of these
genes have been repeatedly connected with CD and provide information about its
immunopathogenesis, which involves loss of epithelial barrier integrity, aberrant
autophagy, and T cell responses. The caspase recruitment domain family member
15 (CARD15), also known as NOD2, was discovered as one of the first genetic risk
factors and its polymorphisms have been identified as a marker to distinguish

between CD and UC (Hampe et al., 2001; Ogura et al., 2001; Tsianos, Katsanos
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and Tsianos, 2012). Its importance in CD pathology is demonstrated by its
association with early onset of the disease and a more severe phenotype that often
presents during relapse of steroid treatment (Posovszky et al., 2013; Horowitz et
al., 2021). CARD15/NOD2 is a NOD-like receptor (NLR) and functions as a pattern
recognition receptor (PRR) (further discussed in section 1.4.7) recognising
bacterial peptides (Sidiq et al., 2016). A CARD15 mutation frequently found in CD
patients reduced the expression of anti-microbial peptides (AMPs) in vitro (Voss
et al., 2005), which are crucial for maintaining the epithelial barrier. Another in
vitro study in intestinal epithelial cell lines has demonstrated that the
introduction of CD-associated CARD15 polymorphisms prevents effective
clearance of the bacterium Salmonellum typhimurium compared to the wildtype
gene (Hisamatsu et al., 2003). CARD15 recruits autophagy-related 16 like 1
(ATG16L1) protein to the membrane (Travassos et al., 2010), which has been
identified as another CD susceptibility gene and plays an important role in
autophagy (Rioux et al., 2007). During autophagy, cells degrade faulty cellular
components in their cytoplasm. Together with the aberrant function of NOD2,
dysfunctional autophagy has developed as a hallmark of CD immunopathology.
Homer et al. (2010) demonstrated that kidney-derived epithelial cell lines with
the CD-associated ATG16L1 and NOD2 variants failed to induce autophagy upon
Salmonella enterica infection, which did not allow for bacterial clearance. These
findings further supported the link between ATG16L1, NOD2, CD, and autophagy.

Toll-like receptors (TLRs), the second group of PRRs, are widely expressed on
innate immune and epithelial cells and required for fast anti-bacterial responses
(Takeda and Akira, 2005). Various gene variants of TLRs have been linked to CD,
leading to aberrant activation, the most commonly affected one being the TLR4
gene (Franchimont et al., 2004; Oostenbrug et al., 2005). Interestingly, CD-
associated CARD15 mutations impair negative TLR regulation, contributing to TLR
hyperactivation. In turn, CARD15 signalling has been found to be induced by TLR
activation, creating a feedback loop exacerbating inflammatory responses
(Watanabe, Kitani and Strober, 2005).

Duerr et al. (2006) were the first to identify polymorphism in the IL-23 receptor

(IL23R)-encoding gene as another major risk factor for developing CD. This

receptor is crucial during the T helper (Th) 17 response (further discussed in
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section 1.4.2.1), an important mechanism for defence against bacteria and,
therefore, also crucial in keeping the intestinal microbiota from translocation into
the intestinal tissue (Ahern et al., 2008).

1.2.3 Environmental risk factors in CD

Even though many gene variants have been enriched in individuals with CD, most
of them have low penetration within the patient cohorts (Rioux et al., 2007). The
most prominent age category for developing CD is between 17 and 40 years.
However, studies have reported a surge in not only paediatric but also geriatric
patients (>60 years of age) (Quezada, Steinberger and Cross, 2013). Early disease
onset may relate to genetic predisposition. However, children in the western
world exhibit a surge in many autoimmune and inflammatory diseases, such as
diabetes type 2 (Rosenbloom et al., 1999), which has been linked to environmental
factors, including diet (Pulgaron and Delamater, 2014). Increasing disease onset
late in life is another indicator that the environment and not necessarily genetics

can cause CD.

The western lifestyle has been shown to decrease diversity within the intestinal
microbiome when compared to individuals from rural and pre-industrial regions.
Epidemiologically IBD cases started rising in newly industrialised countries when
they started adopting the westernised diet and habits (Ng et al., 2013; Ng, Tang
and Leong, 2015). When affected with CD, individuals have less bacterial diversity
in their faeces than those with a non-IBD phenotype (Olaisen et al., 2021),
specifically, they exhibit fewer Firmicutes and Bacteroides (Peterson et al.,
2008), which make up the majority of bacteria in a healthy gut (Qin et al., 2010).
Reduction in microbiome diversity is a phenomenon also observed in humans living
in the USA compared to individuals from developing countries such as Malawi and
Venezuela (Moeller et al., 2014), supporting the hypothesis that the western diet
contributes to CD development potentially via changes in the microbiome
composition. CD can be managed using exclusive enteral nutrition (EEN), a liquid
diet, which has proven to be very successful in treating children (de Bie,
Kindermann and Escher, 2013). Svolos et al. (2018) have replicated the nutritional
composition of EENs in a specific food-based diet plan called CD TREAT and found

it effective in inducing remission in 80% of paediatric patients. The same study
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demonstrated that intestinal microbial diversity is reduced during administration
of EEN and CD TREAT, supporting the hypothesis that the microbiome contributes
to inflammation in CD. Another dietary factor that has been linked to IBD is
vitamin D. For example, high levels of vitamin D reduced the predisposition to CD
in a cohort of 122 women (Ananthakrishnan et al., 2012). Additional
environmental risk factors, also linked to the western lifestyle, include smoking,
air pollution, and high-stress levels (Berg, Dam and Farraye, 2013). A study
comparing CD patients with different smoking statuses, continuing smokers (n =59)
or quitters (n =59) and non-smokers (n =59) found that cessation of smoking

reduced the risk of intestinal inflammation flare-ups (Cosnes et al., 2001).

Environmental Genetic Risk
Risk Factors Factors
Western diet
TStress NOD2/CARD15
Gl infections ATG16L1
Childhood antiobiotics TLRs
T Air Pollution IL23R
dVitamin D CD

AMicrobiome

Immune
Dysregulation

Tolerance
Inflammatio

Figure 1.1: Overview of CD pathology.

CD is a complex condition with many contributing factors, which can be classified into
environmental and genetic risk factors and dysregulation of the immune system. Environmental
factors include the nutritional value of the westernised diet, increased stress, air pollution,
reduced exposure to vitamin D, infections affecting the Gl tract, administration of childhood
antibiotics and overall changes in the microbiome diversity and composition. >200 susceptibility
genes have been identified as genetic risk factors, including polymorphisms in NOD2/CARD15,
ATG16L1, TLR-encoding genes and IL23R. Another hallmark of CD immunopathology is the shift
from tolerance to the commensal microbiome towards an aberrant anti-microbial pro-
inflammatory response. This figure was created using BioRender.com.
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Bacterial infections are another potential driver of CD disease onset and relapse.
An indicator for this was the finding of DNA of pathogenic bacteria in lymph nodes
(Lamps et al., 2003) and the presence of anti-bacterial antibodies in patient serum
(Tabaqchali, O’Donoghue and Bettelheim, 1978). Additionally, antibiotic
treatments in child- and adulthood (Kronman et al., 2012; Aniwan et al., 2018)
have been associated with CD, supporting that bacterial infections might promote
disease and/or that changes in the intestinal microbiota contribute to CD onset.
The bacterium Clostridium difficile has been linked with mortality of in-patient
IBD patients, and therefore its infection might underlie severe disease progression
(Ananthakrishnan, McGinley and Binion, 2008). In contrast to these findings,
helminth infections during childhood have been allocated with potential

protective capabilities against CD (Chu et al., 2013).

1.2.4 Inflammation scores

The Crohn’s Disease Activity Index (CDAI) is a questionnaire-based method to
assess inflammation status in CD. It was developed by the National Cooperative
Crohn’s disease study group in 1976 in response to the need for a single index
determining whether a patient was inflamed or not (Best et al., 1976). They
studied a cohort of 187 CD patients with different disease locations and selected
the following eight variables as most predictive for inflammation in CD: the
number of liquid stools, abdominal pain, general well-being, use of anti-diarrhoeal
drugs in the last 7 days, abdominal mass, the proportion of red blood cells, body
weight and complications (e.g., comorbidities, fissures, fistulae). The score range
is 0-600, and the cut-off for active inflammation is >150. The Harvey Bradshaw
Index (HBI) is a modification of the CDAI and was generated by Harvey and
Bradshaw in 1980. It is a simplified version of the CDAI, which only scores general
well-being, level of abdominal pain, the number of liquid stools, abdominal mass
and complications. Even though it only covers five of the variables in the CDAI,
Best (2006) demonstrated in a cohort of 224 that CDAI and HBI have a positive
association with a correlation coefficient of 0.93. Overall, these well-being-based
methods are very useful because they do not require invasive interventions, such
as endoscopies, to estimate the level of inflammation in CD. However, a major

limitation is a patient bias. Different patients may have different levels of pain
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tolerance, may not remember the number of liquid stools over the past 24 hours

correctly or may generally over/under exaggerate their symptoms.

The Crohn’s Disease Endoscopic Index of Severity (CDEIS) was introduced in 1989
by the Groupe d’Etudes Thérapeutiques des Affections Inflammatoires du Tube
Digestif (GETAID) (Mary and Modigliani, 1989). They recruited 75 CD patients and
assigned pairs of clinicians to simultaneously assess the level of inflammation
based on type, size and number of lesions and ulcerations to develop the index.
Subsequently, an additional 103 patients with active CD (CDAI>150) were scored
using the CDEIS, and the outcome compared to the general severity of lesions
showed a significant positive correlation (p<0.001). Like the HBI, the Simple-
Endoscopy Score for Crohn’s Disease (SES-CD) is a simplified version of the CDEIS
focussing on the extent, number, and size of ulcers, not taking the type of lesion
into consideration (Daperno et al., 2004). The score significantly correlated with
CDEIS and CDAI in a 121 CD patient cohort.

1.2.5 Laboratory markers

Laboratory markers of inflammation in CD involve peripheral blood leukocyte
counts and the measure of faecal calprotectin, a protein shed by specific immune
cells during inflammation.

Increased C-reactive protein (CRP) levels indicate intestinal inflammation in CD
(Solem et al., 2005). CRP is a plasma protein produced by hepatocytes in response
to pro-inflammatory stimuli such as interleukin (IL)-18 and IL-6 cytokine secretion
in response to trauma, inflammation or infection (Hurlimann, Thorbecke and
Hochwald, 1966; Morley and Kushner, 1982). CRP is one of the main acute phase
response proteins, which describes a state of a broad initial response of the
immune system after its activation, and harbours anti-microbial functions
(Richardson, Gray and Shankland, 1991). Even though CRP is routinely used in the
clinical management of CD, it has been found that 63% of patients with inflamed
ileocolonic disease did not display an increase in the protein in their blood (Solem
et al., 2005). A major limitation of CRP, and potentially also a contributing factor
to its low sensitivity, is its upregulation during any kind of inflammatory response.
For example, it has been recently shown that CRP also acts as a biomarker for

severe influenza infection (Vasileva and Badawi, 2019). Infected patients with

31



32

severe disease had 1.6-fold higher CRP blood levels when compared to those with
a less debilitating disease. Similarly, the average CRP levels in individuals with
influenza-dependent hospitalisation and/or death were 140mg/L CRP, 50mg/L

higher than patients classified as experiencing severe influenza.

Lymphocyte count (type of immune cells further discussed in section 1.4.2.1) is
routinely used to monitor disease activity in CD. A decrease in lymphocyte count
in PB has been frequently linked to active CD (Auer et al., 1979; Heimann, Bolnick
and Aufses, 1986; Neubauer, Wozniak-Stolarska and Krzystek-Korpacka, 2018;
Kosoy et al., 2021). However, another study did not detect any difference
between remitting and inflamed patients (Xu et al., 2019). Reports about changes
in the total white blood cell (WBC) count of patients in response to inflammation
have also been controversial. One study reported no differences between active
and inactive disease (Liu et al., 2012), another study demonstrated an increase in
total WBC in inflamed CD patients (Xu et al., 2019). An additional marker used to
predict disease activity in CD is the neutrophil count (type of immune cell further
discussed in sections 1.5.3 and 1.5.4), which is often used to calculate the PB
neutrophil-to-lymphocyte ratio. When looking at CD, an increase in both
neutrophil as well as the neutrophil-to-lymphocyte ratio has been linked with
ongoing inflammation (Xu et al., 2019; Langley et al., 2021). When comparing PB
markers of inflammation, CRP has been suggested to be the most effective

predictive blood marker for inflammation in CD (Yazar et al., 2020).

Faecal markers are an attractive target in CD since the main focus of damaging
inflammation is the intestines. Calprotectin is a complex made up of S100A8 and
S100A9 calcium zinc-binding proteins, which are mainly expressed by neutrophils
and monocytes (see section 1.5)(Bjarnason, 2017). This heterodimer is released
during inflammation to promote immune cell recruitment and induce cytokine
stimulation. Faecal calprotectin has been found to be a reliable marker in
paediatric as well as adult IBD (Bunn et al., 2001; Gaya et al., 2005; Penna et al.,
2020). Depending on the FC cut-off in stools selected to distinguish between non-
inflamed and inflamed CD patients, this biomarker predicted activity with a
sensitivity between 80-96% and a specificity of 67-78% (Gaya et al., 2005; Penna
et al., 2020). In this instance, a higher cut-off contributed to better accuracy of

FC in predicting intestinal inflammation. However, FC is not necessarily specific
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to IBD-related intestinal inflammation and has also been shown to function as a

predictive marker for acute bacterial gastroenteritis (Duman et al., 2015).

A study by Penna et al. (2020) compared CRP and FC with the inflammation scores
CDAI and SES-CD in a total of 80 endoscopies performed on 65 CD patients. They
identified CRP and FC to be more sensitive in distinguishing endoscopic remission
from active disease than the CDAI. Furthermore, FC was found to be the marker
discriminating between different levels of inflammation with the highest
sensitivity. Research by Schoepfer et al. (2010) found FC to be more accurate than

CRP as well as lymphocyte count.
1.3 Organisation of the intestinal mucosa

The intestinal mucosa forms the barrier between the gut lumen and the rest of
our body, which is essential to prevent pathogens as well as commensal microbiota
from entering. The first layer of the mucosa is mainly composed of intestinal
epithelial cells (IECs) with a ruffled luminal appearance, referred to as the crypts
(Okumura and Takeda, 2017). In the small bowel, separated into duodenum,
jejunum and ileum (from stomach to colon), the crypts are separated by villi
structures. The villi of the colonic epithelium are less protruding, giving it a
smoother appearance. To maintain the barrier, IECs have to be frequently
replenished and/or replaced when old/damaged, which is facilitated by self-
renewing stem cells located at the bottom of the crypts (Booth, O’Shea and
Potten, 1999; He et al., 2004). In order to protect the IECs, they are coated with
a layer of mucus, which consists of mucin proteins produced predominantly by
goblet cells (specific type of IEC)(Birchenough et al., 2015). Another population
of IECs are Paneth cells which are located in the stem cell area of the crypts and
are important because of their anti-microbial activities (Ouellette, 2005), such as
the production of AMPs. In addition to IECs, intraepithelial lymphocytes, an
intestine-specific type of immune cell, are spread throughout the epithelial layer,
which can induce quick inflammatory responses at pathogens that are trying to

penetrate the luminal barrier (Hu and Edelblum, 2017).

Just below the thin layer of epithelium, the lamina propria begins, which is home

to a complex immune system (further discussed in sections 1.5 and 1.6). This
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involves innate immune cells, type of leukocytes that can induce fast immune
responses, adaptive immune cells, which require priming and activation but carry
out specific responses to pathogens, and secondary as well as tertiary lymphoid
organs, referred to as gut-associated lymphoid tissues (GALTs). GALTs are
dominated by B cells (an adaptive immune cell known for its antibody-producing
characteristics) and play the main role in inducing immunoglobulin (Ig) A
production and patrol specialised IECs called M cells (Murch, 2021). The IgA
antibody is crucial for an effective anti-microbial response in the intestines
(Gutzeit, Magri and Cerutti, 2014). M cells are a type of IEC that allows bacterial
peptides and food protein to enter the lamina propria so that they can be sampled
by immune cells for surveillance (Gebert, Rothkotter and Pabst, 1996). The
intestine is drained by mesenteric lymph nodes (MLNs) that enable the immune
interactions necessary to initiate and maintain the adaptive immune

response (Mayer et al., 2020).
1.4 Innate immunity in CD

The innate immune system forms the first line of defence against pathogenic
infections and is characterised by fast immune responses triggered by invariant
receptors. The cells highlighted in this section are relevant for this thesis,

although many other innate immune cells have been identified and linked to CD.
1.4.1 What are macrophages?

Macrophages play a crucial role in maintaining intestinal tissue homeostasis (Bain
and Schridde, 2018). They function as mononuclear phagocytes (MNPs), a type of
immune cell that can engulf and lyse pathogens and can clear bacterial
components without triggering major pro-inflammatory responses (Smythies et
al., 2005; Bujko et al., 2018). In addition to their phagocytic capacities, intestinal
macrophages have antigen-presenting cell (APC) characteristics, meaning they can
sample, process, and carry pathogenic peptides to then present them to other
immune cells using major histocompatibility complex (MHC) | or Il (Platt and
Mowat, 2008; Bain et al., 2013, Domanska et al., 2022). They are activated upon
ligation of their PRRs by damage (DAMPs) or pathogen-associated molecular
patterns (PAMPs) (Zhou et al., 2016).
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Based on their function during immune responses, macrophages have been subset
into pro-inflammatory/classically activated and immunoregulatory/alternatively
activated phenotypes, a paradigm coined by Charles Mills and colleagues (Mills et
al., 2000). Classical macrophages, also known as M1 macrophages, are polarised
by cytokine signals, such as granulocyte-macrophage colony-stimulating factor
(GM-CSF), tumour necrosis factor-alpha (TNF-a) and interferon-gamma (IFN-y)
(Nathan et al., 1983; Albina et al., 1990). Alternative macrophages, also known
as M2 macrophages, undergo polarisation in response to IL-4 and IL-13 (Mills et
al., 1992; Stein et al., 1992; Doyle et al., 1994). In terms of cytokines secretion,
classical macrophages produce pro-inflammatory cytokines such as interleukin
(IL)-18, IL-6, 1L-12, IL-23 and TNF-a. Alternative macrophages function as their
counterpart and express the immunoregulatory cytokines IL-10 and transforming
growth factor (TGF)-B. Based on their cytokine profiles, they are linked to T helper

(Th1) 1 and Th2 immune responses, which are further discussed in section 1.6.

This paradigm has since evolved, and further macrophage subsets have been
identified. Mantovani et al. (2004) proposed distinguishing M2 macrophages into
three distinct phenotypes based on their activation stimuli and effector functions.
M2a macrophages relate to the classic M2/alternative macrophage phenotype and
are polarised by IL-4 and IL-13. They have type 2 effector functions, which involve
immune responses against helminth infections and inflammation in allergy. M2b
macrophages differentiate upon stimulation with a TLR ligand and an immune
complex (antigen:antibody complex). They release pro-inflammatory cytokines
(such as IL-1, TNF, and IL-6) but also high levels of IL-10. M2c macrophages are
induced by IL-10 and glucocorticoids (used as anti-inflammatory treatments) and
are involved in tissue remodelling and immunoregulation. Overall, Mantovani et
al. (2004) described diverse phenotypes within the M2/alternative macrophage
subpopulation and highlighted the importance of potentially stepping away from
the M1/M2 paradigm.

Additionally, even though classically and alternatively macrophages have distinct
functions, their phenotypes are plastic. For example, sequential treatment of
murine bone marrow-derived and peritoneal macrophages with different cytokines
in vitro has shown their ability to adapt to their cytokine environment (Stout et

al., 2005). IL-10 treatment post-IL-4 and pre-LPS stimulation increased IL-10
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production and dampened TNF-a and IFN-y production. This effect was reversed
by IL-4 or IL-12 stimulation prior to LPS treatment. Gratchev et al. (2006) isolated
human blood monocytes and differentiated them in Th1 or Th2 conditions with
IFN-y or IL-4 or IL-4 and dexamethasone (a glucocorticoid hormone). Interestingly,
IFN-y polarised macrophages responded to IL-4 and IL-10 similarly to those primed
with IL-4/1L-4+ dexamethasone, suggesting that M1/classical macrophages can
adapt an M2/alternative phenotype. This macrophage function is especially
important in the intestine due to the constant exposure to commensals and food

antigen.

1.4.2 What are monocytes?

Monocyte differentiation is driven by a selection of stimuli. After egress into the
intestinal tissue, human monocytes have high expression of CD14 and CD11c and
the calprotectin complex proteins (S100A8/9) and have strong pro-inflammatory
characteristics. Stimulation with the colony stimulation factor 1 (CSF1/M-CSF)
induces their differentiation and potentially also promotes cell survival
(MacDonald et al., 2010). Independent of CSF-1 exposure, monocytes start
upregulating MHC Il protein HLA-DR (Bernardo et al., 2018), essential for antigen
processing and presentation. In humans, the regulatory cytokines IL-10 and
transforming growth factor (TGF)-B have been found to be the main mediators for
the phenotypic change from immature/pro-inflammatory monocyte to a mature
intestinal macrophage with the CD64 positive, HLA-DRM&" and CD14'°% expression
pattern (Smythies et al., 2010; Maheshwari et al., 2011).

1.4.3 Role of macrophages and monocytes in intestinal

homeostasis and infection

Intestinal macrophages are seeded during embryonic development or differentiate
from infiltrating blood monocytes later in life. Using techniques such as fate
mapping in mice, where cell types are fluorescently labelled and followed during
embryonic development, researchers have provided evidence that intestinal
macrophages can be generated and deposited in early developmental stages (Yona
et al., 2013; Sheng, Ruedl and Karjalainen, 2015). Blood monocytes are

mononuclear cells also from the myeloid lineage and patrol the circulation as a
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crucial first line of defence. Even though intestinal macrophages derived from
embryonic precursors are thought to be able to self-renew (Hashimoto et al.,
2013), this cycle is limited in terms of speed and progenitor resources (Bain et al.,
2014). Large numbers of monocytes enter the intestines from the bloodstream and
undergo differentiation to become a mature functional intestinal macrophage.
Knockout of the chemokine receptor type 2 (CCR2) in mice has been shown to
impact intestinal macrophage levels (Bain et al., 2013), showing that monocytes
are indeed homing to the gut for differentiation into macrophages and linking
monocyte recruitment to CCR2:CCL2 (chemokine ligand 2) axis.

It has been difficult to distinguish intestinal macrophages from phenotypically
similar dendritic cells (DCs). The expression of Fc gamma receptor 1 (CD64) has
been identified as a marker for macrophages in both humans and mice (De Calisto,
Villablanca and Mora, 2012). Intestinal macrophages consistently strengthen the
barrier by clearing apoptotic epithelial cells and remodelling the luminal wall
(Cummings et al., 2016). Using their APC and phagocytic capabilities hand in hand,
intestinal macrophages silently remove bacteria that adhered to the epithelium
or translocated into the mucosa and induce local antigen-specific T cell responses
(Smythies et al., 2005). This allows for the immune system to react quickly to
penetrating bacteria. In contrast to this pro-inflammatory response, alternative
macrophages release IL-10, which is required for immunoregulation and repair
mechanisms. In mice, IL-10 derived from intestinal macrophages has been shown
to protect from mortality upon Citrobacter rodentium, a type of bacteria infecting
the intestines, by reducing IL-23A secretion, a cytokine driving anti-bacterial
immune responses (Krause et al., 2015). Another mouse study showed that
macrophage-derived IL-10 is required to heal the small intestine after chemically-
induced damage (Morhardt et al., 2019).

IL-10 production of intestinal macrophages has been related to transforming
growth factor-beta (TGF-B) signaling. The use of floxed TGF-B receptor expression
in integrin alpha subunit X (CD11c)* cells, a common marker for
monocytes/macrophages, showed that intestinal macrophages in Cre* mice had
reduced levels of IL-10 expression compared to Cre mice (Schridde et al., 2017).
In addition to the cytokine environment, the microbiota has also been found to be

required for shaping intestinal macrophage phenotype in homeostasis (Sorini et
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al., 2018). Flow cytometry analysis showed a decrease in colonic macrophages in
germ free mice (mice lacking microbiota) compared to those with commensals.
However, co-housing of the two mice strains restored colonic macrophage levels

in the germ free phenotype.

1.4.4 Role of macrophages and monocytes in CD

The importance of macrophage-derived IL-10 in the maintenance of intestinal
homeostasis is supported by its role in IBD pathology. Patients with IBD can exhibit
mutations in IL-10 receptor encoding genes (Glocker et al., 2009; Shim and Seo,
2014; Khoshnevisan et al., 2019). Macrophages generated in vitro from PB
monocytes from patients with IL-10 polymorphisms generate higher levels of pro-
inflammatory cytokines in response to TLR stimulation than control individuals
(Shouval et al., 2014). This suggests that a dysfunction in the IL-10-pathway in
monocytes-derived macrophages in CD patients may contribute to aberrant
inflammation. Additionally, CD patients have exhibited high levels of CD14"i¢h
cells, a marker for immature monocytes, with the capacity to produce the pro-
inflammatory cytokines such as IL-23, IL-6 and TNF-a in their lamina propria
(Kamada et al., 2008). Bernardo et al. (2018) identified two subsets of
CD64'CD14'HLA-DR* macrophages in the human intestine defined by the
expression of CD11c and CCR2, the latter being the receptor to the monocyte
chemoattractant CCL2. CD11c"e"CCR2"e" macrophages secreted higher levels of
IL-1B8 and lower levels of IL-10 than CD11c¥™CCR29™ macrophages in response to
LPS stimulation. Interestingly, patients with active CD showed a significant
increase in CD11c""CCR2"e" macrophages in inflamed tissue compared to
quiescent tissue, patients with remitting disease and non-IBD controls. Overall,
these studies suggest that CD patients exhibit infiltration and expansion of pro-

inflammatory macrophages, facilitated by the CCR2:CCL2 axis.

An additional hallmark of CD macrophages is their hyperresponsiveness to TLR
stimulation, which is a characteristic displayed by infiltrating blood monocytes
prior to maturation in the intestine (Maheshwari et al., 2011). This indicates that
immature, highly pro-inflammatory macrophages fail to mature and contribute to
CD pathology. In addition to their aberrant activation, macrophages and

monocytes have been suggested to also have impaired bacteria-clearing capacities
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in CD. Vazeille et al. (2015) isolated monocytes from PB of 24 CD patients and 12
healthy controls and cultured them with pathogenic and non-pathogenic
Escherichia coli (E. coli) strains to understand their potential to phagocytose and
subsequently lyse the bacteria. Prolonged exposure for 1hr resulted in a
significantly higher pathogenic bacterial load in CD patient cells when compared
to the non-IBD samples. No difference in bacterial load was detected between the
sample groups after infection with the non-pathogenic E. coli strain, suggesting
that blood-derived monocytes from CD patients have impaired lysogenic

capabilities.

1.4.5 What are neutrophils?

Neutrophils are polymorphonuclear leukocytes characterised by their distinct
segmented nuclear shape and granule expression in the cytoplasm. They derive
from the granulocyte-monocyte progenitor and are generated and matured in the
bone marrow (BM) (Vietinghoff and Ley, 2008). Their differentiation is driven by
the granulocyte colony-stimulation factor (G-CSF). The BM stroma expresses high
levels of the chemokine receptor C-X-C Motif Chemokine Ligand 12 (CXCL12),
which binds C-X-C Motif Chemokine Receptor 4 (CXCR4) on neutrophils, preventing
them from exiting. High levels of G-CSF have been shown to interfere with the
CXCL12:CXCR4 axis, allowing for neutrophils to be released into the circulation
(Hyun et al., 2006). Granules of neutrophils store high levels of AMPs and reactive
oxygen species (ROS), which are released upon pathogen encounter (West et al.,
1974). These AMPs harm microbes in different ways, disrupting their membrane
structure, biosynthesis or differentiation (Huan et al., 2020). Additionally, the
release of ROS, a reactive group of molecules, induces DNA and/or RNA damage
by oxidisation (Nathan and Shiloh, 2000).

Neutrophils are highly abundant in PB (50-70% of PB leukocytes in humans) and
function as the first line of defence during infections (Kolaczkowska and Kubes,
2013). The segmented morphology of their nucleus allows for them to migrate
quickly because they can easily squeeze through tissues to reach the site of
infection or damage. In intestinal homeostasis, neutrophils like macrophages are
crucial to fight translocated bacteria. They respond to chemokine signals released

by macrophages that were previously triggered by a danger signal (pathogen or
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damage). (Knall, Worthen and Johnson, 1997; Tester et al., 2007; Yamamoto et
al., 2008). Once at the site of inflammation, neutrophils degranulate, releasing
proteases with diverse functions, including inducing the production of monocyte-

recruiting factors by macrophages and endothelial cells (Chertov et al., 1997).

1.4.6 Role of neutrophils in CD

Human studies about the role of neutrophils in CD are rare. However, neutrophil
infiltration is a common feature in UC and is used as a measure in scoring for
disease activity (Bressenot et al., 2015). Marks et al. (2006) tested the potential
of neutrophil recruitment in CD by sampling tissue from the same intestinal site
6h apart in 6 patients with quiescent CD as well as 9 non-IBD controls and 3 UC
patients. After inducing trauma by extracting a pinch biopsy on the sampling site,
it was evaluated how many neutrophils accumulated during the 6h window.
Immunohistochemistry (IHC) staining against myeloperoxidase (MPO), a marker for
activated neutrophils (Sarr et al., 2021), and IL-8 were used to identify neutrophils
and neutrophil-recruiting cells, respectively. Rectal and ileal tissue derived from
CD patients showed significantly fewer MPO* cells post-trauma than both tissue
types of non-IBD controls and rectal tissue samples from UC patients, even though
the baseline numbers were similar. Additionally, they also displayed fewer IL-8
positive cells when compared to controls in both rectum and ileum post-trauma.
However, in vitro migration assays of human neutrophils derived from CD patients
have shown that neutrophils display normal migratory behaviour (Morain et al.,
1981; Wandall, 1985). It is currently unknown which CD-induced factors prevent
neutrophil infiltration during disease. G-CSF as a potential CD treatment has been
tested in a selection of patients, initially showing promising results (Dejaco et al.,
2003; Korzenik and Dieckgraefe, 2005). These findings suggest a defective

neutrophil phenotype in CD and a normal function in UC.

In addition to their antimicrobial function in intestinal homeostasis and
inflammation, neutrophils have been suggested to recruit Th17 cells (further
discussed in section 1.6.3) and promote their differentiation. Immunofluorescent
staining showed colocalization of the transcription factor (TF) retinoid-related
orphan receptor gamma t (RORyt), highly expressed on the Th17 subset, and

neutrophils in inflamed intestinal tissue of CD patients (Pelletier et al., 2010).
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Neutrophils that infiltrated the mucosa of IBD patients have also been found to
express high levels of IL-23, a cytokine driving Th17 cell expansion (Kvedaraite et
al., 2016). In healthy individuals and during homeostasis, this interaction may
contribute to vital anti-microbial Th17 responses, but in CD, even though
neutrophil infiltration has been found to be impaired, it may be contributing to

detrimental chronic inflammation.

1.4.7 Pattern Recognition Receptors in CD

PRRs play an important role in pathogen sensing. GWAS have predominantly linked
two types of PRRs, TLRs and NLRs, to CD pathogenesis. They recognise pathogen

PAMPs and DAMPs and induce fast pro-inflammatory responses.

1.4.71 What are toll-like receptors?

TLRs can be located on the cell surface or within the cytoplasm (Takeda and Akira,
2005). They respond to bacterial and viral antigens and trigger the nuclear factor-
kB (NF-kB) cascade and/or interferon regulatory factors (IRFs). NF-kB is a
transcription factor that is held in the cytoplasm by inhibitory proteins during a
quiescent state (T. Liu et al., 2017). Activation of the NF-kB signalling cascade
involves the cleavage of these inhibitory proteins and subsequent translocation of
the functional transcription factor to the nucleus. IRFs are phosphorylated
downstream of TLR activation in the cytoplasm, causing conformational changes
in form of dimerization required for nuclear translocation of the NF-kB
transcription factor (Mogensen, 2019). TNF-a and IL-6, pro-inflammatory
cytokines which are highly expressed during active CD, are products of the NF-kB

cascade (Libermann and Baltimore, 1990; Schutze et al., 1995).

1.4.7.2 Role of toll-like receptors in CD

The relationship between TLR signalling and CD is complex. Activation of these
receptors has been found to significantly contribute to chronic intestinal disease
as well as have preventative functions. As discussed in section 1.2.2,
polymorphisms in TLRs are common genetic risk factors for CD, demonstrating that
their aberrant function contributes to disease. A study by Hausmann et al. (2002)

has shown by IHC staining that TLR4 is upregulated in intestinal tissue of CD
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patients with active disease when compared to non-IBD controls and remission
samples. The staining was concentrated around intestinal crypts, an area
dominated by epithelial cells as well as macrophages. Similar observations have
been made about TLR2 (Hausmann et al., 2002); however, these are not consistent
throughout the literature, and another study has reported no change in TLR2
expression between healthy and diseased tissue (Cario and Podolsky, 2000). The
levels of the anti-viral TLR3 are reduced in CD patients, a potential response of
the innate immune system to the less diverse microbiome (Cario and Podolsky,
2000).

In contrast to their CD-inducing characteristics, TLRs have also been found to have
a protective function in mouse models of intestinal inflammation. Mouse models
with chemically induced colitis in their intestines show severe outcomes upon
TLR2, TLR4 as well as MyD88 gene knockout when compared to mice with
functional TLR signaling (Araki et al., 2005; Fukata et al., 2005; Cario, Gerken and
Podolsky, 2007). The stimulation of TLR2 in the same colitis mouse model also
exhibited a protective effect (Cario, Gerken and Podolsky, 2007). Moreover, mice
lacking TLR4 and MyD88 exhibited higher amounts of pathogenic bacterial DNA in
their MLNs when compared to wild-type mice and translocation of the bacteria
into the luminal epithelium which was not detected in the control group (Fukata
et al., 2005). These findings indicate the complex role of TLRs in intestinal disease
since they have both a pro-inflammatory but also protective role depending,

suggesting TLR hypersensitivity as a hallmark of IBD.

1.4.7.3 What are NOD-like receptors?

NLRs are located intracellularly and, similar to TLRs, can trigger the NF-kB
signaling cascade but also induce inflammasome activation. The inflammasome
complex forms in the cytosol and enables the activation of the enzyme caspase-1
by cleavage of its initial non-functional form. Caspase-1 has proteolytic
characteristics and cleaves pro-IL-18 and pro-IL-18, two cytokines both crucial for

pro-inflammatory immune responses, into their active forms.
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1.4.7.4 Role of NOD-like receptors in CD

As mentioned in section 1.2.2, variants of the gene encoding the NLR CARD15 are
prominent in CD patients. CARD15 recognises muramyl dipeptide (MDP) found in
the cell wall of most bacteria (Girardin et al., 2003). Excessive MDP stimulation
of human blood-derived monocytes and intestinal macrophages showed that the
pre-exposure to the bacterial peptide dampen TLR2 and 4 signalling in vitro (Hedl
et al., 2007). The same effect was seen in blood-derived monocytes of CD patients
carrying a disease-related CARD15 polymorphism without MDP pre-treatment,
suggesting aberrant CARD15/TLR interaction in these individuals. Therefore, loss
of function mutations in CARD15/NOD2 potentially contribute to the hyper-
activation of TLR during CD. Another link between NLR and TLR signalling can be
found during inflammasome responses. The protein complex required for
inflammasome activation includes three main components (a sensor, an adaptor,
and an effector), which can vary in different inflammasome phenotypes (Swanson,
Deng and Ting, 2019). The NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3)-dependent inflammasome has been found to be an important driver of
inflammation in IBD. Bauer et al. (2010) demonstrated that knockout of the NLRP3
gene in a murine model of colitis induced protection against intestinal
inflammation. Moreover, NLRP3 expression was increased in CD patients as well
as autoimmune-prone mice (L. Liu et al., 2017). The microbial sensor of this
inflammasome, NLRP3, is produced downstream of NF-kB activation, which is
driven by NLRs but also TLR activation. NLRP3 then binds its adaptor protein
PYCARD (Apoptosis-Associated Speck-Like Protein Containing A CARD) and effector
protein caspase-1, and the inflammasome response generates active IL-18 and IL-
18 (Swanson, Deng and Ting, 2019). IL-1 B secretion in particular has been linked
to CD inflammation. For example, a study using colonic explant cultures (cultures
of pinch biopsies in media for a 24h period) derived from 20 CD patients and 13
non-IBD controls demonstrated a significant increase of IL-1B in diseased tissue
(Ludwiczek et al., 2004). Additionally, Reinecker et al. (1993) demonstrated that
lamina propria mononuclear cells (LPMCs) isolated form colonic pinch biopsies of
IBD patients with inflamed tissue (nuc= 12, ncp= 12), secreted higher levels of IL-
18 than tissue from patients with disease in remission (nuc= 17, ncp= 26).

Neutralisation of LMPC macrophages using an anti-CD68 antibody significantly
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reduced IL-1B levels, suggesting them as one of the main producers of the cytokine
in the intestine.

1.5 Adaptive immunity in CD

The innate immune system is vital in maintaining intestinal tissue homeostasis.
Adaptive immunity is activated by the innate immune system to help clear
infectious agents. Macrophages and DCs are both APCs and can present antigens
to adaptive immune cells. In intestinal homeostasis, the production of IL-10 by
macrophages and DCs have been found to induce immune regulatory adaptive
immune cells. However, during infection or disease, they facilitate the activation
of antigen-specific effector cells and immune responses by releasing pro-
inflammatory cytokines. The two main effector cell phenotypes facilitating

adaptive immune responses are B and T cells.
1.5.1 What are T cells?

T cells are lymphocytes that derive from the early thymic progenitor (Donskoy and
Goldschneider, 1992) and mature in the thymus once they leave the bone marrow
(Anderson et al., 1993). During their thymic development, T cells undergo a
distinct succession of maturation steps to ensure they are released into the
periphery as functional non-self-reactive immune cells (Spits, 2002; Kumar,
Connors and Farber, 2018). After maturation, the main T cell subsets are
characterised by the type of their antigen-specific T cell receptor (TCR) and its
co-receptors. The TCR can be made up of off or y& chains (Geisler, Larsen and
Plesner, 1988), the latter being highly abundant amongst IELs (Deusch et al., 1991)
but in general less frequently than their a3 counterparts (less than 5% of human
T cells) (Vroom et al., 1991). Both types of TCR require two CD3 heterodimers
(CD3e/CD3y, CD3¢/CD30) responsible for the intracellular signaling (Dadi, Simon
and Roifman, 2003). o3 T cells also express one of two types of co-receptors
essential for their activation, which are the glycoproteins CD4 and CD8 (Janeway,
1992).
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1.5.2 CD4* T cell activation

The TCR binds to antigenic peptides bound to the major histocompatibility
complex (MHC) protein expressed abundantly on the surface of APCs. T cells
circulate in the periphery, constantly entering and exiting the secondary lymphoid
organs waiting to encounter an APC that carries an antigen matching the
specificity of their TCR. DCs migrate from the site of inflammation or infection
carrying antigen to the closest draining LN (Tai et al., 2018). Once they meet the
cognate T cell, the activation process begins. Step one of T cell activation is the
binding of the TCR to antigen peptide carried by the MHC on the APC, and the co-
receptor CD4 or CD8 stabilises this MHC:TCR complex. Step two requires the
interaction of co-stimulatory surface proteins and their receptors on APCs and T
cells, which are upregulated in response to pathogen encounter and TCR ligation,
respectively. These molecules include CD28 and OX40 on T cells as well as their
ligands CD80 and CD86 (binding CD28) and 0X40 ligand (OX40L) (Rudd, Taylor and
Schneider, 2009). The third and final signal requires the secretion of cytokines,
which is essential to maintain T cell survival, and drive their differentiation and
proliferation (Coffman, 1998). After this primary activation, activated CD4* T cell
clones eventually generate expanded antigen-specific memory cohorts, which
allow for faster specific responses upon re-exposure to their specific antigen
(Swain, 1994; Yoshimoto et al., 1996).

1.5.3 CD4* T helper subset differentiation

CD4* T cells, also referred to as Th cells, are a very plastic immune cell phenotype
(Ivanova and Orekhov, 2015). Their TCRs recognise antigens carried by the MHC
class Il complex on APCs, and subsequently, different cytokine stimuli can induce
differentiation into distinct Th subsets. Prior to activation, they are referred to
as ThO cells. Over the years, many different Th subpopulations have been
identified. There is controversy amongst T cell biologists about whether all subsets
are indeed final stages of Th differentiation or whether some are transient phases
that exist due to high plasticity amongst the subpopulations (lvanova and Orekhov,
2015). The main Th subsets involved in IBD are Th1, Th2 and Th17 (Figure 1.2).
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Initially, it was found that stimulation of ThO cells with IL-12 and IL-27 during
activation phosphorylates Signal Transducer And Activator Of Transcription (STAT)
4 signaling downstream of the IL-12R promotes Th1 differentiation (Nishikomori
et al., 2002; Pflanz et al., 2002). However, Szabo et al. (2000) discovered the
transcription factor T box expressed in T cells (T-bet), which was solely expressed
in T cells under Th1 polarising condition and is now used as one of their main
markers. In addition to IL-12 and IL-27, phosphorylation of STAT1 by IFN-y also
drives Th1 differentiation (Ma, Huang and Huang, 2010). Th1 cells can be
identified by their cytokine expression profile which is characterised by IFN-y,
TNF-a and IL-2. Production of IFN-y by Th1 cells forms an autocrine stimulus,
promoting and maintaining the lineage. Th1 cells are part of the type 1 immune
response, important for clearing intracellular pathogens. This is reflected by the
fact that individuals with a deficiency in T-bet develop mycobacterial infections,

the type of bacterium causing tuberculosis (Yang et al., 2020).

The cytokine IL-4 induces Th2 cell differentiation by STAT6-dependent GATA
binding protein 3 (GATA3) upregulation (Kotanides and Reich, 1996; Zheng and
Flavell, 1997). A downstream effect of GATA3 is enhanced accessibility of the IL-
4 encoding gene, inducing a similar autocrine loop as seen in Th1 cells. Apart from
IL-4 Th2 cells produce IL-5 and IL-13 (McKenzie et al., 1998) and are known to
drive anti-helminth responses. For example, mice deficient in IL-13 failed to
effectively clear the infection of the gastrointestinal parasite Nippostrongylus
brasiliensis (McKenzie et al., 1998). Aberrant Th2 responses have been linked to
allergies and asthma. Anti-IL-5 treatment is currently trialled for patients affected

by the latter disease (Bagnasco et al., 2018).
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Figure 1.2: CD4* T cell activation and polarisation of Th1, Th2Z and Th17 subsets.

The cytokine environment during the activation of naive CD4* T cells differentiates them into
distinct phenotypes. Th1, Th2 and Th17 have been identified to drive IBD pathogenesis. Initial
activation of T cells involves ligation of their TCR and CD4-co receptor with the MHC Il:antigen
complex on the DC (or other APC). Subsequently, CD28 on the APC binds with CD80/CD86 on the T
cell surface to stabilise the complex. Th1 cells are polarised by IL-12, IL-27 and IFN-y and have
been characterised by an increase in STAT4, T-bet and production of IFN-y, TNF-a and IL-2. Th2
cell differentiation is driven by IL-4 stimulation, followed by an upregulated of STAT6 and GATA3
and secretion of IL-4, IL-5 and IL-13. Th17 cells are induced by TGF-8, IL-18, IL-6 and IL-23-
dependent upregulation of RORyt and STAT3 and release of IL-17, IL-21 and IL-22. This figure was
created using BioRender.com.

IL1-B, IL-6 and IL-23 differentiate ThO cells into the Th17 phenotype via STAT3
signaling (Aggarwal et al., 2003; Acosta-Rodriguez et al., 2007; Wang et al., 2013).
The characteristic transcription factor upregulated in Th17 cells is the TF RORyt
(Yang et al., 2007) and their cytokine secretion profile involves IL-17A/F and IL-
21, IL-22 (Liang et al., 2006; Wei et al., 2007). The upregulation of RORyt can also
be promoted by TGF-B, which induces the degradation of the SKI protein bound to
the transcription factor SMAD4, a state that suppresses RORyt transcription (Zhang
et al., 2017). Th17 cells are part of type 3 immune responses, which protect

against extracellular pathogens and fungi. The deficiency of STAT3, and therefore
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Th17 differentiation, makes humans susceptible to chronic mucocutaneous
candidiasis, the chronic mucosal infection by the opportunistic fungus Candida
Albicans (Sowerwine, Holland and Freeman, 2012). Similar findings supporting the
importance of Th17 in anti-fungal defence were found in mice lacking the IL-17A
receptor, exhibiting enhanced systemic Candida Albicans infection (Huang et al.,
2004). Y. Wang et al. (2019) extracted LMPCs from mice and co-cultured them
with anti-CD3 antibodies and splenic APCs. Stimulating the LPMCs with bacteria-
derived flagellins generated IL-17A, indicating that Th17 cells proliferated in

response to the extracellular bacterial stimulus.

1.5.4 Regulatory T cell Activation and Differentiation

In addition to their pro-inflammatory effector functions, CD4* T cells can also
exhibit immunoregulatory phenotypes in the form of T regulatory T cells (Tregs).
Tregs are characterised by the expression of the transcription factor forkhead box
P3 (FOXP3) and IL-2 receptor alpha chain (CD25), as well as the production of the
anti-inflammatory cytokine IL-10 (Fontenot, Gavin and Rudensky, 2003). Thymic
Tregs were identified as CD25*CD4*CD8 thymocytes by Itoh et al. (1999). In vitro
stimulation showed that these cells were unresponsive to antigen (anergic).
Furthermore, depletion of these cells in thymocyte suspension and adoptive
subsequent transfer into mice lacking a functional thymus caused autoimmunity
affecting many organs, including the intestines. In addition to those derived from
the thymus (referred to as natural Tregs), Tregs can also differentiate in the
periphery from naive CD4* T cells (induced Tregs). The induced phenotype
expresses the characteristic Treg markers but lacks the expression of the TF
Helios, which is upregulated in CD25*FOXP3*CD4* thymocytes but not splenocytes
during murine development (Thornton et al., 2010). Induced Tregs differentiate
in response to IL-2 and TGF-B. The main producers of TGF-B are DCs, which secrete
the cytokine in response to stimulation of commensal bacteria (Kashiwagi et al.,
2015). IL-2 and TGF-B induce demethylation of enhancer sequences on the Foxp3
gene locus of T cells, which allows for transcription of the TF (Ogawa et al., 2014).
Lack of functional FOXP3, and in consequence functional Tregs, in mice causes
uncontrolled proliferation of lymphocytes and severe inflammation (Brunkow et
al., 2001). Similarly, mutations in the FOXP3 gene have been linked to the immune

dysregulation, poliendocrinopathy, enteropathy, X-linked syndrome, which
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exhibits fatal systemic autoimmunity in humans (Bennett et al., 2001).
Additionally, the same study showed that family members of affected individuals

in 2 out of 3 tested families showed mutations in FOXP3.

1.5.5 CD8* T cell Activation and Differentiation

CD8* T cells mostly act as part of type 1 immune responses and are crucial for
anti-viral immunity. Different to CD4* T cells, they recognise intracellular
peptides presented on MHC I, and not MHC Il, complex (Townsend, Gotch and
Davey, 1985). MHC | is expressed on all mammalian cells carrying a nucleus and is
therefore useful for immune surveillance e.g., for the detection of intracellular
viruses (Townsend, Gotch and Davey, 1985; Hewitt, 2003). Upon activation, CD8*
T cells differentiate into cytotoxic T lymphocytes (CTLs), which, as their name
suggests, exhibit cytotoxic characteristics that release lysogenic proteins during
their degranulation (Peters et al., 1991). Cytokines promoting CTL activation are
the Th1 cytokines IL-2, TNF-a and IFN-y (Leist et al., 1989; Gately et al., 1994;
Pardoux et al., 1997; Kasahara et al., 2003). Besides granule production, they also
secrete IFN-y and TNF-a (Ratner and Clark, 1993; Gately et al., 1994). The
importance of anti-viral immunity of CTLs has very been shown in relation to the
immune response against the COVID-19-causing virus SARS-Cov-2. Impaired CTL
effector functions either due to hypo or hyperfunction caused vulnerability to
severe disease or the potentially severe disease itself (Westmeier et al., 2020;
Kusnadi et al., 2021). Hypofunctional CTLs may cause a lack of protection against

pathogens, and hyperfunction may cause high levels of damage.

1.5.6 Role of T cells in CD

CD4* and CD8* T cells are increased in the mucosa of active CD patients (Fuss et
al., 1996; Muller et al., 1998). T cells in the intestinal microenvironment are
exposed to many foreign antigens, including food and commensal bacteria-derived
molecules. IL-10 production by Tregs has been found to be essential to maintain
tolerance towards the commensal microbiota by e.g., acting on T cells as well as
macrophages (Rubtsov et al., 2008). During intestinal inflammation in CD, an
aberrant shift toward Th1 and Th17 activity and away from Treg maintained

homeostasis has been observed. Breese et al. (1993) identified an accumulation
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of IL-2 secreting intestinal T cells ex vivo in colonic biopsies derived from a small
cohort of paediatric CD patients (n =18) compared to non-IBD controls (n =14) (p
<0.002). Two additional studies found an increase in IFN-y producing CD4* T cells
as well as IL-12 production in the lamina propria of CD patient (Fuss et al., 1996;
Parronchi et al., 1997). The IL12B gene was identified as one of the genetic risk
loci for CD, further supporting the hypothesis that an aberrant Th17 response is
involved in its pathology (Barrett et al., 2009). Additionally, Monteleone et al.
(2005) found that IL-12 production in isolated LPMCs induces IL-21 production in
active CD lesions, a hallmark of Th17 response (Wei et al., 2007). They also found
that when stimulated with IL-21, LPMCs increase their IL-12 production, suggesting
a positive feedback loop between IL-12 secreting Th1 and IL-21 producing Th17
cells. Th17 cells are involved in the pathology of both CD and UC. GWAS linked a
selection of Th17 genes to IBD, including the gene encoding IL-23R (Zhu et al.,
2020). Th17 cells have been identified in the tissue of many chronic inflammatory
diseases, such as CD, psoriasis, RA and severe asthma, based on their cytokine and
TF profile (i.e., IL-17*RORyt*) using flow cytometry and gPCR analyses, linking
them to autoimmunity (Pene et al., 2008). Fujino et al. (2003) quantified IL-17
expression in intestinal tissue and serum of UC (n =20) and CD (n =20) patients as
well as control groups, including infectious colitis (n =5), ischaemic colitis (n =8,
temporarily disruption in blood flow supplying parts of the colon) and unaffected
volunteers (n =15). Interestingly, only individuals with active IBD showed elevated
levels of IL-17 and no change was found in patients with non-chronic colitis. In
terms of serum IL-17 expression, active CD patients exhibited a significantly higher

protein load compared to individuals with active UC.

Based on these findings, anti-IL17 treatment was trialled in a randomised CD
cohort. The study used the anti-IL-17 therapeutic secukinumab, a monoclonal
antibody binding IL-17A cytokine with high affinity, which had to be discontinued
due to an accumulation of severe adverse side effects (Hueber et al., 2012). This
suggested that even though IL-17 promotes CD it also has protective
characteristics in CD. Supporting this hypothesis is the finding that during a normal
intestinal immune response, Th17 cells interact with Tregs and intestinal tissue-
resident cells to prevent commensal translocation without mounting inflammatory

immune responses (Omenetti and Pizarro, 2015). Thus, while Th17 cells may
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contribute significantly to pathology during CD, IL-17 also appears to have

additional non-redundant roles in maintaining intestinal homeostasis.
1.5.7 Peripheral T cell-homing to the Intestines

Since T cells (apart from IELs and tissue resident memory T cells) are not tissue
resident, they require gut-homing markers to enhance their migration to the
intestines. Different receptor-ligand interactions have been found to promote
migration to the intestines, with some being selective for small intestine or colon.
The a4B7 integrin expressed on T cells, has been found to facilitate their binding
to mucosal vascular addressin cell adhesion molecule-1 (MADCAM-1). Mouse
studies have shown that a487:MADCAM-1 selectively induces homing to the small
intestine (Artis et al., 2000; Kuhbandner et al., 2019). Wang et al. (2009) studied
the effect of C-C chemokine receptor type 6 (CCR6) and CCR9 on the migration
behaviour of Th17 cells to the intestines in mice. They found no difference in
tissue distribution of CCR6* Th17 cells between small intestine and colon,
however, they found that the CCR9* cells were more accumulated in the small
bowel. CCR9 and a4B7 have been investigated as potential therapeutic targets in
CD. The monoclonal antibody against a487 called vedolizumab has been a licenced
treatment since 2014 (Ha and Kornbluth, 2014; Ranasinghe and Eri, 2018). The
GEMINI 1l trial, a randomised placebo-controlled trial, studied the response to
vedolizumab in CD patients. They found a significant increase in clinical remission
(defined by CDAI<150) in vedolizumab treated patients compared to the placebo

group (p <0.01) 52 weeks after treatment initiation.
1.6 Summary of intestinal immunopathology in CD

As highlighted in sections 1.4 and 1.5, CD harbours as very complex intestinal
immunopathology (partially summarised in Figure 1.3), which involves mainly
different cellular players (not all mentioned in this thesis). Microbiota contribute
to tissue homeostasis by shaping the phenotype of intestinal macrophages (Sorini
et al., 2018). IL-10 production by lamina propria macrophages has been found to
expand FOXP3* Tregs in mice together with additional administration of TGF-B
(Denning et al., 2007). The source of TGF-B the intestines are most likely DCs,

which secrete the cytokine upon stimulation by commensal-derived antigen
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(Kashiwagi et al., 2015). Treg-derived IL-10 in turn provides a tolerogenic cytokine
environment for DCs and macrophages and phosphorylates STAT3, inhibiting
differentiation of Th17 cells (Chaudhry et al., 2011).
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Figure 1.3: The role of mononuclear Phagocytes, CD4* T cells and neutrophils in CD
immunopathology.

Microbiota contribute to tissue homeostasis with low level TLR activation of macrophages and DCs
and subsequent TGF-beta and IL-10 secretion. These cytokines promote FOXP3+ Tregs which in
turn secrete IL-10 contributing to the immunoregulatory environment. In IBD, bacterial translocation
and loss of epithelial barrier integrity causes activation of innate immune cells. Their activation
causes a shift in the cytokine microenvironment (from IL-10 to Th1 and Th17 cytokines) driving
differentiation of Th1 and Th17 effector populations, pro-inflammatory macrophage responses and
monocyte/neutrophil infiltration. This figure was created using BioRender.com.

Patients with CD exhibit dysbiosis between the microbiota and host immune
system, reflected by less diversity in their intestinal microbiome (Peterson et al.,
2008). In contrast to those in homeostasis, intestinal macrophages derived from
CD express high levels of pro-inflammatory cytokines, such as TNF-a, IL-6, IFN-y,
IL-23 and IL-18 (Kamada et al., 2008; Bernardo et al., 2018). Although they have
the capacity to mount an immune response against the translocation bacteria,

monocyte-derived macrophages in CD might have impaired ability to effectively
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clear bacterial loads (Vazeille et al., 2015). Even though less neutrophil migration
has been identified in CD patients (Marks et al., 2006), IL-8 production from
intestinal macrophages might still recruit them to the intestine where they Kkill
infected cells and help facilitate Th17 immune responses (Pelletier et al., 2010).
The shift from a tolerogenic TGF-8 and IL-10 dominated to a Th1/Th17 pro-
inflammatory microenvironment which is further driven by the interaction of the
Th subsets. Once activated by DCs and polarised cytokines, LPMCs derived from
CD patients secrete IL-12 when stimulated with IL-21 (Monteleone et al., 2005),
potentially describing Th1 cells driving Th17 differentiation. Additionally, Th1 and
Th17 cells and macrophages might be forming a feedback loop with macrophages
with the latter driving Th1 proliferation with TNF-a secretion and Th17 with IL-6
and IL-18. Th1 cells releasing IFN-y inducing pro-inflammatory macrophage and

Th1 responses.

1.7 Granuloma formation in CD

In chapter 5, | describe an intestinal CD immunopathotype characterised by
granuloma formation. Granulomas are histological structures made up of an
accumulation of macrophages in response to a persistent antigen (Pagan and
Ramakrishnan, 2018) and are sometimes used as histological marker to distinguish
CD from other intestinal inflammatory conditions (Heresbach et al., 2005). They
are displayed in 30-40% of CD patients that underwent resective surgery (Wolfson
et al. 1982) and have been found to be linked to severe disease, defined by higher

rates of hospitalisation and surgeries (Molnar et al., 2005).

Granulomas can progress into different structures depending on environmental
stimuli as well as the type of antigen (Pagan and Ramakrishnan, 2018).
Macrophages can undergo epithelioid changes where the immune cells link their
membranes and fuse them, forming a giant cell with multiple nuclei. Additionally,
they can form a necrotic core after triggering necrosis, a type of cell death that
occurs spontaneously or in response to injury. In the case of macrophages, it can
be triggered by over-eating i.e., the cells being overloaded with pathogenic
material which they cannot clear using phagocytosis. The precise antigens
involved in granuloma formation in CD are unknown. However, bacterial DNA was

found in the mucosa of 80% of patients with granuloma exhibiting CD, which
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suggests bacterial translocation into the mucosal layer as a potential trigger (Ryan
et al., 2004). Granulomas in CD usually remain epithelioid and non-necrotic and
are useful to identify the disease and distinguish it from other types of intestinal
inflammation (Feakins, 2014). Heresbach et al. (2005) studied the prevalence of
granulomas as well as the sub-phenotypes in 56 CD patients. 37% of patients
exhibited granuloma. 33.3% of granuloma-positive patients developed the
epithelioid phenotype.

Granuloma formation and progression have been shown to be influenced by many
different cytokines, including IL-4, IL-13, TGF-8 and TNF-a (Pagan and
Ramakrishnan, 2018). TNF-a plays an important role in CD pathogenesis, with
macrophages being one of its major producers. During mycobacterial infection of
mice, TNF-a has been found to drive granuloma responses by inducing the release
of macrophage chemoattractants, and its knockout resulted in a poor granuloma

response in mice (Roach et al., 2002).
1.8 Role of Chitinase 3-like protein 1 in CD

In addition to granuloma, the CD immunopathotype in chapter 5 expressed high
levels of chitinase-like 3 protein 1 (CHI3L1, also known as YKL-40). CHI3L1 is a
non-enzymatic hydrolase that is part of the chitinase-like protein family.
Chitinases catalyse chitin degradation; however, a mutation in the CHI3L1 protein
sequence hampers its enzymatic functionality (Zhao et al., 2020). Even though it
is non-functional as a chitinase, it has been found to be elevated in many chronic
inflammatory conditions, including CD, sarcoidosis and RA (Zhao et al., 2020).
CHI3L1 has been found to be expressed by mature macrophages (Rehli et al.,
2003), neutrophils (Volck et al., 1998; Deutschmann et al., 2019) and tissue-
specific epithelial cells, such as colonocytes (Mizoguchi, 2006). Its expression can
be induced by IL-6, TNF-a and IL-18 (Mizoguchi, 2006). Human colonocyte cell
lines infected with pathogenic bacteria have been shown to have elevated
expression of CHI3L1 (Mizoguchi, 2006). Another study observed an increase in
bacterial load after enhancing the expression of CHI3L1 in colonocytes in vitro
using transfection (Kawada et al., 2008). The same study showed that the
secretion of chitin binding protein, secreted by bacteria to invade chitin-

expressing hosts (insects and crustaceans) and to bind soluble chitin (which they
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use as an energy source), was required for effective bacterial adhesion to
colonocytes. Fluorescent microscopy showed binding between CHI3L1 and chitin
binding protein overexpressing E. coli, suggesting that the interaction between

these two proteins promotes bacteria to adhere.

A study by Deutschmann et al. (2019) identified CHI3L1 as a potential
autoantigenic target in CD. PB sera were collected from 110 CD patients and 86
non-IBD controls. Neutrophil proteins were extracted from healthy donors and
incubated with patient and control sera. Immunoblotting and enzyme-linked
immunosorbent assays (ELISAs) showed binding of CHI3L1 by antibody in patient
but not control sera. When looking at the level of serum reactivity with CHI3L1 in
CD, UC, and coeliac disease (an inflammatory condition causing gluten
intolerance) it was significantly upregulated in CD compared to the other two
conditions. Interestingly, CHI3L1 has also been shown to induce secretion of the
neutrophil chemoattractant IL-8 in colonocytes derived from UC patients (Chen et
al., 2011) and has also been demonstrated to induce macrophage recruitment in

colorectal cancer (Kawada et al., 2011).

In addition to binding chitin, CHI3L1 can act on a selection of receptors. It can
bind to the IL-13 Receptor Alpha 2 (IL-13Ra2), usually a target of IL-13 (He et al.,
2013; Lee et al., 2016). He et al. (2013) found that CHI3L1 and IL-13Ra2 are co-
localised in the cytoplasm of murine alveolar macrophages. They also
demonstrated that when treated with recombinant CHI3L1, the human THP-1 cell
line (immortalised macrophages) upregulated a selection of kinase signhaling
cascades, including extra-signal-regulated protein kinase (ERK) 1/2, Akt and
Wnt/beta-catenin pathways, all of which are crucial for cell differentiation and
proliferation. These effects were impaired when simultaneously treated with IL-
13Ra2 small interfering RNA (siRNAs) or soluble IL-13Ra2 protein hijacking
recombinant CHI3L1. Another study by Geng et al. (2018) reported that selective
deletion of CD44, an extracellular glycoprotein, or IL-13alpha2 receptor in human
gastric cancer cell lines prevented the upregulation of these signaling pathways
and showed that CHI3L1:CD44:IL-13a2 receptor form a multi-protein complex.
These findings suggest that CHI3L1 plays an important role in tissue remodelling.
Supporting evidence was recently published by Zhou et al. (2022), linking

increased CHI3L1 in patient serum with an increase incidence of pulmonary
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fibrosis, a condition characterised by macrophage-induced mucosal tissue
remodelling (Zhou et al., 2015). In the same study it was demonstrated that
CHI3L1 induced collagen deposition in fibroblasts of mice by interacting with the
prostaglandin D2 receptor (CRTH2). CRTH2 has been previously linked to fibrosis
in a selection of organs as well as fibroblast collagen synthesis (Zuo et al., 2021).
CHI3L1 relation to fibrosis might elucidate its role in chronic inflammatory
conditions, such as CD, which are often characterised by the presence of fibrotic

tissue.

CHI3L1 has not only been measured in human intestinal cells and serum but also
in faeces, making it a potentially interesting biomarker. In fact, faecal CHI3L1 has
been identified as a potential marker for intestinal inflammation in IBD. The stool
was collected from 48 CD and 44 UC paediatric patients with different states of
inflammation and 56 non-IBD controls (Bohr et al., 2015). CHI3L1 levels were
significantly increased in the stool of patients with endoscopically active IBD
compared to controls and remission disease sample groups. Using predictive
analysis, it was found that CHI3L1 could predict inflammation with a specificity of
88.9% and sensitivity of 84.7%. Additionally, a study by Buisson et al. (2016)
identified faecal CHI3L1 to be also predictive for inflammation in adult CD patients

and to correlate with CDEIS and the commonly used faecal biomarker calprotectin.
1.9 Current CD therapeutics

There is now a broad range of therapeutics available to treat CD. They vary from
general immunosuppressive drugs to biological treatments, which target specific
molecules (such as cytokines) that are heavily involved in the patient immune

response. The goal of CD management is to re-establish mucosal healing.
1.9.1 General immunosuppressants

Once a patient is diagnosed with CD or experiences a strong flare, the first-line
treatment, as advised by the UK National Institute for Health and Care Excellence
(NICE), are corticosteroids (NICE, 2022). They are fast-working ant-inflammatory
agents that initially induce remission before introducing maintenance therapy.

Patients should be weaned off corticosteroid treatments once remission is
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achieved because of their severe side effects (NICE, 2017; Lamb et al., 2019).
Corticosteroids diffuse through the cell membrane and bind the glucocorticoid
receptor in the cytosol (Barnes, 2006). This protein receptor complex can re-
locate to the nucleus and interfere with the induction of pro-inflammatory
transcriptional programs, such as the NF-kB cascade. If steroid treatment is
contraindicated, e.g., due to underlying infections or young age, aminosalicylate
(5-ASA) or EEN treatment can be prescribed (NICE, 2022). Other monotherapies
used for long-term CD maintenance (after steroid-induced remission is reached)
are thiopurine, aminosalicylates (5-ASA), and methotrexate (NICE, 2022).)
Thiopurines, 5-ASA and methotrexate are general immunosuppressants that
hamper immune cell differentiation (Rousseaux et al., 2005; Djuri¢ et al., 2018).
In the case of methotrexate, this is achieved by interfering with purine synthesis,

which is especially important in T cell proliferation (Fairbanks et al., 1999).

1.9.2 Biologic drugs

If immunosuppressants fail to manage the CD inflammation, another group of
medications is routinely used, which is called biologics (Hommes, 2006). These are
a group of anti-inflammatory drugs that target specific molecules that drive
inflammation in chronic inflammatory diseases such as CD. The most commonly
prescribed biologics in IBD, and also in RA, are TNF blocking agents. These drugs
hijack soluble TNF, preventing it from receptor ligation and subsequently
inhibiting its pro-inflammatory downstream effects. The ACCENT | randomised
trial studied the efficacy of the anti-TNF antibody infliximab in 573 CD patients
with a CDAIS >220, comparing different concentrations of the medication to a
placebo group (Hanauer et al., 2002). Disease progression was evaluated after 30
weeks of treatment, and clinical remission (defined by CDAIS <150) was achieved
in significantly more patients in all groups consistently treated with anti-TNF
(average 42%) compared to placebo (21%). In addition to initial nonresponse to the
treatment (referred to as primary non-responders) are subsets of patients who
stop responding over time and/or develop allergies/adverse reactions. Many of
these adverse reactions occur because they start producing antibodies against the
drug, forcing discontinuation of the therapy (secondary loss of response) (Gisbert
and Panés, 2009). The commonly used anti-TNF drugs are adalimumab and

infliximab.
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Ustekinumab and vedolizumab are the two other types of biologic drugs licensed
for CD, wusually administered either as add-on therapies to general
immunosuppressants or anti-TNF blocking agents or in anti-TNF refractory disease.
Ustekinumab targets the p40 subunit of the cytokines IL-12 and IL-23, targeting
both Th1 and Th17 effector functions (Sandborn et al., 2012). Vedolizumab binds
to the a4B7 integrin, and so inhibits the migration of leukocytes to the intestine
(Ha and Kornbluth, 2014).

1.10 Crohn’s disease stratification

The current treatment model for CD is based on trial and error, starting patients
off with steroids, followed by general immunosuppressants. Biologics are more
commonly used now than they were in the past because their market value has
reduced, and their benefits have become clear. However, they are usually
prescribed in the UK as add-on therapy or last resort after other treatment options
have failed. This step-up treatment approach can be very detrimental for patients
not only in terms of their health but also in their quality of life. Overall biologic
treatments have improved the clinical management of CD, but the surgery rate
remains high with up to 46% (Frolkis et al., 2013). Gisbert and Panés (2009)
summarised the relapse rate during infliximab treatment in 16 studies (a total of
2236 patients) and estimated that 40% of patients lose response to infliximab after
initial treatment success. Together with the cases of primary non-response less
than 20% of CD patients can be successfully treated long-term with anti-TNF
blockers. Additionally, studies have suggested that previous exposure to anti-TNF
treatment increases the risk of refractory disease during therapy with follow-up

biologics such as vedolizumab (Sands et al., 2017; Verstockt et al., 2020).

To improve the quality of CD treatment, researchers and clinicians have been
trying to identify biomarkers which will first predict the progression of the disease
and second predict whether patients will respond to treatments such as anti-TNF
blockers. My colleagues and | have recently reviewed potential predictive markers
in IBD (Wang and Baer et al., 2019).
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1.10.1 Prediction of disease progression

CD is a very heterogeneous disease which can spread anywhere within the
gastrointestinal tract and presents unpredictable flares and complications.
Predicting the progression of CD would allow clinicians to introduce prophylactic
measures instead of solely reacting to the potential damage that has already been
caused by the disease. Examples of disease characteristics that would benefit from
biomarkers are disease location, phenotype (i.e., stricturing/fistulating), the risk

for EIMs, relapse and surgery.

In addition to the serological laboratory markers of inflammation discussed in
section 1.3.2 anti-Saccharomyces cerevisiae antibody (ASCA) and perinuclear anti-
neutrophil cytoplasmic antibody (pANCA) have been studied in the context of
disease progression. A cohort of 738 CD patients was studied, and their blood was
tested for multiple serological markers, including ASCA and pANCA (Ferrante et
al., 2007). Subsequently, the association between ASCA and pANCA and ileal or
colonic inflammation was tested, which identified ASCA as a promising marker for
ileal involvement (p =0.001), complications (i.e., fistulating or stricturing disease,
p <0.001) and risk for surgery (p <0.001). In contrast, pANCA expression in PB of
patients was linked to colonic involvement (p <0.001). The IBSEN study followed
159 patients for a 10-year and 135 patients for a 20-year time period and sampled
their blood at one or both time points (113 matched samples) and collected their
surgical information (Kristensen et al., 2020). Univariate analysis results displayed
that negative pANCA and positive ASCA antibodies are predictive of the need for
surgery, which supports the findings by Ferrante et al. (2007). Even though these
findings seem promising, recent guidelines by the European Crohn’s and Colitis
Organisation (ECCO) and European Society of Gastrointestinal and Abdominal
radiology (ESGAR) do not recommend pANCA or ASCA as routine clinical markers

due to their moderate sensitivity and specificity (Maaser et al., 2019).

To improve the reliability of serological markers in predicting disease
complications in CD, Lichtenstein et al. (2011) trialled a study using a combination
of clinical information, genetic and blood biomarkers. Matching NOD2 genetic
phenotyping and PB ASCA levels were available for 385 CD patients, and they were

classified based on the Montreal classification. Occurrences of stricturing and
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fistulating disease at the time of sample collection were referred to as ‘disease
complications’. ASCA levels were increased in patients with complicated disease,
which supported the observations by (Ferrante et al., 2007). Subsequently, they
selected the three NOD2 polymorphisms with the highest incidence within the
patient cohort. Regression between the complicated CD patient group and the
variables disease duration, ASCA levels together with the presence of the selected
NOD2 polymorphism showed a significant association (p <0.001). Additional,
predictive modelling indicated an accuracy of around 80% for the prediction of
complicated disease. Even though these findings sound promising, this study
harbours a few limitations. When looking for a predictive biomarker, researchers
and clinicians aim to identify complications prior to developments; however, in
this study, they only linked current fistulising or stricturing with changes in ASCA
and NOD2 polymorphisms. Additionally, a biomarker has to be cost-efficient, and
the use of genetic, serological analysis as well as subsequent advanced statistical
analysis by a statistician might not be feasible for routine clinical care. Supporting
these findings are several studies which linked significantly increased frequency
of NOD2 with severe disease. For example, NOD2 as well as IL23R, and AT16GL1
polymorphisms had a higher occurrence in CD patients with disease onset before
40 years of age, surgical intervention and complications (fistulating/stricturing
disease) compared to individuals with disease onset >40 years, no surgeries and

disease without complication (Weersma et al., 2009).

Peripheral blood mononuclear cells (PBMCs), leukocytes extracted from the PB,
have been studied in the context of relapse risk in CD. CD4* effector T cells
expressing the mucosal marker ADP-ribose cyclase 1 (CD38), were found to be
elevated in PB of paediatric IBD patients with active disease (n =22, defined by
endoscopic examination) when compared to patients in remission (n =26) (Joosse
et al., 2018). This CD38*CD4* effector T cell population was also found to
upregulate T-cell immunoglobulin and ITIM domain (TIGIT) expression, a T cell
inhibitory marker, after 72h co-culture with APCs in cells derived from adult
healthy blood. To follow up, the predictive potential of TIGIT*CD38*CD4* effector
T cells was studied in PB of 18 paediatric patients with ongoing inflammation and
9 non-1BD controls. TIGIT expression on CD38*CD4* appeared to split the IBD cohort
into two subsets with a cut-off at 25% TIGIT*CD38*CD4* T cells. The percentage of
paediatric patients with low TIGIT*CD38*CD4* circulating T cells exhibiting relapse
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within approximately 800 days of follow-up post-sampling was significantly higher
than that of the high TIGIT*CD38*CD4* circulating T cell group. Therefore, this PB
effector T cell subset might have predictive potential intestinal inflammation
flares for around 2 years after sampling. For these results to be of clinical
relevance, this analysis must be repeated in a larger cohort as well as in adult

patients.

The faecal marker FC has not only been identified as a useful measure of
inflammation in CD but also has been shown to function as a potential predictor
for the length of remission periods in IBD (Garcia-Sanchez et al., 2010). 66 patients
with CD and 69 patients with UC who had at least been in remission for 3 months
(defined by CDAI) were recruited. They were monitored for 1-year post-sampling
of FC, which showed relapse in 27% of CD and 31% of UC patients. The FC in IBD
relapse was 444ug/g compared to 112ug/g in patients without relapse. However,
for CD patients with isolated ileal disease, the sensitivity was only 50%, suggesting
that FC might be a reliable marker in colonic CD and UC but less so for predicting
relapse of inflammation in the ileum. Interestingly, this is a similar pattern to the
pANCA serum antibody, which like FC is linked to neutrophil inflammation,
suggesting that neutrophilic disease is linked to colonic rather than ileal disease.
This could be due to a lower secretion level in the ileum or the degradation of the

protein before the final stool sample is collected.

1.10.2 Prediction of treatment response to biologics

Anti-TNF is the front-line biological treatment for CD, often used as rescue
therapy, which is why many researchers focus on identifying biomarkers for

treatment response prior to initiation of the treatment.

Like disease progression, specific gene polymorphisms have been found to be
associated with non-response to anti-TNF treatment. A systematic review by Bek
et al. (2016) summarised the findings of 15 studies which investigated the
potential of genetic risk factors in predictive anti-TNF treatment response.
Polymorphism with odd ratios (OR) for responders vs non-responders higher than
2 were TLR2 (ORrsig16702 =2.02), TLR4 (ORrss030728 =3.34) and TNF receptor
superfamily 1 A (TNFRSF1A, ORrs4149570 =2.39), one of the two TNF receptors. The
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effects of the polymorphism for TLR4 are currently unknown, but the other variant
of TLR2 has been linked to its overexpression on human Caucasian monocytes
(Bielinski et al., 2011), potentially driving the increase in TNF-a production.
Similarly, the TNFRSF1A polymorphism rs4149570 has exhibited to induce
increased expression of the receptor in PBMCs derived from children with
Kawasaki disease, a paediatric inflammation of the blood vessels (Wang et al.,
2011), which unsurprisingly might drive enhanced inflammation via the
TNF:TNFRSF1A axis. Overall, the understanding of genetic risk factors for anti-TNF
refractory disease is important to elucidate the mechanisms driving non-response;
however, as mentioned previously, genetic phenotyping is currently not suitable

for routine clinical care.

Verstockt et al. (2019) studied the gene expression of a selection of potential
biomarker targets for anti-TNF non-response in RNA derived from whole blood and
intestinal pinch biopsies at baseline of anti-TNF treatment. They recruited 24 CD
and 30 UC patients. 31 of these patients reached endoscopic remission (as defined
by endoscopic examination) 6 months post-treatment initiation. Significantly
increased expression of triggering receptor of myeloid cells-1 (TREMT), known to
be expressed on intestinal pro-inflammatory macrophages during [BD
inflammation (Schenk et al., 2007), was found in non-responders compared to
responders in both whole blood and inflamed intestinal tissue (p <0.001). Prins et
al. (2021) recently published that CD14* monocytes isolated from PBMCs of
responders had lower TREM1 gene expression than those of non-responders to
anti-TNF, supporting the findings of Verstockt et al. (2019). Therefore, high levels
of TREM-1 protein and/or gene expression in whole blood and TREM1 expression

in the intestine is a potential indicator of non-response to anti-TNF treatment.

Another gene frequently associated with non-response to anti-TNF in IBD is
oncostatin-M (OSM). Prins et al. (2021) found an increase in OSM in inflamed
mucosa of non-responders to anti-TNF at baseline compared to responders, but no
differences in the serum protein levels between the patient subsets. OSM is part
of the IL-6 cytokine family and has been frequently linked to chronic inflammation
(Richards, 2013). Verstockt et al. (2021) studied the relationship between serum
OSM expression, treatment response to anti-TNF (Nresponder =91, Nnon-responder =95)

and Vedolizumab treatment (nresponder =99, Nnon-responder =75) in IBD patients. No
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difference was found between serum levels of OSM in the patient subsets starting
either therapy supporting initial findings from Prins et al. (2021). In addition to
OSM serum levels, they also looked at mucosal gene expression by transcriptomics
(microarray and RNAseq, anti-TNF cohort: (Nresponder =13, Nnon-responder =12),
vedolizumab cohort: Nresponder =23, Nnon-responder =24). They found an increase in OSM
as well as OSM receptor (OSMR) in the mucosa of patients non-responsive to either
biologic. These findings were confirmed in vivo using an anti-TNF resistant mouse
model of colitis (West et al., 2017). Osm neutralisation reduced colitis pathology
and resulted in a similar pro-inflammatory cytokine profile as steady state

controls, suggesting its potential as an alternative therapeutic to anti-TNF.

In addition to TREM1 and OSM many genes have been found to be upregulated in
the mucosa of non-responders at baseline of anti-TNF treatment. These genes
include TNF itself and its receptor TNF receptor 2 (TNFR2)(Verstockt et al., 2019).
Additionally, membrane-bound TNF (mTNF) on the luminal side of the mucosa was
visualised in vivo during colonoscopies of CD patients by using a fluorochrome-
conjugated anti-TNF antibody (Atreya et al., 2014). When comparing the level of
mTNF between responders (n =13) and non-responders (n =12) low protein
expression predicted non-response with a sensitivity of 84.6% and specificity of
91.7%. These results support the previous findings by Verstock et al. (2019) and
propose that higher TNF titres indicate TNF-dependent disease, which is more
susceptible to anti-TNF treatment. Genes encoding for the calprotectin protein
complex (S100A8/9) were also upregulated (Arijs et al., 2010; Leal et al., 2015).
Upregulation of ST00A8 and S100A9 suggests FC as a potential faecal marker for
not only inflammation but also anti-TNF non-response. However, no change in FC
baseline levels between responders and non-responders was found (Guidi et al.,
2014), potentially due to the limitations discussed earlier in regards to FC levels

and disease location.

The cytokines encoded by IL1B, IL6, IL17A and IL23 subunit alpha (/IL23P19) genes
are all part of the Th17 immune response (Aggarwal et al., 2003; Acosta-Rodriguez
et al., 2007; Wang et al., 2013) and were found to be upregulated in anti-TNF
non-responders prior to treatment induction. Furthermore, the same behaviour
was seen in the expression of the gene encoding for the IL-13Ra2, which facilitates
the signaling of the Th2 cytokine IL-13. As discussed in section 1.6.5. Th17 T cells
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facilitate pathology in CD. Th2 cells, in turn, are more associated with UC, so the
potential association with anti-TNF refractory disease might be due to studies
studying UC and CD as one cohort. Most of the genes in this paragraph appear to

be linked to a general inflammatory response in CD/UC.

1.10.3 Proposed mechanism of primary anti-TNF non-response
in CD

Martin et al. (2019) identified 33 lamina propria cell phenotypes in inflamed ileal
tissue derived from 11 CD patients using single cell RNA sequencing (scRNAseq).
Correlation of the cell phenotype frequencies across all samples revealed a
signature related to IgG-producing effector B cells, inflammatory MNPs, activated
T and stromal cells (connective tissue cells), which was enriched in a subset of
patients. Mapping of the signature on a larger paediatric CD gene expression
dataset (n =340) derived from inflamed ileum at baseline of anti-TNF non-response
showed a significant increase in patients with anti-TNF refraction 18 to 24 months
after treatment initiation. Amongst the key drivers of this immunopathotype in
ileal CD were TNF, OSM, IL-18 secretion by blood-monocyte derived pro-
inflammatory macrophages, and TNF, IL-6, IL-1B8 and IL-23 secretion by T cells.
Thus type 1 and 3 immune responses appear to perpetuate disease during anti-
TNF treatment.

An additional predictive signature for anti-TNF non-response in CD was identified
by Friedrich et al. (2021) and included two gene modules which were linked to
stromal cells, MNPs and neutrophils. Transcriptomic analysis of fluorescence-
activated cell sorted (FACS) stromal, neutrophil and MNP populations showed that
most genes of the modules were linked to neutrophils and stromal cells and less
so MNPs. Within the neutrophil-enriched genes were OSM and TREM1 genes, which
were previously found to be upregulated in non-responders. The stromal cell
population expressed high levels of neutrophil-chemoattractants, including CXCL8
and CXCL5. Stimulation of stromal cell lines with TNF and IL-1B showed
upregulation of these chemoattractants, but treatment with OSM or IL-6 did not.
Co-culturing of the cell lines and media from patient-derived cell cultures had
similar effects. The IL-1-targeting therapy anakinra reduced chemoattractant
expression, which was not reflected in cultures treated with the anti-TNF

therapeutic adalimumab. Together these two studies propose a model of immune
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and stromal cell interaction that potential drives non-response via alternative pro-

inflammatory cytokine programs to TNF, such as IL-18.

Overall, non-response to anti-TNF has been linked to many potential biomarker
targets (summarised in Figure 1.4). Given the heterogeneity of CD, the
mechanisms underlying non-response discussed in section 1.8.3 can either relate
to a single complex immune response or to two distinct intestinal

immunopathotypes.

CD patient cohort treated Non- d
with anti-TNF on-responders
Genetic Polymorphism  AGgene Expression
o TLR2 TNF
y TLR4 TNFR2
, R TNFRSFTA TNFAIP6
. S100A8/9
: ~40% Primary | g; IL18
N 0 Y | Biomarker Targets 16
Responders | colonic/PB TREM1 1L17A
.‘! colqnlc OSM IL23P19
luminal mTNF IL13RA2
) Proposed Mechanisms
\B « Mechanism 1: IgG Effector B cells, Inflammatory
pe Macrophages, Activated T and Stromal Cells-
1 b ’ driven immune response
Mechanism 2: Neutrophil, Stromal Cell interaction
via IL-1B

Figure 1.4: Summary of anti-TNF non-response biomarkers and proposed underlying
mechanisms in CD.

Currently up to 60% of CD patients cannot be treated long-term with anti-TNF agents, making a
clinical biomarker for non-response for this specific treatment very desirable. Many different
characteristics have been found in non-responders to anti-TNF treatment. A selection of genetic
polymorphisms, which include but are not restricted to TLR2, TLR4 and TNFRSF1A, and altered
gene expression exhibiting an increase in pro-inflammatory cytokines (IL1-8, IL-6, IL-17A, OSM,
TNF and IL-23) and TNF-signalling (TNFR2, TNFAIP6). Current biomarker targets, selected because
they have repeatedly been associated with anti-TNF non-response, are TREM1 (highly expressed
on pro-inflammatory intestinal macrophages), OSM and TNF. Two mechanisms driving ant-TNF non-
response have recently been proposed by Martin et al. (2019) and Friedrich et al. (2021).
Mechanism 1 described a complex interaction driven by IgG, pro-inflammatory macrophages
together with T and stromal cell responses. Mechanism 2 described an IL1-B-dependent feedback
loop between neutrophils and stromal cells. This figure was created using BioRender.com.
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1.11 Hypothesis and Aims

Even though mechanisms underlying anti-TNF non-responses in CD have been
proposed, there is currently no predictive marker routinely used in clinical care.
Moreover, clinicians are still unable to identify patients before relapsing,
developing complications, or spreading of the disease to other parts of the Gl. The
studies by Martin et al. (2019) and Friedrich et al. (2021) suggest that patients
with non-response have specific immunological mechanisms that drive their

disease.

Based on these findings, | hypothesised that distinct immunopathotypes in CD
drive distinct disease phenotypes and underlie distinct treatment responses to

biologic therapies, such as anti-TNF.

To test these hypotheses, | aimed to:

1. Study T cell phenotypes in the PB of CD patients using flow cytometry
analysis for cell and multiplex ELISA for cytokine quantification.

2. Compare changes in PB T cells to haematological markers of inflammation.

3. Link distinct PB phenotypes to specific intestinal immune responses using
matched blood and gene expression data.

4. Stratify patients based on their intestinal immune signatures and test their
association with anti-TNF refractory disease.

5. Quantify potential gene and proteins of interest using clinically available

laboratory methods such as gPCR and IHC.
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Chapter 2: Materials and Methods

2.1 Patients

67

Samples were collected under the “NHS GG&C additional biopsies, blood, urine

and/or stool samples for direct use in research projects or archived for future use

in the Research Tissue Bank (RTB) at the GBRC (Glasgow Biomedical Research
Centre)” ethics (REC 4 approvals 14/WS/ 1035 and 19/WS/0111). Informed consent

was obtained by qualified medical staff prior to sampling, and samples were

processed in the GBRC. Patient recruitment and ethical approval for the publicly
deposited datasets GSE94648, GSE126124 and GSE16879 were previously described
by Planell et al. (2017), Palmer et al. (2019) and Arijs et al. (2010), respectively.

2.1.1 Inclusion and exclusion criteria

Active Disease (CD inflamed)

Inclusion Criteria

Exclusion Criteria

High Harvey Bradshaw Index (HBI) >4

OR endoscopic activity

Pregnancy

Other autoimmune/inflammatory
diseases /cancer

Low HBI

Table 2.1: Inclusion and exclusion criteria CD patients with active disease.

Inactive Disease (CD remission)

Inclusion Criteria

Exclusion Criteria

Low HBI <4 OR no endoscopic activity

Pregnancy

Other autoimmune/inflammatory
diseases/cancer

High HBI

Table 2.2: /nclusion and exclusion criteria for CD patients with inactive disease.
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2.1.2 Peripheral blood samples

Peripheral blood (PB) samples from patients with CD were collected in the
Gastroenterology Day Unit at the Glasgow Royal Infirmary (GRI) by Ann-Marie
Scott. Healthy volunteers for age and sex-matched controls were recruited
according to ethics approved by the College of Medical, Veterinary and Life
Sciences in the University of Glasgow at the GBRC. Samples were collected in
tubes with coagulating agents lithium heparin and ethylenediaminetetraacetic
acid (EDTA) for further processing. IBD patients were sampled for our analysis and
for routine clinical blood tests on the same day. This enabled collection of CRP

levels, total WBC neutrophil counts and lymphocyte counts, and the HBI score.
2.1.3 Intestinal tissue samples

Intestinal pinch biopsies were collected by clinicians during routine endoscopy
procedures in the Endoscopy Unit of the GRI under the supervision of Dr. Daniel
Gaya. Non-IBD controls were invited for the procedure by the Scottish Bowel
Cancer Screening Programme or for symptom check-ups. Tissue was collected in
RNAlater™ Stabilization Solution (Cat. No. AM7020, Thermo Fisher) for RNA
extraction or immediately fixed in 10% buffered Formalin (Cat. No.
FOR0020AF59001, VWR) for IHC. CDEIS was taken as a measure of inflammation.

2.2 Peripheral blood mononuclear cell (PBMC)

isolation

Fresh blood was collected in lithium heparin tubes and processed within 4 hours
of sampling. Blood was diluted with Phosphate Buffered Saline (PBS) (1:1), layered
on a gradient (Histopaque®-1077 Hybri-Max™, Cat. No. H8889-100ML, Sigma-
Aldrich) and separated by centrifugation at room temperature (2100g for 30mins,
without brake). Subsequently, they were washed twice at 4°C with PBS (1X 200xg
for 10mins, 1X 400xg for 10mins) to remove Histopaque®-1077 Hybri-Max™,

plasma, and red blood cell residues and kept on ice for further processing.
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2.3 Plasma isolation

Fresh blood collected in EDTA tubes was separated into blood cells and plasma by
centrifuging at room temperature (1200xg 20mins). Subsequently, the plasma
layer was removed and stored in cryovials at -20°C for short-term and -80°C for

longer-term storage.

2.4 Bulk RNA sequencing (preliminary data)

These preliminary data were generated by Boehringer Ingelheim using colonic CD
patient-derived colonic tissue samples in collaboration with The Milling Group.
Illumina Sequencing using a poly-A tail library was used for RNA sequencing. The
raw sequencing reads were aligned using TopHat alighment (BaseSpace App), and
FastqC (BaseSpace Labs App) was applied for quality control and adaptor trimming
(courtesy of John Cole, University of Glasgow). The Bioconductor DESeq package

was used for differential gene expression analysis in R studio.

2.5 Extracellular flow cytometry

PBMCs were stained on ice for 30mins with live dead dye (eBioscience, eFlour780;
1:1000) to identify live cell populations and human FCR Binding inhibitor block
(eBioscience, 1:200) to prevent non-specific antibody binding. After one PBS wash
(400xg, 5mins at 4°C) the extracellular antibody panel summarised in Table 2.3
was added to 2x10° cells/ml in 200pl staining volume at room temperature for an
additional 30mins. After the extracellular antibody staining, the wash step was
repeated twice with PBS (+5%FBS). Cells were then resuspended in 100ul PBS
(+5%FBS) and analysed using a LSR Fortessa cytometer (BD Bioscience). Flow

cytometry data was quantified in FlowJo™ (Version 10.8 and below).

Target Fluorophore (Clone) | Catalogue No. (Company) | Dilution

CD45 BV510 (HI30) 304036 (BioLegend) 1/100
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CD3 AF700 (HIT3a) 300324 (BioLegend) 1/100
CD4 BV785 (RPA-T4) 300554 (BioLegend) 1/100
CD8 BV605 (RPA-T8) 301040 (BioLegend) 1/100
CD62L PE (DREG-56) 304806 (BioLegend) 1/100
CD45RA | PerCPCy5.5 (HI100) | 304122 (BioLegend) 1/100
CD16 FITC (3G8) 302006 (BioLegend) 1/40
CD56 AF647 (MEM-188) 304612 (BioLegend) 1/40
CD25 BV421 (BC96) 302630 (BioLegend) 1/50

Table 2.3: Extracellular FACS antibody panel.

2.6 Luminex multiplex assay

The Luminex Multi-Analyte Profiling technology from ThermoFisher Scientific uses
a magnetic-labelled bead assay to allow for the quantification of multiple protein
targets. 12 cytokine protein targets were selected for the Luminex assay: IL-18,
IL-6, CCL2, IL-21, IFN-y, IL-10, IL-23, TNF-a, IL-17/17A, IL-12p70 subunit, IL-31,
and IL-4. The assay was performed as per the manufacturer’s instructions and the

output was measured using the Bio-Plex 200 instrument (Bio-Rad).
2.7 Immunohistochemistry (IHC)

Intestinal pinch biopsies were fixed in 10% buffered Formalin (Cat. No.
FOR0020AF59001, VWR) for 24 to 72hrs prior to embedding into paraffin blocks.
Tissue was sectioned with a thickness of 5um using a microtone and subsequently
loaded on KP-PLUS positively charged frosted slides (Cat. No. KP-3056, PFM). The
sections were dried onto slides overnight at room temperature and baked for

35mins at 60°C prior to rehydration. The de-waxing and re-hydration process
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included the following steps: 2X 5min Xylene, 2X 3mins 100% Ethanol, 2X 3mins
90% Ethanol, 2X 3mins 70% Ethanol, 3mins dH,0. Subsequently, the heat-induced
antigen retrieval method was employed for 5mins under pressure in full power
setting of the microwave. Antigen retrieval buffer varied between 0.01M citrate
buffer pH 6.0 (TCS HDS05-100) and 10% EDTA buffer (pH 8.5), depending on the
primary antibody. After cooling down, slides were washed in dH,0 for 10mins, and
sections were incubated with BLOXALL® Endogenous Blocking Solution (Cat. No.
SP-6000-100, Vector Laboratories) for 10mins at room temperature to quench
tissue endogenous peroxidases and prevent their reaction during the developing
stage of IHC. Slides were washed in dH,0 for 10mins, and tissue was blocked for
1hr at room temperature with 1XCasein solution (Cat. No. SP-5020-250, Vector
Laboratories) in DAKO antibody diluent (Cat. No. S0809, DAKO) to prevent non-
specific binding of secondary antibody. The blocking solution was removed without
a washing step. Primary antibodies were applied for 1hr at room temperature or
overnight at 4°C with the following targets and concentrations: mouse anti-CD68
(DAKO, GA613), 0.5ug/mL rabbit anti-CHI3L1 (abcam, ab77528), and 100ug/mL
goat anti-TLR2 (abcam, ab1655). The subsequent washing step included 2X 5mins
in tris-buffered saline (TBS). ImmPRESS polymer detection kits for IHC (Vector
Laboratories) were used un-diluted as secondary antibody and incubated on
section for 30mins at room temperature with a specificity against host-species of
primary antibody. The subsequent washing step included 2X 5mins in TBS. At
developing stage DAB substrate kit, with 1 drop diluent per 1ml of diluent, was
incubated with sections for 5mins or until saturated (SK-4100, Vector
Laboratories). Slides had a final wash in dH,0 for 10mins. Sections were
counterstained in haematoxylin for Tmin followed by 2 dips in acetic acid and 30s
in Scott’s Tap water solution. Finally, slides were dehydrated the following way:
1min 70% Ethanol, 2X 30s 90% Ethanol, 2X 3mins 100% Ethanol, 2X 3mins Xylene.
Slides were mounted with a coverslip using VectaMount® Mounting Media for IHC
(H-5700-60, Vector Laboratories). IHC signal was quantified using the QuPath
software as previously published (Bankhead et al., 2017).
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2.8 /L 1B RNAscope in situ hybridisation with anti-
CD68 IHC co-staining

Intestinal pinch biopsies were pre-processed and sectioned as indicated in section
2.9. Subsequently, the sections were mounted onto SuperFrost® microscope slides
(631-0113, VWR) to ensure better adhesion of tissue to slides during the RNAscope
process. RNAscope® was performed using the Biotechne assay with all reagents
summarised in Table 2.4.

Reagents List for RNAscope®

Catalogue Number Reagent

322350 RNAscope® 2.5 High Definition (HD)- RED Assay

310361 RNAscope® Probe - Hs-IL1B - Homo sapiens IL-1 beta
(IL1B), mRNA

310043 RNAscope® Negative Control Probe - DapB - Bacillus
subtilis strain SMY methylglyoxal synthase (mgsA)
gene

313901 RNAscope® Positive Control Probe - Hs-PPIB - Homo

sapiens peptidylprolyl isomerase B (cyclophilin B)
(PPIB), mRNA

310045 Hela Positive Control Slides

323180 RNA-Protein Co-Detection Ancillary Kit

Table 2.4: Reagents and kits used for RNAscope® assay as instructed by supplier.

The sections were dried onto slides for two days at room temperature and baked
for 60mis at 60°C prior to rehydration. De-waxing and re-hydration had the
following steps: 2X 5mins Xylene, 2X 1min 100% alcohol. All steps were performed
with slight agitation by moving the slide rack up and down. The slides were left
to air dry for 5mins at room temperature. For quenching of endogenous
peroxidases, the section was covered with RNAscope®Hydrogen Peroxide (1-2
drops) and incubated for 10mins at room temperature. The quenching solution
was washed twice in dH,0 for 1Tmin with agitation. Heat-induced antigen retrieval
in a steamer was used to un-mask the target epitope as per manual instruction.

Summarised, two slide holders were placed in the water-filled steamer, one with
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dH20 and one with the RNAscope® 1X Target Retrieval Reagent. Once the Target
Retrieval Reagent reached 99°C, slides were added for 15mins as recommended
by the supplier. Slides were rinsed with distilled water for 15secs and fixed in
100% Ethanol for 3mins. Primary antibody against CD69 for the IHC co-stain was
diluted in Co-Detection Antibody diluent (see section 2.9) and incubated overnight
at 4°C in HybEZ™ Slide Rack. For fixation of the primary antibody to prevent
cleavage during protease treatment, slides were warmed up to room temperature
for 30mins and washed in PBS-T (PBS 0.01%Tween-20) 3X for 2mins. Subsequently,
they were incubated in fresh 10% Neutral Buffered Formalin for a minimum of
30mins at room temperature. The previous washing step in PBS-T was repeated.
Slides were fixed in 100% Ethanol for 3mins and air dried. To gain access to the
target RNA sequence, protease treatment was required removing proteins
surrounding the nucleic acids. Slides were added to HybEZ™ Slide Rack and
treated with RNAscope® Protease Plus for 30mins at 40°C in the pre-heated
HybEZ™ Oven. Slides were washed 2X for 1min in dH20 on a plate shaker under
constant agitation. The probe was hybridised with the IL1B-specific or
negative/positive control probes (Table 2.4) for 2hrs at 40°C in the HybEZ™ QOven.
Slides were washed 2X for 2mins in Wash Buffer on a plate shaker under constant

agitation. The following steps were used for amplification of the probe:

1. Sections were covered with AMP1 solution and incubated in HybEZ™ Qven for

30mins at 40°C. Wash Buffer washing step was repeated.

2. Sections were covered AMP2 solution and incubated in HybEZ™ QOven for 15mins

at 40°C. Wash Buffer washing step was repeated.

3. Sections were covered AMP3 solution and incubated in HybEZ™ Oven for 30mins

at 40°C. Wash Buffer washing step was repeated.

4. Sections were covered AMP4 solution and incubated in HybEZ™ QOven for 15mins

at 40°C. Wash Buffer washing step was repeated.

5. Sections were covered AMP5 solution and incubated at room temperature for

30mins. Wash Buffer washing step was repeated.
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6. Sections were covered AMP6 solution and incubated in room temperature for

15mins. Wash Buffer washing step was repeated.

After amplification, the signal of the probe was detected with the Fast RED
solution (1:60 Fast RED-B in Fast RED-A) for 10mins at room temperature. Slides
were washed 2X for 1min in dH;0, followed by 2X 2mins in Wash Buffer on a plate
shaker under constant agitation. Tissue was blocked with the Co-Detection Blocker
for 15mins at 40°C in the HybEZ™ Oven prior to secondary antibody staining to
prevent non-specific binding. Slides were washed for 1mins in PBS-T. The
ImmPRESS® HRP Horse Anti-Mouse IgG Polymer Detection Kit (MP-7402-15, Vector
Laboratories) was diluted 1:5 in Co-Detection Antibody Diluent and incubated with
sections for 60mins at room temperature. Slides were washed 2X for 2mins in PBS-
T. For the development of the IHC signal, the DAB substrate kit (SK-4100, Vector
Laboratories), with 1 drop diluent per 1ml of diluent, was incubated with sections
for 5mins. Excess DAB was washed off in dH;0 for 10mins and slides were
counterstained for 2mins in 50% Haematoxylin | at room temperature. Slides were
washed 2X for 1min with dH;0 and incubated with Scott’s Tap Water for 10sec.
Slides were washed for 1min with dH.0 and then dried in an oven at 60°C for
30mins. After a 5mins cool-down at room temperature, slides were dipped in
Xylene and immediately mounted with VectaMount® Mounting Media for IHC (H-
5700-60, Vector Laboratories) and sealed with a coverslip. Signal was quantified
using the QuPath software according to the Bio-Techne “MK 51-154 Using QuPath
(Bankhead et al., 2017)to analyze RNAscope BaseScope and miRNAscope images”

manual.

2.9 RNA isolation from intestinal tissue

Biopsies were stored in 1.5ml of RNAlater™ Stabilization Solution (Cat. No.
AM7020, Thermo Fisher) per sample at 4°C for 7 days and subsequently at -80°C.
Samples were homogenised in 350ul in RLT buffer (RNeasy Mini Kit, Cat. No. 74106,
Qiagen) using metal beads (2X5mm, 1X7mm) and TissueLyser LT (Cat. No. 85600,
Qiagen) for 20mins. After the tissue was homogenised, instructions of the RNeasy
Mini Kit instruction (Cat. No. 74106, Qiagen) were followed for RNA extraction. To
minimise risk of genomic DNA contamination, an on-column DNAse digest was

performed according to RNeasy Mini Kit instructions (Cat. No. 74106, Qiagen).

74



75

2.10 RNA to cDNA conversion

RNA was converted to cDNA using the Applied Biosciences High-Capacity RNA-to-
cDNA™ Kit (Cat. No. 4387406) following the manual instructions with total of 10ng
of RNA per reaction and a total volume of reaction with 20ul. Reaction composition
is summarised in Table 2.5 and reaction steps in Table 2.6. cDNA was kept at -

20°C for short term and -80°C for long-term storage.

Volume per
Component reaction
10X RT Buffer 2.0 ul
25X dNTP Mix 0.8 ul
10X RT Random Primers 2.0 ul
MultiScribe Reverse Transcriptase 1.0 pl
Nuclease-free dH,0 3.2 ul
Sample RNA 11 pl
Total 20 pl

Table 2.5: Reagents for RNA to cDNA transcription in ul per reaction.

Settings Step 1 Step 2 Step 3 Step 4
Temp. 25°C 37°C 85°C 4°C
Time 10min 120mins 5mins w

Table 2.6: Set-up of thermal cycler for RNA to cDNA transcription.

2.11 Quantitative polymerase chain reaction (qPCR)

Reaction mixture composition is summarised in Table 2.7. 2ng of cDNA were used
for each gPCR reaction. The PCR included the following steps: 10mins at 95°C,
and 40 cycles of 15secs at 95°C and 1min at 60°C. Melt curves were generated as
quality control. Samples were normalised to the large ribosomal protein gene
(RPLPO) and analysed using the Delta-Delta Cycle Threshold (2-22CT) method.

Primer sequences for gene targets were shown in Table 2.8.
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Volume per
Component reaction
Fast SYBR Green Master Mix 5.0 pl
Target specific forward primer 1.0 pl
Target specific reverse primer 1.0 pl
Nuclease-free dH;0 1.0 pl
Sample cDNA (1ng/ul) 2.0 ul
Total 10 pl

Table 2.7: Reagents for gPCR per reaction in ul.

76

Target FWD Sequence REV Sequence
CHI3L1 TGA TGT GAC GCT CTA CG AAT GGC ACT GAC TTG ATG

IL1B CCT AAACAGATGAAGTGCTCCT TGA AGC CCT TGC TGT AGT G
RPLPO1 TGG TCA TCC AGC AGG TGT TCG A ACA GAC ACT GGC AACATT GCG G

Table 2.8: Forward (FWD) and reverse (REV) primer sequences for target genes (5’ to 3’).

2.12

2.12.1

Microarray analyses

GSE94648

The normalised count matrix of this dataset was publicly deposited with the NCBI

accession number GSE94648 Planell et al. (2017). Peripheral blood samples of 48

adult CD patients and 22 adult age and sex-matched non-IBD controls (NCs) were

included in this analysis. Whole blood-derived cDNA was hybridised to Affymetrix

Gene Chip Human Genome UI33 Plus 2.0 Arrays in two separate batches. Raw data

was processed using the Bioconductor tool in R studio and batch effect was

corrected as demonstrated by Johnson, Li and Rabinovic (2007). Additionally, this

study by Planell et al. (2017) recruited 25 UC patients which were not included in

my analysis.
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2.12.2 GSE126124

The normalised count matrix of this dataset was publicly deposited with the
national centre for biotechnology information (NCBI) accession number GSE126124
by Palmer et al. (2019). Peripheral blood was collected from 37 paediatric CD
patients and 32 paediatric age and sex-matched NCs were included in this analysis.
Matched intestinal biopsies were collected from 36 CD patient and 18 NCs. The
recruitment age was set between 8-18 years. The PAXgene Blood RNA system was
used to isolate RNA from whole blood. Matched intestinal pinch biopsies were
immediately fixed in RNAlater™ Stabilization Solution (Cat. No. AM7020, Thermo
Fisher) until RNA extraction. Subsequently, cDNA libraries were generated and
hybridised to Affymetrix Human Gene 1.0 T arrays. Intestinal and PB samples were
analysed on separate arrays. The Affymetrix Power Tools software was used for
pre-processing and normalisation. Detailed workflow was followed as stated by
Palmer et al. (2019). Initially, n= 39 patients and NCs were recruited; however,
two patients were initially misdiagnosed, and 7 controls were excluded due to
underlying infections or conditions such as coeliac disease. 18 UC and two IBD
unidentified (IBDU) patients were not included in my analysis to focus on CD

pathogenesis.

2.12.3 GSE16879

The normalised count matrix of this dataset was publicly deposited with the NCBI
accession number GSE16879 by Arijs et al. (2010). Colonic pinch biopsies were
collected from 19 adult CD patients and 6 NCs. CD patients were sampled at
baseline of infliximab administration i.e., within a week of the first dose, which
was followed up 4 to 6 weeks post-treatment induction. RNeasy Mini Kit (Qiagen)
was used for RNA extraction prior to hybridisation to Affymetrix Human Genome
U133 Plus 2.0 Array. Raw data were processed using the Bioconductor tool (under
R version 2.7.2) and the robust multichip method as published by Irizarry et al.
(2003) to generate the log2 expression of each probe. 24 colonic UC and ileal 18
CD samples were excluded from my analysis to focus on colonic CD as it was done

in the preliminary bulk RNA sequencing data.
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2.13 Gene set enrichment and pathway

overrepresentation analyses

All gene set enrichment (GSE) and pathway overrepresentation analyses were
performed in R studio (R version 4.0.2 and below). Data were visualised using
heatplot() or barplot() function of the clusterProfiler package (Wu et al., 2012,
2021). Unless specified Benjamini-Hochberg cross-validation of p-value was
performed to generate adjusted p-value as part of the analyses to reduce type |

errors (i.e., false positives).
2.13.1 WikiPathway analysis

WikiPathways analysis was used to determine significantly associated biological
pathways with gene sets using the manually curated wpid2gene database (Version
20180810, organism = “Homo Sapiens”) as a reference. The analysis was
performed using the enricher() functions together with the clusterProfiler

package.
2.13.2 Medical Subject Heading (MeSH) analysis

MeSH analysis was run using clusterProfiler and meshes packages with the
enrichMESH() function. The manually curated database gene2pubmed by the NCBI
was used as the gene reference and MeSH.Hsa.eg.db used to access MeSH
classifications. The category Phenomenon and Processes (MeSH Code ‘G’) was

selected.
2.13.3 Molecular signature database (Msigdb) analysis
MsigDB analysis was run using the clusterProfiler and msigdbr packages together

with the enricher() function. The species was specified as ‘Homo Sapiens’ and

category as Gene Ontology Biological Processes (MsigDB Code ‘C5’).
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2.13.4 Gene ontology (GO) enrichment analysis

GO enrichment analysis was performed using the enrichGO() function of the
clusterProfiler package using the Ensembl database as a reference. P-value cut-

off was set to 0.05 instead of cross-validation.

2.13.5 Kyoto Encyclopedia of Genes and Genomes (KEGG)

analysis

KEGG analysis was performed using the enrichKEGG() function in the

clusterProfiler package with homo sapiens (KEGG code ‘hsa’) as reference

database.
2.14 Statistical analyses
2.14.1 Power and sample size calculations

Power and sample size calculations were performed on

http://powerandsamplesize.com/ using the two-sample one-sided mean

comparison.

2.14.2 T-test and Mann-Whitney analyses

Unpaired T-Test or Mann-Whitney was performed depending on the distribution of
the data. Normal distribution was tested using Anderson-Darling, D-Agostino-
Pearson, Shapiro-Wilk and Kolmogorov Smirnov tests as proposed by GraphPad
Prism. Statistical analysis was performed in GraphPad Prism (version 9.3.1 and

below).

2.14.3 Multiple comparison analysis

Multiple comparison analyses and visualisation were performed in R studio (R
version 4.0.2 and below) using the tidyverse, ggplo2, lattice, car, multcomp
tibble, dplyr, didyr, gridExtra and scales packages. Data were tested for normality

and equal variance using Shapiro-Wilk (shapriro.test() function) and Levene

79



80

(leveneTest() function) tests. Data were further analysed based on distribution

and variance.

1. If data were normally distributed and exhibited equal variance: one-way
ANOVA (aov() function) followed by Tukey post-test for multiple
comparison (glht() function with STATUS = “Tukey”)

2. If data were normally distributed but did not exhibited equal variance:
Welsh ANOVA (one.way() function with var.equal = FALSE) followed by
Benjamini-Hochberg post-test for multiple comparison (pairwise.t.test()

function with p.adjust.method = “BH”)

3. If data were not normally distributed independent of the variance: Kruskal-
Wallis Test (kruskal.test() function) followed by Wilcoxon Rank post-test

for multiple comparison analysis (pairwise.wilcox.test() function)

Multiple comparison analysis was only performed if initial ANOVA/Kruskal-Wallis
models were significant. Transcriptomic data were normalised as described in

sections prior to analysis 2.4 and 2.5.
2.15 CIBERSORTX digital cytometry

CIBERSORTX is a digital cytometry tool developed by Newman et al. (2019) which
calculates an estimated immune cell component per sample. The signature
matrices used as reference were the LM22 microarray dataset published by
Newman et al. (2019) and the Immune Response In Silico (IRIS) dataset described
by (Abbas et al., 2005). Bulk RNAseq and microarray inputs were formatted as
instructed by Newman et al. (2019). For bulk RNAseq data the following
parameters were used based on the developer’s recommendations: enabled bulk
mode batch correction (tailored to bulk RNAseq and microarray), disabled quantile
normalisation, enabled absolute mode, permutations (cross-validation step) set to
100. For microarray data, the following parameters were used based on the
developer’s recommendations: enabled bulk mode batch correction (tailored to
bulk RNAseq and microarray), enabled quantile normalisation, enabled absolute
mode, and permutations (cross-validation step) set to 100. Quality control of the

cibersort analysis was in the form of correlation coefficient and root mean square
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error, which describes the average of the distance between the correlation model
and predicted value. Only samples with a correlation coefficient >0.5 were

considered for further analysis.
2.16 Linear regression

Continuous data were regressed with flow cytometry cell counts using linear
subset regression. The analysis was performed using the (m() function as part of

the base R package in R studio (R version 4.0.2 and below).
2.17 Logistic subset regression

Logistic subset regression was used to understand the associations between one
dependent variable (e.g. clinical parameters) and multiple independent variables
(i.e., flow cytometry outputs and gene signatures). Flow cytometry data were
normalised using the Arcsinh transformation prior to regression analysis. All
analysis was performed in R studio (R version 4.0.2 and below). Categorical data
were modelled using logistic subset regression. Models with the best fit were
selected based on the Akaike Information Criterion (AIC) statistic, which
determines the model requiring the least independent variables explaining the
most variation within the dependent variable. AIC was calculated using the
bestglm() package following package instructions (rstudio-pubs-static, 2000;
Teixeira-Pinto, 2021).

2.18 Correlations
Correlation analysis was performed using R studio (R version 4.0.2 and below)

using the rcorr() function of the Hmisc package. Input data was normalised prior

to correlation.
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2.19 Data integration

2.19.1 sparse Least Square-Discriminant Analysis (sPLS-DA)

The sPLS-DA was performed in R studio using the splsda() function of the mixOmics
package (Rohart et al., 2017). This analysis allowed the identification of variables
(in this case PBMC subpopulations) that have the highest discriminating power
between two or more sample groups based on their variation. Subsequently, it
clusters samples and variables based on their similarity. The script was provided
by Dr Umer Zeeshan ljaz and followed as previously published (Keating et al.,
2021; Mills et al., 2021).

2.19.2 Data Integration Analysis for Biomarker Discovery using

Latent Variable Approaches for Omics studies (DIABLO)

The DIABLO analysis was performed in R studio using the block.plsda() function of
the mixOmics package (Rohart et al., 2017). This analysis allowed the
identification of variables from multiple datasets (in this case PBMC
subpopulations and cytokines) that have the highest discrimination power
between two or more sample groups based on their variation. Subsequently, it
clustered samples and variables based on their similarity. The script was provided
by Dr Umer Zeeshan ljaz and followed as previously published (Gauchotte-Lindsay
et al., 2019; Frau et al., 2021).

2.20 Random forest

The random forest analysis was performed in R studio (R version 4.0.2. and below)
using the randomForest() function of the randomForest package. Random forest
analysis can test the prediction power of a signature for clinical phenotypes using
machine learning. The dataset is randomly assigned into a training and a validation
dataset. After the algorithm is trained on the training dataset, the predictive

strength of the model is tested on the validation dataset.
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2.21 Receiver operating curve (ROC) analysis

ROC analysis was used to calculate the predictive power of predictor variables
(gene expression) for treatment response to anti-TNF. The analysis was performed
in R studio using the roc() function of the pROC package (Robin et al., 2011).
“print.auc” command was set to TRUE to calculate the area under curve (AUC) for

each predictor variable.
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Chapter 3: Characterisation of peripheral blood

T cell phenotypes in CD patients

3.1 Introduction

T cells are main drivers of inflammation in IBD. An increase in pro-inflammatory
effector T cells and a decrease of homeostatic regulatory T cells significantly
contributes to the inflammatory condition. T cell infiltration in the intestines is
observed during intestinal inflammation (Smids et al., 2018), and quantification
of leukocyte populations in peripheral blood by flow cytometry has shown an
overall decrease of T cells in most CD patients compared to healthy controls (Senju
et al., 1991; Mack et al., 2002). Blood is regularly sampled from CD patients as
part of routine clinical management. Signs of relapse include changes in WBC,
lymphocyte and neutrophil counts, and increases in CRP (Auer et al., 1979;
Heimann, Bolnick and Aufses, 1986; Neubauer, Wozniak-Stolarska and Krzystek-
Korpacka, 2018; Kosoy et al., 2021; Solem et al., 2005). Even though a wide range
of peripheral blood markers is available to measure inflammation, their changes
are not necessarily representative of the level of intestinal inflammation a patient
is experiencing (Mitselos et al., 2018). For example, CRP has been identified as
the most reliable PB biomarker of inflammation in the CD (Yazar et al., 2020b)
but has been found to only moderately correlate with endoscopic activity as
defined by the SES-CD (r= 0.525) (Schoepfer et al., 2010b). It is currently unknown
why some patients exhibit signs of systemic inflammation in the form of changes
in peripheral blood while others do not. Further research is required to investigate
the differences between these patients so that peripheral blood markers, such as
lymphocyte count, could become a valuable tool for informed disease monitoring

in the future.

Aims:
In this chapter, | aimed to identify differences in the peripheral blood profile of
CD patients and link them to clinical parameters, to understand how activity in

the periphery may relate to distinct disease subsets.
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For this purpose, | quantified PBMCs in CD patients and non-IBD controls and
examined the relationship between PBMCs and clinical parameters, including
intestinal inflammation status, treatment, and disease phenotype. To study
differences in T cell subsets, i.e., Th1, Th2 and Th17, the levels of cytokines were

measured in matched plasma samples and compared to T cell expression measured

by flow cytometry.
3.2 Patient characteristics
3.2.1 Sample collection

Peripheral blood samples from CD patients were collected from the Glasgow Royal
Infirmary Gastroenterology Day Unit run by Ann-Marie Scott and IBD clinic run by
Dr Daniel Gaya. Patient and NC characteristics (Table 3.1) were collected on the
day of sampling or retrospectively by the clinical research fellow Dr Muhammad
Imran Khan in accordance with the ethical approval. Two patients were re-
diagnosed with UC rather than CD and excluded from analyses. Healthy volunteers
were recruited from the Institute of Infection, Immunity and Inflammation as non-

IBD controls and sampled by qualified phlebotomists.

3.2.2 Treatment

Many immunosuppressant therapies are clinically available to effectively treat CD,
some of which are known to modify the number of specific leukocyte populations
in the peripheral blood. | decided to stratify patients based on their current
treatment to ensure observed differences in PBMC subset level were due to
differences in immune mechanisms and not effects of treatment on leukocyte
quantity. Most patients in this cohort received general immunosuppressive
treatments (43.75%), an umbrella term for thiopurines, 5-ASAs and methotrexate.
Alternative treatments found in this cohort were adalimumab (n=2), a specific
biologic agent blocking TNF, and vedolizumab (n=2), a biologic drug targeting
leukocyte migration to the intestines. Three patients received combination

therapies, and two patients did not receive any medication.
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IBD (n=16) NC (n=16)
CD (n = 14)
UC (n=2)
Mean Age, years (Range) 42.813 (19-75) 38.214 (23-65)
Standard Deviation Age, years 18.325 14.635
F:M ratio 1.00 1.333
Mean HBI (Range) CD only 3.656 (1-12) N/A
Median CRP, mg/L (Range) 3.75 (0-19) N/A
Median Lymphocyte count, cells/ul 1.813 (0.6-3.6) N/A
(Range)
Median WBC count, cells/uL (Range) 6.525 (3.2-10.5) N/A
Treatment N/A
Immunosuppressants 7 (43.75%)
Thiopurines 3
5-ASA 3
Methotrexate 1
Biologics 4 (30.77%)
Adalimumab 2
Vedolizumab 2
Combination Therapies 3 (18.75%)
Thiopurine + Ustekinumab 1
5-ASA + Thiopurine 1
5-ASA + Thiopurine + Anti-TNF 1
No treatment 2 (12.5%)
Location (%) N/A
CD (n=14)
L1: lleal 3 (21.43%)
L2: Colonic 5 (35.71%)
L3: Ileocolonic 6 (42.86%)
UC (n=2)
E1: Proctitis 1 (50.0%)
E2: Left-sided 1 (50.0%)
Behaviour (%)
CD only (n=14)
B1: Inflammatory 11 (78.57%)
+perianal 1 (7.14%)
B2: Structuring 1 (7.14%)
B3: Penetrating 1 (7.14%)
Age of Onset (%)
CD only (n=14)
A1: <16 years 0
A2: 17-40 years 8 (57.14%)
A3: >40 years 6 (42.86%)
Smoker Status (%) N/A
CD only (n=14)
Smoker 4 (25%)
Non-smoker 9 (56.25%)
Ex-smoker 1 (6.25%)

Table 3.1: Summary of cohort information for blood immunophenotyping.

16 PB IBD patient samples were collected at the Glasgow Royal Infirmary and 16 non-IBD volunteers
were recruited at the University of Glasgow. Markers of inflammation (HBI, CRP, lymphocyte count,
WBC count), current treatments, Montreal classifications (age of onset, disease behaviour,
location) and smoker status were included for IBD patients. N/A: not applicable. CRP: C-reactive

protein. 5-ASA: aminosalicylates.
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3.2.3 Classification

CD is a very complex pathology and can occur in different locations with different
disease behaviours. The Montreal Score is a clinical tool developed to stratify
patients based on their disease location, behaviour, and age of onset. Most CD
patients exhibited ileocolonic disease (37.5%), describing intestinal inflammation
in both the ileum and the colon. Additionally, most patients belonged to the
inflammatory CD phenotype category (68.75%) without stricturing of the intestines
or inflammation penetrating the mucus layer. 57.14% of CD patients were
diagnosed between 17-40 years of age, and 42.86% when they were older than 40
years. Different to CD, UC only affects the colon and rectum. The UC patients in
this cohort exhibited ulcerative proctitis (inflammation of the rectum lining, n=1)
and left-sided colitis (disease affecting the left side of the colon below the splenic

flexure, n=1).
3.2.4 Inflammatory markers

The HBI is a clinical scoring method using symptoms and patient well-being to
understand disease activity. It is a simplified version of the more complex CDAI.
A previous study examined the CDAI and HBI scores of 1328 CD and found a
significant positive correlation between them (Vermeire et al., 2010). Due to
limited time in the clinic, it was decided to use the shorter HBI as a measure of
disease activity. An HBI <4 indicates remission or mild disease, and a score of >4
indicates ongoing inflammation. The mean HBI in this cohort was 3.656; however,
the values range from 1-12, suggesting a broad spectrum of disease activity in this

cohort.
3.3 Identification of PBMC subpopulations

PBMCs were isolated from fresh blood within 4 hours of collection using a density
gradient. Subsequently, they were stained for extracellular flow cytometry
analysis with a selection of fluorochrome-conjugated surface markers to study
different T cell subpopulations. Markers commonly used for NK cell identification

were included to provide a comparator non-T cell population for the analyses.
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Figure 3.1: Gating strategy for PBMC subpopulation selection.

PBMCs were isolated from fresh blood and stained for extracellular flow cytometry. The top panel
shows the staining of PBMCs derived from a non-IBD control (NC), representative of 16 samples.
The lower panel shows cells derived from a CD patient, representative of 14 CD patients. Cell
debris was excluded using size (FSC-Area vs SSC-Area), followed by a selection of single cells (FSC-
Area vs FSC-Height). Live CD3*, CD3~ and CD45* cells were selected using the surface markers CD3
and CD45 against live/dead-stain (L/D). All analysis was performed using FlowJo™ (Version 10.8).

Figure 3.1 shows the gating strategy applied for PBMC subpopulation selection.
Cell debris was excluded based on its small size, using Forward Scatter-Area (FSC-
A) and Side Scatter-Area, and single cells were selected by FSC-Height (FSC-H) and
SSC-A to avoid contamination of cell clumps in the analysis. Subsequently, a
viability dye (L/D) with DNA binding capabilities was used to exclude dead cells.
Leukocyte common antigen (CD45), expressed on most hematopoietic cells, was
used to quantify white blood cells. T cells were identified within the live CD3* cell

gate (CD3 is a universal T cell marker).
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Figure 3.2: Gating strategy for T and NK cells subpopulation selection.

PBMCs were isolated from fresh blood and stained for extracellular flow cytometry. The top panel
shows the staining of PBMCs derived from a non-IBD control, representative of 16 samples. The
lower panel shows cells derived from a CD patient, representative of 14 CD patients. CD3" live
cells were divided into CD4*, CD8+ and CD4*CD8* (DP) T cells and CD3- live cells into NK cell subsets.
T cells were further separated into central memory (CM, CD45RA'CD62L*), effector memory (EM,
CD45RACD62L"), effector (CD45RA*CD62L") and naive T cells (CD45RA*CD62L*). NK cells were gated
off the CD3- live population and subset into CD56*CD16° NK, CD56™CD16° NK, CD56'CD16* NK and
CD56™CD16* NK. All analysis was performed using FlowJo™ (Version 10.8).

T cells were separated into CD4* and CD8* subsets (Figure 3.2). Most samples
showed a CD4*CD8* population which was included in the analysis as double
positive (DP) T cells. The effector function of DP T cells is still controversial, and
they have been linked to suppressive and pro-inflammatory, potentially Th2
response-driving characteristics (Eljaafari et al., 2013; Bohner et al., 2019).
CD3*CD4CD8 cells were also found in each sample. These cells are most likely
referred to as NKT cells (Hu et al., 2019) but were not quantified since the main
focus of the study was to identify T cell-related differences (Sallusto et al., 1999).
L-Selectin (CD62L) is required for T cell migration to LNs (Galkina et al., 2003). It
is shed rapidly from the surface of activated cells, which is essential for T
lymphocytes to exit LNs to carry out effector functions in the periphery. The loss
of CD45RA, an isoform of protein tyrosine phosphatase receptor type C, surface
expression is an indicator for memory T cells. Together with CD62L it was used to
identify central memory (CM, CD45RACDé62L*), effector memory (EM, CD45RA
CD62L"), effector (CD45RA*CD62L") and naive T cells (CD45RA*CD62L*). NK cells
lack CD3. Therefore, their subsets were identified within the live CD3" gate based
on the expression of neural cell adhesion molecule (CD56) and FC-gamma receptor

3A (CD16). These markers divide NK cells into four groups corresponding to
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different states of maturity (CD56¢"t) and cytotoxicity (CD16Prieht), CD56Prisht NK
cells have high cytokine-producing capabilities but low cytotoxic activity and are
defined as immature (Kucuksezer et al., 2021). They are mainly involved in
immune regulation, secreting cytokines such as IFN-y, TNF-a, or IL-10. In contrast,
CD16 is a marker of mature cytotoxic NK cells, ready to clear infected or aberrant
cells. Intermediate populations with an intermediate expression of CD16 and
CD56, respectively, are transitional stages during the maturation (Perussia, Chen
and Loza, 2005; Pesce et al., 2018).

Figure 3.3 displays the IL-2 receptor alpha chain (CD25) expression on CD4* and
CD8* T cell subsets. CD25 is known to be expressed and maintained on the surface
24hrs post-activation onwards and was used as an additional activation marker for
T lymphocytes (Jackson et al., 1990; Ferenczi et al., 2000). In addition to
activated T cells, CD4* T regulatory cells have also known to express CD25
(Hoffmann et al., 2006). The overall percentage of Tregs within the CD4* T cell
pool was approximately 5% (Jonuleit et al., 2001). These data suggest that CD25*
effector and memory T cell populations are most likely not Treg cells and
represent activated T cells. However, the naive population expressing IL-2

receptor alpha chains is a mixture of activated and regulatory T cells.
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Figure 3.3: Gating strategy for T and NK cells subpopulation selection.

PBMCs were isolated from fresh blood and stained for extracellular flow cytometry. The top panel
shows the staining of PBMCs derived from a non-IBD control, representative of 16 samples. The
lower panel shows cells derived from a CD patient, representative of 14 CD patients. The activation
status of all T cell subpopulations was measured using CD25. A) CD25 expression on the surface of
CD4* T cell subsets. B) CD25 expression on the surface of CD8* T cell subsets. All analysis was
performed using FlowJo™ (Version 10.8).
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3.4 Differences in PBMC levels between CD patients

and non-IBD controls

3.4.1 Comparison of live cells, singlets, CD45* and CD3" cell

levels between NC and CD patients

CD-related differences in peripheral blood leukocytes were identified by
comparing the levels of PBMC subpopulations of CD patients with non-CD controls.
Figure 3.4 shows the absolute number and frequency of cells, singlets, CD45* and
CD3" cells. The frequencies of cell count/ml after PBMC isolation were used to
calculate the absolute numbers of cells/ml for each population. Frequencies
indicate the percentage of the parent population. No significant changes between
normal controls and CD patients were detected in the overall cell and singlet
populations in either absolute numbers or frequencies. CD45* cells were selected
to study potential differences between total leukocyte levels but showed no
significant differences between the two groups. Since the aim of this chapter is
to study T cells, CD3" cells are of interest to identify T cell-independent changes
in the PB of CD patients. No significance was also shown between the patients and

controls in this subpopulation.
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Figure 3.4: Comparison of live cells, singlets, CD45* and CD3 cell levels between non-1BD
controls and CD patients.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. Absolute
numbers (top) and frequencies (bottom) show the levels of cells, singlets, CD45* and CD3" live
cells. Frequencies are displayed in the percentage of the parent population. Absolute numbers
were calculated using frequencies and cell count/ml after PBMC isolation. Lines represent the
mean. An unpaired T-Test or Mann-Whitney was performed depending on the distribution of the
data. Normal distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and
Kolmogorov Smirnov tests. Flow cytometry data were quantified in FlowJo™ (Version 10.8 and
below). All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).

3.4.2 Comparison of T cell levels between non-IBD controls

and CD patients

As previously described, CD3 is expressed on T cells as a TCR co-receptor but can
also be expressed on NKT cells in PB (Hu et al., 2019). After cell selection based
on CD3 expression, this population was further subset into CD4*, CD8" and DP T
cells to distinguish them from other CD3-expressing cell types, such as NKT cells
(Figure 3.5). Frequencies and absolute numbers of T cells showed similar spread
in cell numbers and frequencies. Frequencies of CD3* cells, CD8* and DP T cells,
and absolute numbers showed no significant changes. Notably, one patient and

one control sample had very high levels of DP T cells.
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Figure 3.5: Comparison of PB T cell levels between non-IBD controls and CD patients.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. Absolute
numbers (top) and frequencies (bottom) show the levels of all T cells (CD3* live cells), double
positive (DP) T cells (CD4* and CD8"), and single positive CD4* and CD8'T cells. Frequencies are
displayed in the percentage parent population. Absolute numbers were calculated using
frequencies and cell count/ml after PBMC isolation. Lines represent the mean. An unpaired T-Test
or Mann-Whitney was performed depending on the data distribution. Normal distribution was
tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov Smirnov tests.
Flow cytometry data were quantified in FlowJo™ (Version 10.8 and below). All statistical analysis
was performed in GraphPad Prism (Version 9.3.1 and below).

CD4* and CD8"* T cells were divided into naive, effector, CM and EM cells, as stated
in section 3.3 (Figure 3.2). There were no significant differences between IBD
patients and non-IBD controls in any CD4* or CD8* subpopulations (Figure 3.6).
Most populations showed a similar variation between the sample groups. Like DP
T cells, one patient and one control displayed very high levels of effector CD4* T
cells. The non-IBD control with an increase in effector CD4* T cells exhibited the

same in the effector CD8+ T cell counterpart.
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Figure 3.6: Comparison of PB CD4* and CD8* T cell levels between non-IBD controls and CD
patients.

PBMCs of 14 CD patients and 16 non-1BD controls were analysed using flow cytometry. A) Absolute
numbers (top) and frequencies (bottom) showing the levels of CD4* subpopulations: naive T cells
(CD4*CD45RA*CD62L"), central memory (CM, CD4*CD45RA'CD62L"), effector (CD4*CD45RA*CD62L")
and effector memory (EM, CD4*CD45RA'CD62L"). B) Absolute numbers (top) and frequencies
(bottom) showing the levels of CD8* T cell subpopulations: naive T cells (CD8'CD45RA*CD62L"),
central memory (CM, CD8*CD45RA'CD62L"), effector (CD8"CD45RA*CD62L") and effector memory
(EM, CD8'CD45RACD62L"). Frequencies are displayed in the percentage parent population.
Absolute numbers were calculated using frequencies and cell count/ml after PBMC isolation. Lines
represent the mean. An unpaired T-Test or Mann-Whitney was performed depending on the data
distribution. Normal distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-
Wilk and Kolmogorov Smirnov tests. Flow cytometry data were quantified in FlowJo™ (Version 10.8
and below). All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).
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| further investigated if patients exhibited a difference in the activation status of
T cells compared to non-IBD controls by quantifying the expression of the early
activation marker CD25 (Figure 3.7). It should be noted that CD25 expression on
naive T cells as defined by CD62L and CD45RA has been shown to co-express FOXP3
and, therefore, most likely identified Tregs (Hoffmann et al., 2006). The
differences between the sample groups were non-significant, apart from the
frequency of CD25* CM CD8* T cells which was significantly increased in CD samples
compared to non-IBD controls. This finding was not replicated when the absolute

numbers of these cells were compared.
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Figure 3.7: Comparison of PB CD25* T cells between non-IBD controls and CD patients.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. Absolute
numbers (top) and frequencies (bottom) showing the expression levels of IL-2 receptor (CD25) on
the surface of A) CD4* and B) CD8* T cell subpopulations: naive T cells (CD45RA*CD62L*), central
memory (CM, CD45RA'CD62L*), effector (CD45RA*CD62L") and effector memory (EM, CD45RA"CDé62L-
). Frequencies are displayed in the percentage parent population. Absolute numbers were
calculated using frequencies and cell count/ml after PBMC isolation. Lines represent the mean. An
unpaired T-Test or Mann-Whitney was performed depending on the data distribution. Normal
distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov
Smirnov tests. Flow cytometry data were quantified in FlowJo™ (Version 10.8 and below). All
statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below). *p<0.05.

Due to the small sample size in this study, | performed a power calculation based
on the PBMC subpopulation, with the only significant difference between the two
sample groups activated CM CD8* T cells. The power was calculated using type |

error rate (a)=0.95 and sample size ratio=1.071 (15/14). Means were 12.60 for CD

and 5.41 for non-IBD controls, and the respective standard deviations were 7.138
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and 11.40, giving a power of 0.6362. To reach a power of 0.8, a required sample
size of at least 25 CD patients would be needed with a sample ratio of 1:1 (CD:
NC).

3.4.3 Comparison of NK cell levels between non-IBD controls

and IBD patients

To distinguish T cell-specific differences between CD patients and non-1BD
controls from overall changes in leukocyte levels, | also quantified NK cells (Figure
3.8). NK cells can be classified based on their cytotoxicity and maturity, as
described in section 3.3. Statistical analysis did not show significant differences

in any NK cell subsets between non-IBD controls and CD patients.
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Figure 3.8: Comparison of PB NK cell levels between non-IBD controls and CD patients.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. Absolute
numbers (top) and frequencies (bottom) are the levels of four NK cell subpopulations based on
their CD56 and CD16 expression. Frequencies are displayed in the percentage parent population.
Absolute numbers were calculated using frequencies and cell count/ml after PBMC isolation. Lines
represent the mean. An unpaired T-Test or Mann-Whitney was performed depending on the
distribution of the data. Normal distribution was tested using Anderson-Darling, D-Agostino-
Pearson, Shapiro-Wilk and Kolmogorov Smirnov tests. Flow cytometry data were quantified in
FlowJo™ (Version 10.8 and below). All statistical analysis was performed in GraphPad Prism
(Version 9.3.1 and below).
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3.4.4 Summary of differences in PB T and NK cells between

CD and non-IBD controls

In summary, there are no significant changes in the absolute numbers of PBMC
subpopulations between non-IBD controls and CD patients, and one significant
increase in the frequency but not an absolute number of activated CM CD8* T cells
in CD.

3.5 Associations between PBMCs levels and clinical
data

| aimed to stratify patients into subsets based on their clinical characteristics,
such as inflammation status, treatment history, disease phenotype and smoker
status. Even though there was only one difference between non-IBD controls and
CD patients in PBMC subpopulations, this stratified analysis may elucidate whether
specific subsets of patients within the CD cohort show differences in their PBMC

profile associated with their clinical phenotypes.

3.5.1 Multiple comparison analyses

Multiple comparison analysis was performed in R studio. Data were tested for
normal distribution using the Shapiro-Wilk Test and equal variance using the

Levene-test and were further analysed using the following conditions:

1. Data with normal distribution and equal variance were analysed using
pairwise ANOVA and Tukey’s HSD post-test.

2. Data with normal distribution and unequal variances were analysed using a
Welsh ANOVA and Benjamini-Hochberg post-test.

3. Data without normal distribution were analysed using a Kruskal-Wallis and

Wilcoxon rank sum post-test.

All analysis was performed using absolute cell numbers to ensure the results were

not artefacts of measuring proportions. It should be noted that further
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stratification of the patient cohort resulted in some sample groups with n <3.
Therefore, only the models with sample groups of n >3 were included in the
analysis. Data for the analyses of CD25* T cell populations were not shown due to
the lack of a marker distinguishing activated from regulatory cells. However, it
should be stated that there were no statistical differences in any of the CD subsets

in terms of CD25* T cell populations.

3.5.11 Multiple comparison analysis of CD subsets based on their
inflammation status defined by HBI

PBMC subpopulation levels were compared between non-IBD controls and CD
patients with active (HBI >4) and inactive disease (HBI <4, Figure 3.9) to
understand whether inflammation status influences the peripheral blood profile.
No significant differences were found between the control group and the patient

subsets.
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Figure 3.9: Comparison of absolute numbers of PBMC subpopulations non-/BD controls (NC)
with CD patients categorised based on their HBI score.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients

were categorised based on their HBI into <4 (inactive disease) and >4 (active disease).

Flow

cytometry data were quantified in FlowJo™ (Version 10.8 and below). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
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3.5.1.2 Multiple comparison analysis of CD subsets based on previous
steroid exposure

Many treatment groups within the CD patient cohort had an n of less than three,
which did not allow for statistical analysis. To get some indication of the effects
of treatment on PB T cell levels, patients were stratified based on previous steroid
exposure. Steroids are known to alter PB T cell levels, a potentially long-term
effect. To rule out that any changes observed are due to previous steroid
exposure, patients were stratified based on whether they have received steroid
treatment in the past or not (Figure 3.10). Patients with steroid treatment history

did not have significantly altered T or NK cell levels.
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Figure 3.10: Comparison of absolute numbers of PBMC subpopulations non-IBD controls (NC)
with CD patients categorised based on previous steroid exposure.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients
were categorised based on the previous present (Yes) or absent (No) steroid exposure. Flow
cytometry data were quantified in FlowJo™ (Version 10.8 and below). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
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3.5.1.3 Multiple comparison of CD subsets based on their Montreal
classifications

| next investigated the link between absolute numbers of PBMC subpopulations
and CD disease heterogeneity, as defined by the Montreal classification. CD is a
very heterogeneous disease and vastly differs in the age of disease onset, disease
behaviour and location. The age of onset is classified as A1 (<17 years), A2 (17-40
years) and A3 (>40 years). Patients diagnosed in category A2 differed from the
non-IBD control and patients in category A3 (Figure 3.11). They displayed fewer
CD56'CD16* NK cells than A3 patients (p =0.024) and fewer CD4* EM T cells (p =
0.032) and DP (p =0.026) T cells than non-IBD controls. Patients in category A3 did
not differ from the control group. The disease phenotype of CD can be solely
inflammatory (category B1) or cause stricturing of the bowel (category B2) and/or
inflammation that penetrates the intestinal mucosal surface (category B3). The
involvement of the perianal area is indicated by +p and can occur in all three
disease behaviours. However, due to an n <3 for categories B1 and B3, multiple
comparison analyses were not performed on disease behaviour. Finally, CD
patients were categorised based on their disease location into ileal (category L1),
colonic (category L2) and ileocolonic (category L3) groups (Figure 3.12). No

differences in T and NK cell populations were found based on disease location.
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Figure 3.11: Comparison of absolute numbers of PBMC subpopulations non-IBD controls (NC)
with CD patients categorised based on their age of disease onset.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients
were categorised based on the age of onset of their disease into categories A2 (17-40 years of age)
and A3 (>40 years of age). Flow cytometry data were quantified in FlowJo™ (Version 10.8 and
below). Data were tested for normal distribution and equal variance and subsequently analysed
using ANOVA, Welsh ANOVA or Kruskal-Wallis test. Multiple comparison was performed with
Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was
performed in R studio (R version 4.0.2 and below). *p<0.05.
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Figure 3.12: Comparison of absolute numbers of PBMC subpopulations non-IBD controls (NC)
with CD patients categorised based on their disease location.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients
were categorised based on the location of their disease into categories L1 (ileal), L2 (colonic) and
L3 (ileocolonic). Flow cytometry data were quantified in FlowJo™ (Version 10.8 and below). Data
were tested for normal distribution and equal variance and subsequently analysed using ANOVA,
Welsh ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-

Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).
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3.5.2 Summary of multiple comparison analyses

Stratification of patients based on disease activity, location and previous steroid
exposure did not elucidate any differences between the CD subsets. Patients with
a younger age of onset (category A2) exhibited a decrease in NK cells with high
cytotoxicity compared to patients that presented with disease >40 years of age
(category A3) and fewer CD4* EM T and DP T cells than the non-IBD controls.

3.5.3 Logistic subset regression models

Stratification based on treatment and disease behaviour resulted in sample groups
with n <3 and were therefore excluded from multiple comparison analyses. | used
subset logistic regression modelling to test potential links between these clinical
variables and PBMC populations. Logistic subset regression modelling is a valuable
tool to test the strength and type of relationship between multiple X (or
independent variables) with a single Y (or dependent variable). In this case, the
independent variables were the absolute counts of 29 PBMC subpopulations which
were compared to a single dependent variable, current treatment, or disease
behaviour. To ensure the most robust model with the best fit and lowest error
rate was selected, logistic subset regression models were evaluated using the
Akaike Information Criterion (AIC) statistic. The AIC determines the model
requiring the least independent variables explaining the most variation within the

dependent variable.

Logistic regression models with the lowest AIC were selected using the bestglm()
function in R. Due to limitations of this function, only up to n =15 PBMC
subpopulations could be modelled simultaneously. To overcome this issue, | ran
three different analyses per dependent variable: T cell populations (naive,
effector, CM and EM CD4* and CD8* T cells), CD25* T cell populations (CD25* naive,
effector, CM and EM CD4* and CD8+ T cells) and NK cells (CD56*CD16",
CD56*CD16'", CD56'CD16* and CD56'CD16™ NK cells). The logistic regression
outputs did not show any significant associations between current treatment

status or disease behaviour (representative data shown in Table 3.2).
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Model variables Intercept | AIC p
dependent variable ~ independent
variable(s)

5-ASA

T Cell Populations 5-ASA ~ CD4*CD45RA*CD62L* T cells -3963 4 0.998

NK Cell Populations 5-ASA -~ (CD56'CD16* NK cells +|-677.11 |8 0.999
CD56™CD16* NK cells + CD56*CD16™ NK
cells

Thiopurines

T Cell Populations Thiopurines ~ Live CD3'cells +|2203.5 |8 0.998
CD4*CD45RA*CD62L* T cells + DP T cells

NK Cell Populations Thiopurines ~ CD56™CD16° NK cells +|-1989.8 |6 0.999
CD56*CD16™ NK cells

MTX

T Cell Populations MTX - CD8* T cells 955.0 4 0.999

NK Cell Populations MTX ~ CD56*CD16° NK cells + CD56™CD16*| 1820 8 0.996
NK cells + CD56"CD16™ NK cells

)Adalimumab

T Cell Populations Adalimumab ~ CD4*CD45RA*CD62L" T cells|-3799.6 (8 0.998
+ CD4*CD45RA*CD62L" T cells

NK Cell Populations Adalimumab ~ CD56™CD16" NK cells -1141.3 |4 0.999

\Vedolizumab

T Cell Populations Vedolizumab ~ CD4*CD45RA*CD62L" T cells|-241.57 |4 0.999

NK Cell Populations Vedolizumab ~ CD56'CD16™ NK cells +|-216 6 0.999
CD56™CD16™ NK cells

Combination

T Cell Populations Combination ~ CD4*CD45RA'CD62L* T cells | -95.96 6 0.999
+ CD4*CD45RACD62L" T cells

NK Cell Populations Combination ~ CD56'CD16™ NK cells +|-18.36 |6 0.999
CD56*CD16" NK cells

Table 3.2: Results data of logistic regression models showing the relationship between
PBMCs numbers and treatment groups.

The dependent variable (y) was defined as current treatment groups: 5-ASA (aminosalicylates),
thiopurines, MTX (methotrexate), adalimumab (anti-TNF), vedolizumab (anti-a437) and combination
therapy (characterised in Table 3.1). Independent variables (x) were defined as PBMC
subpopulations. Models with the lowest Akaike Information Criterion (AIC) for T and NK cell
populations were selected using bestgim() function. The intercept refers to the model estimate. All
statistical analysis was performed in R studio (R version 4.0.2 and below).

3.5.4 Linear regression models

In addition to HBI, total WBC, lymphocyte, and neutrophil count, as well as CRP
levels, were measured in the blood of CD patients in an independent clinical
laboratory on the same day as the PBMC isolation. Since there were no associations
between HBI and any PBMC subpopulations, | performed linear regression analyses
to test whether any of these additional markers showed any correlations with the

absolute cell counts. | performed the analyses in R studio using the (m() function
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from the R base package. Figure 3.13 summarises the level of significance (p-
value) and correlation (R%-value). All correlations between the inflammatory

markers and PBMC populations were positive unless stated otherwise.

Total WBC count had significant correlations with four PBMC subpopulations. The
association with the highest significance was between total WBC and CD56°'CD16*
NK cells (p <0.0001). Two additional NK cell populations correlated with total
WBC: the CD56*CD16™ (p =0.0024) and CD56*CD16" (p =0.0301) phenotypes. CD8*
T cell population correlated with WBC count as the only T cell subset (p =0.0275).
Based on these findings, an increase in cytokine-producing and cytotoxic NK cells
was linked to an increase in overall cell count in the blood of CD patients together
with CD8* T cells. However, it should be noted that the WBC count did not
associate with a particular CD8* T cell subset. The WBC counts did not correlate
with the live CD45* population, which would have been expected since CD45 is
expressed on all WBCs.

CRP correlated with 9 PBMC subpopulations. It had the strongest correlation with
CD45* (p <0.0001) and CD3" cells (p <0.0001). Interestingly both CM CD4* (p
=0.0005) and CM CD8* T cells (p <0.0001) were associated with CRP. Other T cell
populations that significantly correlated with CRP were effector CD8* T cells (p
=0.0096), overall and naive CD4* T cells (p =0.0158) as well as DP T cells (p
<0.0001). CD56*CD16" NK cells also showed a significant correlation with CRP (p
=0.0333). Therefore, CRP levels appear to increase with the levels of T cells, CM

T cells in particular, and cytokine-producing NK cells (CD56*CD16°) in PB.

Lymphocyte count correlated significantly with 5 out of the 9 population that were
also linked to CRP: CM CD8* T cells (p =0.0024), naive CD4* T cells (p = 0.0055),
CD4* T cells (p =0.0291), effector CD8* T cells (p =0.0467), and live CD3" cells (p
=0.0474). Most of these populations are T cells suggesting that an increase in T
cell subpopulations causes an increase in lymphocyte count, which was expected.
The positive correlation between lymphocyte count and live CD3" cells could refer
to an association with CD3" B lymphocytes, which were not quantified in this

dataset, and lymphocyte count.

Neutrophil count was significantly associated with 10 PBMC populations. It
correlated with live CD45* (p =0.0022) and CD3" (p =0.0003) cells, the effector and
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CM phenotypes of both, CD4" (pcm =0.0136, pefrector =0.0287) and CD8* (pcm <0.0001,
Pefrector =0.0041) T cells, overall CD4* (p =0.0081) and naive CD4* T cells (p
=0.0007), DP T cells (p =0.0018) as well as CD56*CD16" (p =0.0252). Interestingly,
lymphocyte count shared all and CRP all but one significant correlation (apart
from effector CD4* T cells) with the neutrophil count. The overall increase in
neutrophils in PB correlated with an increase in 7 out of 11T cell populations but
also with live CD3" cells suggesting an association with non-T cell PBMC
phenotypes. In addition to CD56*CD16" NK cells, this could relate to PBMC subsets

not quantified in this study, such as B cells or monocytes.

Finally, | also ran the regression models against HBI as the dependent variable to
see whether the results reflected the multiple comparison analysis. As expected,

there were no significant correlations between HBI and any PBMC subpopulations.

3.5.5 Summary regression models

The neutrophil count showed the most significant associations with the PBMC
subpopulations, followed by CRP levels and lymphocyte count. All three markers
exhibited a similar correlation pattern dominated by positive regression with T
cell subpopulations. In contrast, WBC count correlated with 3 out of the 4 NK cell

subsets and only one T cell population.

110



111

Live CD45pos cells
Live CD3neg cells
Live CD3pos cells

DP T cells
CDA4 T cells
Naive CD4 T cells

CM CD4 T cells

R-squared
0.8

Effector CD4 T cells

CD8 T cells 0.4

0.2

Cell Populations

Naive CD8 T cells

CM CD8 T cells

Effector CD8 T cells

EM CD8 T cells

CD56neg CD16pos NK cells

CD56pos CD16int NK cells

CD56pos CD16neg NK cells

CD56int CD16neg NK cells

Lymphocyte Neutrophil

Figure 3.13: Linear regression model predicting association between PBMC populations and
peripheral blood inflammatory markers.

Dependent variables (y) are total WBC, lymphocyte count, neutrophil count or CRP. Independent
variables (x) were defined as PBMC subpopulations. Models with the lowest cross-validation error
(leave-one-out-cross validation). Negative regression is displayed in blue, and positive regression
is shown in red. Gradient displays the R2- value. All statistical analysis was performed in R studio
(R version 4.0.2 and below). *p<0.05, **p<0.01, ***p<0.001.

111



112

3.6 The difference in peripheral blood cytokine

levels between CD and NC

Cytokine profiling is a valuable method to study inflammatory status and the type
of inflammation. |, therefore, isolated plasma from peripheral blood samples on
the same day as the PBMCs (ncp=14, nnc=14). Two non-IBD controls did not provide
enough fresh blood to isolate PBMC and plasma; therefore, this analysis only
includes 14 NC samples. Using the magnetic bead-based multiplex ELISA Luminex
technology 12 cytokine targets were quantified, including IL-18, IL-6, CCL2, IL-21,
IFN-y, IL-10, IL-23, TNF-a, IL-17/17A, IL-12p70 subunit, IL-31 and IL-4. The pro-
inflammatory cytokines IL-18, IL-6 and TNF-a, are upregulated during a wide
selection of immune responses. They were included in the multiplex because of
their prominent role in IBD inflammation (Muzes et al., 2012). IL-17/17A and IL23
are associated with Th17 cells, immune cells that drive inflammation in both CD
and UC. To identify a Th1 phenotype, IFN-y was included. The IL12p40 subunit is
part of IL-12 and IL-23, two cytokines driving Th1 and Th17 development, as well
as IFN-y secretion. IL-4, IL-21 and IL-31 represented Th2 immunity. The
immunoregulatory cytokine IL-10 was part of this panel to identify patients with
a potential ongoing anti-inflammatory response. CCL2 is an inflammation-
associated chemokine that acts as a chemoattractant predominantly for
monocytes and macrophages (Deshmane et al., 2009) but has also been shown to

attract lymphocytes (Carr et al., 1994).

3.6.1 Comparison of cytokine levels between non-IBD

controls and CD patients

Figure 3.14 shows the differences in cytokine profile between non-I1BD controls
and CD patients. Only seven targets (IL-6, IFN-y, TNF-a, IL-21, IL-23 and CCL2 and
IL-10) were detectable in the multiplex analysis and were included in the following
analyses. To ensure that experimental error was not the reason for the low protein
measurements, a standard curve, and positive and negative control were run
alongside the samples as instructed by the supplier and showed the expected
signals. Overall, PB cytokine expression was deficient in both IBD patients and
non-IBD controls, with the exception of a few individuals. No significant

differences were found between the two sample groups. Interestingly, the one
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patient and one control who displayed high IFN-y expression also exhibited high
levels of IL-21. Additionally, one of these patients (1617_19) had proportionally
very high expression of IFN-y, IL-21, IL-6, and TNF-a. Patient 2448_19 expressed
over 4-fold more IL-10 than any other patient or non-IBD control; similarly, patient
1930_19 had approximately 3-fold more IL-23 than the rest of the cohort.
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Figure 3.14: Comparison of peripheral blood cytokine levels between non-IBD controls and IBD
patients.

The plasma of 14 CD patients and 14 non-IBD controls were analysed using a 12-panel multiplex
cytokine assay. The targets of the assay included: IL-18, IL-6, CCL2, IL-21, IFN-y, IL-10, IL-23, TNF
a, IL-17/17A, 1L-12p70 subunit, IL-31 and IL-4. Only cytokines with detectable levels are included
in the analysis. Concentrations were extracted from standard curves. Black lines represent the
mean. Dotted red lines represent the sensitivity cut-off as determined by the supplier. An unpaired
T-Test or Man-Whitney was performed depending on the distribution of the data. Normal
distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov
Smirnov tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).

3.6.2 Stratification of CD patient PB cytokine levels based on

their disease activity, current treatment, and Montreal

classification

CD patients were stratified based on their inflammatory status, treatment, and
disease phenotype for multiple comparison analysis, as previously shown for

PBCMs in 3.5.7. Only one significant difference was recorded, showing

113



114

upregulation of IFN-y in the control group compared to patients with an age of
onset over 40 (category A3, p =0.033) (Figure 3.15). It should be noted that only
two plasma samples had a detectable level of IFN-y, one in the NC and one in the
A2 group. Therefore, although there is a statistically significant difference
between A3 patients and the control group, most patients and controls still had
the same level of IFN-y apart from the one positive individual. These data suggest

that CD patients had similar cytokine activity to non-IBD controls in their PB.
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Figure 3.15: ANOVA comparing cytokine levels of non-IBD controls (NC) with CD patients
categorised based on their age of disease onset.

CD patients were categorised based on the age of onset of their disease into categories A2 (17-40
years of age) and A3 (>40 years of age). Data were tested for normal distribution and equal
variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-Wallis test. Multiple
comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-tests.
All statistical analysis was performed in R studio (R version 4.0.2 and below). **p<0.01.

3.7 Integration of cytokine and flow cytometry data

Data integration is a valuable tool to combine different types of datasets, in this
case, multiplex magnetic bead cytokine assay and flow cytometry outputs. The
combination of these data could elucidate the behaviours of T cell types such as
Th1, Th2 and Th17 due to associations between PBMCs and the cytokines
measured. Furthermore, it may cluster patients and controls based on the
expression pattern of peripheral blood cytokine and PBMC levels and identify
correlations between all variables. The mixOmics package is a very useful tool for

data integration in R studio. Dr Umer Zeeshan ljaz kindly provided the
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methodology used for the following analysis. The type of analysis applied is called
“Data integration Analysis for Biomarker discovery using Latent variable

approaches for Omics studies” (short DIABLO).

The DIABLO analysis initially identifies variables with the highest discriminatory
power between two or more sample groups (in this case, CD vs non-IBD controls)
and subsequently generates unsupervised hierarchical clustering of the expression
pattern and calculates the correlations between all the inputs based on Euclidean
distance. The variables that explained the most variation between the two sample
groups for both cells and cytokines were visualised using a heatmap with
hierarchical clustering (Figure 3.16). The cytokines selected by the analyses were
IL-21, IFN-y, IL-23, IL-10, CCL2 and IL-6. The DIABLO considered all PBMC
subpopulations for the analysis. The cytokine expression did not show a clear
pattern in distinguishing CD and non-IBD controls. Clustering with the cytokines
were CD25* CM and EM CD8* T cells as the only cell types. The rest of the CD25* T
cells formed one cluster, and so did effector and naive CD4* and CD8* T cells. NK
cells clustered separately from all T cells. Overall, the DIABLO analysis of the
PBMCs divided the samples into three groups with normal, medium, and low cell
numbers. Interestingly, the group with the low PBMC levels was solely comprised
of CD patients. NK cells and activated CM and EM CD8* T cells did not appear to
contribute to the signature as much as the rest of the PBMC subpopulations. The

analysis did not detect any significant correlations between PBMCs and cytokines.
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Figure 3.16: DIABLO output showing hierarchical clustering of variables (cytokines and PBMCs)
and samples (non-/BD controls and CD).

Peripheral blood was sampled from 14 CD patients and 14 non-IBD controls. Plasma and PBMCs
were isolated. Data integration was performed using plasma cytokine levels (in pg/ul), and PBMC
subpopulation counts (cells/ml) as measured by multiplex ELISA and flow cytometry. DIABLO
analysis was performed in R studio using the block.plsda() function of the mixOmics package. All
statistical analysis was performed in R studio (R version 4.0.2 and below).

In summary, cytokine levels did not exhibit a clear pattern distinguishing CD
patients and non-IBD controls. However, PBMC subpopulation levels based on

unsupervised clustering separated CD patients into three subsets.
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3.8 Discussion

Peripheral blood inflammatory markers are used to monitor disease activity in CD.
However, often these do not accurately identify the intestinal inflammation status
of patients (Schoepfer et al., 2010b; Papay et al., 2013). This chapter aimed to
investigate differences in the peripheral blood signature between CD and non-IBD
controls and within the CD cohort to understand differences in their circulating
immune cells better. Subsequently, the data were linked to clinical parameters
to elucidate potential associations between distinct CD phenotypes with specific

peripheral immunopathotypes.

This study's limitations must be considered when interpreting the results in this
chapter. This cross-sectional study lacked sample size and, therefore, statistical
power. It should therefore be treated as an exploratory study with the potential
to guide further research. To confirm the results, larger sample size is required to
reach a statistical power of 0.8, especially when stratifying patients into subsets
based on their clinical features. Additionally, the analysis in this study failed to
accurately distinguish between Tregs and activated T cells due to the shared
expression of the CD25 surface receptor. Intracellular staining with the TF FOXP3
and the expression of this surface marker would allow for differentiating activated
from regulatory cells. Staining for other TFs upregulated in distinct Th subsets,
such as T-bet in Th1, GATA3 in Th2, and RORyt in Th17 cells would also inform
about the differentiation phenotype of the Th T cell populations.

No significant differences were found between CD and non-IBD patients in absolute
numbers of PBMCs (Figures 3.3-3.7). Even though the frequency of the activated
CM CD8* T cells was increased in CD, this observation was not supported by
changes in absolute numbers. CD patients displayed a more extensive spread in
cell numbers and frequencies for most of the PBMC subpopulations. Many
autoimmune and inflammatory conditions show changes in the size of leukocyte
populations and levels of inflammation-associated proteins. For example, the
activity of RA can be measured using CRP (Shrivastava et al., 2015) and neutrophil-
to-lymphocyte ratio (Targonska-Stepniak et al., 2020). Additionally, an increase

in PB neutrophils is linked to severe disease and a decrease in lymphocyte count
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with upregulation of type | interferon activity in the autoimmune condition SLE
(Han et al., 2020).

Based on the location of the inflammation, FC is routinely used in CD disease
monitoring in addition to serological markers. When comparing PB inflammatory
markers and FC with endoscopic activity, FC showed the strongest correlation
(Schoepfer et al., 2010b). Although accurate for some, this suggests that CD
inflammation does not necessarily manifest changes in the peripheral blood. This
was reflected in our cohort. Stratification of patients based on their HBI did not
show any significant differences between the CD subsets when compared with
each other and the NC control group by multiple comparison analysis (Figure 3.8).
This result was supported using linear regression modelling comparing HBI and
PBMC subpopulations (data not shown). Interestingly, other inflammatory markers
such as CRP levels, WBC, neutrophil and lymphocyte count positively correlated
with several PBMC subpopulations (Figure 3.13). Studies comparing current
methodologies to monitor inflammation in CD have shown that the CDAIS, a more
detailed version of the HBI, only shows a loose correlation with changes in PB
inflammatory markers such as CRP (Vieira et al., 2009). As previously described,
the inflammatory markers are often not more reliable in understanding the
current disease state in CD. My data are consistent with these previous studies,
showing significant heterogeneity in IBD patients and few correlations between
blood biomarkers and clinical disease scores. The lack of differences in PBMC
populations and PB cytokine levels could also indicate general low disease activity,
which is possible given that the HBI was used to identify inflamed individuals. An
endoscopic procedure and/or stool sample analysis would be required to confirm

the inflammation state of the patients and should be included in future studies.

Stratification of patients based on the age of disease onset of CD patients had the
only significant results in the multiple comparison analyses. Patients with disease
onset between 17 and 40 years had a decrease in cytokine-producing NK cells
(C56*CD16- phenotype) compared to patients who exhibited disease older than 40
years for the first time (Figure 3.11) and a decrease in DP T cells and CD4* EM T
cells compared to non-IBD controls. Patients with earlier disease onset tend to
display a higher genetic predisposition to the disease and, therefore, often
experience more severe disease and more complications throughout disease

progression (Okou and Kugathasan, 2014). For example, paediatric CD more
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frequently leads to hospitalisation and surgery (Duricova et al., 2014).
Additionally, the longer the inflammation is ongoing, the more changes the
immune system may experience. Therefore, it is perhaps not surprising that
patients diagnosed between 17 and 40 years of age display changes when
compared to patients with altered disease onset (>40 years of age) and controls.
To test this hypothesis, patients could be stratified based on their disease duration
in addition to age of onset. The role of PB DP T cells in CD pathology is currently
not very well understood. Recent scRNAseq analysis of cynomolgus monkey PB
CD4*CD8* T cells by Choi et al. (2021) suggested that they have diverse expression
patterns. 10 T cell subsets were identified, which included GATA3-expressing Th2-
like, RORC-expressing Th17-like, FOXP3-expressing Treg-like and granzyme gene-
expressing CTL-like cells. In RA, they have been previously linked with erosive
disease behaviour (p <0.001) and joint damage (p =0.008) (Nguyen et al., 2022),
supporting the hypothesis that they are involved in aberrant immune responses

during chronic inflammation.

NK cells were predominantly linked to changes in total WBC count of CD patients.
Mucosal NK cells have been shown to drive both inflammation and epithelial cell
repair in intestinal inflammation, depending on their state of maturity. Most
intestinal NK cells are mature CD56P"¢"t cells with high levels of cytokine
production, particularly TNF-a and IFN-y but low cytotoxicity (Leon et al., 2003).
Additionally, IFN-y-producing NK cells were increased in intestinal tissue of CD
patients compared to non-IBD controls (Takayama et al., 2010). However, the
regression analyses in Figure 3.13 indicated a correlation of not only cytokine-
producing but also cytotoxic NK cells with total WBC numbers. Since a reduction
in WBC has been associated with intestinal inflammation in CD and NK cells can
be recruited to the gut to promote immune responses against commensals (Lima
et al., 2015; Lanier et al., 2022), both NK cell types might be recruited from the
periphery during the inflammatory response to enhance IFN-y and cytotoxic
immune responses in the intestine. Surprisingly, WBC count did not significantly
correlate with general PBMC populations, such as live CD45*, CD3" and CD3" cells.
This could suggest that changes in the total WBC count are due to a cell type not
included in the PBMC population. During PBMC isolation, granulocytes cannot be
extracted from the blood due to their larger size and granularity (Kleiveland,

2015). Differences in the total WBC count might be due to a granulocyte
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subpopulation, which are not included in the CD45* cells of my analysis.
Furthermore, a PBMC population that was not quantified, such as B cells or
monocytes, may have reduced or increased in CD patients and affected the total
WBC count.

In addition to WBC count, lymphocyte and neutrophil counts as well as CRP levels
were measured in the PB of CD patients and correlated with the PBMC
subpopulations (Figure 3.13). Different from the total WBC count, the other three
measures showed similar correlation patterns. 5 PBMC subpopulations showed
significant positive regressions with all three markers: live CD3" negative cells,
CD4*, naive CD4*, CM CD8*, and effector CD8* T cells. Interestingly, the neutrophil
count showed the most associations with the PBMC populations, even though
granulocytes were not isolated. This indicates that PB neutrophils have similar
behaviour to the T cell subpopulations. A study by Therrien et al. (2019) collected
matched blood and biopsies of 73 CD patients and evaluated their inflammatory
status using HBI and SES-CD. Neutrophil infiltration was observed in the colonic
mucosa of inflamed patients as defined by SES-CD. Additionally, patients with
inactive disease (SES-CD <1) had higher expression of CDé64* circulating neutrophils
than inflamed patients, suggesting neutrophils leave the PB during inflammation
and potentially migrate to the intestines. The mechanism of action for the front-
line therapeutic vedolizumab is to target the migration of T cells into the
intestines. vedolizumab has recently been shown to have a clinical response rate
of 47% a year after treatment initiation measured by endoscopic evaluation in a
cohort of 117 CD patients (Zingone et al., 2020). The success of the T cell
migration-inhibiting therapeutic supports the hypothesis that PB T cells may

exhibit a similar migratory pattern to neutrophils, explaining their correlations.

Another interesting observation in the linear regression analyses was the similar
correlation pattern between CRP and lymphocyte/neutrophil counts. CRP is an
acute phase protein produced by hepatocytes in response to IL-6 and IL-1B
(Hurlimann, Thorbecke and Hochwald, 1966; Morley and Kushner, 1982). It has
been found to be the most reliable PB biomarker of inflammation in CD (Yazar et
al., 2020b). It cannot be concluded from the data whether the changes in the
PBMC numbers are causative for CRP production. However, it can be suggested
that the same stimulus driving the release of CRP potentially also causes changes

in the PBMC subpopulations that correlate with the protein.
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The cytokine profile of CD patients and NC groups did not differ. One statistical
difference was observed when patients were stratified based on the age of onset
and showed a decrease in patients with late disease onset (>40 years of age) of
IFN-y when compared to non-1BD controls (Figure 3.15). Even though this finding
might relate to the differences in cytokine-producing NK cells found between the
patient subsets A2 and A3 in the PBMC analysis, most samples had non-detectable
IFN-y levels, making it difficult to draw any conclusions from the results. When
integrating flow cytometry and multiplex ELISA data, it becomes evident that
cytokines did not segregate CD patients from NC controls (Figure 3.16). However,
a subset of CD patients was identified, which displayed reduced levels of T cells
in comparison to the rest of the cohort, including non-IBD controls. This finding
was very interesting and supported my hypothesis that only a subpopulation of CD
patients may exhibit changes in their circulatory immune cells depending on their

disease immunopathotypes or disease state.

3.9 Conclusions

From the work in this chapter, it can be concluded that there were no consistent
differences between CD patients and non-IBD controls in terms of PBMCs and
cytokines levels. However, unsupervised clustering of patients and controls
elucidated three patient subsets that can be distinguished based on their PBMC

counts but not cytokine levels.
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Chapter 4: Identification of a CD patient subset
with reduced PB T cells and enhanced Th1 and

CD8* intestinal T cell immune responses

4.1 Introduction

In chapter 3, a subset of CD patients was identified, characterised by a reduction
of T cells in their circulation (Figure 3.16). Stratification of patients based on their
T cell profile has proven successful in other inflammatory diseases, such as RA
(Bader et al., 2019; Frederique Ponchel et al., 2020). Based on PB regulatory and
naive T cell levels, predictive models could estimate whether at-risk individuals
progressed to inflammatory arthritis or not (F Ponchel et al., 2020). Furthermore,
these blood parameters could predict response to the front-line RA therapeutic
methotrexate, demonstrating that PB T cell profiling is a valuable tool for disease
stratification in inflammatory diseases and can potentially improve current
treatment strategies. Therefore, further understanding of disease mechanisms in
CD patient subsets with distinct PB signatures may help to elucidate whether
reduced T cells in circulation could be employed as a biomarker for inflammation

or to determine new potential treatment targets.

Aims:

In this chapter, | aimed to investigate further the characteristics of CD patients
with PB T cell low levels identified in chapter 3. A publicly deposited whole blood
transcriptomic dataset with a larger sample size was studied to validate the
findings of the small cohort analysed with flow cytometry. A T cell gene signature
was generated to quantify T cell levels in the transcriptomic dataset.
Subsequently, an additional microarray dataset with matched blood and biopsy
samples was studied to identify whether low PB T cell levels have the potential to

function as a biomarker for distinct intestinal immune signatures.
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4.2 PB Flow cytometry: Stratification of CD patients

based on their circulating T cell profile

Previous DIABLO analysis showed a difference in T cell populations between CD
patients (Figure 3.16). Most patients in the “low” subset had reduced levels of all
T cell populations apart from CD25* T cells. Using multiple comparison analyses,
the T cell levels of non-1BD controls (NC), CD patients with normal PB T cells (NT)
and CD patients with low PB T cells (LT) were compared, as described previously
in chapter 3. Based on the DIABLO analysis in Figure 3.16, cytokine levels did not

contribute to the clustering; therefore, | decided to focus on PBMCs only.

4.2.1 Multiple Comparison of general PBMC populations, T

and NK cell levels between CD subsets and non-IBD controls

The absolute number of cells, generated using percentage parent populations and
total cell count/ml post-PBMC isolation, was compared between the three
different groups. As expected, CD45* and CD3" live cells, CD4* and CD8* T cells
were significantly reduced in LT patients compared to non-I1BD controls and the
NT patient group (Figure 4.1, Table 4.1). Interestingly, CD3  cells were not
different. DP T cells were fewer in LT patients when compared to the control but

not the NT patient group.
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Figure 4.1: Comparison of absolute numbers of CD45* and CD3 cell and T cell levels between
non-/BD controls and CD patients categorised based on their PB T cell profile.

PBMCs of 14 CD patients and 16 non-IBD controls (NC) were analysed using flow cytometry. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =5) and T cell normal
(NT, n =9). A) Multiple comparison of live CD45* and CD3" absolute numbers (cells/ml). B) Multiple
comparison of live CD3*, DP, CD4* and CD8* T cells absolute numbers (cells/ml). Flow cytometry
data were quantified in FlowJo™ (Version 10.8 and below). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon

rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
**p<0.01, ***p<0.001.
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Feature Up Down |p
CD45" live cells NC LT 0.0021
CD45" live cells NT LT 0.0021
CD3* live cells NC LT 0.0035
CD3* live cells NT LT 0.004
DP T cells NC LT 0.0085
CD4* Live cells NC LT 0.0056
CD4* Live cells NT LT 0.008
CD8* Live cells NC LT 0.0003
CD8* Live cells NT LT 0.004

Table 4.1: P-values associated with comparison of absolute numbers of CD45* and CD3 cell
and T cell levels between non-IBD controls and CD patients categorised based on their PB T
cell profile.

PBMCs of 14 CD patients and 16 non-IBD controls (NC) were analysed using flow cytometry. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =5) and T cell normal
(NT, n =9). A) Multiple comparison of live CD45* and CD3" absolute numbers (cells/ml). B) Multiple
comparison of live CD3*, DP, CD4* and CD8* T cells absolute numbers (cells/ml). Flow cytometry
data were quantified in FlowJo™ (Version 10.8 and below). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).

CD4* and CD8* T cell naive, CM, effector and EM subpopulations were studied next
(Figure 4.2A/B, Table 4.2). Most of the T cell subsets displayed a significant
decrease in the LT subset when compared to the NT and non-IBD cohorts,
supporting the findings in chapter 3. No difference was found in effector CD4* and
CM CD8* T cells. In the case of effector CD4* this finding might be due to one LT
patient exhibiting very high levels of this cell phenotype. NT patients did not differ

from the control group with respect to their PB T cell profile.
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Figure 4.2: Comparison of absolute numbers of CD4* and CD8* T cell and NK cell subpopulation
levels between non-IBD controls and CD patients categorised based on their PB T cell profile.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients
were categorised based on PB T cell levels into T cell low (LT, n =5) and T cell normal (NT, n =9).
Observed values were defined as absolute number of PBMC subpopulations. A) Absolute numbers
(cells/ml) show the levels of CD4* T cell subpopulations: naive T cells (CD4*CD45RA*CD62L"),
central memory (CM, CD4*CD45RA'CD62L"), effector (CD4*CD45RA*CD62L") and effector memory
(EM, CD4'CD45RACD62L).  B) Absolute numbers (cells/ml) show the levels of CD8* T cell
subpopulations: naive T cells (CD8"CD45RA*CD62L"), central memory (CM, CD8*CD45RACD62L*),
effector (CD8'CD45RA*CDé62L°) and effector memory (EM, CD8°CD45RA'CD62L’). C) Absolute
numbers (cells/ml) show the levels of NK cell subpopulations. Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon

rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
*p<0.05, **p<0.01.
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Feature Up Down |[p
CD4*CM T cells NC LT 0.0056
CD4* CM T cells NT LT 0.008
CD4* Naive T cells NC LT 0.036
CD4* Naive T cells NT LT 0.036
CD4* EM T cells NC LT 0.0012
CD4" EM T cells NT LT 0.004
CD8* Naive T cells NC LT 0.0035
CD8* Naive T cells NT LT 0.024
CD8*EM T cells NC LT 0.036
CD8* EM T cells NT LT 0.036
CD8* Effector T cells NC LT 0.0333
CD8* Effector T cells NT LT 0.038

Table 4.2: P-values associated with comparison of absolute numbers of CD4* and CD8"* T cell
subpopulation levels between non-IBD controls and CD patients categorised based on their PB
T cell profile.

PBMCs of 14 CD patients and 16 non-IBD controls were analysed using flow cytometry. CD patients
were categorised based on PB T cell levels into T cell low (LT, n =5) and T cell normal (NT, n =9).
Observed values were defined as absolute number of PBMC subpopulations. A) Absolute numbers
(cells/ml) show the levels of CD4" T cell subpopulations: naive T cells (CD4*CD45RA*CD62L"),
central memory (CM, CD4*CD45RA'CD62L*), effector (CD4*CD45RA*CD62L") and effector memory
(EM, CD4*CD45RACD62L"). B) Absolute numbers (cells/ml) show the levels of CD8" T cell
subpopulations: naive T cells (CD8"CD45RA*CD62L*), central memory (CM, CD8*CD45RA'CD62L"),
effector (CD8'CD45RA*CDé62L°) and effector memory (EM, CD8'CD45RA'CD62L’). C) Absolute
numbers (cells/ml) show the levels of NK cell subpopulations. Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
To test whether the changes in the PB profile of LT patients were solely related
to T cells, NK cell levels were also stratified (Figure 4.2C, Table 4.2). No
significant changes were seen in the multiple comparison analysis, supporting the

hypothesis that the patient subset is defined by reduced levels of PB T cells.

4.2.2 Summary of multiple comparison analysis

The stratification of patients based on their circulating immune cell levels by
multiple comparison analysis exhibited that LT CD patients had fewer T cells, as
was shown by the DIABLO analysis. CD45* live cells, comprising all leukocytes,
were reduced, but there was no difference in CD3" cand NK cell nhumbers, which

indicated that this loss was due to lower levels of T cells in the PB. Effector CD4*

127



128

T cells did not differ, indicating that not all but only specific subpopulations of T

helper cells may be involved in this signature.

4.3 Whole Blood Transcriptomics: Validation of T cell

low PB CD subset in a microarray dataset

Disease stratification is often limited due to the sample size within a patient
cohort. To investigate whether the findings of the flow cytometry analyses were
reproducible, a publicly available microarray dataset, deposited with the NCBI
under the accession number GSE94648 by Planell et al. (2017), was examined.
cDNA from fresh whole blood of 48 CD patients and 22 non-IBD controls was
hybridised and subsequently normalised and corrected for batch effect by the

authors of this study as described in chapter 2.
4.3.1 Summary of GSE94648 patient cohorts

Patient characteristics are summarised in Table 4.3. Disease activity was
measured using the CDEIS, a method scoring the extent and number of ulcerations
in the intestine of patients during endoscopy. 81.25% of patients were inflamed,
and only 9 patients did not show disease activity in the gut. The majority of
patients were on monotherapies (58.33%), such as general immunosuppressants
(thiopurines and methotrexate, n =13), anti-TNF biologics (n =8), 5-ASA drugs (n
=5) or steroids (n =2). A quarter of patients were not on any treatment at the time

of sampling, and 16.67% received combination therapies.

In terms of disease phenotype, data for two out of the three Montreal
classification parameters (location and behaviour) were available. Most patients
had ileocolonic (category L3, 56.25%) disease, followed by individuals with
inflammation restricted to the ileum (category L1, 31.25%). Only 6 patients were
in category L2 representing the colonic disease location. The inflammatory disease
behaviour (category B1) classified 60.42% of the cohort. 27.08% displayed
stricturing disease (category B2), and 5 patients had penetrating disease behaviour
(category B3). One patient had both stricturing and penetrating CD and which was
described as category B2+B3.
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CD (n=48) NC (n=22)
Mean Age, years (Range) 37.292 (18-67) 44.591 (23-65)
Standard Deviation Age, years 12.697 9.359
F:M ratio 1.136 0.692
Mean CDEIS (Range) 7.5375(0-36) N/A
Endoscopic Activity N/A
Inflamed 39 (81.25%)
Non-inflamed 9 (18.75%)
Treatment N/A
Monotherapies 28 (58.33%)
Steroids 2
Immunosuppressants 13
5-ASA 5
Anti-TNF 8
Combination Therapies 8 (16.67%)
Immunosuppressants + Anti-TNF 4
Immunosuppressants + Steroids 3
Anti-TNF + Steroids 1
No treatment 12 (25.00%)
Location (%) N/A
L1: lleal 15 (31.25%)
L2: Colonic 6 (12.50%)
L3: Ileocolonic 27 (56.25%)
Behaviour (%)
B1: Inflammatory 29 (60.42%)
B2: Stricturing 13 (27.08%)
B3: Penetrating 5 (10.41%)
B2+B3: Stricturing/Penetrating 1 (2.08%)

Table 4.3: Summary of cohort information of GSE94648 microarray dataset.

48 CD patient samples and 22 non-IBD volunteers (NC) were recruited by Planell et al. (2017).
Markers of inflammation (CRP, percentage neutrophils/lymphocytes/monocytes, Crohn’s disease
endoscopy index of severity (CDEIS)), current treatments and Montreal classifications (disease
behaviour and location) were included for CD patients. Immunosuppressants comprise thiopurines
and methotrexate. N/A: not applicable. CRP: C-reactive protein. 5-ASA: aminosalicylates.

4.3.2 Identification of T cell-associated genes

Since microarray studies report levels of specific sequences, identified by their
hybridisation to chip-bound probes, a list of T cell-associated gene probes was
required to identify patients in the study that might be defined by the LT
phenotype. This signature was generated by identifying genes that correlated (p
<0.05, R? >0.5) with the three genes encoding chains of the T cell marker CD3
(CD3D, CD3E and CD3G) in the GSE94648 dataset. 32 genes fulfilled the correlation
criteria (Table 4.4, Figure 4.3). Among these was the gene encoding the CD3

gamma chain of the T cell receptor (CD3G) and zeta chain of TCR-associated
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protein kinase 70 (ZAP70). Also on the list were the co-stimulatory CD28 (cluster
of differentiation 28) gene, found on the surface 80-90% of CD4* and around half
of CD8* T cell populations (Acuto and Michel, 2003; Esensten et al., 2016), as well
as CD27 (cluster of differentiation 27), highly expressed on naive PB T cells

(Hamann et al., 1997; Hendriks et al., 2000).

Gene CD3D CD3E CD3G

TLE5 0.705418605811962 |0.622792139225478  [0.562533948851299
ANXA6 0.523322207376257 |0.664396832164825 0.594029223881922
CAMK4 0.518018131505005 |0.618664131451207 (0.652769878072822
CD3G 0.506110044188576 |0.549063518659444 1

CcDhz27 0.510919274524925 [0.696173259739704  (0.630283847050108
CDh28 0.510149401819454 |0.568897389847317  (0.590511770303637
GPX7 0.673250654533225 |0.528617177692144  (0.625245390936192
IMPDHZ  [0.543376443259284 |0.710854679218225 0.624754295914872
LCK 0.601325243953915 |0.86805438180028 0.677122602912474
LDHB 0.60836911272632 0.726908374131293 0.626747982710452
LY9 0.660592257282905 |0.7690121001907 0.604243843140608
SLAMF1  [0.548940351409418 |0.576345019264593 0.504704526578804
TLE2 0.651362178625753 |0.603177037662042 0.519617805217422
ZAP70 0.636614589607434 |0.746109372799902 0.505932820191847
HSD17B8 [0.57876858898041 0.502412159047092 0.502790945054762
SKAP1 0.629567165380729 |0.726709742673779  (0.528742230157564
DHRS3 0.52556630502561 0.692373315292349  |0.602442300900339
TESPA1 0.556572854374804 |0.690566419774166  [0.554549857251067
ZBTB40 [0.506665549698441 |0.512465185662872 0.537269347892329
ABHD14A 10.568118196356032 (0.645618635987348 [0.587916575122029
LAT 0.752421140253703 |0.733918873880484  (0.52127235655223
SIT 1.00 [0.532879694297351 |0.762575838740822 0.621764321518266
CUTA 0.703277042956196 [0.578108173302959  [0.587093686905399
UBASH3A |0.640774493124492 |0.646473044000381 0.520575112165194
PJA1 0.55996413655866 0.650612005477586  |0.573270742145359
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POLR1E

0.653683350080017

0.551957186813377

0.618521699057621

TMEM116

0.669582371426608

0.515390509326787

0.528084457259691

C12o0rf65

0.517119488458397

0.63475829094779

0.652924868315472

THEM4

0.512709491004936

0.650141866226768

0.51087286720443

OCIAD2

0.582544582956141

0.624575032041996

0.678920915705708

ATGY9B

0.560289070824005

0.586396493229498

0.564831853808389

SBK1

0.50231867764311

0.716769272102349

0.513191467677327

Table 4.4: PB T cell-associated gene signature.

32 signature genes and their R%-value of correlations with cd3d, cd3e and cd3g expression. Genes
were selected based on significance (p <0.05) and correlation (R% >0.5). Correlation was performed
using the rcorr() function of the Hmisc package. Data used are deposited on NCBI under GSE94648
Planell et al. (2017). All analysis was performed in R studio (R version 4.0.2 and below).
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Figure 4.3: Correlation plot showing PB T cell-associated gene signature.

32 signature genes and their R%-value of correlations with cd3d, cd3e and cd3g expression. Genes
were selected based on significance (p <0.05) and correlation (R? >0.5). Correlation was performed
using the rcorr() function of the Hmisc package. The correlation plot was generated using the
corrplot package. Data used are deposited on NCBI under GSE94648 by Planell et al. (2017). Al
analysis was performed in R studio (R version 4.0.2 and below).
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Figure 4.4: Gene set enrichment analysis of PB T cell-associated gene signature.
32 signature genes were tested for significant associations with gene ontologies (GOs) and medical
subheadings (MeSH). Molecular signature database (MsigDB) was applied as reference for GO
analysis using the enricher() function of the msigdbr package. MeSH analysis was performed with
the enrichMESH() function from the meshes package accessing the pub2pubmed database curated
by the NCBI. Data used are deposited on NCBI under GSE94648. All analysis was performed in R
studio (R version 4.0.2 and below) and required the clusterProfiler package.
To confirm that the signature was, in fact, T cell-related, | performed gene
ontology (GO) and medical subheading (MeSH) analyses, two methods showing
enrichment of gene sets (Figure 4.4). The enriched categories included the GOs:
adaptive immune response, lymphocyte activation and T cell receptor signalling
pathway. The MeSH analysis compares the gene expression between immune cells
based on publicly deposited datasets on NCBI. For example,
GSE22886_NAIVE_TCELL_V_MONOCYTE_UP states that the genes in the signature
are upregulated in naive T cells compared to myeloid cells in the dataset
deposited under NCBI accession GSE22886. The 10 MeSH displaying the most
significant association with the gene signature showed upregulation of T cell
populations compared to other leukocyte phenotypes. These results validated that

a blood T cell-associated signature had been generated.

4.3.3 sparse Least-Squares Discriminant Analysis (sPLS-DA):
Stratification of CD patients and non-IBD controls based on

the expression of PB T cell-associated genes in adult CD

After generating and validating a blood T cell-associated gene signature, the 32

target genes were used to study differences among PB T cell levels in CD patients.
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Discrimination analysis was applied to stratify CD patients based on their PB T cell
levels, called sparse least-squares discriminant analysis (sPLS-DA). The sPLS-DA
was performed in R studio using the splsda() function of the mixOmics package
(Rohart et al., 2017). Similar to the DIABLO, this analysis allows the identification
of variables (in this case T cell signature gene expression levels) that have the
highest discriminating power between two or more sample groups. Like the
DIABLO, it subsequently clusters samples and variables using the Euclidean
distance. Patients were stratified based on their inflammation profile, as defined
by endoscopic activity, into active disease (CD) and disease in remission (CDR).
The two CD subsets were compared to the non-IBD controls (NC). To correct for
batch effect, Planell et al. included technical replicates of a selection of samples
as batch controls. These controls were included in this analysis to ensure that the
batch effect was corrected successfully and were labelled in Figure 4.5 using

diamond shapes.

The sPLS-DA loaded all genes from the T cell-associated signature, indicating that
all genes contribute to the variation between the sample group. Unsupervised
clustering split the samples into two distinct clusters, one characterised by low
gene expression (Figure 4.5). 10 CD samples were in this group, made up of 8
patients and 2 batch controls, as well as one non-IBD control. The rest of the CD
patients (n =38) were not distinguished from the controls and displayed a gradient
of T cell gene expression. None of the endoscopically inactive patients displayed
the low PB T cell phenotype and mixed in with the remaining CD cohort and
controls. Consistent with the previous flow cytometry findings, this analysis
demonstrated that T cell-associated gene expression also identified a subset of

CD patients with potentially fewer circulating T cells.
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Figure 4.5: Sparse least-squares discriminant analysis (sPLS-DA) output comparing PB T cell-
associated gene expression levels between active CD, CD in remission and non-IBD controls.

sPLS-DA analysis elucidates variables (PB T cell-associated genes) with the highest discriminant
power to distinguish three sample groups. Sample groups included 22 non-IBD controls (NC, red),
39 CD patients with active disease (CD, green) and 9 patients in remission (CDR, blue) as defined
by CDEIS. Data analysed were in form of normalised probe intensity values. Diamond shapes on the
left-hand side of the sample panel are indicators for matching batch controls. The splsda() function
from the mixomics package was used for analysis. Data used is deposited on NCBI under GSE94648
by Planell et al. (2017). All analysis was performed in R studio (R version 4.0.2 and below).
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4.3.4 Differential Gene Expression analysis: Normal PB T cell

vs Low PB T cell patients in adult CD

Subsequent to stratifying the CD cohort into normal (NT) and low PB T cells (LT),
| used the GEO2R, a tool developed by the NCBI, to perform a differential gene
expression analysis and identify significant differences between these CD subsets
(Figure 4.6A). 2077 differentially expressed genes (DEGs) were identified, and the
top 10 DEGs are displayed in Figure 4.6B. Among these were CD3E, encoding the
CD3 epsilon chain of the TCR, the IL-21 receptor gene IL21R, highly expressed on
activated T cells (Wu et al., 2005), and the lymphocyte-specific protein tyrosine
kinase (LCK), involved in TCR signalling (Rossy, Williamson and Gaus, 2012), all of

which were down-regulated in the LT group.

Using WikiPathway analysis (Wu et al., 2012, 2021), over-represented pathways
within the DEGs were studied (Figure 4.6C). The pathways T cell receptor (TCR)
and co-stimulatory signaling, TCR pathway during Staphylococcus aureus
infection and TCR signaling pathway were the top three significantly enriched
pathways with most genes being reduced in LT CD patients. Additionally, changes
in energy metabolism and B cell receptor signaling pathway were linked to the
DEGs. The T and B cell receptor pathways had many overlapping genes, whereas
the genes in the energy metabolism pathway were distinct. Changes in energy
metabolism could be a sign of an altered activation status of T cells. Overall, the
results of the sPLS-DA, DEG and pathway enrichment analyses indicated that a

subset of CD patients with fewer PB T cells was also present in this patient cohort.
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PB Low vs PB Normal T cell -
Gene logfFC p.adj
SPOCK2| -0.9166209| 0.0000000214
IL24 -1.064971| 0.000000262
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Figure 4.6: Differential gene expression analysis comparing PB low and normal T cell CD
groups.

A) Volcano plot showing differential gene expression, highlighting DEGs (adj.p <0.05) in rose and
genes with -0.5< log2 fold change >0.5 in blue. Genes with -0.5< log2 fold change >0.5 and p <0.05
were shown in pink. B) Table with top 10 DEGs according to adjusted p-values. C) Pathways
significantly associated with DEGs. The analysis was performed with the enricher() function using
the WikiPathway wpid2gene database (Version 20180810). Data used is deposited on NCBI under
GSE94648 by Planell et al. (2017). Differential gene expression analysis was performed using the
GEOZ2R tool developed by NCBI. Pathway analysis was performed in R studio (R version 4.0.2 and
below) and required the clusterProfiler package.

4.3.5 Multiple comparison analysis of PB T cell-associated

gene expression between adult CD subsets and non-IBD

controls

To further characterise the LT patient subset, multiple comparison analysis was
used to study T cell subpopulation genes. The expression level of genes encoding
the T cell co-receptors CD3 (CD3D, CD3E and CD3G), CD4 (CD4) and CD8 alpha and
beta chains (CD8A and CD8B) were investigated and compared between controls
and the CD groups (Figure 4.7, Table 4.5).

ANOVA model were significantly reduced in LT patients in comparison to NT

Apart from CD3D, all genes in this

patients and controls. Interestingly, the expression of CD3D was higher in NT.
Overall, these data suggested that both CD4* and CD8* T cells are decreased in
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the low T cell subset compared to controls and patients with normal T cell gene

expression levels.

CD3D CD3E CD3G CD4
14 *kk Fkk kK *k
- 14

] g 2 g
s * s12 Fek 513 *kk s +
213 z z 212
7] [ ] [ 7] [
H] s ] s
£ £ £12 £
2 211 EE H H
512 5 3 s EE
; = ; 3" F"
===l |
g £, Eqo =R
811 2 2 == | £

* : 1 9 } 1 10

NC NT LT NC NT LT NC NT LT NC NT LT

CD8A CD8B
*kk *kk
3 211
§13 *kk § ki dd
2z z
2 e
g o] ] B NC 3 NT B LT
;-
E-3 E-] .
g == . 1 mm e
H H o
F11 59 ‘
E E
2 2
8
NC NT LT NC NT LT

Figure 4.7: Comparison of the expression of genes encoding CD3, CD4 and CD8 receptors
between non-IBD controls and CD patients categorised based on their PB T cell profile.

RNA derived from the whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal
(NT, n =40). Data used are deposited on NCBI under GSE94648 by Planell et al. (2017). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below). *p<0.05, **p<0.01, ***p<0.001.
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Feature Up Down p

CD3D NT NC 0.0407
CD3D NT LT 0.0007
CD3E NC LT <0.0001
CD3E NT LT <0.0001
CD3G NC LT <0.0001
CD3G NT LT <0.0001
CD4 NC LT 0.0163
CD4 NT LT 0.0037
CD8A NC LT <0.0001
CD8A NT LT <0.0001
CD8B NC LT <0.0001
CD8B NT LT <0.0001

Table 4.5: P-values associated with comparison of the expression of genes encoding CD3, CD4
and CD8 receptors between non-IBD controls and adult CD patients categorised based on their
PB T cell profile.

RNA derived from the whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal
(NT, n =40). Data used are deposited on NCBI under GSE94648 by Planell et al. (2017). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).

Percentages of immune cells can be quantified in bulk transcriptomics using digital
cytometry tools such as CIBERSORTx (Newman et al., 2019b). This method
deconvolutes the microarray data using a signature matrix with the estimated
gene expression of isolated immune cell populations. This type of analysis is useful
to validate changes in general CD4* and CD8* T cells but also to identify differences
in Th subsets. The CIBERSORTx output quantified CD8* and overall CD4* T cells as
well as Th1 and Th2 polarised cells post in vitro stimulation (Figure 4.8, Table
4.6). CD8* T cells were less abundant in LT patients compared to NT and NC
groups, reflecting the results of the gene expression pattern. The changes within
the CD4* populations differed from the findings in Figure 4.7, which showed a
decrease in CD4 expression. However, overall CD4* T cells and Th2 cells showed
no changes between the sample groups. Interestingly, Th1 polarised cells
appeared to be fewer in LT than in NT CD subsets, suggesting that the reduction

in CD4 gene expression might relate to a reduction in Th1 T cells. Additionally, it
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should be noted that even though CIBERSORTx digital cytometry approach has
been validated extensively in different tissues also, including PB, it only generates

an estimate of immune cell proportion.
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Figure 4.8: Comparison of CD4* and CD8* T cell percentages per sample as calculated by digital

cytometry between non-IBD controls and adult CD patients categorised based on their PB T
cell profile.

Proportions of T cell subsets in each sample were compared between 48 CD patients and 22 non-
IBD controls (NC). CD patients were categorised based on PB T cell levels into T cell low (LT, n
=8) and T cell normal (NT, n =40). The digital cytometry tool CIBERSORTx was used to deconvolute
microarray analysis-derived normalised probe intensity values and quantify the frequencies of
immune cell populations in each sample. Data used are deposited on NCBI under GSE94648 by
Planell et al. (2017). Data were tested for normal distribution and equal variance and subsequently
analysed using ANOVA, Welsh ANOVA or Kruskal-Wallis test. Multiple comparison was performed
with Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was
performed in R studio (R version 4.0.2 and below). *p<0.05, ***p<0.001.

Feature Up Down P

CD8* T cells NC LT <0.0001
CD8* T cells NT LT <0.0001
Th1 cells NT LT 0.014

Table 4.6: P-values associated with the comparison of CD4 and CD8 T cell percentages per
sample as calculated by digital cytometry between non-IBD controls and adult CD patients
categorised based on their PB T cell profile.

Proportions of T cell subsets in each sample were compared between 48 CD patients and 22 non-
IBD controls (NC). CD patients were categorised based on PB T cell levels into T cell low (LT, n
=8) and T cell normal (NT, n =40). The digital cytometry tool CIBERSORTx was used to deconvolute
microarray analysis-derived normalised probe intensity values and quantify the frequencies of
immune cell populations in each sample. Data used are deposited on NCBI under GSE94648 by
Planell et al. (2017). Data were tested for normal distribution and equal variance and subsequently
analysed using ANOVA, Welsh ANOVA or Kruskal-Wallis test. Multiple comparison was performed
with Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was
performed in R studio (R version 4.0.2 and below).

Cytokines and surface receptors are useful markers to distinguish Th1 and Th2
cells, and differences in their expression were used to test the results of the
CIBERSORTX output (Figure 4.9, Table 4.7). The genes encoding the cytokine IFNy
and the receptors IL-12 receptor beta subunit 1 (IL12RB1) and 2 (IL12RB2) were
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included due to their expression in Th1 cells. /L4, IL5 and IL13 genes were used to
characterise Th2 cells. Th17 cells were not part of the CIBERSORTx analysis output
but are known to be linked to CD pathology. Therefore, the multiple comparison
analysis also contained the genes encoding for the Th17 cytokines IL17A, IL21,
IL22, and IL-23 subunit alpha (/L23A). IL-18, TNF-a and IL-6 were included as
hallmarks of inflammation and IL-10 as a marker for homeostasis and immune
regulation. Actin beta (ACTB) is commonly used as a housekeeper gene during PCR
analysis of human whole blood derived cDNA. This gene was used as a control in
this model to ensure that changes are based on actual differences between the
groups and not due to differences in cell-derived RNA quantified within the

samples.

IFNG expression was significantly decreased in the LT group compared to the rest
of the CD cohort, and IL12RB2 was lower in the LT patient subset than in the
control group (Figure 4.9A). Both the cytokine and the receptor are highly
expressed by Th1 cells. Additionally, IL23A, which drives Th17 proliferation, was
reduced in LT patients compared to the other sample groups (Figure 4.9C), and
the immunoregulatory cytokine IL10 was significantly increased (Figure 4.9D). No
changes were found in relation to Th2-associated cytokines, confirming that
patients within the LT CD group displayed a reduction of Th1 rather than Th2-
polarised cells. Finally, no significant differences were found in ACTB gene
expression between the sample groups, suggesting that the changes are based on

actual differences and not due to differences in cell-derived RNA quantity.
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Figure 4.9: Comparison of the expression of genes encoding Th1, ThZ and Th17 markers
between non-IBD controls and adult CD patients categorised based on their PB T cell profile.

RNA derived from the whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal
(NT, n =40). A) Gene expression of Th1-associated cytokines. B) Gene expression of Th2-associated
cytokines. C) Gene expression of Th17-associated cytokines. D) Gene expression of inflammation
and immunoregulation-associated cytokines. E) Gene expression of ACTB. Data used are deposited
on NCBI under GSE94648 by Planell et al. (2017). Data were tested for normal distribution and
equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-Wallis test.
Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-
tests. All statistical analysis was performed in R studio (R version 4.0.2 and below). *p<0.05,
**p<0.01.
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Feature Up Down p

IL12RB2 NC LT 0.0605
IFNG NT LT 0.0098
IL23A NC LT 0.0194
IL23A NT LT 0.0194
IL10 LT NC 0.0605

Table 4.7: Summary of p-values in ANOVA comparing the expression of genes encoding Th1
and Th2 markers between non-IBD controls and adult CD patients categorised based on their
PB T cell profile.

RNA derived from whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed using
microarray hybridisation and normalised probe intensity values used for analysis. CD patients were
categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal (NT, n =40). A)
Gene expression of Th1-associated cytokines. B) Gene expression of Th2-associated cytokines. C)
Gene expression of Th17-associated cytokines. D) Gene expression of inflammation and
immunoregulation-associated cytokines. E) Gene expression of ACTB. Data used are deposited on
NCBI under GSE94648 Planell et al. (2017). Data were tested for normal distribution and equal
variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-Wallis test. Multiple
comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon rank sum post-tests.
All statistical analysis was performed in R studio (R version 4.0.2 and below)

4.4 Matched PB and intestinal transcriptomics

Since changes in the PB can be an indication of ongoing disease in the intestine of
CD patients, | next aimed to study the link between low PB T cells and intestinal
inflammation. For this analysis, data from matched whole blood and gut tissue
biopsies were required. The collection of matched samples was not possible at the
GRI due to limited time in the clinic. After an extensive search on NCBI, | only
identified one suitable dataset. A paediatric matched blood and intestinal
microarray dataset, which was deposited under GSE126124 by Palmer et al.
(2019). Ideally, the analysis would have been conducted in an adult CD patient
cohort, but data availability limitations did not make this possible. In the
paediatric study whole blood of 37 CD patients and 32 non-IBD controls aged
between 8 and 18 years were sampled. Matched intestinal biopsies were collected
for a subset of paediatric patients and controls (ncp =36 and nnc =18 controls).

Additional patient and control information was summarised in Table 4.8.
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CcDh NC
Blood Tissue Blood Tissue
(n=37) (n=36) (n=32) (n=18)
Mean Age, years 12.805 12.736 13.55 13.029
(Range) (8.2-18.7) | (8.2-18.7) | (8.2-18.5) (8.2-18.5)
Standard Deviation Age, 2.844 2.914 3.346 3.268
years
F:M ratio 0.378 0.351 0.468 0.474

Table 4.8: Summary of cohort information of GSE126 124 microarray dataset.

Whole blood was sampled from 37 paediatric CD patient samples and 32 age and sex-matched non-
IBD controls (NC) by Palmer et al. (2019). Matched tissue biopsies were collected for 36 patients
and 18 controls.

4.41 sPLS-DA: Stratification of CD patients and non-IBD

controls based on expression of PB T cell-associated genes in

paediatric CD

In the analyses of the GSE94648 dataset, sPLS-DA proved to be a useful tool to
stratify CD patients based on their T cell-associated gene expression. Therefore,
the same analysis was performed on the whole blood derived microarray data of
the paediatric 36 CD patients and 32 non-IBD controls (Figure 4.10). The sPLS-DA
only loaded 16 out of the 32 T cell-associated genes. Additional genes were
excluded due to a lack of discriminant power between the sample based on the
sPLS-DA. Similar sample clustering was observed in the blood of children compared
to adult patients and controls. Based on the sPLS-DA a small group of paediatric
CD patients (n =10) and a single non-IBD control formed a cluster with distinct
lower expression of T cell-associated genes. Unlike the analysis results from adult
data, not all the other paediatric patients mixed in with controls and formed two
additional subsets: medium and normal T cell gene expression. Overall, the
expression of T cell-associated genes showed a gradient in the patient cohort,

which reflects the behaviour of adult patients.
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Figure 4.10: Sparse least-squares discriminant analysis (sPLS-DA) output comparing PB T cell-
associated gene expression levels between paediatric CD and non-IBD controls.

sPLS-DA analysis elucidates variables (PB T cell-associated genes) with the highest discriminant
power to distinguish two sample groups. Sample groups included 22 non-IBD controls (NC, red) and
37 CD patients (CD, blue). Data analysed were in form of normalised probe intensity values. The
splsda() function from the mixomics package was used for analysis. Data used is deposited on NCBI
under GSE126124 by Palmer et al. (2019). All analysis was performed in R studio (R version 4.0.2
and below).

4.4.2 Multiple comparison analysis of PB T cell-associated
gene expression between paediatric CD subsets and non-IBD

controls

Based on the sPLS-DA, CD patients were again stratified into LT and NT subsets.
The expression of CD3D, CD3E, CD3G, CD4, CD8A and CD8B encoding genes were
compared between patient groups and non-IBD controls (Figure 4.11, Table 4.9).
The expression of all CD3 and CD8 genes were significantly decreased in the LT
subset in comparison to both NT patients and non-IBD controls. CD4 was also

expressed less in LT than in non-IBD controls. NT patients showed a reduction in
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CD3E, CD3G and CD8B gene expression when compared to non-IBD controls,
supporting the findings of the sPLS-DA, which described NT patients to also be

distinct from NCs.
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Figure 4.11: Comparison of the expression of genes encoding CD3, CD4 and CD8 receptors
between non-IBD controls and paediatric CD patients categorised based on their PB T cell
profile.
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RNA derived from the whole blood of 37 CD patients and 32 non-IBD controls (NC) were analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =10) and T cell normal
(NT, n =27). Data used are deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).*p<0.05, **p<0.01, ***p<0.001.
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Feature Up Down |[p

CD8A NC LT 0.0039
CD8A NT LT 0.0428
CD8B NC LT <0.0001
CD8B NC NT 0.0006
CD8B NT LT 0.0017
CD4 NC LT 0.0353
CD3D NC LT <0.0001
CD3D NT LT <0.0001
CD3E NC LT <0.0001
CD3E NC NT <0.0001
CD3E NT LT 0.0028
CD3G NC LT <0.0001
CD3G NC NT 0.0057
CD3G NT LT <0.0001

Table 4.9: P-values associated with the comparison of the expression of genes encoding CD3,
CD4 and CD8 receptors between non-IBD controls and paediatric CD patients categorised based
on their PB T cell profile.

RNA derived from the whole blood of 37 CD patients and 32 non-IBD controls (NC) were analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =10) and T cell normal
(NT, n =27). Data used are deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).

For further characterisation of the T cell phenotypes absent from the PB in
paediatric LT patients, the multiple comparison analysis shown in Figure 4.9 was
repeated. The expression of IFNG, IL10, IL12RB1, IL12RB2, IL13, IL17D, IL21, IL22,
IL23A, IL1B, IL21, IL4, IL5, IL6 and TNF analysed in CD subsets and non-IBD controls
(Figure 4.12, Table 4.10). ACTB was again included as the housekeeper gene.
Unlike adult patients, only the NT subsets showed a decrease in the Th1-associated
cytokines IFNG and IL12RB2 compared to controls. The LT subset had significant
increases in IL17D when compared to the NC group, in IL21 when compared to the
NT group and in IL22 compared to both. Both patient subsets exhibited less gene
expression of IL23A than controls. Only LT patients had elevated expression of
IL1B in comparison to the control group. These results suggested that even though
the PB of LT paediatric patients expressed lower levels of PB T cell-associated

genes, they did not display a decrease in Th1-associated genes when compared to
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the NT phenotype as it was observed in adults. However, the LT patient subset
appeared to have more expression of genes encoding for cytokines encoding for

Th17 cells, suggesting a higher frequency of this Th phenotype in their PB.
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Figure 4.12: Comparison of the expression of genes encoding Th1, Th2 and Th17 markers
between non-/BD controls and paediatric CD patients categorised based on their PB T cell
profile.

RNA derived from the whole blood of 37 CD patients and 32 non-IBD controls (NC) were analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =10) and T cell normal
(NT, n =27). Data used are deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).*p<0.05, **p<0.01.
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Feature from to P

IFNG NC NT 0.0435
IL12RB2 NC NT 0.0161
IL17D LT NT 0.0088
IL21 NC LT 0.0056
IL22 LT NC 0.0113
IL22 LT NT 0.0021
IL23A NC NT 0.0211
IL23A NC LT 0.0042
IL1B LT NC 0.0162

Table 4.10: P-values associated with the comparison of the expression of genes encoding Th1
and Th2 markers between non-IBD controls and paediatric CD patients categorised based on
their PB T cell profile.

RNA derived from the whole blood of 37 CD patients and 32 non-IBD controls (NC) were analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =10) and T cell normal
(NT, n =27). Data used are deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).

4.4.3 Multiple comparison analysis of T cell-associated genes
between LT and NT CD subsets and non-IBD controls in

intestines of children

The main aim of analysing the GSE126124 data was to investigate changes in the
intestines of CD patients with distinct PB T cell profiles. Patients were again
categorised into LT and NT, and the intestinal expression of the genes encoding
CD3, CD4 and CD8 was compared between paediatric CD patients and non-IBD
controls (Figure 4.13). No differences were detected apart from an increase in
CD4 expression in NT patients compared to controls (p =0.0353). Additionally,
differential gene expression analysis did not show any DEGs between the two CD
subsets. The intestine harbours a large selection of immune cells, including tissue-
resident T cells, keeping commensal bacteria in check constantly. I, therefore,
hypothesised that this ongoing activity might mask the differences in T cell genes

in the intestines between the CD subsets.
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Figure 4.13: Comparison of the intestinal expression of genes encoding CD3, CD4 and CD8
receptors between non-IBD controls and paediatric CD patients categorised based on their PB
T cell profile.

RNA derived from intestinal biopsies of 36 CD patients and 18 non-IBD controls (NC) were analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =10) and T cell normal
(NT, n =26). Data used are deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below). *p<0.05.

4.4.4 sPLS-DA: Stratification of paediatric patients based on

the expression of intestinal CD-specific genes

In order to distinguish genes that were specific to CD from those associated with
general immunity in the gut, | performed differential gene expression analysis
between controls and patients in the tissue dataset. 6674 DEGs were identified
and subsequently used to load a sPLS-DA (Figure 4.14). Since the genes
significantly different between CD and NC were used as discrimination variables,
only patients were included in the analysis. 58 DEGs were selected by the sPLS-DA
algorithm to distinguish between the sample groups. Hierarchical clustering
identified two distinct patient subsets, named CD1 and CD2. CD1 included all 9 LT
patients that were sampled during endoscopy and 10 NT patients. The other 18

individuals from the NT cohort were part of the CD2 subset.
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Figure 4.14: Sparse least-squares discriminant analysis (sPLS-DA) output CD-associated gene
expression levels between low and normal PB T cell subsets in intestinal tissue.

sPLS-DA analysis elucidates variables (DEGs between CD and NC) with highest discriminant power
to distinguish two sample groups. Sample groups included 27 normal (NT, red) and 9 low PB T cell
patients (LT, blue). Data analysed were in form of normalised probe intensity values. The splsda()
function from the mixomics package was used for analysis. Data used is deposited on NCBI under
GSE126124 by Palmer et al. (2019). Al analysis was performed in R studio (R version 4.0.2 and
below).

4.4.5 Intestinal differential gene expression analysis: CD1 vs

CD2 paediatric patients

All LT patients belonged to the same CD subset, suggesting that their PB T cell
profile was associated with the intestinal immunopathotype of group CD1. To
understand whether CD1 and CD2 patients showed differences in their intestinal
signature, | performed a differential gene expression analysis, which identified
3514 DEGs (Figure 4.15).
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Tissue CD1 vs CD2
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Gene adj.P.Val|logFC
SNAPC3 0.00153 |-3.95E-01
ARMCS5 0.00153 |2.56E-01
SOX18 0.00153 |3.53E-01
SCN1B 0.00153 |3.78E-01
EPT1 0.00231 |-4.56E-01
ERFE/HMGA1 |0.00244 |3.04E-01
GNG8 0.00251 |2.96E-01
RAB3IL1 0.00348 |2.97E-01
GSDMB 0.00348 |-7.61E-01
OSCAR 0.00348 |2.95E-01

Log, fold change

Total = 33297 variables

Figure 4.15: Differential gene expression analysis comparing intestinal gene expression of CD1
and CD2 subsets.

Volcano plot showing differential gene expression, highlighting DEGs (adj.p <0.05) in rose and
genes with -0.5< log2 fold change >0.5 in blue. Genes with -0.5< log2 fold change >0.5 and p <0.05
were shown in pink. B) Table with top 10 DEGs according to the adjusted p-value. Differential gene
expression analysis was performed using the GEO2R tool developed by NCBI. Data used is deposited
on NCBI under GSE126124 by Palmer et al. (2019). All analysis was performed in R studio (R version
4.0.2 and below) and required the clusterProfiler package. SNAPC3: Small nuclear RNA activating
complex polypeptide 3. ARMC5: Armadillo repeat containing 5. SOX18: SRY-box transcription factor
18. SCN1B: Sodium voltage-gated channel beta subunit 1. EPT1: Selenoprotein |. ERFE/HMGAT1:
Erythroferrone. GNG8: G protein subunit gamma 8. RAB3IL1: RAB3A interacting protein like 1.
GSDMB: Gasdermin B. OSCAR: Osteoclast associated Ig-like receptor.

Since | was only interested in understanding differences in intestinal immune
responses, a cluster of genes related to the GO immune system process i.e., all
genes related to the immune system and its development (EMBL-EBI, 2018), were
selected, resulting in a list of 365 genes. GO enrichment analysis (Yu G, Wang L,
Han Y, 2012) was completed on this gene set (Figure 4.16A/B). The top five GOs
enriched were: T cell activation, mononuclear cell differentiation, regulation of
hemopoiesis, myeloid cell differentiation and regulation of immune effector
process. 22 genes within the T cell activation GO were downregulated in CD1
(AP3B1, CASP3, CEACAM1, CHD7, D2G1, DROSHA, HMGB1, HSPD1, IL7, KIF13B,
LGALS9, LGALS9B, LGALS9C, MTOR, MYB, PAK1, PRKDC, RC3H1, SOCS6, SOD1,
TOX, TP35) and 25 genes upregulated (BATF, CD7, CD8B, CDBPB, CLEC4G, EBI4,
EOMES, FOXP3, GON4L, HLX, ICAM1, LAG3, LEP, LMO1, MAPKS8IP1, NLRC3, NOD2,
PAX1, PRR7, RELB, RUNX3, SART1, TNFRSF4, TNFSF14, ZFPM1) compared to CD2.
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Figure 4.16: Gene set enrichment analysis of DEGs related to GO immune system process.

A+B) Gene ontology analysis was performed with the enrichGO() function using the Ensembl
database as reference. A) Barplot showing the number of genes in each GO, their p-value and
GeneRatio. B) Heatplot showing the fold change of genes in the GO analysis. Upregulation and
downregulation refer to CD1 subset. C) Heatplot showing the fold change of genes in enriched
KEGG pathway using the enrichKEGG() function. Data used is deposited on NCBI under GSE126124
by Palmer et al. (2019). All analysis was performed in R studio (R version 4.0.2 and below) and
required the clusterProfiler package.

Differences in T cell activation between the CD1 and CD2 subsets were studied by
looking at the genes enriched in the distinct subsets. The gene responsible for
transcription for the CD8 co-receptor beta chain (CD8B) was amongst the
upregulated T cell activation genes in the CD1 subset. Additionally, the
transcription factor EOMES, which has been linked to memory T cell
differentiation of CD8" T cell activation and differentiation in response to viral
infection, had elevated gene expression in CD1 patients (Pearce et al., 2003), as
did FOXP3, commonly known to be highly expressed in T cells with
regulatory/immunosuppressive function. The Treg population may expand to
counteract the aberrant inflammation. The nod-like receptor family CARD domain
containing 3 (NLRC3) has immunosuppressive capacities for T cells, specifically in
suppressing autoreactive T cells (Hu et al., 2018; Fu et al., 2019) and genetic CD
risk factor NOD2, known to play a major role in antibacterial protection, were also
increased in the CD1 group. In terms of cell migration, CD1 patients had more
ICAM1 expression, a receptor involved in leukocyte recruitment to the gut
(Reinisch et al., 2018; Kuhbandner et al., 2019). The kinase, mammalian target
of rapamycin (MTOR), activated during T cell activation and differentiation, was
one of the 22 downregulated genes in the CD1 subset compared to CD2. The MTOR
signalling cascade can be induced by TCR and cytokines such as IL-7, which is
responsible for maintaining T cell survival (Rathmell et al., 2001) and displayed

lower gene expression in CD1 compared to CD2 patients as well.

After identifying enriched GOs, | performed KEGG analysis to link pathways to the
gene set (Figure 4.16C). Eight pathways were significantly associated fitting into
the following categories: atherosclerosis (lipid and atherosclerosis and fluid shear
stress and atherosclerosis), Th1/Th17 immunity (Tuberculosis and Epstein-Barr
virus infection), general pro-inflammatory immune response (antigen processing
and presentation and MAPK signaling pathway) and NK cell mediated cytotoxicity.
The gene encoding for Gasdermin-B (GSDMB), which has been linked to cytotoxic

activity of lymphocytes in cancer (Zhou et al., 2020), was one of the top 10
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upregulated genes in the CD1 patient subset (Figure 4. 15). Overall, these findings
suggested an increase in cytotoxic and Th1 effector functions in CD1 patients
compared to CD2, potentially supported by CD8* T and CD4* Th1 cell migration
from PB to the intestine. This infiltration may be facilitated via the adhesion
molecule ICAM1.

4.5 Association of reduced PB T cell CD subset with

clinical parameters

Investigating differences in the intestine of patients with low PB T cells was an
essential step to understanding the contribution of this blood phenotype to
disease. However, peripheral blood biomarkers for clinical characteristics, such
as inflammation, treatment response and phenotype, are currently missing in CD.
Therefore, potential links between CD patient PB and clinical data, such as

inflammatory markers, current treatment, and disease phenotype, were studied.

4.5.1 Differences in blood inflammatory markers and CD

disease severity scores between adult LT and NT CD patients

As shown in Table 3.1, patients sampled for flow cytometry were simultaneously
screened for inflammatory blood markers, including total WBC, neutrophil and
lymphocyte count, as well as CRP levels. Additionally, CRP and percentages of
neutrophils, monocytes and lymphocytes were measured in 30 of the 48 patients
in the GSE94648 adult CD gene expression cohort. HBI was used to measured

disease severity in the flow cytometry cohort and CDEIS in the GSE94648 dataset.

When looking at the flow cytometry cohort, the comparison of inflammatory blood
markers between patients with NT and LT patients unsurprisingly displayed a
significant decrease in the lymphocyte count in the latter subset (p =0.0198,
Figure 4.17). No changes were seen in any of the other clinical parameters. When
looking at the GSE94648 data, additional differences were detected. LT patients
had an increase in percentage neutrophils (p =0.0001), as well as CRP (p =0.0002)
and CDEIS (p =0.0024, Figure 4.18), suggesting higher disease activity.
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Figure 4.17: Comparison of inflammatory markers between normal and low PB T cell CD
patients in flow cytometry cohort.

The total white blood, neutrophil, and lymphocyte count, CRP and HBI were compared between 9
normal (green) and 5 low (blue) PB T cell patients. The bar represents the mean. Unpaired T-Test
or Mann-Whitney was performed depending on the distribution of the data. Normal distribution
was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov Smirnov
tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below). *p<0.05.
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Figure 4.18: Comparison of inflammatory markers between normal and low PB T cell CD
patients in GSE94648 dataset.

Percentage lymphocytes, neutrophil and monocytes, CRP, CDEIS and partial CDEIS were compared
between 40 normal (green) and 8 low (blue) PB T cell patients. The bar represents the mean.
Unpaired T-Test or Mann-Whitney was performed depending on the distribution of the data. Normal
distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov
Smirnov tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).
**p<0.01, ***p<0.001.

155



156

Figure 4.19 and Figure 4.20 summarise the current treatment and disease
phenotype categorised by Montreal classification in the flow cytometry and
GSE94648 cohorts, respectively. The two patient subsets received a diverse range
of immune inhibiting medications. However, anti-TNF and 5-ASA drugs were only
taken by NT patients in both datasets. Regarding CD phenotype, GSE94648 patient
information only included the Montreal classifications for disease behaviour and
location but not the age of onset. The percentages of patients with inflammatory,
stricturing or penetrating disease were similar between NT and LT in the
microarray cohort. The disease behaviour in the flow cytometry patient cohort
was less diverse, with 12 out of 14 exhibiting solely inflammatory CD. Therefore,
it was unsurprising that all LT patients belonged to this category. When comparing
disease location, colonic patients (category L2) were more frequent in LT for both
datasets than NT.
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Figure 4.19: Summary of current treatment and Montreal classification in flow cytometry
cohort,

All categories were displayed as percentages in normal (green) and low (blue) PB T cell subsets.
Treatment categories included were thiopurines, anti-TNF, 5-ASA, combination therapies *i.e.,
more than one therapy administered), methotrexate (MTX), vedolizumab and no treatment (NOT).
Montreal classification included age-of-onset (A2: 17-40 years, A3: 41-70 years), disease behaviour
(B1: inflammatory, B2: stricturing, B3: penetrating) and disease location (L1: ileal, L2: colonic,
L3: ileocolonic). Data was visualised in GraphPad Prism (Version 9.3.1 and below).
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Figure 4.20: Summary of current treatment and Montreal classification in GSE94648 dataset.

All categories were displayed as percentages in normal (green) and low (blue) PB T cell subsets.
Treatment categories included were steroids, immunosuppressants, 5-ASA, anti-TNF, combination
i.e., more than one therapy administered) and no treatment (NOT). Montreal classification
included disease behaviour (B1: inflammatory, B2: stricturing, B3: penetrating, B2+B3: stricturing
and penetrating) and disease location (L1: ileal, L2: colonic, L3: ileocolonic). Data was visualised
in GraphPad Prism (Version 9.3.1 and below).

4.6 Migration potential of PB T cells in CD patients

Based on the findings in this chapter, | formulated the hypothesis that Th1 and
CD8* T cells leave the PB and travel to the intestine to contribute to inflammation,
a process enhanced in LT patients. To understand the mechanism T cells use to
travel from the blood to the intestine, the gene expression of chemokines and
their receptors in whole blood of both adult (GSE94648 data) and paediatric
(GSE12426) CD patients were compared between the LT and NT subsets.
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4.6.1 Multiple comparison analysis of gut-homing marker
gene expression between LT and NT CD subsets and non-IBD

controls in the blood of adult and paediatric patients

The expression of the genes encoding the gut-homing markers chemokine receptor
type 6 (CCR6), chemokine receptor type 9 (CCR9) and a4B87 integrin (ITGA4 and
ITGB7) was compared between non-IBD controls, LT, and NT CD patient subsets.
The skin-homing marker Cutaneous Lymphocyte-Associated Associated Antigen
(SELPLG) was used as a control of general migratory potential. Since ICAM1
expression was increased in CD1 patients, its ligands integrin subunit beta 2
(ITGB2), lymphocyte function-associated antigen 1 (ITGAL) and macrophage-
antigen 1 (ITGAM) were also analysed.
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Figure 4.21: Comparison of the expression of genes encoding homing markers between non-
IBD controls and adult CD patients categorised based on their PB T cell profile.

RNA derived from the whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal
(NT, n =40). Data used are deposited on NCBI under GSE94648 by Planell et al. (2017). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below). **p<0.01, ***p<0.001.
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Feature Up Down |[p
ITGB7 NC LT 0.0016
ITGB7 NT LT <0.0001
CCR6 NC LT <0.0001
CCR6 NC NT 0.0018
CCR6 NT LT 0.001
ITGAM LT NC 0.001
ITGAM LT NT 0.0005

Table 4.11: P-value associated with the comparison of the expression of genes encoding
homing markers between non-1BD controls and CD patients categorised based on their PB' T
cell profile.

RNA derived from the whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed
using microarray hybridisation, and normalised probe intensity values were used for analysis. CD
patients were categorised based on PB T cell levels into T cell low (LT, n =8) and T cell normal
(NT, n =40). Data used are deposited on NCBI under GSE94648 by Planell et al. (2017). Data were
tested for normal distribution and equal variance and subsequently analysed using ANOVA, Welsh
ANOVA or Kruskal-Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-
Hochberg, or Wilcoxon rank sum post-tests. All statistical analysis was performed in R studio (R
version 4.0.2 and below).

In adult patients of the GSE94648 dataset, CCR6, ITGB7 and ITGAL were
significantly decreased in the PB of LT compared to NT and non-IBD controls
(Figure 4.23, Table 4.11). Paediatric patients showed the same changes in
chemokine expression and an additional reduction in the expression of ITGA4
(Figure 4.24, Table 4.12). ITGAM was increased in LT CD patients compared to
controls and the NT subset. Both paediatric CD subsets displayed an increase in
skin homing SELPLG. Paediatric NT patients had reduced expression levels of CCR9
when compared to non-IBD controls. Based on these findings, | hypothesised that
CCR6 and a4B7 integrin-mediated migration might contribute to the migration of

PB cells to the intestine in patients with low peripheral blood T cells.
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Figure 4.22: Comparison of the expression of genes encoding homing markers between
paediatric non-IBD controls and paediatric CD patients categorised based on their PB T cell
profile.

RNA derived from whole blood of 36 CD patients and 18 non-IBD controls (NC) were analysed using
microarray hybridisation and normalised counts used for analysis. CD patients were categorised
based on PB T cell levels into T cell low (LT, n =10) and T cell normal (NT, n =26). Data used are
deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).
*p<0.05, **p<0.01, ***p<0.001.
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Feature from to P
ITGAM NC LT 6.3E-06
ITGAM NC NT 2.4E-06
ITGAM LT NT 0.039
ITGA4 NC LT <0.0001
ITGA4 NC NT 0.0027
ITGA4 NT LT 0.0017
ITGB7 NC LT 0.0015
ITGB7 LT NT 0.013
CCR6 NC LT 0.0064
CCR6 NT LT <0.0001
CCR9 NC NT 0.0118
SELPLG LT NC 0.0091
SELPLG NT NC 0.0101
ITGB2 LT NC 0.0239
ITGB2 NT NC 0.0304

Table 4.12: P-value associated with the comparison of the expression of genes encoding
homing markers between paediatric non-IBD controls and CD patients categorised based on
their PB T cell profile.

RNA derived from whole blood of 48 CD patients and 22 non-IBD controls (NC) was analysed using
microarray hybridisation and normalised counts used for analysis. CD patients were categorised
based on PB T cell levels into T cell low (LT, n =8) and T cell normal (NT, n =40). Data used are
deposited on NCBI under GSE126124 by Palmer et al. (2019). Data were tested for normal
distribution and equal variance and subsequently analysed using ANOVA, Welsh ANOVA or Kruskal-
Wallis test. Multiple comparison was performed with Tukey’s, Benjamini-Hochberg, or Wilcoxon
rank sum post-tests. All statistical analysis was performed in R studio (R version 4.0.2 and below).

4.7 Discussion

In this chapter, | aimed to further characterise the CD patients with low circulating
T cells. | investigated their specific T cell phenotypes, intestinal
immunopathotypes, clinical characteristics and gut-homing marker gene

expression profile.

Analysis of the flow cytometry cohort after stratifying CD patients into LT and NT
subsets showed that most PB T cells were significantly fewer in the LT patient
subset (Figure 4.1). All leukocytes (i.e., CD45* cells) and CD3* cells were
decreased in LT compared to NT patients and controls. CD3" live cells, comprising

most non-T cell populations apart from NKT cells, did not significantly differ.
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These findings reflect the results of the DIABLO analysis in Figure 3.16, which
found a reduction of a majority of PB T cells within the LT patient subset. The
only T cell subpopulations in the multiple comparison analysis that did not display
a difference were effector CD4* and CM CD8* T cells (Figure 4.1). Naive CD4* T
cells have yet to be polarised, whereas their effector counterparts already have a
distinct Th phenotype. Not every Th cell subset might contribute to CD patients'
intestinal inflammation. It is, therefore, possible that only a subpopulation of CD4*
effector T cells was leaving the PB; however, the flow cytometry panel used for

this analysis did not allow to distinguish between Th subsets.

The CD phenotype with the LT phenotype was also found in an additional whole
blood-derived transcriptomic dataset. CD3, CD4 and CD8-encoding gene
expression were reduced in LT compared to NT patients (Figure 4.7). Similarly,
multiple comparison analyses of the CIBERSORTx outputs, which estimated
fractions of immune cells per sample, showed a decrease in CD8* and Thit-
polarised CD4* T cells (Figure 4.10). No difference between the sample groups was
found in overall CD4* T cells and Th2 cells. Further analysis showed a decrease in
gene expression of the Th1-associated markers IFN-y and IL-12RB2 (Figure 4.9).
Infiltration of the gut mucosa by Th1 and CD8* T cells is a common feature of CD
(Fuss et al., 1996b). Activated CD4* and CD8* T cells have been detected in the
PB IBD patients but not in the circulation of non-I1BD controls (Funderburg et al.,
2013), suggesting intestinal inflammation can affect circulating T cell phenotypes.
In the same study, CD8* T cells expressed high levels of the mucosal marker CD38
in patient samples, which might indicate future gut-homing. In terms of Th1 and
CD8* T cell interaction, IL-2 secretion from Th1 cells has been found to promote
IFN-y-producing CD8* T cells and aid them in differentiating into memory cells
(Huang et al., 2007). Deficient CD8* T cell responses towards commensal bacteria
have been reported in the diseased gut mucosa, involving less CD8* T cell memory
pool expansion (Noble et al., 2020). Even though further research is needed to
confirm these findings, my analysis indicates that CD8" T cells may leave the PB
and home to the intestine, where they contribute to CD immunopathology in a
subset of patients. Th1 cells also appear to be recruited to promote IFN-y

production and aid CD8" memory T cell differentiation.
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Paediatric patients with low PB T cells also showed a decrease in CD3 and CD8-
encoding genes in the blood compared to controls and NT patients. No difference
in CD4 was seen between the patient subsets, thus, supporting the hypothesis that
only specific Th phenotypes were reduced in their PB. Interestingly, when looking
at Th1 markers, both LT and NT patient groups had reduced gene expression
compared to non-IBD controls. Paediatric and adult-onset CD harbour many
differences. Disease in children has been found to be more extensive than in adult
CD, often affecting both the ileum and colon (Freeman, 2004). For example, the
surgical rate is significantly higher in paediatric patients compared to adults
(Kurowski et al., 2021), as is the percentage of patients with EIMs (Jang, Kang and
Choe, 2019). Paediatric patients with IBD also have higher levels of inflammatory
markers prior to the administration of biologics, including plasma CRP levels and
FC (Bouazzi et al., 2022). Weiser et al. (2016) have compared the intestinal gene
expression between adult and paediatric CD and showed that although expression
patterns were partially comparable, overall, the two sample groups were
distinguished based on age. These findings combined suggested that paediatric
patients exhibit a different or more severe disease phenotype than adults with
CD, which potentially explains why stratification of the PB T cell profile differed

between children and adults.

Stratification of paediatric patients based on their CD-specific intestinal gene
expression profile (i.e., genes differentially expressed between disease and non-
diseased tissue) highlighted two distinct patient subsets, CD1 and CD2.
Interestingly, the CD1 subset included all the PB T cell low patients. When looking
at differences in T cell activation and leukocyte differentiation genes enriched in
CD1 compared to CD2 patients, most of them appeared to relate to CD8* T cell
activation/memory and CD8* T cell exhaustion. CD8B (encoding the CD8 co-
receptor beta chain) and the transcription factor EOMES were upregulated
compared to the CD2 subset. The CD8B protein is part of the CD8 receptor complex
expressed on cytotoxic T cells. EOMES is a marker for memory CD8" T cells
(Banerjee et al., 2010) and has also been found to be required for their activation
and differentiation in response to viral infection (Pearce et al., 2003).
Additionally, it has been shown to be associated with CD8* T cell exhaustion during
anti-tumour responses (Li et al., 2018). The lymphocyte activating gene 3
(LAG3/CD223) functions as T cell activation marker (Huard et al., 1994). However,
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it has also been related to CD8* T cell exhaustion during chronic viral infection
(Blackburn et al., 2008). The gene encoding for the basic leucine zipper activating
transcription factor (ATF)-like transcription factor (BATF) was also upregulated in
the CD1 subset. Loss of BATF has been shown to impair CD8* T cell differentiation
and effector functions (Kurachi et al., 2014; Topchyan et al., 2021). CD7 is
expressed on PB T cells and can function as marker to subset CD8* T cells. An
increase in CD7 expression is an indicator for memory and naive CD8* T cell
infiltration (Aandahl et al., 2003). Field Noble et al. (2020b) tested the
functionality of CD8" tissue resident memory T cells (Trms) generated from PBMCs
and found a dampened anti-bacterial response to commensals when compared to
non-IBD controls. This suggests that naive and memory T cells leave the PB to aid
the dysfunctional Trms in the intestines in LT patients. Epstein-Barr virus-
inducible protein 3 (EBI3) is part of the IL-27 cytokine protein complex, which has
been found to induce self-renewal in CD8" T cells during chronic viral infection
(Huang et al., 2019) as well as promote their effector functions in vitro (Morishima
et al., 2005) and memory expansion in response to certain vaccines (Liu et al.,
2013, 2014). The KEGG pathway analysis showed associations between the CD1
subset and anti-viral and bacterial immune responses, supporting previous findings
of differences in Th1/Th17-associated immunity and NK cell cytotoxicity. Since
there were no changes in PB NK cells between NT and LT patients in the flow
cytometry data, the latter might relate to a general increase of cytotoxic activity
in the intestines. Overall, the findings in this support the hypothesis that CD8* T
cells (potentially together with Th1 and Th17 cells) of LT patients are migrating
from PB to the intestine to contribute to intestinal inflammation.

In addition to the CD8-associated genes, immunoregulatory FOXP3 and NLCR3 were
also increased in CD1 patients. FOXP3 expression, a marker for Treg cells, could
potentially be linked to activated non-suppressive T cell subsets. Activated Th1,
as well as Th17 phenotypes, have been found to express FOXP3; however, Th17
cells had more stable and higher levels (McMurchy et al., 2013). However, it
appears more likely that the increase could also be due to a general higher level
of T cell activity, with immunosuppressive Tregs cells attempting to counteract
the strong inflammatory response. In terms of migration potential, ICAM1 was
upregulated, which has been suggested as a promising target in IBD therapy to

reduce leukocyte migration to the gut (Reinisch et al., 2018). However, the genes
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encoding its ligands ITGAL and ITGAM did not show decreased expression in the

PB of LT patients when compared to controls and NT patients.

The link between clinical parameters such as disease phenotype, treatment and
PB inflammatory markers and the LT phenotype was studied in the flow cytometry
and adult transcriptomic datasets. Total lymphocyte count was decreased in the
PB low T cell subset of the flow cytometry cohort (Figure 4.19). The percentage
lymphocyte of all PB WBCs was also measured in GSE94648 patients but did not
show any difference between the CD subsets. The flow cytometry data showed a
reduction in all circulating CD45* cells i.e., all WBCs, in the low PB T cell patient
subset due to the loss of PB T cells. Assuming that this is also the case for
GSE948648, lymphocyte, as well as WBC count, would be reduced in the low PB T
cell patient subset, cancelling out any changes when looking at lymphocyte
frequencies. Additionally, a study in colorectal cancer has found that lymphocyte
count and percentage had distinct predictive characteristics for disease prognosis,
suggesting that the markers were not representative of one another (Zhao et al.,
2017).

CRP and CDEIS were significantly increased in LT patients of GSE94648, suggesting
that patients with low PB T cells had more endoscopic activity and intestinal
damage. The latter might result from the damage induced by cytotoxic T cells. No
significant differences were found in CRP and HBI between LT and NT patients of
the flow cytometry dataset. A reason for this might be the smaller sample size,
particularly in the case of CRP, and the lower sensitivity in measuring intestinal
inflammation of HBI compared to CDEIS (Schoepfer et al., 2010b; Vermeire et al.,
2010). Overall, these results indicate that patients in the LT subset have more
inflammation in their intestines and potentially increased CRP levels in their blood
than the rest of the CD patient cohort. The data in this chapter suggests that they
exhibit a strong intestinal cytotoxic immune response. To my knowledge, a
cytotoxic T and NK cell response in the intestines have not been correlated with
endoscopic activity in CD so far. However, cytotoxicity has been shown to induce
damage in a selection of epithelial cells at mucosal sites, including intestinal
epithelial cells (Gerloff et al., 2013; Van De Sandt et al., 2017; Li et al., 2022).

Based on these findings, | formulated the working hypothesis that patients with
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the low PB T cell phenotype might potentially have an increase in endoscopic

activity due to enhanced intestinal epithelial damage.

| hypothesised that the leukocytes leaving the blood of CD patients in the LT subset
are migrating to the intestines. To further test this hypothesis, the gene
expression level of gut-homing markers was compared in the PB of paediatric and
adult patients. The data suggested a decrease in leukocytes expressing a4B87
integrin and CCR6 in LT patients compared to the rest of the CD cohort and
controls. The anti-a4B7 therapeutic vedolizumab is now commonly used in CD
maintenance and has been shown to induce long-term remission (Sandborn et al.,
2013a). CCR6 and its ligand CCL20 are increased in colonic tissue derived from CD
patients with active disease (Skovdahl et al., 2015). Moreover, CCR6 is part of the
IBD genetic risk factor gene group (Graham and Xavier, 2013). Drugs targeting the
CCR6-CCL20 axis have been developed but not introduced into routine clinical due
to adverse side effects (Ranasinghe and Eri, 2018). Based on these findings,
patients with the LT phenotype might be prime candidates for the T cell migration

attenuating therapeutic vedolizumab.

4.8 Conclusion

This chapter identified a subset of patients with reduced levels of circulating T
cells in three distinct CD cohorts and in both adult and paediatric disease. Adult
patients showed that lymphocytes associated with type 1 immunity, Th1 CD4* and
CD8* T cells, were leaving the blood. The differences between CD subsets were
less clear in paediatric disease. The low PB T cell phenotype was representative
of a patient group with increased cytotoxic CD8+ T cell activity in the intestine of
paediatric patients. When looking at clinical data, the patients with low PB T cells
appeared to have more endoscopic activity, i.e., they exhibited more damage in
their intestinal lumen. The a4B87 integrin and CCR6 were reduced in the blood of
LT patients, suggesting that cells expressing these gut-homing markers are leaving
the blood.
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Chapter 5: Identification of an intestinal CD
immunopathotype characterised by high
expression in CHI3L1 and IL-1B, granuloma

formation and anti-TNF non-response

5.1 Introduction

Up to 46% of CD patients still require surgical interventions even though a wide
selection of front-line therapeutics is available (Frolkis et al., 2013). Anti-TNF
blocking treatments revolutionised clinical care for many inflammatory diseases,
including CD, due to their efficacy, fast-acting nature and reduced side effects
compared to general immunosuppressants. However, only approximately 20% of
patients maintain long-term remission when administered with these highly
specific drugs (Hanauer et al., 2002; Gisbert and Panés, 2009). Additionally,
previous anti-TNF exposure has been linked to an increased risk of disease
refraction in response to follow-up treatments such as vedolizumab (Sands et al.,
2017; Verstockt et al., 2020). Changes in immune system-associated gene
expression have been linked to distinct treatment responses in CD. Martin et al.
(2019) identified a complex signature in the ileum of patients, which might be
linked to anti-TNF non-response. It included a network of stromal cells, activated
lymphocytes, and pro-inflammatory MNPs. Friedrich et al. (2021) have found an
increase in neutrophil and MNP activation and stroma-driven infiltration in
patients with non-response to anti-TNF compared to the responders. Despite this
progress in understanding pathways driving anti-TNF non-response over recent
years, there is no biomarker for treatment outcome prediction in clinical use to
date. Therefore, further research into the mechanisms driving the failure of anti-
TNF therapy is required. Based on the evidence in the literature, | hypothesised
that differences in mucosal immune responses of CD patients drive distinct

immunopathotypes which underlie the range of treatment responses.

Aims:
In this chapter, | aimed to study differences in colonic gene expression between

CD and normal colonic tissue using bulk RNAseq data and identify changes in
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distinct immune pathways within the patient population using clustering and gene
overrepresentation analyses. The findings were validated in a publicly deposited
microarray gene expression dataset derived from colonic RNA with a larger sample

size and access to the anti-TNF response status of patients.

5.2 Bulk RNA sequencing: Differences in intestinal

gene expression of CD patients and non-IBD controls

RNA was extracted from a small cross-sectional cohort of CD patients (n=4) and
non-IBD controls (n=6) and analysed by bulk RNAseq. The reads from the
sequencing analysis were aligned and normalised by John Cole as previously
published (Cole et al., 2021).

5.2.1 Quality controls of bulk RNA sequencing data

Prior to any analyses, the quality of the RNA sequencing was tested in various
ways. Figure 5.1 shows density plots of the normalised counts of non-IBD controls
and CD patients. This quality control step is important to determine if all samples
have a similar distribution of genes with similar counts and to judge their
comparability. All samples showed the highest density of genes at around 1000
counts. Additionally, all samples apart from NC_2 and NC_4 had a second and third
peak with gene counts at approximately 7 and just over 0. Discussion around
whether these samples should be excluded resulted in the conclusion that most
genes with low counts are classified as background noise, and the region of
interest lies within the second peak. All samples have most of their reads in a

similar count region, suggesting that the data are comparable.
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Figure 5.1: Gene count distribution in bulk RNAseq samples.

RNA derived from colonic tissue of A) 6 non-IBD controls and B) 4 CD patients was analysed using
bulk RNA sequencing. The density of counts is displayed as fraction of 1 and were visualised using
the geom_density() function of the ggplot2 package. Normalised counts are shown in log
transformation. All analysis was performed on R studio (R version 4.0.2 and below).
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The sample distance matrix (Figure 5.2A) and PCA (Figure 5.2B) give an indication
of the similarity between samples based on the sample-to-sample distance based
on all gene expressions and principal components. The latter shows the amount of
variation explained within the dataset using different principal components. The
principal component explaining the most variation (40.2%), the PC1, separated CD
and NC samples. The patient sample CD_5 appeared to group with non-IBD
controls, supported by the sample distance matrix where this patient clustered
among the control group. PC2, explaining 17.2% of the variation, showed
differences in expression within the sample groups. NC_4 and NC_6 appeared to
have the largest difference in gene expression based on PC2 and the sample

distance matrix.
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Figure 5.2: Sample distance matrix and Principal Component Analysis (PCA).

RNA derived from colonic tissue of 6 non-IBD controls and 4 CD patients was analysed using bulk
RNA sequencing. John Cole performed all analyses on R studio (R version 4.0.2 and below) using
the Searchlight pipeline (Cole et al., 2021). A) Sample distance matrix displaying similarity
between samples based on whole gene expression. CD patients are annotated in green, NC samples
are annotated in orange. B) PCA showing variation between CD patients (CDNR, blue) and controls
(NC, pink) based on principal component (PC)1 and PC2. PC1 explains 40.2% and PC2 17.2%. of
variation between the sample groups. All analysis was performed on R studio (R version 4.0.2 and
below).
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5.2.2 Differential gene expression and gene set enrichment

analyses

Next, a volcano plot was generated to highlight the differences between non-1BD
controls and CD patients, showing significant genes (adj. p<0.05) with a fold
change <-1 or >1 in pink and genes with adjusted p-value >0.05 but fold change <-
1 or >1 in blue (Figure 5.3). CD and non-IBD controls had 979 DEGs, 478 were
upregulated, and 501 were downregulated in the patient group. The top 10 DEGs
were summarised in Figure 5.4A. They included osteopontin (SPP1), a protein
previously shown to be elevated in the mucosa and serum of CD patients (Sato et
al., 2005), and genes encoding the immunoglobulin components, immunoglobulin
heavy constant gamma 3 (/IGHG3) and 1 (IGHGT), which are indicators of an
ongoing antibody response. Unsupervised hierarchical clustering of DEG expression
was displayed as a heatmap in Figure 4B and showed a clear separation between

the two sample groups.

5.0 25 0.0 25 5.0
Log. fold change

Total = 17350 variables

Figure 5.3: Volcano plot comparing differential gene expression between CD patients and non-
IBD controls.

The gene expression in colonic tissue derived from 4 CD patients and 6 non-IBD controls was
compared. Differential gene expression was performed using the DESeq package. Fold change was
displayed in log: and p-value in -logio transformation. Black dots: p-value>0.05, -0.5<log2<0.5, Blue
dots: p-value>0.05, -0.5<logz>0.5, Pink dots: p-value<0.05,-0.5>log2<0.5. All analysis was
performed on R studio (R version 4.0.2 and below). All analysis was performed on R studio (R
version 4.0.2 and below).
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Figure 5.4: Differential gene expression between diseased and normal colonic tissue.

The gene expression of colonic tissue derived from 4 CD patients and 6 non-IBD controls was
compared. DEGs were selected based on p <0.05. Differential gene expression was performed using
DESeq package. A) Top 10 DEGs between CD and controls. B) Heatmap visualising all DEGs with
hierarchical clustering of samples and genes. All analysis was performed on R studio (R version
4.0.2 and below). IGHG3: immunoglobulin heavy gamma chain 3, IGHG1: immunoglobulin heavy
gamma chain 1, SPP1: osteopontin, THBD: thrombomodulin, OAF: out at first homolog, LILRB4:
leukocyte immunoglobulin like receptor B4, FCGR1A: FC gamma receptor 1A, TRIB3: tribbles
pseudokinase 3, PLA2G2D: phospholipase A2 group 2D, MS4A7: Membrane Spanning 4-Domains A7.

A biological theme comparison analysis was performed next to test for enriched
gene sets in the upregulated and downregulated genes (Figure 5.5). Amongst the
upregulated pathways were the inflammatory conditions Rheumatoid arthritis,
Systemic lupus erythematosus and asthma, as well as IBD, confirming that the
patients sampled showed changes related to chronic inflammation. Additionally,
a wide range of inflammation-related pathways and processes, such as TLR and
cytokine signaling, were up-regulated, which are involved in the CD pathogenesis
(Hausmann et al., 2002; Guan and Zhang, 2017). Additionally, the gene set
Intestinal immune network for IgA production was enriched among the
upregulated genes, an immunological process crucial for host defence against the
intestinal microbiota and pathogens and known to be aberrant in CD (Gutzeit,
Magri and Cerutti, 2014). Overall, these analyses suggest that CD patients have
intrinsic differences from non-IBD controls based on their state of inflammation.
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Figure 5.5: Biological theme comparison.

Gene set enrichment analysis was performed based on differential gene expression analysis
between colonic tissue of CD patients and non-IBD controls. The dot size refers to the GeneRatio,
i.e., the proportion of upregulated genes in each biological theme. The colour is related to the
adjusted p-value (p.adjust). Analysis was performed in R Studio (R version 4.0.2 and below) using
the clusterProfiler package and compareCluster function with the KEGG database as reference.

5.3 Stratification of CD patients based on immune

system-associated genes

To determine differences in the immune response amongst CD patients, the DEGs
linked to the GO immune system process were selected. As previously described,
this GO comprises all genes related to the development and function of the
immune system (EMBL-EBI, 2018). By using this method, all differences in gene
expression unrelated to changes in the immune system of patients and controls
can be excluded. 224 of the DEGs were included under the GO immune system
process. Subsequently, | focussed on upregulated genes to determine activated
immunological pathways that could serve as potential treatment targets in the
future (n =187).
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5.3.1 RNA sequencing: Immune system process genes

The heatmap in Figure 5.6 shows the gene expression of upregulated immune
system process genes. Hierarchical clustering clustered non-IBD controls and CD
patient samples separately and highlighted four gene clusters. One cluster was
seemingly enriched in patient CD_6 and not in any other patient, suggesting that
it may relate to an inflammatory response only found in a patient subset. The

cluster is comprised of 116 genes which are summarised in Table 5.1.
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Figure 5.6: /Immune system process genes upregulated in CD.

Upregulated DEGs in intestinal tissue of CD patients (n =4) compared to controls (n =6) that were
associated with the GO “Immune System Process” were selected. Heatmap visualising output with
hierarchical clustering of samples and expression. All analysis was performed on R studio (R version
4.0.2 and below).
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Immune cluster 2 signature genes

ADA CD300C DCSTAMP  |HLA-DPA1 |LYZ SIGLECS
AlF1 CD44 DUSP10 HLA-DPB1  MMP12 SIGLEC7
AMPD3 CD48 ENPP2 HLA-DQA1  \MMP9 SLAMF7
AP1S2 CHI3L1 FCAR HLA-DRA NBN SLC11A1
APOE CLEC2B FCER1G HMOX1 NLRP3 SLC2A5
ARL11 CLEC4A FCGR1A IGSF6 ORM1 SLC7A7
ATP6AP1  |CLEC7A FCGR2A IL1B P2RX7 SNX10
C1QA CMKLR1 FGR IL1RN PDGFRB SPI1
c1QB COL1A1 FLT1 IL6 PIK3AP1 TLR2
c1Qc COL1A2 FPR1 INHBA PILRA TLR8
C1S COL3A1 FPR2 IRAK3 PLA2G2D  [TNFAIP6
C2 CREG1 FTL ITGAX PLA2G7 TNFSF13B
C3 CRISPLD2  |G6PD ITGB2 PLEK TNFSF15
C3AR1 CTSB GM2A KYNU PLEKHOZ2 TREM1
C5AR1 CTSC GNS LAMP1 PSAP TYROBP
CCL20 CTSH GPNMB LAMP2 PTPRJ VIM
CCL3 CTSK GPR84 LGALS1 S100B

CCL3L1 CXCL8 HAVCR2 LILRB4 SEMA4A

CCR1 CXCR1 HCAR2 LST1 SERPINA1

CD1B CYP27B1 HIST1H2BF |LYN SIGLEC14

Table 5.1: Gene list of the immune cluster enriched in patient CD_6.

5.3.2

Microarray: Immune system process genes

To understand whether this cluster could also be identified in a different set of

patients, the same analysis was applied to a microarray dataset of RNA derived

from colonic tissue of 19 CD patients and 6 non-IBD controls (Table 5.3). This

publicly available data was deposited on NCBI under the accession number
GSE16879 by Arijs et al. (2010). 65 of the 116 immune cluster genes were included

in the microarray probe, displayed in the heatmap of Figure 5.7. Interestingly,

hierarchical clustering showed that the immune cluster signature not only

separated CD samples from non-I1BD controls but also clustered patients into two

distinct groups, classified as immune cluster up (CD Up, n =7) and normal (CD

Normal, n =172). Initial visual examination indicated that the patients CD_16 and

CD_19 mimic the cluster 2 gene expression patterns of CD Up patients even though
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they clustered separately. |, therefore, looked at the mean expression of all
signature genes. The means of CD Normal patients ranged between 58.7 and 96.6,
and those of CD Up patients were between 277.9 and 443. CD_16 and CD_19 had
a mean signature gene expression of 237.8 and 241.7, indicating that their means
were more comparable to the CD Up than CD Normal samples and were thus re-
classified accordingly. Immune clusters 1, 3 and 4 identified in Figure 5.6 were
also studied in the validation dataset but did not distinguish between patients and

were therefore not analysed further.

CcD NC
(n=19) (n=6)
Median Age (Range) 31.8 (23.7-46.5) N/A
M:F ratio 1.375 N/A
Median CRP levels in mg/dl (Range) (10.2 (4.3-35) N/A
Treatment N/A
Monotherapies (%)
Steroids 4 (21.2%)
Thiopurines 14 (73.7%)
5-ASA 8 (42.1%)
Combination Therapies
Immunosuppressants + Steroids 2 (10.5%)
Location (%)
L1: Ileal [0
L2: Colonic|14 (73.7%)
L3: Ileocolonic 5 (26.3%)

Table 5.2: Summary of cohort information of GSE16879 microarray dataset.

19 CD patient samples and 6 non-IBD volunteers (NC) were recruited by Arijs et al. (2010). CRP
levels in mg/dl, current treatments and disease location were included for CD patients. N/A: Not
Applicable. 5-ASA: aminosalicylates. CRP: C-reactive protein.
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Figure 5.7: Gene expression of immune cluster genes in GSE16879.

Upregulated DEGs in intestinal tissue of CD patients (n =19) compared to controls (n =6) associated
with the GO immune system process were selected. Heatmap visualises the output with
hierarchical clustering of samples and expression. CD patients were categorised based on the
expression level of immune cluster genes into CD Normal (n =7) and upregulated levels (CD Up, n
=12). Data used are deposited on NCBI under GSE94648 by Arijs et al. (2010). The visualisation was
performed in R studio (R version 4.0.2 and below). Differential gene expression analysis was
performed using the GEOR2 tool from the NCBI.
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5.4 Stratification of CD patients based on their

immune cell composition and immune pathways

After showing that the immune gene cluster 2 could be found not only in the bulk
RNAseq data but also in the GSE16879 microarray dataset, other differences in
immune cell composition and activated immune pathways between CD Up and CD

Normal patients were studied.
5.4.1 Gene set enrichment and pathway analysis

First, GSE and pathway analyses were performed. These are valuable tools to
understand which immunological processes and pathways are enriched in specific
sample groups. The following analyses were based on all genes included in Table
5.1 and fold changes between controls and CD patients in the bulk RNAseq data.

MeSH and WikiPathway databases were used as references for the analyses.

Figure 5.8A displays the MeSH linked with the immune cluster. Subject headings
enriched were associated with neutrophils (neutrophil infiltration and
activation), granulation response (respiratory burst and cell degranulation) and
other immune processes, such as complement activation, osteoclast activity (bone
resorption) and activation of adaptive immunity. Figure 5.8B showed the enriched
pathways, which had an association with toll-like receptor activity (TLR4 signaling
and tolerance, toll-like receptor signaling pathway and regulation of toll-like
receptor signaling pathway), complement (complement and coagulation cascades,
human complement system and complement activation), anti-viral immune
responses (Hepatitis C and hepatocellular carcinoma, Ebola virus pathway on
host), pro-inflammatory cytokines (photodynamic therapy-induced NF-kB survival
signaling, IL1 and megakaryocytes in obesity, cytokines and inflammatory
response), and macrophage repair and pro-inflammatory responses (spinal cord
injury, lung fibrosis and microglia pathogen phagocytosis pathway). These
findings indicated that neutrophils and macrophages were potentially driving the
inflammation in the immune cluster, potentially via complement and TLR

activation and IL1 and NF-kB signaling.
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Figure 5.8: Gene set enrichment and pathway analysis of immune cluster 2 genes.

112 signature genes were tested for significant associations with medical subheadings (MeSH) and
pathways. A) MeSH analysis was performed with the enrichMESH() function from the meshes
package accessing the pub2pubmed database curated by the NCBI. B) WikiPathway analysis was
performed with the enricher() function using the wpid2gene database (Version 20180810) as
reference. Data used are deposited on NCBI under GSE94648 by Arijs et al. (2010). All analysis was
performed in R studio (R version 4.0.2 and below) and required the clusterProfiler package.

5.4.2 Digital cytometry: CIBERSORTx deconvolution tool

After identifying neutrophils and macrophages as potential cell drivers of the
immune response related to the cluster 2 gene signature, CIBERSORTx was applied
to estimate immune cell composition, as previously explained in section 4.5.3.
The signature matrix, called LM22, used as a reference, included 22 leukocyte
subsets derived from human PBMCs and was quantified with the microarray
analysis (Newman et al., 2019b). Figure 5.9A shows the fractions of the 22
leukocyte subsets derived from peripheral blood in all RNAseq dataset samples.
The following 16 immune cell types were identified: monocytes, M1 macrophages,
M2 macrophages, MO macrophages, neutrophils, naive and memory B cells, plasma
cells, CD8* T cells, naive CD4* T cells, memory and activated memory CD4* T cells,
regulatory T cells (Tregs), NK cells resting, DCs activated, activated mast cells
and eosinophils. Non-IBD controls and CD patients did not show consistent
differences in immune cell composition. When looking closer at CD patients, it
became evident that patient CD_6, the patient enriched for the immune cluster,
had a high proportion of the pro-inflammatory M1 macrophages and activated mast
cells (Figure 5.9B). No statistical analysis could be performed due to a lack of

samples in CD subsets.
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Figure 5.9: Immune cell composition in colonic tissue of active CD and non-IBD control.
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RNA derived from colonic tissue 6 non-IBD controls and CD patients was analysed using bulk RNA
sequencing. Immune cell composition was estimated using the digital cytometry CIBERSORTx
platform. A) Immune cell composition displayed for CD and control (NC) samples as fractions of 1
visualised as stacked bar plots. B) Percentage of immune cells in CD samples visualised as pie

charts.

Because of the small sample size in the initial patient cohort, | repeated the

analysis on the GSE16879 microarray data. However, all apart from 3 samples had

a correlation coefficient below 0.5, suggesting that the CIBERSORTx analysis did

not accurately estimate immune cell fractions in 88% of samples. Therefore, |

decided not to include the results of the analysis.
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5.4.3 Intestinal macrophage signatures

The WikiPathway analysis displayed a significant association with the pathways
spinal cord injury, lung fibrosis and microglia pathogen phagocytosis pathway
(Figure 5.8), potentially referring to increased macrophage activity in the immune
cluster 2 signature. Since the CIBERSORTx analysis was not successful for the
GSE16879 dataset, | next used two intestinal macrophage signatures to understand
whether the CD subsets had differences in gene expression related to this immune
cell type. Peters et al. (2017) identified a set of genes driving IBD pathogenesis in
the intestine, titled “Macrophage Driver Genes” (RAC2, ITGB2, SASH3, LILRB1,
GMFG, SLA, NCF1, P2RX5, GPSM3, CORO1A, CTLA4, LILRA6, AIF1, RGS19,
NCKAP1L, FMNL1, ITGAL, ARHGDIB, DOK3, LILRB4, SLC15A3, SNX20, TBC1D10C,
NFAM1, CD4, ARHGAP30, MS4A4A, PPP1R16B, CD163, SELPLG, NCF1C, RASSF5,
LCP2, APOBEC3G, PIK3CD, SLAMF1, PTPN7, SLAMF8, (D37, IPCEF1, LST1,
TNFAIP8L2, SELL, ADA, HCK, RHOH, ITGAX, CYTIP, CCR5, PCED1B, (D40,
ARHGAP25, SP140, PLEKHO2, FGR, CYTH4, JAK3, BCL2A1, ARHGAP9, PARVG,
CD53, APBB1IP, LAMP3, FCER1G, RASGRP2, KCNAB2, GBP5, NCF2, APOL3, LEF1,
ODF3B, ADAM19, ANXA6, DOCK11, GLYR1, TRBC1, MNDA, DEF6, WARS, FYB, CD28,
PTPRC, PLEK, EVI2A, WAS, SP110, SAMSN1, SPOCK2, SEMA4D, RASSF2, PRKCH,
HLA-DRA, IL26, DENND1C, HHEX, LCP1, IDO1, KYNU, RASGRP1, CTSK, CSF2RB,
LY96, CLEC2B, YME1L1, ELK3, C3, LYN, TRIM22, MAFB, C1S, ANKRD44, FYN,
TNFAIP3, TNFAIP8, ALOX5AP, FPR1, ICAM1, GBP4, TCF4, GPR65, ATOX1,
C170RF62, LGALS1, CHST2, CD3D, MSN, RFX5, LPCAT1, CHI3L1, LRRK2, SLFN11,
VIM, LINCO0152) (Figure 5.12A). scRNAseq of CD-derived intestinal tissue was
published by Martin et al. (2019) and elucidated a macrophage gene set, titled
“scRNAseq Macrophage Genes” (CD163L1, LILRB5, FOLR2, FUCA1, GPNMB, APOC1,
LGMN, STAB1, SEPP1, CSF1R, MS4A4A, SLC40A1, SLCO2B1, MAFB, MRC1, DAB2,
CD209, DNASE1L3, RGS2, JAML, VSIG4, CPVL, CLEC10A, RNASE6, CEPBD, C1QA,
C1QB, C1QC, CD14, CD68, FCGR3A, PLD3, CCL4L2, CXCL2, CXCL3, CD83, CXCLS,
SOD2, TXN, CCL3, CCL3L3, CCL4, NFKBIA, CD44, PKM, S100A6, IL1B, PLAUR, IER3,
C150rf48, G0S2, S100A9, S100A8, CCL20, IDO1, INHBA, IL1RN, TNF, TNFAIP6,
CXCL10, CXCL9, MIR155HG, NINJ1, IL6, GBP1, CAPG, AQP, MMP9, LDHA, KYNU,
IL23A, S100A12, WTAP, PTGS2, TRAF1, PLEK, GK, IL1A, SERPINA1, NFKB1, PIM3,
CFLAR, IL411, BIRC3, LILRA1, SNX10, CD40, ICAM1, TSPO, PDE4DIP, TNFAIP2, GBP5,
DUSP2, CDKN1A, IRF1) (Figure 5.12B)..
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Figure 5.10: Macrophage gene expression in CD and non-IBD controls in the GSE16879 dataset.

Macrophage-associated gene expression in colonic tissue was compared between CD patients (n
=19) and controls (n =6). CD patients were categorised based on the expression level of immune
cluster genes into CD Normal (n =12) and upregulated levels (CD Up, n =7). A) Heatmap showing
macrophage driver genes as defined by Peters et al. (2017). B) Heatmap showing macrophage-
associated scRNAseq cluster as defined by Martin et al. (2019). Data used is deposited on NCBI
under GSE16879 by Arijs et al. (2009). All statistical analysis was performed in R studio (R version
4.0.2 and below).

To test whether the CD Up and CD Normal patients have a distinct expression of
intestinal macrophage genes, the genes from the signatures were selected in the
GSE16879 dataset. Hierarchical clustering of expression values distinguished the
two CD subsets into the CD Up and CD Normal groups (Figure 5.10). For both
signatures, CD Up patients upregulated most macrophage genes, whereas CD
Normal patients only increased expression of a subset. To confirm these findings,
multiple comparison analysis was performed, comparing all the intestinal
macrophage signature genes between the CD subsets. 86 genes of the 126
Macrophage Driver Genes were up-regulated in the CD Up subgroup compared to
the Normal CD patient subset (data not shown). Additionally, 34 of the 86 genes
in the scRNAseq Macrophage Gene signature were increased in patients enriched
for the immune cluster 2 (data not shown). To understand the relationship
between the macrophage signatures and the immune cluster 2, a Venn diagram
was made to visualise the overlap of genes between the different gene lists.

31.89% of immune cluster genes (37 out of 116) overlapped with the macrophage
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signatures (Figure 5.11), indicating that not only neutrophils (shown by the
WikiPathway analysis in Figure 5.8) and mast (shown by the CIBERSORTx analysis
in Figure 5.9), but also intestinal macrophages were involved in driving the

immune response in the CD Up patient subset.

Mac Signature 1 Mac Signature 2

ITGB2

AlF1

LILRB4

LST1 GPNMB
ADA C1QA
ITGAX C1QB
PLEKHO2 c1QcC
FGR CXCL8
FCER1G CCL3
HLA-DRA CD44
CTSK IL1B
CLEC2B CCL20
C3 INHBA
LYN IL1RN
C1S TNFAIP6
FPR1 Immune Cluster IL6
LGALS1 MMP9
CHI3L1 SERPINA1
VIM SNX10

Figure 5.11: Venn diagram showing the overlap between macrophage signatures and the
immune cluster signature.

Mac Signature 1 refers to the “Macrophage Driver Genes” (Peters et al., 2017) and Mac Sighature
2 to the “scRNAseq Macrophage Genes” (Martins et al., 2019). Immune cluster refers to the
immune cluster 2 gene signature identified in section 5.3.1. Diagram was generated using the
Venny 2.1.0 tool (Oliveros, 2007).

5.5 Association between anti-TNF response and

immune cluster up-regulated patients.

After investigating which immune cells and pathways were potentially involved in
the immune response characterising immune cluster 2, it was evaluated whether
this immunopathotype could be related to anti-TNF non-response in CD. Patients
of the GSE16879 dataset were sampled at baseline of anti-TNF treatment, and
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their response to the therapy was followed up 4 to 6 weeks post-treatment
initiation. The response was evaluated based on endoscopic examination and a
histological inflammation score previously published by D’Haens et al. (1998). A
histology score below 3 and complete mucosal healing assessed during endoscopy
were treated as a response to anti-TNF. Based on this scoring system, 7 CD patients
were classified as non-responders and 12 as responders to anti-TNF therapy.
Interestingly, when overlapping the treatment response, all patients in the CD Up

group were non-responders, and all CD Normal patients were responders.

To further elucidate the association between the immune cluster 2 identified in
section 5.3.2 and anti-TNF non-response, differential gene expression analysis was
performed between responders and non-responders. 344 DEGs were identified in
the analysis, 35 of which were part of the immune cluster. Differential gene
expression is not necessarily reflective of predictive power for treatment
response. Therefore, ROC analysis was performed next, which calculates the AUC
reflective for the measure of separability between the two groups, i.e., the closer
the AUC to 1, the better the variable is at discriminating between anti-TNF
responders and non-responders. When testing the 35 immune cluster 2 signature
genes, which were also DEGs between responders and non-responders, 9 genes
had an AUC of 1.000 for predicting non-response to anti-TNF in the GSE16879
datasets. These were CHI3L1, TLR2, TNF alpha induced protein 6 (TNFAIP6), IL6,
IL1B, complement C1s (C1S), FGR proto-oncogene (FGR), FC gamma receptor lla
(FCGR2A), and immunoglobulin superfamily member 6 (IGSF6). When correlating
the gene expression values of these 9 genes, they all showed significant positive
correlations (r?>0.56 and p <0.05, Figure 5.12).
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Figure 5.12: Correlation plot showing anti-TNF prediction signature.

9 signature genes identified as predictors for non-response to anti-TNF are shown and their R?-
value displayed in each box. All genes had a significant correlation (p <0.05). Correlation was
performed using the rcorr() function of the Hmisc package. The correlation plot was generated
using the corrplot package. Data used is deposited on NCBI under GSE94648 by Arijs et al. (2009).
All analysis was performed in R studio (R version 4.0.2 and below).

| subsequently performed a random forest analysis using these 9 genes as variable
input to test whether they have the same predictive power altogether (Figure
5.13). Random forest analysis is a regression method that uses machine learning
to identify the predictive power of a signature (in this case the 9 target genes) for
dependent variables (such as current treatment, inflammatory markers, and
disease phenotype). Many decision trees are used to generate the random forest
algorithm that discriminates between dependent variables. Subsequently, the
ability of this algorithm to accurately predict each variable is tested. The
predictive power of these variables was calculated by correlating the observed
variable value, with the prediction error for each data point, which is referred to
as out-of-bag error (OOB). Random forest analysis using categorical data as
dependent variable, generates an area-under-curve (AUC) value output, visualised

as receiver operating characteristic (ROC), as well as two measures demonstrating
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the importance of each gene within the model, called mean decrease accuracy
and mean decrease Gini. The higher the mean decrease accuracy, the more the
model's accuracy is impacted if the gene is not part of the model signature. The
higher the mean decrease Gini, the higher the weight of the gene during decision-

making at each decision tree node.

The analysis categorised the samples into three groups: CD non-responders, CD
responders and non-IBD controls. The OOB for the random forest model was
11.78%, which is very low for human data. The variables with the highest mean
decrease accuracy and mean decrease Gini were IL1B and CHI3L1, identifying
them as the genes with the most impact in the model. The AUC values for the
prediction of all three categories (CD non-responders, CD responders and non-1BD)
were 1.000, reflecting the results of the ROC analysis of the individual genes.
These findings indicated that the expression level of genes in the immune cluster
could distinguish non-responders from responders to anti-TNF within colonic CD
lesions without fail. It should be noted that obtaining an AUC of 1 is unusual in
human data. Therefore, these analyses should be repeated in an independent anti-

TNF naive cohort at the baseline of treatment initiation to confirm these findings.
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Figure 5.13: Random Forest output of prediction signature for anti-TNF treatment response in
GSE16879 dataset.

A) Random Forest classifiers mean decrease accuracy. B) Random Forest classifier mean decrease
Gini. All analysis was performed in R studio (R version 4.0.2 and below) and required the
randomForest package.

5.6 Quantification of CHI3L1 and /L 7B expression in
colonic tissue sections of CD patients and non-IBD

controls using histology assessments

After identifying the genes with the highest predictive power for anti-TNF non-
response within immune cluster 2, | wanted to test whether these targets can be
quantified in colonic tissue in an additional cohort. | used IHC and in situ
hybridisation to quantify protein and gene expression in 21 CD patients with
endoscopically confirmed active disease and 15 non-IBD controls (Table 5.2).

Colonic pinch biopsies were collected during routine endoscopies and fixed in
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formalin for up to 72 hours (Table 5.3). The samples were embedded in paraffin
before IHC and in situ hybridisation (ISH) staining. To exclude non-specific binding
as well as background staining from the analysis, negative controls were included
in the form of isotype antibody staining and staining without primary antibody
(referred to as “no primary”). IHC and ISH staining was quantified using QuPath
(Bankhead et al., 2017), a digital quantitative pathology software. It can be used
to recognise cells in tissue sections based on their shape and colour and can

identify them as either positive or negative for specific staining characteristics.

CD NC

(n= 21) (n=15)
Median Age (Range) 31.8 (16-74) 42 (19-76)
M:F ratio 1.1 0.85

Table 5.3: Summary of cohort 1 information.

21 CD patient samples and 15 non-IBD volunteers were recruited at the GRI endoscopy clinics.
Colonic biopsies were collected in formalin and were subsequently fixed for up to 72hrs before
further processing.

5.6.1 CHI3L1 protein expression in intestinal tissue of CD

patients

In section 5.5, CHI3L1 was identified as one of the genes with the highest
predictive power to separate CD patients into responders and non-responders to
anti-TNF. To understand whether CD patients have distinct patterns of CHI3L1
expression, it was measured in an additional patient cohort on a protein level; an
anti-CHI3L1 primary antibody was used for IHC (Figure 5. 14). CHI3L1 was found to
be expressed in the lamina propria as well as the epithelial cells surrounding the
crypts. Unlike non-IBD controls, CD patients frequently displayed deposits of
CHI3L1 (Figure 5.14A). Only one non-IBD control exhibited the same staining
pattern. Even though no significant difference was detected between the mean
frequencies of CHI3L1-positive cells between normal and CD, patients could be
differentiated into two groups based on their intestinal CHI3L1 protein expression
(Figure 5.14B). Patients with low CHI3L1 expression exhibited less than 20%

positive cells.
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Figure 5.14: The quantification of CHI3L 1 expression in intestinal pinch biopsies of CD patients
and non-IBD controls by IHC.

Intestinal pinch biopsies of 21 CD patients and 15 non-IBD controls were collected, formalin fixed,
and paraffin-embedded. A) Representative CHI3L1 staining in diseased intestinal tissue. B)
Quantification of percentage positive cells of all detected cells showing non-IBD controls (NC, red),
CD patients (CD), isotype (ISO) and no primary antibody (No 1°). C) Representative CHI3L1 staining
in normal intestinal tissue. D) Negative control using isotype control instead of primary CHI3L1
antibody. Data were generated in four independent experiments with age and sex-matched NC
and CD samples. Data were analysed using QuPath (version 0.3.2 and below). Lines across the dot
plot represent the mean. A Kruskal-Wallis followed-by Dunn’s post-test as performed in B). Normal
distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov
Smirnov tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).
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5.6.2 IL1B spatial RNA expression in intestinal tissue of CD

patients

Detecting IL-18 with IHC is problematic because it has two forms: before and after
cleavage in the inflammasome. When using an anti-IL-18 antibody, the main
detection is focused on the cleaved IL-18 protein released into the tissue. The
previous analysis quantified the gene expression, i.e., the mRNA of IL-18 currently
or about to be transcribed within the cells, and not the soluble protein. To
quantify IL1B transcription and compare its spatial distribution to CHI3L1, the ISH
method was used, which allowed to hybridise and amplify IL1B mRNA in FFPE-fixed
intestinal tissue. | attempted to co-stain the IL1B ISH with an anti-cluster of
differentiation 68 (CD68) antibody using IHC to identify intestinal macrophages
(further discussed in section 1.8). However, the protease cleavage step required
to ensure access to RNA for the target probe cleaved the antibody:CDé68 epitope
binding and only ISH staining was detectable. Because of the strong signal in the
positive control, the ISH IL1B data was still analysed and used. Figure 5. 15A shows
the expression signal of the IL1B probe, positive control, a probe against human
PPIB, and negative control (a probe detecting the bacterial dapb gene). The
expression was quantified using automated QuPath analysis and compared in
Figure 5.15B. No significant difference was detected between non-IBD controls
and CD patients (Figure 5.15C).
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Figure 5.15: The quantification of IL1B mRNA expression in intestinal pinch biopsies of CD
patients and non-IBD controls by ISH.

Intestinal pinch biopsies of 6 CD patients and 3 non-IBD controls were collected, formalin fixed,
and paraffin embedded. A) Representative staining of target IL1B gene, positive control PPIB gene
(pos ctrl) and negative control dapB gene (neg ctrl) probes. B) Comparison of percentage mRNA
spots per cell detections within intestinal tissue comparing target and control probes. D)
Comparison of IL1B mRNA expression between non-IBD controls (NC) and CD patients (CD). Data
was analysed using QuPath (version 0.3.2 and below). Lines represent the mean. One-way ANOVA
with Holm-Sidaks’s post-test was performed in C). Unpaired T-Test was performed in C). Normal
distribution was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov
Smirnov tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).
****p<0.0001. No 1°: No Primary Antibody control. Iso: Isotype control.
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5.7 Quantification of CH/3L7 and /L71B gene
expression in colonic tissue of CD patients and non-IBD

controls

gPCR is another clinically available method that can be used for potential
biomarker screening. An additional patient cohort, referred to as cohort 2, was
recruited with matched intestinal biopsies collected in RNAlater™ Stabilization
Solution (Cat. No. AM7020, Thermo Fisher) (Table 5.3). To investigate the
potential link between inflammation and the IL1B/CHI3L1 signature, patients with

active and inactive disease, determined by endoscopic examination, were

included.

CcDh NC

(n=18) (n= 14)
Median Age (Range) 50.67 (30-77) 55.1 (19-73)
F:M ratio 0.8 0.75

Table 5.3: Summary of cohort 2 information.

18 CD patients and 14 non-1BD volunteers were recruited at the GRI endoscopy clinic. Colonic
biopsies were collected in RNAlater™ Stabilization Solution (Cat. No. AM7020, Thermo Fisher) and
stored at -80°C until RNA extraction.

gPCR analysis of this cohort found that CHI3L1 (p =0.0118) and IL1B (p =0.0181)
exhibited an increase in CD patients compared to non-IBD controls (Figure 5.16A).
When stratified into CD active and remission, CHI3L1 expression also distinguished
active from inactive disease (p =0.0189) (Figure 5.16B). Like previous IHC and
transcriptomic data, CHI3L1 and IL1B expression could be used to stratify CD

patients into two groups.
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Figure 5.16: The quantification of CHI3L1 and IL1B mRNA expression in intestinal pinch
biopsies of CD patients and non-IBD controls by gPCR.

Intestinal pinch biopsies of 17 CD patients and 14 non-IBD controls were collected and stored in
RNA fixative immediately before RNA isolation. Data were analysed using the 2*-ACt method using
the human large ribosomal protein gene (RPLPO) as a housekeeping gene for normalisation
purposes. A) Comparison of CHI3L1 (left panel) and IL1B gene expression between non-IBD controls
(NC) and CD patients. B) Comparison of CHI3L1 (left panel) and IL1B gene expression between non-
IBD controls (NC) and CD active and remission patients. Data were generated in four independent
experiments with age and sex-matched NC and CD samples. Lines represent the mean. Mann-
Whitney was performed in A). Kruskal-Wallis was performed in B). Normal distribution was tested
using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov Smirnov tests. All
statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below). *p<0.05,
***p<0.001.
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5.8 CD68 protein expression in intestinal tissue of

active CD patients and non-IBD controls

After quantifying CHI3L1 protein and mRNA and IL1B mRNA, | next aimed to
understand which cells in particular are responsible for their expression. The
analyses in section 5.4 suggested that neutrophils, mast cells, and macrophages
are potentially linked to the immune cell cluster 2. CD68 is a lysosomal-associated
membrane protein commonly used as a histological marker to identify
macrophages (Ferenbach and Hughes, 2008). It is located within the lysosome and
has been found to be associated with pro-inflammatory and tissue repair functions
of macrophages. Even though the majority of literature relates to it as a
macrophage marker, it has been shown also to be upregulated in neutrophils
during inflammation in patients with IBD (Amanzada et al., 2013). Figure 5.17
shows the expression of CD68 in intestinal tissue of patients in the IHC cohort
(cohort 1, summarised in Table 5.2) with active CD compared to non-1BD controls.
No significant difference was detected between patients and controls; however,
intestinal tissue affected with CD showed a wider spread of CD68 expression Figure
5.17B.
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Figure 5.17: The quantification of CD68 expression in intestinal pinch biopsies of CD patients
and non-IBD controls by IHC.

Intestinal pinch biopsies of 21 CD patients and 15 non-IBD controls were collected, formalin fixed,
and paraffin-embedded. A) Representative CD68 staining in diseased intestinal tissue. B)
Quantification of percentage positive CD68 cells of all detected cells showing non-IBD controls
(NC, red), CD patients (CD), isotype (ISO) and no primary antibody (No 1°). C) Representative CD68
staining in normal intestinal tissue. D) Negative control using isotype control instead of primary
CD68 antibody. Data were generated in four independent experiments with age and sex-matched
NC and CD samples. Data were analysed using QuPath (version 0.3.2 and below). Lines represent
the mean. A Kruskal-Wallis followed-by Dunn’s post-test as performed in B). Normal distribution
was tested using Anderson-Darling, D-Agostino-Pearson, Shapiro-Wilk and Kolmogorov Smirnov
tests. All statistical analysis was performed in GraphPad Prism (Version 9.3.1 and below).
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5.9 Correlation of target protein and gene expression

The signature identified in section 5.3 showed significant correlations between
TLR2, CHI3L1 and IL1B. To test whether this was the case in the additional patient
cohorts, linear regression analysis was performed between the individual targets
(Figure 5.18). No significant correlation was found between CHI3L1 and CD68
protein expression in cohort 1 (Figure 5.18A). When comparing the expression of
CHI3L1 protein and /L1B mRNA expression, a positive correlation was detected (R?
=0.7818, p =0.0161) (Figure 5.18B). Similarly, when correlating CHI3L1 and IL1B
expression quantified by gqPCR in cohort 2 the two gene targets significantly
correlated (R? =0.7844, p <0.0001) (Figure 5.18C). Due to small sample size one
patient was identified with the CHI3L1//L1B signature in cohort 1 and two in the

second cohort.
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Figure 5.18: Correlation of target expression in intestinal pinch biopsies of CD patients and
non-/BD controls.

A) Linear regression between CHI3L1 and CD68 protein expression quantified by IHC in sections
5.6.1 and 5.8. in cohort 1 B) Linear regression between CHI3L1 protein and IL1B mRNA expression
quantified by IHC (section 5.6.1) and ISH (section 5.6.2), respectively, in cohort 1. C) Linear
regression between IL1B and CHI3L1 mRNA expression quantified by qPCR (section 5.7) in cohort
2. Positive cells for IHC and ISH experiments were measured using QuPath (version 0.3.2 and
below). gPCR data were analysed using the 2"-ACt method. All statistical analysis was performed
in GraphPad Prism (Version 9.3.1 and below).

5.10 Co-localisation

Co-expression may indicate associations between genes and proteins; however,
co-localisation can provide more information about which cell types and structures
express the targets. Figure 5.19A/B shows representative IHC data from two CD
patients displaying CD68 and CHI3L1 expression. Areas on the tissue section
exhibiting positive staining for anti-CHI3L1 antibody also appeared to exhibit high
CD68* cell infiltration. The tissue structure displayed histological characteristics
of a granuloma response, including an expanded lamina propria, leukocyte

infiltration and general distortion of tissue architecture.
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Figure 5.19: Co-localisation of CHI3L1 and CD68 in diseased intestinal tissue from cohort 1.

Intestinal pinch biopsies of 21 CD patients and 15 non-IBD controls were collected, formalin fixed,
paraffin-embedded, and stained with anti-CD68 and anti-CHI3L1 primary antibody for IHC. A)
CHI3L1 protein expression in intestinal tissue of two representative CD patients. B) CD68 protein
expression in intestinal tissue of two representative CD patients. Red arrows indicate CHI3L1
infiltrated areas.

5.11 Discussion

This chapter aimed to stratify patients based on their intestinal immune
signatures. Section 5.2 compared bulk RNA sequencing data from colonic pinch
biopsies between active CD and non-IBD controls. Differential gene expression
analysis of the two sample groups showed that 978 genes were significantly up or
downregulated. Biological theme comparison analyses tested for enriched gene
sets in up and down-regulated DEGs. Most gene sets were enriched for immune

cluster 2 upregulated pathways, including IBD and other chronic inflammatory
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conditions such as RA, SLE, and asthma (Figure 5.5). Overall, based on the
differential gene expression and biological theme comparison analysis, intestinal
tissue affected with CD unsurprisingly exhibited abnormal and chronic

inflammatory characteristics.

After disease-associated differences in mucosal colonic gene expression were
identified, CD patients were stratified based on their immune system process
genes (Figure 5.6/7). This highlighted a cluster of 116 genes, which had selectively
enriched gene expression in a subset of patients, referred to as immune cluster 2.
One patient exhibited enrichment for immune cluster 2 in the bulk RNAseq data,
and so did 7 patients in the microarray validation dataset GSE16879, referred to
as CD Up patients. GSE analysis suggested enrichment in TLR signalling as well as
complement and inflammasome activity in CD Up patients (Figure 5.8). After
taking a closer look at the immune mechanisms underlying immune cluster 2
response, | moved on to understanding which immune cells were mainly involved.
GSE and pathway analyses showed a link to a neutrophil/granulocyte response and
macrophage-induced tissue repair. Digital cytometry, used for deconvolution of
bulk transcriptomics to estimate immune cell composition, suggested an increase
in the proportion of M1 macrophages and activated mast cells in colonic samples
of the patient with the upregulated immune cluster 2 when compared to
unaffected patients in the bulk RNAseq dataset (Figure 5.9). When looking further
into intestinal macrophages, the CD Up patient subset in the GSE16879 data had
increased intestinal macrophage-associated signatures compared to the rest of
the CD cohort (Figure 5.10).

In terms of the TLR activity, TLRs 2 and 8 were part of this distinct immune cluster.
TLR2 forms heterodimers with either TLR1 or TLR6 for signaling (Takeda and Akira,
2005). This receptor complex recognises gram-positive bacteria and induces NF-
kB and MAPK-dependent signalling. TLR2 variants have been linked to IBD and
other mycobacterial infections (e.g., tuberculosis and mycobacterial lung disease)
(Yim et al., 2006, 2008; Bank et al., 2014). TLR8 can signal on its own and responds
to viral stimuli, triggering the MYD88 cascade (Takeda and Akira, 2005). UC disease
severity correlates with the expression of TLR8, potentially linking it to colon-
specific inflammation (Sanchez-Munoz et al., 2011). The complement system plays
a vital role in maintaining barrier function in healthy and diseased intestines (Sina,

Kemper and Derer, 2018). It has been shown that mice lacking as few as one gene
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from the complement cascade results in stronger intestinal inflammation in a
chemical-induced mouse model of chronic colitis (Johswich et al., 2009; Elvington,
Schepp-Berglind and Tomlinson, 2015). The gene encoding for complement
component 4 (C4) has been identified as a CD susceptibility gene by GWAS
(Cleynen et al., 2016). Expression of complement components C3 and C4 were
predominantly found in intestinal epithelial cells (IECs) located in the crypts as
well as macrophages in the submucosal layer of CD patients using IHC and ISH
(Laufer et al., 2001), again suggesting macrophage involvement. Inflammasome
activity, which induces the cleavage of non-functional pro-IL-18 and pro-I1L18, has
been shown to positively correlate with CD disease severity (Reinecker et al.,
1993; Swanson, Deng and Ting, 2019), underlining its importance in the driving of
pathogenesis. The downstream effect of all these inflammatory mediators is
damage to the intestinal mucosa, requiring constant repair, with mucosal healing

being the final stage of recovery from a CD flare.

When looking at the clinical response of patients to anti-TNF treatment, non-
responders to anti-TNF blocking agents exhibited an increase in the immune
cluster 2 gene signature expression. Anti-TNF therapy refraction poses a big issue
in disease management of CD since other biologic treatments are often less
effective post previous TNF blocking (Sands et al., 2017; Verstockt et al., 2020).
The genes most effective in predicting non-response were IL1B, IL6, IGSF6, FGR,
CHI3L1, FCGR2A, TNFAIP6, TLR2 and C1S (Figure 5.13). It should be noted that 6
out of the 9 genes (apart from FCGR2A, IGSF6 and TLR2) were part of the intestinal
macrophage signatures used in Figure 5.10, suggesting that they are linked to
macrophage activity in IBD. Furthermore, most of these genes have been

associated with inflammatory diseases, including IBD.

FCGR2A is known to induce phagocytosis, and a gene variant has been linked to
IBD (Weersma et al., 2010). Serum TNFAIP6 protein expression has been suggested
to function as a biomarker for disease activity in both CD and UC (Yu et al., 2016),
and its mucosal gene expression been previously linked to anti-TNF non-response
by Arijs et al. (2010). It should be noted that this publication generated the
GSE16879 dataset used in this study to identify links to anti-TNF non-response and
this association has not been confirmed in a study with an additional patient
cohort. CHI3L1 is a non-enzymatic hydrolase that can be secreted by

macrophages, neutrophils, and epithelial cells in response to specific immune
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challenges (Zhao et al., 2020), linking it to both neutrophil and macrophage
activity suspected in immune cluster 2. It has been suggested as an autoantigenic
target in IBD (Deutschmann et al., 2019), found to induce macrophage recruitment
in colorectal cancer (Kawada et al., 2011) and to also drive epithelial cell
proliferation and tissue repair (He et al., 2013). These findings support the
hypotheses that neutrophil and macrophage activity/infiltration can be found in
CD Up patients. Furthermore, macrophage-induced tissue repair/fibrosis might

also take place.

IL-18 encoding gene as well as protein expression has previously been identified
as a predictor of non-response after treatment initiation of anti-TNF blocker
because its expression remains upregulated in non-responders during treatment
(Leal et al., 2015). The same study showed that other inflammatory cytokines,
such as IL-6 (also part of the immune cluster 2 signature), were altered in response
to the therapeutic, and their gene expression was downregulated, suggesting that
IL-18-dependent pathways drive disease during ant-TNF treatment. IL-1B requires
cleavage of its nonfunctional pro-IL-18 form via an inflammasome response. The
gene encoding the inflammasome mediator NLPR3 was also upregulated in the
immune cluster signature, supporting the hypothesis that an increase in IL-18
signaling might be responsible for driving non-response in patients with anti-TNF
refractory patients. In addition to these findings, Friedrich et al. (2021) found that
IL-1B8-dependent interaction between stroma and neutrophils is another hallmark
of anti-TNF non-response. The levels of plasma IL-1B levels have also been found
to be upregulated in anti-TNF non-responders at baseline, and the capacity of
their blood-derived monocytes to produce IL-1B was higher compared to
responders (Gaiani et al., 2020). Bosl et al. (2018) found that co-stimulation of
TLR2 and TLR8 of human monocytes induced an inflammatory response causing
enhanced secretion of the neutrophil chemoattractants IL-8 and CXCL1 as well as
suppressed TNFa, IL-1a, IL-18, and IL12p70 production. In the same study they
showed in vitro that blood-derived neutrophils exhibited a higher migration
potential when exposed to supernatant of co-stimulated cultures compared to
single TLR stimuli. The signature identified in this chapter showed that IL1B was
not suppressed in response to the TLR2 and TLR8 pathway because the gene
expression values positively correlated, contradicting the results from Bosl et al.

(2018). However, their study looked at cells derived from healthy volunteers, so
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it is a possibility that my findings relate to an aberrant TLR functionality in CD Up
patients. This aberrant signaling might be in response to TLR2:TLR8 co-stimulation
in intestinal macrophages inducing IL-18 production, which in turn drives

neutrophil infiltration.

In Figure 5.14 CHI3L1 positive staining could be seen around and in crypts of both
non-IBD controls and CD patients. CHI3L1 has been found to be expressed by
epithelial cells in human intestines (Mizoguchi, 2006), therefore the IHC signal
found in and around the crypts potentially stems from the epithelial layer. Apart
from CHI3L1 staining around the crypts and sparse positive signals in the LP, the
protein was highly accumulated in granuloma-like structures. The same areas
were also affected by influx of CD68* cells. Granuloma have been linked to a
selection of clinical phenotypes in CD, including severe disease and inflammation
penetrating the mucosal layer (Molnar et al., 2005). They are formed by the
accumulation of epithelial cells and macrophages in response to a continuous
stimulus whilst they are struggling to clear the infection (Pagan and Ramakrishnan,
2018). TGF-B1 and the IL-4/IL-13 axis are thought to drive granuloma formation
(Pagan and Ramakrishnan, 2018). Interestingly, CHI3L1 has been shown to promote
tumour growth and metastasis via TGF-B81 stimulation in mice (He et al., 2013;
Geng et al., 2018; Qiu et al., 2018). Additionally, TLR2 has previously been shown
trigger granuloma formation in response to tuberculosis (Reiling et al., 2002).
Huppertz et al. (2020) showed CDé68 deposition in the lung granuloma of
sarcoidosis. Colonic granulomas in chronic granulomatous disease (CGD), a
condition with a genetic defect in phagocytosis, have shown infiltration of
macrophages. Interestingly, when quantifying CDé68* cells in affected intestinal
tissue of CDG, CD and non-diseased controls, CDG patients showed a significant
decrease (Liu et al., 2009). In sarcoidosis Huppertz et al. (2020) also identified
co-localisation of the granuloma with IL-18 and caspase-1, a crucial component of
the NLPR3 inflammasome. Using ISH, | did not detect the same accumulation of
IL1B in the granuloma structures as described by Huppertz et al. (2020) in
sarcoidosis. However, | used the assay together with anti-CDé68 antibody staining,
which could have potentially interfered with the hybridisation of the IL1B probe.
The experiment should be repeated without the IHC co-stain to increase the

quality of the data.
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Overall, this study identified a potential subset of CD patients with enhanced
granulomatous disease. Based on this observation, a granuloma response may
explain why the cohort exhibited patient groups defined by low and high CD68*
cell counts. Furthermore, the literature in the last paragraph suggests a potential
involvement of CHI3L1 in driving TGF-B1-dependent granuloma formation and
TLR2 and IL-1B-dependent signaling of CD68* cells, a marker for neutrophil and/or

macrophages, in contributing to the initiation or progression of the response.

5.12 Conclusion

Bulk RNA sequencing elucidated differences in the gene expression between
intestinal tissue from healthy individuals or people with CD. Stratifying the colonic
transcriptomic profile of CD-affected lesions based on immune system-associated
genes identified a subset of patients with a distinct inflammatory signature.
Pathway and GSE analysis suggested a TLR-driven pathway, with complement and
inflammasome activation and NF-kB signaling. Additionally, together with digital
cytometry, these analyses identified neutrophil activity as well as healing
responses potentially due to a macrophage tissue repair response. When looking
at clinical characteristics, patients with an increase in the distinct colonic
inflammatory signature were all refractory to anti-TNF treatment. Using ROC and
random forest models to test the predictive power of individual genes in the
signature and all genes combined, | found that both analyses predicted anti-TNF
non-response with 100% accuracy. Subsequently, it was shown that CHI3L1-
encoding gene and protein as well as IL1B expression has the potential to stratify
patients into two distinct groups. CHI3L1 protein and IL1B mRNA expression were
found to correlate in cohort 1. Additionally, upregulation of CHI3L1 mRNA in
colonic tissue of cohort 2 distinguished active disease from remission. In terms of
co-localisation, the CD68 expression of the macrophage/neutrophil marker was

co-localised in tissue areas with high levels of CHI3L1 protein deposition.

Even though a patient subset with increased CHI3L1 and IL1B levels was identified
in two additional cohorts, the response of these patients to anti-TNF treatment is
unknown. Ongoing work in the Milling lab is currently investigating whether

histology and qPCR assessments can be used to quantify these two targets and

205



206

whether their expression levels are predictive for anti-TNF treatment response in

an additional cohort.
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Chapter 6: General Discussion

The main aims of my project were to stratify CD patients based on their PB and
intestinal immunopathotypes, and link distinct phenotypes to clinical parameters
related to the state of intestinal inflammation or treatment response. |
hypothesised that CD patients exhibit different immune signatures in their blood
and intestine and that these link to specific disease phenotypes and treatment
responses. In chapter 3, | found that although patients were classified as
relapsing/disease active based on HBI they did not show consistent changes in
their peripheral blood (Figure 3.9). However, a subset of patients with a distinct
PB phenotype was identified, characterised by reduced levels of T cell
subpopulations (Figure 3.16, summarised in Figure 6.1). Analyses of matched
blood and biopsy samples showed increased cytotoxic, anti-bacterial and anti-viral
immune responses in patients with low T cells (Figure 4.16). Additionally, overall
CD8* T cells or gene expression of genes associated with this population were
consistently found to be reduced in PB (Figure 4.1, 4.7,4.8, 4.11) together with
a4B7-encoding gene expression (Figure 4.21/4.22).

The potential of PB and intestinal CD8* T cells to function as biomarkers was
studied by Boschetti et al. (2016). They investigated CD8* T cell levels in 73 CD
patients that have recently undergone ileal resection surgery. They linked an
increase in mucosal T cells to the recurrence of disease within a year of surgery.
However, they also identified an increase of CD8* cells in the circulation of the
patients undergoing relapse, contradicting my findings in chapter 4. The
monoclonal antibody etrolizumab binds the integrin subunit 87. It inhibits immune
infiltration into the intestines by blocking a487 and promotes egress to draining
lymph nodes by blocking aEB7, which has been shown in a murine model of colitis
(Dai et al., 2021). A randomised placebo-controlled phase 3 trial of etrolizumab
in CD patients with moderate to severe disease showed a decrease in intestinal
CD8* T cells 14 weeks post-treatment initiation (Sandborn et al., 2020; Dai et al.,
2021). Patients with the LT blood phenotype, which includes an increase in
intestinal CD8* T cells could potentially be a target group for this therapeutic.
Another treatment already in clinical use is vedolizumab which blocks a487 only.
A large study (n =1,115) testing vedolizumab as maintenance therapy for CD found

initial response in 60% of patients (assessed at week 4) and long-term response in

207



208

36-39% of patients, depending on dosage and frequency of administration
(Sandborn et al., 2013b). Low T cell levels in PB might be an indicator of their
migration to the intestines, thus the LT patient phenotype could be a biomarker

for response to vedolizumab.
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Figure 6.1: Overview of LT phenotype identified in chapters 3 and 4.

Patients with the LT phenotype exhibited lower levels of T cell subpopulations (both CD4* and CD8*
in their peripheral blood. Additionally, Th1 and CD8" T cells were reduced based on digital
cytometry analysis in adult CD patients, as was the gene expression of IFNG, IL12RB2 (Th1 markers)
and IL23A (Th17 markers). They also had reduced levels of the genes encoding for a4B87 integrin
suggesting that T cells positive for this gut-homing marker may have migrated to the intestines. In
their intestine, the LT patients had an increase in Th1/Th17 immune responses, usual for CD
pathology, CD8* T cells and high levels of cytotoxicity. They also showed more intestinal NOD2
expression, a genetic risk factor for CD. This figure was created using Blorender.com.

Further research to test these hypotheses a study would require the collection of
matched blood and intestinal tissue of inflamed patients with endoscopically
confirmed active disease at baseline and follow-up after vedolizumab/placebo
treatment. | would not suggest studying etrolizumab because it is currently not
approved for CD treatment. PBMCs and LPMCs as well as RNA from whole blood
and intestinal tissue, should be isolated and analysed based on their T cell
phenotype. They can be used for extensive T cell phenotyping using flow
cytometry, including extracellular and intracellular staining to determine
different Th, CD8* and Treg subpopulations. Gene expression analysis either uses

clinically available methods such as gPCR or more expensive but more informative
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analyses with scRNAseq to identify changes in T cell profiles and potentially other
immune cells related to the LT PB phenotype. | predict that patients responding
to vedolizumab during follow-up exhibit the LT patient phenotype and have

distinct intestinal gene expression at baseline compared to the non-responders.

My PhD project also identified an intestinal gene expression signature potentially
associated with non-response to anti-TNF treatment (Figure 5.13). Hallmarks of
this signature were CHI3L1* granulomas and increased IL1B expression as well as
neutrophil and macrophage activity, supporting previous findings from Friedrich
et al. (2021) who identified an increase in IL1-B-driven neutrophil/stroma
activation in anti-TNF non-responders. Granuloma formation has been previously
linked to severe CD (Molnar et al., 2005). Anakinra, an IL-1 receptor antagonist,
is currently being tested as a first-line therapeutic in 214 UC patients as part of
the IASO trial (Thomas et al., 2019). The results of this trial are projected to be
published later in 2022. Pre-clinical data generated in murine models have already
shown promising results. In Winnie-TNF knockout mice, modelling anti-TNF
refractory UC, and Inositol polyphosphate 5'-phosphatase-deficient (SHIP)
knockout mice, mimicking ileal CD (McLarren et al., 2011), anakinra significantly
reduced inflammation (Ngoh et al., 2016; Liso et al., 2022). Winnie-TNF knockout
mice spontaneously develop TNF-independent colitis due to a missense mutation
in the gene encoding mucin 2 and deletion of TNF. SHIP- mice also exhibit
spontaneous inflammation, which is limited to their ileum and has a similar
phenotype to CD, and develop granuloma-like structures in their intestines, similar
to those in the non-responder signature identified in chapter 5 (McLarren et al.,
2011). These pre-clinical data, together with my findings, suggest that anakinra
might be a suitable alternative for anti-TNF treatment for patients with this

immunopathotype.

Testing the predictive power of signature target gene expression and the presence
of CHI3L1* granuloma in intestinal tissue of responders and non-responders at
baseline in an additional cohort would be the next step in validating this signature.
To further understand the molecular mechanism underlying the non-response, the
targets should also be quantified in different immune cells. Multiplex immuno-
fluorescent staining is a valuable tool for studying the co-localisation of IL1B,

CHI3L1 and TLR2 with neutrophils, macrophages, mast cells and epithelial cells.
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Since macrophages and neutrophils share many markers, including CD68
(Amanzada et al., 2013), co-staining with macrophage and neutrophil-specific
markers (such as TREM1 (Caér et al., 2021) and CD66b (Therrien et al., 2019b))
with the signature proteins will help understand which cell types express which
target. SHIP”/- mice exhibit a similar phenotype to the non-responders. Further
characterisation and comparison of the inflammatory signatures in mice and
humans may also be helpful to understand their potential as a representative
mouse model for the immunopathoype. An enteroid-myeloid organoid model
developed by Staab et al., 2020 could be used to study further the interaction
between cell types in a human disease model. It allows for colon-derived epithelial
organoids to be co-cultured with macrophages. Using this model in a subset of CD
patients at anti-TNF treatment baseline can aid in elucidating the interaction

between epithelial cells and macrophages in anti-TNF non-responders.
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Figure 6.2: Overview of hypothesised mechanism in intestinal signature in non-responders to
anti-TNF treatment identified in chapter 5.

CD patients with non-response to anti-TNF exhibited a complex intestinal immunopathotype. This
hypothesis was generated on the genes with the highest predictive power for non-response to anti-
TNF. TLR2 hyporeactive macrophages (MB) release chemoattractants, such as IL-8 and CXCL1,
recruiting neutrophils to the intestine. Both macrophages and neutrophils release IL1-8 and CHI3L1
to induce tissue repair and granuloma formation. The latter is further promoted by macrophages'
defective phagocytosis of translocated bacteria in the mucosa and aberrant fibrosis. Epithelial
cells and neutrophils stimulate each other via an IL1-B feedback loop. This figure was created
using Blorender.com.
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Chapter 7: Conclusion

My project has identified two distinct CD immunopathotypes by stratifying
patients based on their PB T cell and intestinal immune signature. The PB
immunopathotype was characterised by reduced levels of T cells, which was linked
to an increase in CD8* T cells and cytotoxicity in paediatric patients and
potentially more severe CD. IL1-B, TLR activity, complement activity, and
granuloma formation characterised the distinct intestinal phenotype.
Interestingly, it appeared enriched in patients with non-response to anti-TNF
before treatment initiation. Biomarkers for both disease severity and treatment
responses to therapeutics are currently lacking in the management of CD. Further
research into the mechanisms behind the immunopathotypes discussed in this
thesis may therefore aid clinical management of CD and reduce the need for

surgical interventions.
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