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Abstract 
	
The ability of helminths to regulate inflammatory disorders and the mechanisms 

by which they carry this out are of great scientific interest. Currently, established 

literature emphasises the protective role of helminth infection in mouse models of 

inflammatory bowel disease (IBD). Utilising two well-established murine models 

of human disease, the oxazolone and dextran sulfate sodium (DSS) models, I 

found that induction of murine IBD is highly sensitive to diet change and mouse 

gender. Using the gastrointestinal helminth Heligmosomoides polygyrus 

(H.polygyrus), I demonstrate that helminth infection exacerbates IBD in both the 

oxazolone and DSS models of colitis. Underlying helminth infection results in 

increased inflammation locally in the colon and systemically in the spleen in both 

models of IBD, as measured by histology and flow cytometry.  Exacerbation of 

DSS colitis is dependent on the dose of H.polygyrus but is independent of the 

phase of H.polygyrus infection, with both acute and chronic infections resulting in 

the same phenotype. Helminth exacerbated DSS colitis is characterised by 

significant bacterial translocation to the spleen, which is concluded to be due to 

loss of intestinal epithelial integrity. Helminth infection also resulted in a 

microbial shift of translocating bacteria following DSS administration, as 

evidenced by gram staining and bacterial sequencing. Administration of an 8-

strain probiotic during acute helminth infection ameliorated helminth exacerbation 

of DSS colitis, restored epithelial integrity and abrogated splenomegaly. This work 

uncovers an unexpected and novel role for live helminth infection in exacerbating 

IBD and suggests that helminth-induced dysbiosis of the microbiota may drive 

disease. These studies reveal restoration of the microbiota through probiotics or 

helminth eradication as potential therapies for the treatment of gastrointestinal 

inflammatory disorders. 
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Preface 
	

The work presented in this study centers around the influence of helminth 

infections on gut inflammatory bowel diseases (IBD). I determined the influence 

of prior Heligmosomoides polygyrus infection on the development of IBD using 

two murine models of human ulcerative colitis, oxazolone and DSS-induced 

colitis. I then further assessed the impact of microbial modulation on the influence 

of helminth-exacerbation of DSS colitis. 

 

In that respect, the first chapter (Introduction and Literature Review), introduces 

what is currently known about IBD, with a subsequent review of the current 

findings regards IBD pathology and interventions, relevant to this study. I round 

up this chapter by discussing various murine models of IBD, and their relevance in 

the scientific field. Chapter 4 (Materials and Methods) gives an outline of the steps 

I followed to achieve the study goals. This chapter ends in a brief section of sets of 

experiments I carried out to optimise the murine models, used as a basis to test our 

hypothesis.  

 

Chapters five to seven report the findings of this thesis, separated in to three 

individual studies. The experimental results from each chapter are preceded by a 

focused literature review, putting into context previously published findings 

inspiring our studies. Finally, I conclude this thesis by summing up all the 

important findings of this research, and briefly discuss the potential future work 

pertinent to address some questions arising from this whole study.	
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Abbreviations 
 

IBD Inflammatory Bowel 

Disease 

UC Ulcerative Colitis 

CD Crohn’s Disease 
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Sulfonic Acid 
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Iκκ-γ Inhibitor of Nuclear 
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NEMO Nuclear Factor-kappa B 

Essential Modulator 
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Therapy 

FMT Fecal Microbiota 

Transfer 
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PUFA Poly Unsaturated Fatty 

Acid 

CLA Conjugated Linoleic 

Acid 
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Association Studies 
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1 INTRODUCTION 
 

In 2025, the prevalence of Inflammatory Bowel Disease (IBD) in regions such as 

Alberta, Canada, with a historically high-risk of disease, will be nearly 70% higher 

than in 2015 (Rezaie et al., 2012). This is due to the compounding influence of 

low population mortality, as well as the young age of disease onset (Rezaie et al., 

2012). Indeed, the number of pediatric IBD cases in Alberta is exponentially 

increasing, suggesting an underestimation of disease prevalence by the year 2025 

(Benchimol et al., 2009). An even more disturbing fact is the apparent increase of 

IBD incidence and prevalence in newly industrialized developing countries from 

Africa, Asia and South America (Fig 1.1) (Sood et al., 2003; Victoria et al., 2009; 

Jemal et al., 2012; Ng et al., 2017). A change in diet and living standards to model 

a more westernized lifestyle appears as the major driving factor behind increased 

disease incidence in these developing countries (Kaplan, 2015); thereby presenting 

a complicated health challenge to already weak national health systems. The 

annual cost of biological therapy per patient in developed countries is estimated to 

be >US$25,000 (Marchetti and Liberato, 2014), a price beyond the financial grip 

of many IBD patients from developing countries. 

 
Figure 1-1: The global prevalence of IBD in 2015. Data from (Molodecky et al., 2012),image 
provided by PresenterMedia.  
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Unfortunately, chronic untreated IBD increases the risk factor of colorectal cancer 

(CRC) (Feagins et al., 2009; Saleh and Trinchieri, 2010), with an estimated 12-

20% of chronic IBD sufferers (>30 years) developing CRC (Eaden et al., 2001; 

Lakatos, 2008). The costs, limitations of treatment and potential complications 

associated with IBD in developing countries support the need for research into 

disease risk factors and the immuno-pathogenesis associated with disease; in order 

to determine points and affordable avenues of timely intervention. 

 

In addition to genetic susceptibility (Xavier and Podolsky, 2007), the combination 

of a number of environmental risk factors poses a serious threat to developing 

countries. Moreover, they potentially undermine the ability of these nations to 

either prevent or treat IBD. Besides weak health systems and considerable 

economic challenges; the adoption of ‘westernised’ diets, the high incidence of 

tobacco smoking as well as a high prevalence of infectious diseases increases the 

vulnerability of developing to IBD onset (Kaplan, 2015). Of the environmental 

risk factors mentioned, the high burden of chronic infections provides 

complications not only to IBD therapy, but also to other non-communicable 

diseases currently on the rise in endemic areas. Chronic infections account for 

approximately 33% of all cancers in sub-Saharan Africa (de Martel et al., 2012). 

The human papillomavirus (HPV) is highly correlated to cervical cancer, Kaposi 

Sarcoma Herpes Virus (KSHV) to Kaposi’s Sarcoma, hepatitis virus to liver 

cancer and Schistosoma spp. to CRC and bladder cancer (Yosry, 2006; Fried et al., 

2011; Jemal et al., 2012; Oh and Weiderpass, 2014). The ability of infectious 

diseases to drive a chronic low profile inflammatory response provides a 

favourable environment for the development and progression of inflammation 

associated pathologies in endemic regions; emphasising the need for research on 

the bio-interactions between infections and non-communicable diseases such as 

IBD.  

 

Although a number of infections are associated with the onset and progression of 

cancer (Yosry, 2006; Fried et al., 2011; Oh and Weiderpass, 2014), 

epidemiological findings from the recent past demonstrate an inverse relationship 

between infectious and inflammatory disease (Fig 1.2 below in relation to Fig 

1.1), giving birth to the ‘hygiene hypothesis’. Simply stated, the hygiene 
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hypothesis postulates that a high incidence and prevalence of infectious diseases 

may exert an immunosuppressive pressure on the development of inflammatory 

disorders (Martinez, 2001). Indeed, a number of scientific publications  

demonstrate the ability of some protozoan and helminth infections to suppress 

bystander inflammatory conditions in both human populations and murine models 

of disease (R W Summers et al., 2005; Robert W. Summers et al., 2005; De Trez 

et al., 2015). 

 

 
Figure 1-2: Global prevalence of infections. Adapted from (Nikolaev and Salahodjaev, 2017). 

 

Although helminth infections can result in debilitating disease and morbidity, 

some helminth infections modulate the host’s immune system to evade the anti-

helminth responses, the modification of which is associated with the ‘unexpected’ 

suppression of bystander concurrent inflammatory conditions (Elliott et al., 2004; 

Sutton et al., 2008; León-Cabrera et al., 2014). Currently, helminth 

immunotherapy trials for the treatment of human inflammatory disorders are under 

serious deliberations (R W Summers et al., 2005; Robert W. Summers et al., 2005; 

Bager et al., 2010; Fleming, 2013; Helmby, 2015). Inconclusive trial results 

demonstrate helminth immunotherapy to be highly dependent on the condition of 

the individual study as well as inflammatory condition that is being treated. For 

instance, although Summers et al., reported alleviated symptoms for 80% of 

Crohn’s disease (CD) and 43% of ulcerative colitis (UC) after Trichuris suis ova 

and Trichuris suis infection respectively; Trichuris suis ova had no beneficial 

effect on pollen-induced rhinitis patients (R W Summers et al., 2005; Robert W. 
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Summers et al., 2005; Bager et al., 2010). Despite contradictory human trial 

findings, experimental murine research demonstrates the ability of helminth 

infections to exert immunomodulatory effects through a number of mechanisms. 

These include the induction of immunosuppressive regulatory T cells (Treg) 

(Grainger et al., 2010), production of regulatory cytokines e.g. IL-10 (Turner et 

al., 2008), impairment of mucosal mastocytosis (Kim et al., 2000), exhaustion of 

protective CD8+ T cell responses (Hernández-Ruiz et al., 2010) and alternative 

activation of macrophages (Kreider et al., 2007). These experimental findings 

support the need for further helminth therapy research, as it has great promise as 

an alternative biological therapy for the treatment of inflammatory conditions. 

 

Interestingly, a recent study demonstrates the increased predisposition of women 

to the development of autoimmune inflammatory conditions, a fact that may have 

serious implications on therapy design. A number of inflammatory conditions that 

include rheumatoid arthritis (RA), systemic lupus erythematous (SLE) and 

multiple sclerosis (MS) are more prevalent in the female population compared to 

their male counterparts (Wolfe et al., 1968; Ramagopalan et al., 2010; Crosslin 

and Wiginton, 2011). A study by the American college of obstetricians and 

gynecologists (ACOG) reported that women of childbearing age and those 

experiencing hormonal surges stand a higher risk of developing SLE (ACOG 

practice bulletin: Use of hormonal contraception in women with coexisting 

medical conditions., 2006). The international collaborative report of 2001 

categorically demonstrated that women on progesterone only contraceptives had 

increased risk of developing inflammatory conditions that include urticaria, 

eczema and alopecia (Farley and Sivin, 2001). Although sexual dimorphism is not 

demonstrated for both CD and UC, small epidemiological studies suggest sexual 

dimorphism in IBD prevalence and severity (Gupta et al., 2007; Asakura et al., 

2009). In the event that IBD follows a pattern sexual diphormism, host directed 

IBD therapies would have to take into account hormonal differences between male 

and female patients, in order to deliver efficient drug treatments. 

 

The recent finding of the microbiota as a key player in a number of inflammatory 

conditions has revolutionized disease therapy research. The term microbiota refers 

to the microbial flora; which represents symbiotic, commensal and pathogenic 
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microorganisms (also termed pathobionts) harbored by humans (Turnbaugh et al., 

2007). Microbial diversity and composition is subject to change as a function of 

age, sex, diet, infections, environment and lifestyle (Fig 1.3) (Ng et al., 2018; de la 

Cuesta-Zuluaga et al., 2019). A shift in the balance amongst the major gut 

microbial clusters is defined as microbial dysbiosis, a phenomenon typically 

associated with gut and systemic inflammatory pathologies (Mar et al., 2014; 

Schwab et al., 2014; Houlden et al., 2015; Rajoka et al., 2017).  

 

A need to better understand IBD pathology and its interaction with the gut 

microbiota as well as gastrointestinal helminth infection would further research 

into biological therapies tailored for patients with complicated IBD etiology in 

developing countries. Fortunately, a number of experimental IBD murine models 

(discussed later) have enabled researchers into making great inroads into human 

IBD pathology. These include the IL-10-/- and the TNFdeltaARE spontaneous models 

of disease; the chemical-induced trinitrobenzene sulfonic acid (TNBS), oxazolone 

and dextran sulfate sodium models as well as the CD4+ T cell transfer model 

(introduced fully in the following section) (Okayasu et al., 1990; Kühn et al., 

1993; Kontoyiannis et al., 1999; Heller et al., 2002; Powrie and Uhlig, 2004; 

Antoniou et al., 2016). Although most murine models of disease only partially 

model human IBD, these models have contributed a tremendous amount of data to 

research; data that has shaped IBD therapy design.  
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Figure 1-3: The potential impact of the gut microbiota on human physiology is affected by 

different factors that modulate the pathophysiological mechanisms underlying gut inflammation. 

From (Quigley, 2017) 
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2 LITERATURE REVIEW 
 

2.1 IBD immunopathology  

 

Crohn’s disease (CD) and Ulcerative Colitis (UC) are both highly inflammatory 

diseases of the gastrointestinal tract (Haggar and Boushey, 2009), collectively 

known as IBD. Although the etiopathogenesis of IBD is undetermined, the 

resultant de-regulation of both the innate and adaptive immune responses towards 

the gastrointestinal microbiota is proposed to result in an overt inflammatory 

response that culminates in tissue degradation and systemic inflammation(Strober 

et al., 2002). CD pathology results in patchy inflammation affecting the ileum, 

caecum and the colon, while UC pathogenesis is mainly concentrated in the distal 

colon and rectum (Fig 2.1) (Garud and Peppercorn, 2009; Lee et al., 2018).  

 

 
Figure 2-1: Crohn’s disease and Ulcerative Colitis symptoms. Adapted from 

(https://www.celgene.com/ulcerative-colitis-chrons-different-strategies/). 

 

The inflammatory pathology concentrated in the colon is of major importance in 

this study. The colon has a complex network of innate and adaptive immune 

mediators maintaining the colon under homeostasis that include: 

i. Mucus layers 

ii. Innate immune cells e.g. dendritic cells, neutrophils, macrophages 

iii. Innate lymphoid cells 
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iv. Adaptive immune cells e.g. CD4+ T-regulatory cells, CD4+ and CD8+ T 

cells 

v. Anti-microbial proteins (AMPs). 

2.1.1 Mucus layers 
	

Mucus layers are the first major protective barriers that shield the intestinal 

epithelial cells from irritation by lumen antigens that include food particles, 

commensal microbiota as well as chemical irritants (Shirazi et al., 2000; 

Johansson et al., 2008; Bergstrom et al., 2010). The colon has two mucus layers, 

the inner layer that is attached to the epithelial cells and completely sterile of 

microbes and the outer loose layer that is motile and provides a niche for 

commensal microbes (Johansson et al., 2008; Kim and Ho, 2010). Mucus consists 

of carbohydrate rich mucins (e.g. MUC2) produced in large volumes by goblet 

cells, contributing to the formation of the mucus layers (Johansson et al., 2008). 

Bacteria in the outer mucus layer, such as Akkermansia muciniphila (Derrien et 

al., 2008; Ganesh et al., 2013), degrades the inner mucus layer constantly, 

contributing to the maintenance of the outer viscous layer. Mucus produced by the 

goblet cells fills into the inner layer to maintain its thickness. 

 
Figure 2-2: Segregation of the commensal and pathogenic microbes by the colon mucus layers, 

defects of which result in microbe penetrating the layers and inducing inflammation. Adapted from 

(Johansson and Hansson, 2016). 
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2.1.2 Innate cells, adaptive cells and AMPs 
 

Under steady state conditions, enterocytes, goblet cells and microfold (M) cells 

constantly sample gut microbiota for antigen presentation (Snoeck et al., 2005). 

Intestinal dendritic cells (DCs) are always in constant contact with colonic and 

mesenteric lymph node Tregs (Coombes et al., 2007), the stimulation of which 

results in gut microbe and food tolerance (Mann and Li, 2014). Sampling of 

microbial components also results in the release of AMPs that include defensins 

(in humans, defensins are also produced by neutrophils) (Karlsson et al., 2008; 

Wu et al., 2015). AMPS slowly diffuse into the mucus and opsonize pathogenic 

bacteria to enable microbial clearance using a weep and sweep motion (reviewed 

in Bevins and Salzman, 2011).  

 

Any perturbation to gut homeostasis that may result in epithelial breakdown or the 

reduction/overexpansion of mucin stimulating/mucin degrading microbiota 

respectively, contributes to the thinning and weakening of both mucus layers 

(Bergstrom et al., 2010; Ganesh et al., 2013; Seregin et al., 2017). Loss of mucus 

layer integrity enables both pathogenic and commensal bacteria to translocate 

from the outer layer, into the inner layer and eventually to the epithelial cells, 

resulting in epithelial cell irritation (Fig 2.2). An overt overstimulation of Toll-

Like Receptors (TLR) by translocating bacteria potentially activates nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) signaling (Wachi et al., 

2014; Wu et al., 2016), resulting in the transcription of pro-inflammatory 

cytokines and chemokines that include tumor necrosis factor (TNF)-α, interleukin 

(IL)-17A and IL-6 (Jana et al., 2015; Wu et al., 2016). This pro-inflammatory 

cytokine milieu induces the recruitment of pro-inflammatory cells, with IL-17A 

signaling associated with neutrophil recruitment to sites of inflammation (Stark et 

al., 2005; Ley et al., 2006).  

 

Inflammatory resolving neutrophils are short-lived and undergo natural apoptosis 

after inflammation resolution, to prevent inflammation driven bystander cell 

damage. However, persistent assault may result in non-resolving inflammation, 

leading to an accumulation of inflammatory cells that include long-lived 

neutrophils, inflammatory monocytes, macrophages and helper T cells (Fig 2.3) 
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(Yen et al., 2006; Soehnlein et al., 2008; Dunay et al., 2010; Nakanishi et al., 

2015). Under these events of extreme inflammation, goblet cells practice 

compound mucin exocytosis in an attempt to flush away assaulting microbes, an 

action that results in the secretion of more than 90% of packaged mucins (Specian 

and Neutra, 1980; Gersemann et al., 2009; van der Post et al., 2019). This 

condition is histologically visualized as goblet cell depletion in colon sections of 

both human and experimental IBD sufferers (Specian and Neutra, 1980; van der 

Post et al., 2019). Excessive inflammatory stimulation undermines the ability of 

goblet cells to synthesize and replenish their MUC2 proteins, preventing a 

compensatory mechanism that is protective to the host. Unfortunately, this aids in 

bacterial translocation, giving rise to systemic inflammation that may result in 

potential organ failure and mortality (Gardiner et al., 1993; Johansson et al., 

2008). 

 
Figure 2-3: Gut mucosal immune responses to different pathogens. Adapted from (Powell et al., 

2017). 

 

Neutrophilia, a hallmark of both UC and CD (Rhodes and Jewell, 1983; Bennike 

et al., 2015), initially begins as a counteractive measure to microbe invasion, 

expected to quickly subside through neutrophil apoptosis (Fuchs et al., 2007). 

However, persistent microbial attack results in sustained neutrophilia, culminating 
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in NETosis (Fuchs et al., 2007; Yipp et al., 2012), a process by which neutrophils 

self-destruct and release substantial amounts of reactive oxygen species (ROS) 

capable of bacterial killing (Brinkmann et al., 2004). However, the same ROS 

results in epithelial tissue damage, leading to persistent inflammation as well as 

loss of epithelial integrity. Infiltration of inflammatory cells can also result in the 

redistribution and reduced expression of tight junction proteins (TJP), including 

e.g e-cadherin and zonal occludin (Ajuebor et al., 1999; Burns et al., 2000), which 

can enable immune cells to cross into the lamina propria and neutralise offending 

pathogens. Side effects of such an action include the escape of gut microbes into 

the periphery, either through the portal vein or through the peritoneal cavity, 

resulting in systemic inflammation (Fig 2.4). 

 

 
Figure 2-4: The gut microbiota influences the local immune responses associated with epithelial 

integrity. From (Nell et al., 2010).	

2.2 Association of the gastrointestinal microbiota and IBD 

 

The healthy human microbiota is estimated to contain >100 trillion bacteria, a 

number greater than the number of all cells in a healthy human (Turnbaugh et al., 

2007; Boulangé et al., 2016). Under steady state conditions, the gut microbiota 

forms close complex relations with the mucosal immune system, and plays key 
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roles in immune modulation, digestion and immune physiology (Maccaferri et al., 

2012; Zeng et al., 2016; Luu et al., 2019). Microbial metabolic byproducts and 

commensal microbe antigens activate and modulate gastrointestinal immune cells, 

driving protective responses against pathobionts (pathogenic bacteria) (Chang et 

al., 2014; Venkatesh et al., 2014). However, any perturbation to the complex 

relationship between the gut microbiota and the host may result in a hyper-

inflammatory state as that witnessed in crohn’s disease and ulcerative colitis 

patients (Haberman et al., 2014; Tomasello et al., 2014). This perturbation is 

termed ‘microbial dysbiosis’.  

 

Although a causal-effect relationship between IBD and microbial dysbiosis has 

been challenging to ascertain in human patients, both epidemiological and 

experimental research studies strongly associate microbial dysbiosis with both CD 

and UC (Frank et al., 2007; Tomasello et al., 2014; Ahmed et al., 2016; Rajoka et 

al., 2017). One study demonstrated a reduced prevalence of the Firmicutes 

phylum, specifically the Clostridium cluster in CD patients (Frank et al., 2007); 

while a separate study by the same group reported a decrease in the fecal 

abundance of Faecalibacterium spp. and an increase in the Enterobacteriaceae 

spp. such as Escherichia coli in CD patients (Sokol et al., 2008; Palmela et al., 

2018). The microbial dysbiosis-IBD relationship is complicated by reports that 

intestinal inflammation may drive microbial diversity shifts (Kuehl et al., 2005; 

Lupp et al., 2007), suggesting dysbiosis as a responsive and not a causative 

phenomenon in disease pathology. However, the efficacy of antibiotic treatment, 

fecal transfers and fecal diversion in both UC and CD patients attests to the 

importance of the gut microbiota in IBD pathology (Sartor, 1998; Yamamoto et 

al., 2000; Dutta et al., 2014; Suskind et al., 2015). Moreover, the disparity in 

microbial status between discordant monozygotic twins with IBD suggests the 

dispensability of environmental and genetic risks in IBD pathology, underscores 

the importance of the microbiota in IBD (Willing et al., 2010).  

 

Interestingly, research findings demonstrate the biological advantage of 

pathogenic aerotolerant bacteria such as proteobacteria and actinobacteria during 

inflammation (Lupp et al., 2007; Hartman et al., 2009; Rivera-Chávez et al., 2016; 

Litvak et al., 2017). Given that inflammation is an oxidative process and that the 
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colon is mostly hypoxic, IBD would result in the expansion of mostly oxidative 

resistant microbes. Citrobacter rodentium, a mouse pathogen, increases 

oxygenation and aerobic respiration at mucosal tissues (Lupp et al., 2007; 

Hartman et al., 2009), giving it a survival advantage over other strict anaerobes 

that include Bacteroidetes spp.. Besides oxygenation, the production of electron 

charged molecules during inflammation potentially provides terminal electron 

acceptors for facultative anaerobes such as Salmonella spp. (Winter et al., 2010), a 

species of the Enterobacteriaceae family that are associated with gut inflammation 

(Darfeuille-Michaud et al., 2004; De la Fuente et al., 2014). These findings 

suggest the importance of inflammation and host driven metabolic processes as 

modulators of microbial dysbiosis during IBD. 

  

A caveat to microbial dysbiosis-IBD research is the lack of strong evidence 

linking particular pathobionts to either CD or UC disease in human patients, 

although a number of bacterial species maybe capable of driving inflammatory 

pathology in IBD through their ability to infect epithelial cells in vitro (Michail 

and Abernathy, 2002). Nonetheless, the bacterium Fusobacterium nucleatum is 

positively associated with UC and CRC (Strauss et al., 2011; Yang et al., 2017), 

while the adherent-invasive Escherichia coli (AIEC) bacterium is associated with 

ileitis during CD (Darfeuille-Michaud et al., 2004; De la Fuente et al., 2014). The 

fungal pathogen, Candida tropicalis, increased in abundance during IBD 

dysbiosis, instigates local and systemic inflammation (Zwolinska-Wcislo et al., 

2009), while Caudovirales bacteriophage sequences are abundant in pediatric CD 

ileal biopsies (Wagner et al., 2013; Norman et al., 2015).  

 

Keeping in line with the previous discussion, the reduced presence of the mucin 

degrading Akkermansia muciniphila bacterium is positively correlated with IBD 

(Ganesh et al., 2013; Berry et al., 2015). Short chain fatty acid (SCFA)-producing 

microbes are associated with lower IBD risk (Venkatraman et al., 2003; Vieira et 

al., 2012; Rivera-Chávez et al., 2016)(discussed later), while Lactobacilli spp. are 

demonstrated to produce an aryl hydrocarbon receptor (AhR) ligand, which can 

promote antimicrobial peptides (AMPs) expression in the presence of tryptophan 

catabolites and contribute to the suppression of gut inflammation (Zelante et al., 

2013). Interestingly, a number of Clostridium spp. can suppress gut inflammation 
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through their ability to expand colonic CD4+ Treg cells (Atarashi et al., 2013; 

Rivera-Chávez et al., 2016). Although many microbial species are associated with 

IBD, it remains inconclusive whether microbial dysbiosis is due to inflammation 

or dysbiosis drives inflammation.  

 

2.2.1 The gut microbiota, immune regulation and anergy 
 

An impaired Treg compartment in germ free and gnotobiotic mice demonstrates 

the importance of the gut microbiome in shaping the host’s immune system 

(Cebra, 1999; Rawls et al., 2006; Atarashi et al., 2011), while the indiscriminate 

use of antibiotics in early childhood is associated with increased risk of 

autoimmune disease in later life (Rolny et al., 1983; Droste et al., 2000; Horton et 

al., 2014); underscoring the importance of the gut microbiota in host health. Gut 

homeostasis and immune tolerance is attributed to the role of regulatory cells that 

include CD4+ Tregs cells as well as dendritic cells. Two types of Tregs; naturally 

derived Tregs (thymus derived) and peripherally induced Tregs, contribute to the 

steady state tolerance evident in healthy hosts. Identified by the Forkhead box P3 

transcription factor (Foxp3+) and induced under specific conditions, including 

Tumor Growth Factor-Beta (TGFβ) signaling (Veldhoen et al., 2006; Gagliani et 

al., 2015), Tregs accumulate at mucosal surfaces and differentiate under the 

influence of commensal organisms and environmental signals (Round and 

Mazmanian, 2010; Atarashi et al., 2013; Smith et al., 2013).  

 

The chronic multiple organ failure (including enteritis) apparent in humans with 

Foxp3 mutations demonstrates the importance of Tregs in immune regulation 

(Wan and Flavell, 2007). Genome Wide Associated Sequencing (GWAS) 

demonstrates the association of human IBD with IL-10 polymorphisms (Glocker 

et al., 2011), a cytokine positively correlated with the suppressive function of 

Treg. Indeed, congenital IL-10 deficiency leads to severe childhood colitis (Sydora 

et al., 2003), while IL-10-/- mice develop microbiota-driven spontaneous colitis 

dominated by Thelper (Th)17 cell signaling (Kühn et al., 1993; Daniel J Berg et 

al., 1996; Sydora et al., 2007). Interestingly, specific microbial species such as 

Bacteriodetes fragilis and some Clostridia spp. strains can alleviate inflammation 
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in several colitis models through their ability to promote and expand Tregs (Round 

and Mazmanian, 2010; Atarashi et al., 2013). The promiscuity of TGFβ in 

promoting either the Treg or Th17 compartments demonstrates the importance of 

the signaling environment in determining regulation and inflammation in the gut 

(Fig 2.5). 

 
Figure 2-5: Homeostatic balance of the Treg:Th17 in the gut is highly dependent on the 

environmental factors imprinting on the gut microbiota. From (Sorini and Falcone, 2013) 	

2.2.2 Genome Wide Association Studies (GWAS) associations with IBD 
 

A number of experimental colitis models have been employed in order to 

determine the contribution of IL-17 signaling in colitis pathology (Melgar et al., 

2005; Yen et al., 2006; Elliott et al., 2008; Wang et al., 2015). Although some 

authors refute the importance of IL-17 in acute DSS colitis (Kim et al., 2011), IL-

17A has been positively associated with human IBD and murine colitis (Ito et al., 

2008; Alex et al., 2009; Gelderblom et al., 2012; Hyun et al., 2012; Cătană et al., 

2015) . IL-17, a major cytokine secreted by Th17 and type 3 innate lymphoid cells 
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(ILC3) cells (reviewed in Annunziato, Romagnani and Romagnani, 2015), is a 

major antimicrobial cytokine copiously secreted in response to microbial attack 

(Korn et al., 2009; Wang et al., 2015). Interestingly, IL-17 signaling is associated 

with neutrophil accumulation (Stark et al., 2005), supporting the heightened 

neutrophil infiltration in UC and CD colon biopsies (Rhodes and Jewell, 1983; 

Bennike et al., 2015).  

	
Figure 2-6: Commensal and pathogenic bacteria can both modulate gut immune responses. 
Adapted from (Powell et al., 2017). 
	

Segmented filamentous bacteria (SFB), a known gut pathobiont, can induce IL-17 

expression in vitro, suggesting a similar effect of other yet unidentified 

pathobionts in vivo during IBD pathogenesis (Fig 2.6) (Ivanov et al., 2009). As 

stated previously, transforming growth factor (TGF)-β signaling induces the 

differentiation of both Th17 cells and Tregs depending on the cytokine milieu 

(Mangan et al., 2006). Besides TGFβ, IL-23 is also demonstrated to expand Th17 

and ILC3 cells (Yen et al., 2006; Wang et al., 2015), both potent producers of IL-

17. IL-23, primarily secreted by intestinal DCs, plays a key role in the 

pathogenesis of several immune mediated diseases including IBD (Yen et al., 

2006). Blockade of IL-12p40, the gene encoding the β subunit of IL-23 is an 

effective treatment for CD disease (Elson et al., 2004), emphasising the 

importance of the Th17 signaling pathway in CD pathology. 
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2.2.3 Innate signaling and the gut microbiota 
 

The aberrant functioning of some Toll-Like Receptors (TLRs) and their 

downstream signaling molecules is implicated in intestinal inflammation (Rakoff-

Nahoum et al., 2004; Araki et al., 2005; Frantz et al., 2012). TLRs and nucleotide-

binding oligomerisation domain (NOD) are important in mediating microbial 

signaling (Mähler et al., 1998; Nagai et al., 2006). Innate immune cells detect 

pathogenic and commensal bacteria via a conserved set of pattern recognition 

receptors that potentially activate NFkB signaling, inflammasome assembly and 

epithelial repair pathways (Newton and Dixit, 2012; Levy et al., 2015). Defects in 

the TLR and NOD like receptor (NLR) are associated with spontaneous 

microbiota driven gut inflammation (Elinav et al., 2011), while the disruption of 

the myeloid differentiation protein 88 (MyD88) central adapter (TLR signaling) 

leads to profound immune dysfunction (Araki et al., 2005; Frantz et al., 2012; 

Natividad et al., 2013). In a DSS murine model of colitis, MyD88 deficiency 

resulted in severe and lethal colitis compared to their wild-type counterparts (WT 

mice), although exacerbated colitis was independent of the gut microbiota 

(Rakoff-Nahoum et al., 2004). However, MyD88-/- mice demonstrate heightened 

bacteremia when colonized with Citrobacter rodentium, resulting in systemic 

inflammation (Lebeis et al., 2007; Bhinder et al., 2014). This demonstrates that a 

defect in innate immunity leads to the outgrowth and the systemic translocation of 

gut pathogens that contribute to the overall disease phenotype, which, 

interestingly, maybe abrogated by antibiotic treatment in a murine model of type 1 

diabetes (Wen et al., 2008). 

 

2.2.4 Secretory IgA, microbiota and IBD 
 

Secretory IgA maintains gut microbiota diversity through it ability to opsonize 

pathobionts such as Prevotellaceae, Helicobacter spp. and Segmented filamentous 

bacteria (SFB) (Birkholz et al., 1998; Suzuki et al., 2004); species all identified as 

extremely colitogenic (Kuehl et al., 2005; Hrncir et al., 2007; Elinav et al., 2011; 

Whary et al., 2014). IgA+ bacteria isolated from IBD patients, but not from 

healthy individuals, led to severe DSS induced colitis when transferred to germ-
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free mice (Palm et al., 2014). Indeed, colitogenic IgA+ can penetrate the mucus 

layer and trigger T cell dependent high affinity IgA production (Palm et al., 2014), 

while IgA deficiency is positively associated with both UC and CD susceptibility 

(Palm et al., 2014).  

 

2.2.5 The microbiota, diet and inflammation 
 

 A high fiber diet is positively correlated with reduced IBD risk (Walker et al., 

1986; De Filippo et al., 2010), while a high fat diet is associated with a number of 

inflammatory pathologies (Teixeira et al., 2011; Kim et al., 2012; Laroui et al., 

2012; Cheng et al., 2016). Diet influence is one of the contributing factors behind 

the inverse distribution of IBD when comparing high-income countries (HIC) and 

low-to-middle income countries (LMIC). A change in diet to a purified animal-

based diet rather than a plant-based has been associated with an increased risk of 

IBD in HIC. A complex plant-based diet provides a fermentable base for the gut 

microbiota, releasing SCFAs that have been shown to support epithelial cell 

function (Maslowski et al., 2009; Chassaing et al., 2015; Williams et al., 2017). 

The three most important SCFAs of current scientific interest are butyrate, 

propionate and acetate; with butyrate being the most studied SCFA in relation to 

gut homeostasis (Furusawa et al., 2013; Chang et al., 2014; Rivera-Chávez et al., 

2016). Butyrate is the preferred energy source for colonial epithelial cells (Gaudier 

et al., 2004), with reduced availability and absorption associated with increased 

intestinal inflammation.  
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Figure 2-7: Diet influence on gut inflammation, SCFA (short chain fatty acids), TMAO 

(trimethylamine N-oxide), CVD (Cardiovascular disease), IBD (Inflammatory Bowel Disease). 

Adapted from (Singh et al., 2017). 

 

Butyrate is thought to play a role in the following functions:  

 

i. Promotes production of MUC2, contributing to mucus layer integrity 

(Gaudier et al., 2004).  

ii. Regulates the production of growth factors and anti-inflammatory 

cytokines that include IL-10 (Säemann et al., 2000). 

iii. Suppresses activation of nuclear factor kappa beta (NFkB) and production 

of heat-shock protein (Venkatraman et al., 2003). 

iv. Regulates the activity of proteins involved in apoptosis such as caspase-3 

and caspase-7 (Schwab et al., 2006). 

v. Increases the activity of anti-oxidant enzymes such as the glutathione S-

transferase (GST) (Ebert et al., 2003). 

vi. Promotes the production of anti-microbial peptides (AMPs) (Schauber et 

al., 2003). 

vii. Inhibits the deacetylation of histones, hence controls cell proliferation and 

apoptosis (Chang et al., 2014). 

 

Interestingly, butyrate has been demonstrated to selectively support the growth of 

butyrate metabolizing cancer cells in vivo (Serpa et al., 2010), while a separate 

study demonstrated the inflammatory capacity of butyrate in vitro at 

concentrations higher than physiological titers in vivo (Kespohl et al., 2017). This 

may suggest the vacillating nature of butyrate regards immune modulation.  
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Besides complex polysaccharides, dietary fat content is positively associated with 

a number of inflammatory pathologies (Pacheco et al., 1987; Kim et al., 2012; 

Ghosh et al., 2013). Dietary fatty acids fall into the following categories: 

 

i. Short Chain Fatty Acids (SCFAs)  

ii. Medium Chain Fatty Acids (MCFAs) 

iii. Long Chain Fatty Acids (LCFAs) 

iv. Unsaturated Long Chain Fatty Acids (ULCFAs) 

v. Poly Unsaturated Fatty Acids (PUFAs) 

 

A diet rich in n-6 PUFA (linoleic acid) has been associated with disease, sepsis 

and mortality due to the production of proinflammatory arachidonic acid 

metabolites (de Silva et al., 2010). Researchers report the ability of an n-6 PUFA 

diet to modify the murine gut microbiome (Ghosh et al., 2013), resulting in 

intestinal inflammation. Furthermore, linoleic acid oxidized metabolites can 

activate peroxisome proliferator-activated receptor (PPAR)-γ receptor signaling in 

colon tumor cell lines, acting as endogenous ligands for PPARγ signaling and 

resulting in inflammatory responses. Indeed, PPARγ signaling is demonstrated as 

key in adipocyte differentiation, lipid metabolism and intestinal inflammation 

regulation (Tontonoz et al., 1994). The relationship between IBD and PPARγ is 

quite volatile, with contradictory research findings demonstrating either a 

beneficial or pathogenic role of PPARγ in intestinal inflammation (Shrestha et al., 

2010; Hume et al., 2012; Poliska et al., 2012). Despite the contentious discussions 

on the role of PPARγ in IBD, an important take home message is the existence of 

a nuclear transcription factor capable of modulating intestinal inflammation 

through lipid metabolite interaction with innate receptors.  

 

Sphingolipids are another class of lipids that are part of intestinal membranes and 

play an important role in regulating digestion, absorption and mucosal protection 

(Serhan et al., 1996). Dietary sphingolipids are sourced from dairy, eggs, meat and 

soy, while an infant’s only source of dietary sphingolipids is breast milk. 

Abundantly expressed on the apical membrane of intestinal cells, sphingolipids act 

as bacterial and toxin receptors. Glycosphingolipids, a member of the sphingolipid 

group, are reported to bind porcine rotavirus and Escherichia coli, enabling 
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infection of enterocytes (Lanne et al., 1995; Rolsma et al., 1998). Abnormal 

sphingolipid metabolism and composition patterns are positively associated with 

inflammatory responses and carcinogenesis (Schmelz and Merrill Jr., 1998). 

Indeed, administration of sphingomyelin in a mouse model of cancer prevented 

aberrant crypt foci development and tumorigenesis, demonstrating a protective 

effect of sphingolipids during carcinogenesis (Dillehay et al., 1994). Certain 

members of the gut microbiota that include Bacteroides spp. and Sphingomonas 

spp. can synthesize sphingolipids from the dietary components of their hosts 

(Olsen and Jantzen, 2001; An et al., 2011), demonstrating a microbiota-

sphingolipid-host interaction important in intestinal regulation.  

 

In conclusion, diet can control regulation of intestinal homeostasis in many ways.   

Bioactive molecules released by commensal bacteria are highly dependent on the 

substrates available to them within the gut, reinforcing the importance of a 

balanced diet-microbiome axis in gut inflammatory diseases. 

 

2.3 IBD Interventions 

 

IBD preferentially affects the intestinal regions with the highest abundance of 

bacteria (Hermiston and Gordon, 1995). The complexity of IBD pathology has 

limited most interventions to inflammatory symptom treatment, while the latest 

therapeutic interventions are majoring on host as well as microbiome manipulation 

to avoid steroid side effects. This section will focus on interventions aimed at 

microbial manipulation, as there exists abundant evidence supporting the role of 

the gut microbiota in IBD pathogenesis that includes: 

• Association of microbial dysbiosis with CD and UC (Litvak et al., 2017). 

• Association of IBD related genetic polymorphisms with host-microbiome 

interactions as well as the mucosal barrier (Glocker et al., 2011). 

• Efficiency of both antibiotic and probiotic administration in disease 

remission induction (Prantera et al., 2006; Sood et al., 2009; Horton et al., 

2014). 
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• Failure to induce colitis in germ free mice, with the introduction of gut 

microbiota from conventional mice associated with colitis in germ free mice 

(Brimnes et al., 2001; Mazmanian et al., 2008). 

• Mutations in Dectin-1 signaling receptor is associated with CD (Dectin-1 is 

a fungi restricted receptor, important in modulating fungal populations) (de 

Vries et al., 2009). 

• Fecal stream diversion is beneficial in CD patients (Yamamoto et al., 

2000). 

• Gnotobiotic mice have diffuse underdeveloped gastrointestinal lymph node 

structures, and are prone to spontaneous colitis (Cebra, 1999). 

 Hence, below, we discuss a couple of interventions directed at microbial 

modulation during IBD therapy.  

2.3.1 Fecal Stream Diversion 
 

Fecal diversion is the process whereby surgeons create an opening between the 

skin and either the small intestine (ileostomy) or the colon (colostomy) to treat 

rectal/anal infections, IBD/colon cancer and incontinence (Fig 2. 8).  

 
Figure 2-8: Fecal diversion and ostomies procedures. Reprinted with permission from Springer 

Link, image from (Bennett and Wick, 2017). 
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Fecal diversion results in the reduced exposure of the colon epithelium to dietary 

and fecal microbial antigens, resulting in inflammation abrogation. However, fecal 

diversion is also used to correct for anastomosis during IBD. The risk of 

developing an anastomotic leak during IBD pathology is associated with some 

biological therapies that include the use of anti-TNF (infliximab) therapy. The 

association of infliximab therapy and IBD anastomosis is quite controversial, as 

some researchers failed to demonstrate a relationship between the treatment and 

anastomotic leakage in patients, while some noted a positive association between 

IBD, surgery and infliximab therapy (Selvasekar et al., 2007; Appau et al., 2008; 

Kunitake et al., 2008; Krane et al., 2013). Meta-data analyses failed to clear the 

uncertainty between anastomosis and infliximab therapy in IBD, leading to a 

controversial discussion on the importance of fecal diversion in IBD patients 

(Selvaggi et al., 2015). However, a number of CD patients have benefitted from 

this procedure (Bafford et al., 2017), although it is not universally effective due to 

the potential deprivation of SCFAs to colonocytes, potentially resulting in colitis 

recursion (Harig et al., 1989).  

 

2.3.2 Antibiotics    	

 
Figure 2-9: Illustration of antibiotic treatment on the gut microbiota. Adapted from (Dickson, 

2017) and www.championnh.com. 

 

The effectiveness of antibiotic treatment of human IBD is limited, although 

antibiotics are reported to alleviate intestinal inflammation in various animal 

models of colitis (Perencevich and Burakoff, 2006; Reikvam et al., 2011; Horton 

et al., 2014). Several clinical studies have shown that broad-spectrum antibiotics 

improved rates of steroid-free remission in CD reviewed in (Su et al., 2015), while 

meta-analyses of randomized controlled trials showed a statistically significant 

benefit of antibiotics relative to placebo in treatment of both CD and UC (Gilat et 

al., 1987). Surprisingly, antibiotic therapy did not appear to benefit patients with 
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severe UC (Chapman et al., 1986; Mantzaris et al., 2001). In separate clinical 

trials, monotherapy of either the antibiotics ciprofloxacin or metronidazole did not 

have a beneficial outcome on IBD (Sutherland et al., 1991; Su et al., 2015), 

demonstrating the need for antibiotic cocktails to maintain remission. However, 

antibiotic interventions probably result in antibiotic resistance as well extensive 

physiological damage to the host, as prolonged exposure to metronidazole is 

associated with neurologic side effects (Gugler et al., 1989; Kuriyama et al., 

2011). 

 

Some caveats of antibiotic treatment include the potential rebound of bacterial 

colonies soon after cessation of antibiotic therapy, as demonstrated in a clinical 

trial where a dramatic increase of bacteria and inflammation was evident within 

one week of antibiotic withdrawal (Swidsinski et al., 2008). A recent Chinese 

study also noted that two thirds of gram-negative bacteria isolated from CD 

patients were ciprofloxacin resistant (Park et al., 2013), suggesting the possibility 

of antibiotic resistance in IBD patients. Inconsistent outcomes of antibiotic 

treatment are probably due to the heterogeneity of IBD as well as the diversity 

within human populations. As a cautionary tale, indiscriminately targeting the gut 

microbiota with broad-spectrum antibiotics potentially depletes both pathogens 

and beneficial bacteria, exposing the host to a number of unpredictable 

consequences. Identification of specific bacterial species associated with CD or 

UC in the general populace would help in the therapeutic design of a targeted 

antibiotic preparation. 

   

2.3.3 Enteral Nutrition Therapy (ENT) 
 

The modification of the dietary constituents of patients has long been used as a 

therapy intervention for CD reviewed in (Griffiths, 2000), with ENT being used as 

first line therapy for the induction of remission in CD (Griffiths, 2000). Although 

the mechanism of action of ENT is not well defined, prominent hypothesis include 

its ability to reduce luminal antigens arising from the patient’s food and also the 

ability of an ENT diet to modulate the gut microbiome as well as its metabolome 

(O’Morain et al., 1980). The implementation of ENT for CD therapy is quite 
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controversial, with the only ascertained beneficial results appreciated in pediatric 

and not adult CD (Griffiths et al., 1995; Dziechciarz et al., 2007). Due to the 

dietary and growth challenges faced by pediatric CD patients (Griffiths et al., 

1993; Haberman et al., 2015), ENT is one of the considered therapies to mitigate 

against CD as well malnutrition in these patients. Enteral nutrition is preferred to 

parenteral nutrition, as the latter is rarely able to deliver the calories and nutrients 

required for the maintenance of the gut immune system, with Fig 2.10 one of the 

methods used for enteral feeding. 

 
Figure 2-10: Insertion of a percutaneous endoscopic gastronomy (PEG) tube for enteral feeding. 

From (https://www.acquiredbraininjury-education.scot.nhs.uk/impact-of-abi/nutrition-and-

hydration/nutritional-support/enteral-feeding-methods/ ) 

 

Apart from providing nutritional value, ENT may potentially modulate gut 

inflammation through availing SCFAs as well as suppressing pro-inflammatory 

cytokine signaling (Sanderson, 2001). In one study, As part of a polymeric ENT 

formula, TGFβ administration (as part of a polymeric formula), resulted in a 79% 

remission rate in pediatric CD patients, accompanied by the suppression of IL-1, 

IFNγ and IL-8 transcription levels (Fell et al., 2000). In a separate study, ENT 

resulted in a fecal microbiota composition shift as well some functional 

metabolome changes that led to increased levels of anti-inflammatory SCFAs in 

children with CD (Leach et al., 2008). Interestingly, favourable therapeutic 

outcomes of ENT were associated with an initial shift in microbial composition 

towards even greater dysbiosis relative to healthy individuals (Shiga et al., 2012); 

pointing to the complex relationship between dysbiosis and IBD. 
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2.3.4 Fecal Microbiota Transplantation (FMT) 
 

The concept of FMT was introduced as a measure of reconstituting patient gut 

microbiota with microbiota from healthy donors (deemed as fit). FMT proponents 

postulate that children born through vaginal delivery are exposed to maternal 

vaginal and fecal microbiota (Dominguez-Bello et al., 2010), giving them their 

first dose of healthy microbiota with long-lasting functions. A caesarean birth is 

proposed to be too sterile and limits the amount of microbiota exposed to neonates 

(Dominguez-Bello et al., 2010), eventually having a long lasting immunological 

disadvantage that increases risks to inflammatory conditions that include 

gastrointestinal pathologies (van Best et al., 2015). 

 

The successful use of FMT to treat Clostridium difficile colitis (Fig 2.11) (Di Bella 

et al., 2015) as well as result in remission of adult UC in a placebo-controlled trial 

(Uygun et al., 2017) was however dampened by the non-beneficial result of FMT 

in a recent placebo-controlled CD trial (Gutin et al., 2019). However, a small 

cohort of CD patients demonstrated rescued pathology after FMT (Suskind et al., 

2015), adding to the controversial outcomes of FMT therapy on either CD or UC.  

 

 
Figure 2-11: Fecal Microbiota Transfer for Clostridium difficile colitis. From (A. Kucher et al., 

2017). 
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A recent clinical study that had 81 patients with mild to moderate UC randomized 

into two groups: one receiving a placebo and the other an intensive FMT treatment 

(the FOCUS trial), demonstrated the ability of FMT (from pooled donors) to result 

in UC remission after 8 weeks of FMT (Paramsothy et al., 2017). Remission was 

confirmed in 27% of the FMT treated patients through a Mayo score as well as 

endoscopic evaluation compared to only 8% of placebo treated patients 

(Paramsothy et al., 2017). These success findings are supported by another 

prospective study of 20 UC patients that demonstrated increased bacterial diversity 

and clinical disease remission in 15% of the FMT treated patients after 4 weeks of 

treatment (Ishikawa et al., 2017). However, the low success rates signal yet 

unknown confounding factors of FMT, which may include but are not limited to 

previous exposure to biologics, recipient host immune system dynamics and 

recipient host gut microbiota. Although the use of FMT for IBD therapy is 

promising, the scarcity of long-term prospective data casts a huge shadow over 

FMT adoptability in the medical field. Other questions pertinent to FMT research 

and use include: issues regarding the safety and durability of FMT in immune-

compromised patients as well as questions regarding the most appropriate dose, 

composition, donors and recipients in FMT. 

2.3.5 Probiotics 
 

The administration of probiotics as a microbial modulation measure of IBD is a 

recently appreciated practice with equivocal findings. Probiotic administration is 

beneficial in preventing antibiotic treatment-dependent post surgical complications 

in UC patients that have recently undergone an ileal pouch anal anastomosis 

(Gionchetti et al., 2003). 
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Gut-brain axis

 
Figure 2-12: Influence of probiotic intake on human physiology exemplified by the influence of 

dietary derived lactic acid producing bacteria. Adapted from (Linares et al., 2017). 

 

Probiotics are mixtures of bacteria and or yeasts with perceived beneficial health 

effects, utilized to restore gut microbial balance (Fig 2.12). The potential major 

mechanisms by which probiotics regulate homeostasis in the gut include the 

following: 

i. Modification of intestinal microbiota composition by reducing the 

prevalence of pathogenic bacteria through competition for nutrients, growth 

factors and adhesion receptors reviewed in (dos Reis et al., 2017). This also 

leads to changes in the general metabolite composition of the gut microbiome 

through the reduction of pro-carcinogenic enzymes (e.g B-glucosidase and 

nitrate reductase) (Rivera-Chávez et al., 2016). 

ii. Probiotics can also aid in the production of bioactive compounds with anti-

carcinogenic activity. This includes the increased bioavailability of SCFAs 

(Nath et al., 2018), compounds generally found in higher quantities in healthy 

individuals.  

iii. VSL#3 administration positively correlated with increased colonic 

conjugated linoleic acid (CLA) (Bassaganya-Riera et al., 2012), an anti-

proliferative and pro-apoptotic fatty acid. CLA lends its beneficial properties to 
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its ability to increase expression of peroxisome proliferation activated gamma 

receptor (PPARγ) (Bocca et al., 2007; Evans et al., 2010), a molecule involved 

in the modulation of lipid metabolism, apoptosis and immune system function 

(Poliska et al., 2012). CLA is also capable of replacing arachidonic acid (AA) 

in the cell membrane and has been shown to interfere with the activity of 

cyclooxygenase (COX2) and lipoxygenase (LOX) (Yeganeh et al., 2016). 

COX2 AND LOX are enzymes that catalyze the production of prostaglandins 

and leukotrienes from arachidonic, which are linked to increased risk of IBD 

and CRC (The IBD in EPIC Study Investigators, 2009; De Silva et al., 2011). 

iv. Probiotics are demonstrated to stimulate the expansion of colon CD4+ 

Foxp3+ Tregs leading to immune tolerance (Atarashi et al., 2013; Smith et al., 

2013).  

v. Some probiotics reduce intestinal permeability through their ability to 

modify three components in the gut: 

a. Intracolonic pH (Kruis et al., 1985; Kamath et al., 1988). 

b. Cellular junction proteins (Corridoni et al., 2012). 

c. Production of mucins (Caballero-Franco et al., 2007). 

 

The presence of mucins ensures efficient peristalsis, hence hindering the adhesion 

of pathogenic bacteria to attach to the epithelium. However, the optimal 

composition of probiotics, timing of administration and durability of the response 

are some of the questions that remain unanswered pertaining adoption of 

probiotics as the first line of treatment in IBD patients. 

 

 

2.3.6 Helminth Immunotherapy 
 

Helminth immunotherapy is one of the methods currently being trialled as an 

intervention IBD. Gastrointestinal helminths share an ecological niche with the 

intestinal microbiota and the presence of helminths alters the microbiota 

composition as well as the metabolic signature of the host (Walk et al., 2010; 

Reynolds et al., 2012; S. C. Lee et al., 2014; Houlden et al., 2015). Helminths can 

mount chronic infections through their ability to modulate the host’s immune 
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system to avoid expulsion (Finney et al., 2007; Smith et al., 2011). Typically, both 

humans and mice mount a type-2 immune response characterised by the 

production of IL-4, IL-5, IL-9 and IL-13 from type-2 innate lymphoid cells (ILC2) 

and T helper 2 (Th2) cells reviewed in (McSorley and Maizels, 2012). A type-2 

immune response is also associated with the recruitment of eosinophils, mast cells, 

basophils and alternatively activated macrophages (AAMs), required to effectively 

eliminate a helminth infection (Anthony et al., 2007; Wynn, 2015; van Rijt et al., 

2016). However, successful Heligmosomoides polygyrus (H.polygyrus) infection 

is noted to modify the host’s Th2 immune response into a T-regulatory dominated 

immune response (Finney et al., 2007; Smith et al., 2016), enabling efficient 

colonization of the host. 

 

Helminth modification of the host’s immune response 
  

Helminth infection is associated with the modulation of bystander inflammatory 

conditions that include airway hyperactivity, human and experimental colitis, 

obesity and dermatitis (Fig 2.13) (Reardon et al., 2001; R W Summers et al., 

2005; Robert W. Summers et al., 2005; Smith et al., 2007; Elliott et al., 2008; 

Ledesma-Soto et al., 2015).  

	

 
Figure 2-13: Bystander effects of helminth infections. From (McSorley and Maizels, 2012). 
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The ability of H.polygyrus to mount chronic infections in their hosts is positively 

associated with the expansion of host regulatory CD4+Foxp3+ Tregs, AAMS, 

regulatory B cells and dendritic cells (Grainger et al., 2010; McSorley and 

Maizels, 2012; Rick M. Maizels et al., 2012; Blankenhaus et al., 2014). 

H.polygyrus and Nippostrongylus brasiliensis release excretory-secretory (ES) 

products that include immuno-modulatory proteins derived from glycoproteins and 

miRNAs (Holland et al., 2000; Grainger et al., 2010; Johnston et al., 2015), with 

the H.polygyrus excretory-secretory (HES) products containing a TGFβ mimic 

capable of directly inducing CD4+Foxp3+ Tregs in vitro (Grainger et al., 2010). 

Interestingly, live H.polygyrus infection drives the expansion of mesenteric lymph 

node (MLN) CD4+CD25+Foxp3+ Tregs (Smith et al., 2011; Pastille et al., 2017). 

The ability of both live H.polygyrus infection and HES products to expand the 

regulatory compartments points to the extremely immunomodulatory capacity of 

H.polygyrus.  

 

Human epidemiological studies in Ethiopia showed a negative association 

between helminth infection and airway allergy (Scrivener et al., 2001), while a 

meta-analysis study performed by Flohr and Yeo found evidence to support an 

inverse relationship between helminth infection and atopic dermatitis (Flohr and 

Yeo, 2011). Interestingly, Correale and colleagues noted that during a five year 

follow up on multiple sclerosis (MS) patients, a subset of patients who 

accidentally got infected by helminths experienced an alleviation of MS 

symptoms, while their ‘uninfected’ counterparts experienced the ‘expected’ 

deteriorating effects of the MS condition (Correale and Farez, 2007). Summers et 

al. reported an improvement of both UC and CD symptoms in patients treated with 

Trichuris suis worms and Trichuris suis ova (R W Summers et al., 2005; Robert 

W. Summers et al., 2005), demonstrating an immunosuppressive role of both 

Trichuris suis and its ova. 

 

In murine models of inflammatory disease, chronic infection with the filarial 

worm Litosomoides sigmodontis was found to protect against airway 

hyperreactivity (Dittrich et al., 2008), while the tapeworm Taenia Crassiceps was 

able to inhibit colonic inflammation and tumor promotion during colitis-associated 

cancer (CAC) (León-Cabrera et al., 2014). The murine gastrointestinal helminth, 
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H.polygyrus, which is closely related to the human hookworms Necator 

americanus and Ancylostoma duodenale, modulates a number of bystander 

conditions reviewed in (Rick M. Maizels et al., 2012). H.polygyrus and 

H.polygyrus excretory/ secretory products (HES) have the potential of suppressing 

airway allergy (Wilson et al., 2005), autoimmune type-1 diabetes (Saunders et al., 

2007) and colitis in mice (Elliott et al., 2004; Chen et al., 2005; Sutton et al., 

2008; Hang et al., 2010). Although some helminth infections are associated with 

immune suppression, Wang and colleagues reported exacerbation of oxazolone 

colitis through an IL-5 dependent pathway by the rat tapeworm, Hymenolepis 

diminuta (Hunter et al., 2007; Wang et al., 2010), demonstrating either a 

condition, helminth or host dependent effect of helminth immunomodulation. 

 

Helminth infections, gut microbiota and host immune responses 

 

Although helminths can disrupt the gut microbial composition (Walk et al., 2010; 

S. C. Lee et al., 2014; Houlden et al., 2015), helminth-elicited taxonomical shifts 

vary over the course of infection as well as depending on bystander conditions in 

mice. Factors that include the lifecycle; size and niche of the helminth within the 

host; baseline differences in microbial compositions between individuals that 

maybe affected by the host’s diet; the helminth species and any other 

environmental factors that may impact either the helminth or the host play a key 

role in helminth-elicited taxonomic shifts. It has been suggested as well as 

demonstrated that helminths affect the structure of intestinal microbiota 

communities in the following ways: 

 

i. Possibly through the direct/indirect anti-microbial activity of their 

excretory-secretory products (Reynolds et al., 2014). 

ii. By altering nutrient and niche availability in the intestine, for example, 

impairment of glucose absorption (Houlden et al., 2015) . 

iii. Favoring outgrowth of certain Clostridiale spp., a family highly published 

for its ability to expand host Tregs (Atarashi et al., 2013; Zaiss et al., 2015). 

iv. Modification of both the innate and adaptive host’s immune responses that 

can drive modulation of intestinal microbes (Hang et al., 2014). 
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Successful H.polygyrus infection is positively correlated with an increase of gut 

Lactobacilliceae (Reynolds et al., 2014), providing evidence of a helminth-gut 

microbiota interaction. Since helminths alter the microbiota to enable host 

colonisation, helminths may drive expansion of protective microbiota members 

leading to inflammatory bacteria inhibition. A helminth-associated bloom of 

Clostridiale spp. blocked expansion of pro-inflammatory Bacteroides vulgatus and 

ameliorated disease in a mouse model of IBD (Ramanan et al., 2016). Transfer of 

gut microbiota from helminth infected mice to uninfected mice alleviated airway 

allergy (Zaiss et al., 2015), suggesting that helminths can mediate allergic 

inflammation through gut microbial modification. However, the ability of a 

helminth-modified microbiota to protect from intestinal inflammation likely 

depends on the bacterial species that are driving inflammation. In a mouse model 

of Citrobacter rodentium colitis, transfer of an H.polygyrus-modified microbiota 

to uninfected mice exacerbated colitis (C. Su et al., 2018), while H.polygyrus 

infected mice were unable to suppress Salmonella typhimurium invasion of 

epithelial cells (Su et al., 2014). The inability to suppress bacterial invasion may 

contribute to the increased intestinal colonisation of S.typhimurium seen during 

helminth infection (Bobat et al., 2014; Reynolds et al., 2017).  

 

Induction of the type-2 immune response following helminth infection may have 

indirect effects on microbial composition as well as functionality. Both 

Nippostrongylus brasiliensis or Trichuris muris infection are associated with 

changes in the host’s expression of AMPs that results in resistance to helminth 

infection (Datta et al., 2005; D’Elia et al., 2009). Interestingly, a type-2 response, 

even in the absence of live helminth infection, is sufficient to modulate intestinal 

microbiota populations reviewed in (McCoy et al., 2018). Effects of a type-2 

immune response on AMP expression and mucus likely stimulates the host to 

induce tissue repair pathways as a result of damage caused by the helminth 

infection. Surprisingly, helminth-elicited shifts in microbial populations are 

independent of IL-4 and IL-13 signaling (Rausch et al., 2013), as these shifts 

occur in IL-4Rα deficient H.polygyrus infected mice, demonstrating the 

dispensability of a Th2 anti-helminth immune response in microbial modulation 

(Rausch et al., 2013). Interestingly, a helminth modified microbiota protected 

against an a respiratory syncytial virus (RSV) infection in RAG-/- and IL-4Rα-/- 
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mice (McFarlane et al., 2017). Surprisingly, protection against lung RSV infection 

occurred after infection with irradiated H.polygyrus L3 larvae (larvae that are 

incapable of maturing into adults) (McFarlane et al., 2017). The intestinal damage 

caused by migrating larvae into intestinal tissue and the coincidental translocation 

of microbiota species into the tissue may induce a systemic innate immune 

response thus facilitating an anti-viral response in the lung, as protection was also 

lost in germ-free mice (McFarlane et al., 2017).  

 

Helminth impact on metabolism 

 

Metabolic shifts are likely a combined result of altered host, bacterial and 

helminth production of metabolites as well as altered patterns of metabolite 

utilization, excretion and absorption during helminth infection. Helminths produce 

and utilize a number of host-derived metabolites (Liu et al., 1990; Beall and 

Pearce, 2002), with some Ascaris spp. known to produce acetate (Tielens et al., 

2010), hence contributing to the host’s metabolite milieu. H.polygyrus infection is 

correlated with increased carbohydrate metabolism and SCFA concentration in 

mice (Zaiss et al., 2015), while a suppression of carbohydrate metabolic pathways 

is reported during Ascaris spp. infection in humans (S. C. Lee et al., 2014). 

Helminth-elicited effects on host metabolites may reflect different immune 

evasion strategies between helminth species; for example, Trichuris spp. may have 

evolved strategies to down-regulate carbohydrate metabolism as expulsion of 

T.suis was associated with elevated SCFAs levels in cecal contents of infected 

pigs (Thomsen et al., 2005). Ascaris spp. vitality is affected by SCFAs, as 

demonstrated by the ability of an SCFA cocktail to reduce the viability of Ascaris 

spp. eggs at low pH; hence the need to deplete it for efficient colonization (Butkus 

et al., 2011; S. C. Lee et al., 2014). On the other hand, the positive association 

between H.polygyrus and SCFAs (Zaiss et al., 2015) may be an evolutionary 

adaptation to enable expansion of Tregs, cells that are pivotal to efficient host 

colonization. It is however important to identify key microbial metabolites that are 

affected during helminth infection as this will lead to greater insight into the 

impact of helminths on metabolism and gut inflammation.  
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2.4 Murine IBD models 

  

Murine experimental models of human IBD exhibit immune pathological 

signatures similar to either CD or UC, although none can fully recapitulate human 

disease. In this section, we will review some experimental IBD models and discuss 

their beneficial aspects as well as shortcomings. 

 

2.4.1 TNBS-Induced Colitis 
 

Administration of a single dose of the contact sensitizing allergen 2,4,6-

trinitrobenzene sulfonic acid (TNBS) intrarectally results in the induction of an IL-

12 driven acute T-cell mediated colitis (Morris et al., 1989). TNBS colitis closely 

models and resembles human CD through the involvement of the NOD2 gene in 

both pathologies (Watanabe et al., 2008). TNBS colitis is characterized by 

histopathological features that include mucosal edema, crypt distortion, diffuse 

colon transmural inflammation and Th1 dominated responses (Elson et al., 1995; 

Isik et al., 2011). A high infiltration of leukocytes, erythrocytes, neutrophils, 

macrophages and lymphocytes in the mucosa and submucosa drives colon 

epithelium pathology (Cheon et al., 2012). 

 

Although the mode of irritation in TNBS is unclear, TNBS is proposed to 

haptenise the gut microbiota or epithelial cell proteins, resulting in them becoming 

immunogenic to the host and hence initiating colitis (Little and Eisen, 1966). The 

clinical importance of the TNBS model was demonstrated by the adoption of anti-

IL-12p40 antibody findings from TNBS murine experiments, and translating them 

to successful human trials (Croxford et al., 2014). The identification of the 

rVEGF164b protein (Cromer et al., 2013), an angiogenesis inhibitory molecule in 

IBD, supported the importance of the TNBS model as a suitable model for IBD 

epithelial barrier as well intestinal inflammation studies. Interestingly, although 

heightened IL-17 signaling is positively associated with human IBD as well as a 

number of IBD murine models, IL-17 signaling is protective during TNBS colitis. 

IL-17-/- deficient mice developed mild TNBS colitis (Zhang et al., 2009), while 
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IL-23 deficient mice were more resistant to intestinal inflammation (Becker et al., 

2006). 

 

Unfortunately, a small percentage of mice per each treatment will either display 

low or very high symptoms of inflammation, leading to a very high variation in 

the TNBS readout. Because of these reasons, researchers are advised to have a 

minimum of 10 mice per group to compensate for the variation. The observed 

variation may probably be due to inter-mouse variation, even within the same cage 

and experiment, and may have little to do with TNBS solution preparation. 

Experimental readout variation may be a negative factor to researchers, as some 

experimental plans may not accommodate high numbers of mice due to mice and 

experimental costs.  

 

2.4.2 Iκκ-γ (NEMO) Deficiency Colitis  
 

Iκκ-γ deficiency in intestinal epithelial cells results in spontaneous severe chronic 

colitis in mice (Nenci et al., 2007). Iκκ-γ (NEMO) is the IKK regulatory subunit 

important for NFκB activation, and NFkB is important in regulating epithelial 

integrity as well as the gut microbiota-mucosal immune system relationship 

(Ghosh et al., 2002). Intestinal inflammation following NFκB inactivation is 

characterized by extensive bacterial translocation from the lumen into the mucosa 

due to excessive epithelial cell apoptosis that leads to loss of epithelial integrity 

(Nenci et al., 2007). Interestingly, Myd88 deficiency protected against 

inflammation in these NFκB inactivated mice, demonstrating the importance of 

TLR signaling in disease pathology (Nenci et al., 2007). The resultant heightened 

sensitivity of epithelial cells to TNF in this model demonstrates the important role 

of NFκB in the maintenance of epithelial integrity (Nenci et al., 2007; Zaph et al., 

2007). A typical feature of these Iκκ-γ (NEMO) deficient mice is the diminished 

expression of defensin-3, a Paneth cell produced AMP, and this deficiency is 

associated with IBD risk in humans (Wehkamp et al., 2005). 
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2.4.3 Interleukin-10 (IL-10) Deficiency Colitis 
 

IL-10, a cytokine positively associated with immune-suppression and produced by 

a subset of CD4+ Tregs, is important in regulating intestinal immune responses so 

as to maintain an amenable relationship between commensal microbes and the 

host’s immune response (Shevach, 2009). IL-10-/- mice are highly sensitive to 

autologous commensal microbiota (Kühn et al., 1993), have poor regulatory 

responses and are extremely prone to spontaneous colitis as well as colon cancer 

(Sturlan et al., 2001). The importance of regulatory IL-10 is demonstrated by an 

inflammatory phenotype in T cell specific IL-10-/- mice (Seiffarta et al., 2015), 

showing the importance of T-cell derived IL-10 in disease pathology (Erdman et 

al., 2003). In humans, IL-10 polymorphisms are linked to congenital colitis 

(Glocker et al., 2011), while GWAS have associated IL-10 gene flanking SNPs 

with UC (Franke et al., 2008). 

 

IL-10-/- mice develop exaggerated Th1 immune responses when exposed to TLR 

ligands include lipopolysaccharide (LPS) (Daniel J Berg et al., 1996), suggesting 

that IL-10 deficiency results in failed immune-regulation and immune tolerance. 

Indeed, heightened gut inflammation in this model is apparent in regions with 

abundant gut flora, as demonstrated by Schaedler and colleagues (Schaedler et al., 

1965), underscoring the role of the gut microbiota in this colitis model. 

Surprisingly, colitis extent in the IL-10-/- model is influenced by host genetics, as 

C57BL/6 mice are more resistant to colitis compared to 129/SvEv and BALB/c 

mice (D J Berg et al., 1996). Unfortunately, research has not yet fully explained 

the disparities in colitis susceptibility amongst the above mentioned mice strains, 

although the T cell receptor (TCR) functionality is suggested to play an important 

role (D J Berg et al., 1996).  

 

2.4.4 T Cell Adoptive Transfer Model   
 

Mouse CD4+45RBhi cells can induce small bowel inflammation in immune 

compromised SCID or RAG1/2-/- mice (Fig 2.14) (Powrie et al., 1993), within 5-8 

weeks following adoptive transfer. 
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Figure 2-14: CD4+45RBhi cell adoptive transfer scheme. Adapted from (Kiesler et al., 2015). 

	
After transfer, the distal colon exhibits histopathological features that include 

inflammatory cell infiltration, aberrant crypt formation, transmural inflammation 

and epithelial cell degradation (Powrie et al., 1993). Adoptively transferred cells 

home to the intestinal tract, where they are demonstrated to differentiate into Th1 

immune cells (Chen et al., 2016). Despite their ability to home to the gut as well 

as colonize it, CD4+CD45RBlo or total CD4+ T cells are incapable of inducing 

colitis (Powrie et al., 1993), due to the presence of the CD4+CD25+Foxp3+ T-

regulatory compartment in the aforementioned cell groups (Read et al., 2000). A 

further optimization advised the transfer of CD4+CD25- T cells to produce a robust 

colitis model, a population of cells that would exclude the T-regulatory 

compartment (Kjellev et al., 2006). The ability to induce T-cell adoptive transfer 

colitis in anti-IL-10 treated SCID mice underscores the important role of IL-10 in 

abrogating disease pathology in this model (Kjellev et al., 2006). 

 

Interestingly, anti-IFNγ and anti-TNF treatment ameliorates colitis disease, 

consistent with the findings that this model of disease is associated with 

exaggerated Th1 cell responses (Powrie et al., 1994). The importance of the gut 

microbiota in this colitis model is highlighted by the fact that antibiotic treatment 

ameliorated disease, although it is unclear whether the microbiota drive the gut 

inflammation or merely exacerbate it (Lindebo Holm et al., 2012). An advantage 

to this model is the ability to examine early immunological events associated with 

gut inflammation during the course of disease. The apparent inflammatory 

response in both the small bowel as well as the colon makes this model ideal for 

the study of CD (Ostanin et al., 2006). The ability of the Treg compartment to 

abrogate colitis induction during T-cell transfer makes this an opportune model to 

also study Treg dynamics and functionality during intestinal inflammation. 
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2.4.5 Oxazolone Colitis  
 

Oxazolone colitis is established by the intrarectal administration of a haptenating 

agent oxazolone (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one) solution 

(Griswold et al., 1974). Surprisingly, unlike its closely related TNBS colitis 

model, oxazolone induces a Th2 dominated immune response characterised by IL-

4 and IL-13 cytokine dominance; with colon inflammation that closely resembles 

human UC rather than CD like TNBS (Heller et al., 2005; Meroni et al., 2018). A 

single dose administration of oxazolone results in acute superficial inflammation 

of the distal colon (Heller et al., 2002), with histopathological features that include 

goblet cell depletion, infiltration of lymphocytes and neutrophils, lamina propria 

edema and ulceration (Wang et al., 2004). Long lasting oxazolone colitis is 

induced through a pre-sensitization subcutaneous application (Heller et al., 2002), 

followed by a single intrarectal challenge of oxazolone, while weekly 

administration of oxazolone can also elicit chronic colitis in BALB/c mice 

(Kojima et al., 2004).  

 
Figure 2-15: The importance of NKT, IL-4 responsive CD4+ T cells and IL-13 signaling in 

oxazolone colitis. Adapted from (Kiesler et al., 2015; Hoving et al., 2017). 

 

NKT and other IL-13 producing cells are pivotal for the induction and sustenance 

of oxazolone colitis (Fig 2.15) (Heller et al., 2005), as NKT cell deficient mice 

and IL-13 neutralization protected mice from oxazolone colitis (Heller et al., 
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2005). NKT cells are cytotoxic to epithelial cells bearing NKT targets (Korsgren 

et al., 1999), a function augmented by IL-13 signaling (Terabe et al., 2000), 

leading to epithelial damage. Interestingly, IL-13 can undermine epithelial 

function through tight junction interference as well as epithelial cell apoptosis 

(Ahdieh et al., 2001; Sugita et al., 2018). Unfortunately, the initial source of IL-13 

in oxazolone colitis is unknown; although epithelial cell-derived IL-33 is assumed 

to induce IL-13 production from first responders (Rankin et al., 2010). 

Interestingly, oxazolone colitis is a highly valued murine model, as it closely 

models human UC in terms of morphology as well as immunopathology 

dominated by IL-13 signaling (Heller et al., 2002). The major disparity between 

oxazolone colitis and UC is the difference in the dominating NKT cell, with the 

former being driven by invariant type I NKT cells, and the latter by sulfatide 

glycolipid recognizing type II NKT cells reviewed in (Liao et al., 2013). The 

challenging aspects of oxazolone colitis are similar to those of the TNBS colitis 

model, in that there is a huge variation in the inflammatory response to oxazolone, 

resulting in some mice with very high distress scores and some with minimal 

scores. This model also exhibits a high mortality, necessitating the need of  higher 

numbers of mice per research group.    

 

2.4.6 Dextran Sodium Sulfate-Induced Colitis 
 

Dextran Sodium Sulfate (DSS) colitis is the most widely established and robust 

experimental model of colitis established by Okayasu in 1990 through the 

administration of a 40-50kDa DSS salt in drinking water (Okayasu et al., 1990). It 

is assumed to induce inflammation through binding to medium chain fatty acids 

(MCFA) present on colon epithelial cells, resulting in irritation, disruption of the 

epithelial barrier (Laroui et al., 2012) and increased permeability to commensal 

bacteria that results in local and systemic inflammation (Fig 2.16) (Chassaing et 

al., 2014).  
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Figure 2-16: Mechanism of DSS irritation on the gut epithelium. Adapted from (Kiesler et al., 

2015). 

 

The inflammatory response following epithelial inflammation is characterised by 

an influx of antimicrobial innate immune cells accompanied by a Th1 dominated 

immune response during the acute stage (Melgar et al., 2005). A number of cells 

play key roles in maintaining gut homeostasis and are pivotal during gut 

pathogenesis in DSS colitis. These cells include inflammatory neutrophils and 

macrophages, both cell types important for microbial control and epithelial healing 

(Chassaing et al., 2014). Adaptive cells that include CD8+ cytotoxic cells, CD4+ 

Th1 cells and CD4+ T-regulatory cells also play important roles in pathogenesis 

(Melgar et al., 2005; Jones et al., 2018), giving rise to a pathological phenotype 

that resembles human UC.    

 

DSS colitis exhibits a mixed Th1 immune response of elevated levels of IL-6 and 

TNF in SCID (severe combined immunodeficient mice) mice mucosal 

tissue(Dieleman et al., 1994); as well as clinical features such as mucosal 

ulceration, diarrhea, occult fecal blood, loss of weight and colon 

shortening(Okayasu et al., 1990). In its chronic state, DSS colitis is typified by a 

high expression of IL-4, with inhibition of IL-4 ameliorating disease (L Stevceva 

et al., 2001). Dieleman et al demonstrated that in its chronic state, DSS is 

characterised by both Th1 and Th2 cytokines in Swiss-Webster mice (Dieleman et 

al., 1998), while BALB/c mice lean towards a Th2 dominated immune response 
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(Dieleman et al., 1998). Interestingly, DSS colitis can be induced in immune-

deficient mice e.g. Recombination-activating gene-1 knock out (RAG-1KO) and 

SCID mice, highlighting the importance of the innate immune system in driving 

this disease (Dieleman et al., 1994; Kim et al., 2006). Recent reports support the 

role of the Th17 immune response in DSS colitis (Ito et al., 2008), similar to 

human UC (Arisawa et al., 2008), although some studies report the dispensability 

of the Th17 response during DSS colitis (Kim et al., 2011). 

 

The disruption of the epithelial barrier during DSS colitis is associated with the 

translocation of bacteria and bacterial antigens from the gut lumen into the 

submucosa (Axelsson and Midtvedts, 1996). Bacterial translocation is clearly 

established as a disease mechanism during DSS colitis; as numerous models with 

mucosal barrier defects develop gut microbiota driven spontaneous colitis or are 

easily induced of colitis (Berg et al., no date; Kühn et al., 1993; Frantz et al., 

2012). A seminal study by Hermiston and Gordon in which they replaced E-

cadherin with N-cadherin in intestinal epithelial cells (thereby undermining the 

ability of epithelial cells to adhere to each other) resulted in gastrointestinal 

inflammation only on areas adjacent to villi/patches of tissue with the protein 

substitution (Hermiston and Gordon, 1995). This strongly suggests the entry of 

commensal bacteria through the defective tight junction areas as inducers of gut 

inflammation. DSS colitis induction is very sensitive to inter-batch variability (of 

the DSS chemical). The following reviews may help future researchers optimize 

their DSS experiments (Perše and Cerar, 2012; Chassaing et al., 2014) 

 

2.4.7 Limitations of using murine models in IBD research 
 

Although a number of murine findings have contributed immensely to IBD 

research, the translation of mouse work to human applications should be 

cautionary to all researchers due to a number of reasons mentioned below: 

 

i. Mice and humans differ in their immune responses due to different 

immune system development, immune activation and immune responses to 

similar antigens (Mestas and Hughes, 2004). 
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ii. Mouse experiments tend to not recapitulate the genetic and environmental 

diversity inherent in human populations. 

iii. To determine the importance of certain genes in disease pathology, 

researchers tend to depend on transgenic knock out mice, whereas in 

human disease risk is rarely associated with the complete loss of function 

of all alleles. 

iv. Most mouse experiments fail to account for variability in response to a 

therapeutic intervention that may appear in human trials due to genetic 

polymorphisms. 

 

Although these limitations exist, the murine model presents a good opportunity to 

test the impact of specific factors on IBD, if proper and carefully experimental 

planning takes into account the different caveats associated with murine research. 
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3 AIMS, RATIONALE & OBJECTIVES 
	

AIM 
 

In this study, I sought to determine the influence of helminth infection in two 

differing murine models of IBD. I also determined how microbial dsybiosis 

following helminth infection contributed to colitis development.  

 

RATIONALE 
	

Inhabitants of LMIC are prone to helminth infections in the early stages of their 

lives, before exposure to environmental factors that increase the risk of 

developing IBD. Moreover, live helminths and their secretory products are 

demonstrated to successfully protect against IBD, suggesting the presence of 

helminth infections may have a suppressive effect on IBD development. 

Although helminth modification of the host’s microbiota has been reported, little 

is known about how microbial modulation during helminth infection stages can 

influence subsequent IBD development. I used Heligmosomoides polygyrus, a 

well-characterised helminth that wholly resides in the small intestine and is 

reported to systemically influence inflammatory conditions at distant locale.  

 

SPECIFIC OBJECTIVES 
	

1. Demonstrating the impact of prior helminth exposure on colitis 

development. 

-The impact of Heligmosomoides polygyrus infection on both oxazolone and 

DSS colitis development was defined, and the phenotypic outcomes of helminth 

influence were characterised.  

 

2. Defining the impact of helminth infection on innate and adaptive immune 

responses associated with colitis development. 

-Both the innate and adaptive immune responses are pivotal during helminth 

infection and colitis. Heligmosomoides polygyrus infection is reported to expand 

the host’s Treg compartment to enable efficient host colonization, a move that 

potentially results in bystander modulation of inflammatory conditions. Host 
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Treg and effector cell immune responses where characterised during both 

oxazolone and DSS colitis. 

 

3. Defining the helminth-microbiota relationship during DSS colitis, and the 

influence of microbial modulation on DSS colitis  

 -Microbial modulation during helminth infection is reported to influence 

bystander inflammatory conditions. I characterised translocating bacterial 

dynamics during helminth influenced DSS colitis, and determined the influence 

of probiotic administration on helminth influenced DSS colitis.    
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4 Materials and Methods 

4.1 Materials 

	

4.1.1 Ethical considerations  
	
All the animal research work was conducted in accordance with the South 

African Veterinary and Para-Veterinary Profession Act 9 of 1982. The 

University of Cape Town Faculty of Health Sciences Animal Ethics Research 

Committee (UCT-AEC) approved the study protocol, registered under the Ethics 

code of 015/001. The South African Veterinary Council (SAVC) trained and 

approved all study personnel for the handling and care of animals (AL16/1578- 

SAVC registration number). 

 

4.1.2 Animals 
 

Specific pathogen free (SPF) age-matched male and female BALB/c and 

C57BL/6 mice (6-8 weeks) bred in an SAVC authorized facility at the University 

of Cape Town Research Animal Facility (UCT-RAF, registration number 

FR15/14226) were grouped and housed in the UCT animal house facility under 

controlled temperature and photoperiods. Mice were allowed unrestricted access 

to food and autoclaved drinking water and allowed to acclimatise to the research 

unit conditions before inclusion into experiments. Care and experimentation of 

mice was performed in accordance with the institutional guidelines under 

protocols approved by the South African Veterinary Council.  

 

4.1.3 Diet 
 

Mice had unrestricted access to either a standard chow diet (#2012, 

NutritionHub-) or a linoleic acid modified diet (D16083101, Research Diets) ad 

libatum for the duration of the experimental period. The respective diet 

constituents are elaborated in the Appendix chapter. . 
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4.1.4 Helminth propagation and maintenance 
 

Heligmosomoides polygyrus infective larvae were propagated as previously 

described (Johnston et al., 2015). In summary: 

 

Life cycle and propagation 

• Distilled water-stored Heligmosomoides polygyrus L3 larvae were thrice 

washed with distilled water by centrifuging at 1500rpm/5 min. All but 500ul 

of water were removed between each wash, taking care not to disturb the 

pellet. After the last wash, the pellet was re-suspended in distilled water, ready 

for infection. 

• 6-8 week C57BL/6 mice were infected with 400 H. polygyrus L3 larvae 

in 200 µl of distilled water by oral gavage and infection was incubated for 14 

days. 

• After 14 days, mice were euthanised and the full gastrointestinal tract 

(from below the stomach to the colon) was sterile excised and drawn out in a 

petri dish. 

• Fecal material removed from the cecum and large intestine was collected 

in a sterile petri dish for further processing. 

• Feces were mixed in a ratio of at least 1:1 with washed granulated 

charcoal to achieve a consistency damp enough to adhere to filter paper.  

• Using a Pasteur pipette, we mildly dampened the filter paper and smeared 

a thin layer of the charcoal and feces mix (best layered with a forceps) on the 

center of the filter paper, making sure the mix stuck to the filter paper and 

other charcoal particles. 

• Filter paper was placed into a petri dish that was then placed into a humid 

box (layered with damp towel paper) and incubated in the dark at room 

temperature for 12-14 days.  

• L3 larvae was collected from day 7 onwards and collected at least twice 

per week for the next 2 weeks. Larvae form a ring around the edge filter paper 

in the petri dish (very prone to drying out if not collected in time). Using a 

Pasteur pipette, we washed the L3 from the edge of the filter paper using 

sterile water, making an effort not to disturb the charcoal mix.  
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• L3 larvae was collected into a 50ml falcon tube, and washed three times 

in distilled water at 1500 rpm for 10 min. Larvae was then stored at 4°C in 50 

ml distilled water until required for infection (they remain viable for at least 6 

months, after which a new batch needs to be made). 

 

4.1.5 Media preparation 
 

Blood Agar 

Pre-made blood agar plates were supplied by the National Health Laboratory 

Services, Green Point, Cape Town, South Africa. To make our own blood agar 

plates, we used BD Bacto Agar and horse blood (kindly provided by the Lindi 

Masson group, Medical Virology, UCT) acquired from Stellenbosch University, 

South Africa. 

 

• 12g of agar were added to 500ml of warmed sterile Reverse Osmosis 

(RO) water and agitated to dissolve completely. Solution was topped up to 

1000ml with cool sterile RO water. 

• The agar was split into two 1 (one) liter bottles (to prevent spill over 

during autoclaving) and autoclaved at 121°C for 15 min, and left to cool to 

body temperature. 

• 37°C-warmed horse blood was added to the warm agar, carefully agitated 

to enable full mixing (rolling closed bottle on BSC hood is more efficient) 

before pouring approximately 20ml per petri dish (leave lids slightly open to 

prevent condensation). 

• Agar plates were stored closed, inverted at 4°C overnight. Plates were 

opened slightly and left to dry before use.  

 

LB Broth 

LB Broth was prepared according to the manufacturer’s instructions. In 

summary: 

• To make 1000ml of LB broth, 20g powder was dissolved in 1000 ml of 

distilled water. 
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• The 1000 ml of LB solution were split into two 1000ml autoclave bottles 

for sterilization in the autoclave (liquids increase in volume during 

autoclaving, so broth will spill over if autoclaved in one 1000ml bottle). 

• LB broth was autoclaved at 121oC to sterilize it, left to cool, and stored 

for further use. 

 

Magnetic-activated cell sorting buffer (MACs) 

To make 1000ml of pH 7.5 MACS buffer: 

• 2mM EDTA (4ml of 0.5M EDTA) + 5g of Bovine Serum Albumin (0.5% 

BSA) were added to 976ml of 1X Phosphate Buffered Saline (1X PBS) and 

left to dissolve on bench-top at room temperature. 

• Solution was sterile filtered (0.2µm), and stored at 4oC 

 

2% Phosphate Buffered Saline Triton X-100 (2% PBST) 

To make 1000ml 2% PBST: 

• 20ml of Triton X-100 was added to 980ml 1X PBS 

• Solution was sterile filtered (0.2µm), and stored at room temperature. 

 

Red Cell Lysis Buffer (RCLB) 

To make 1000ml RCLB (pH7.3): 

• 8.26g (155mM NH4CL) + 1.19g (10mM KHCO3) + 200 µl (0.5M EDTA) 

were added to 1 liter of distilled water and left to dissolve on bench-top. 

• Solution was pH adjusted to pH7.3 

• Solution was sterile filtered (0.2µm), and stored at 4oC. 

 

Complete Media 

To make 500ml of complete media: 

• 5ml of L-glutamine (100units) + 5mls PenStrep (100units) were added to 

500ml of Roswell Park Memorial Institute (RPMI) 1640. 

• Solution was stored at 4oC until use. 
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Citrate Buffer (CB) 

To make 1000ml of 10mM CB: 

• 1.92g of anhydrous citric acid was dissolved in 1000ml distilled water. 

• pH was adjusted to pH 6.0 with NaOH, 0.5ml of Tween 20 were added 

and mixed well. 

• Solution was stored at room temperature. 

 

4.1.6 Histology materials  
All histology materials were prepared, stored and used by Lizette Fick, UCT. 

 

Haematoxylin and Eosin (H & E) 

 

Reagant: Mayer’s Haemalum 

Dissolving one reagent at a time 

• 1g of haematoxylin (yellow) pH5-7.2 was added to distilled water (stir- 

use heat if necessary to dissolve). 

• Next, 50g of ammonium alum (aluminium ammonium/potassium 

sulphate) was added, as well as 0.2g of sodium iodate and 50g of chloral 

hydrate. 

• Mixture was filtered and stored in the dark at room temperature. 

Reagant: Eosin 

• To make 1% Eosin Yellow: 1g of Eosin Yellow was dissolved in distilled 

water (thymol was added to prevent bacterial growth). 

• To make 1%  Phloxine: 1g of Phloxine was dissolved in distilled water.  

• 2 parts of 1% Eosin and 1part of 1% phloxine were added to an equal 

amount of distilled water. 

• Mixture was filtered before use. 
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Periodic Acid Schiff (PAS) 

 

Reagant: Schiff’s 

• 1g of Pararosaniline was dissolved in 200ml boiling distilled water in 

stoppered flask and continuously stirred for 5 min. 

• Solution was cooled to 50oC, filtered and 20ml of 1M hydrochloric acid 

(HCl) was added to the filtrate.  

• Solution was further cooled to 25oC, 1g of potassium Metabisulphite was 

added and solution was stored in the dark for 18-24 hours. 

• 2g of activated charcoal was added, stirred for a few min and solution 

was filtered then stored in a dark bottle.  

 

Reagant: 1% Periodic Acid 

• 1ml Periodic Acid was added to 100ml distilled water.  

 

Reagant: Scotts Water 

• 2g Potassium Bicarbonate and 20g Magnesium Sulfate were dissolved in 

1000ml of distilled water.  

Table 4.1: List of antibodies and suppliers 

ANTIBODY 

STAIN 

FLOUROCHROME SUPPLIER 

   

SURFACE STAINS 

   

CD3 (clone 17A2)  AF700 Biolegend, Sirigen 

CD4 PerCP-Cy5.5 eBioscience, San Diego 

CD8 V500 BD Bioscience 

CD11b (clone 

M1/70)  

BV421 Biolegend, Sirigen 

GR-1 (RB6-8C5) APC-eFlour 780 Affymetrix, San Diego 

Ly6G (clone 1A8) APC BD Biosciences 

F4/80 (clone BM8) PerCp-Cy5.5 (eBioscience, San 
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Diego) 

   

TRANSCRIPTION FACTORS 

   

FOXP3 (clone FJK-

165) 

APC eBioscience, Carlsbad 

KI67 (556026) FITC BD Biosciences 

   

INTRACELLULAR CYTOKINES 

   

IL-4 BV605 Biolegend, Sirigen 

IL-5 BV421 Biolegend, Sirigen 

IL-6 (MP5-20F3) PE eBioscience, San Diego 

IL-10 BV421 Biolegend, Sirigen 

IL-17A (TCII-

18H10.1) 

FITC Biolegend, Sirigen 

IFNγ (clone 

XMG.1.2) 

APC Biolegend, Sirigen 

   

TISSUE IMMUNOFLUORESCENCE ANTIBODIES 

   

CD3 (A0452)  Dako, Agilent 

β-catenin 

(D10A8)Xp 

 Cell Signaling 

Technology 

E-cadherin (4A2)  Cell Signaling 

Technology 

DAPI   Sigma Aldrich 

   

 

Table 4.2: List of reagents and suppliers 

REAGENT SUPPLIER 

  

BSA fraction V Roche, Mannheim Germany 
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Fetal Calf Serum Gibco, Life Technologies, UK 

RPMI 1640 (1X) Gibco, Life Technologies, UK 

DPBS (1X) Gibco, Life Technologies, UK 

Hanks Media (H9394) Sigma Aldrich 

Foxp3 Transcription Buffer Set Invitrogen, Thermofisher, eBioscience 

BD Cytofix/Cytoperm (554722) BD, Biosciences 

Brefeldin A (B7651) Sigma, St Louis, Missouri, USA 

Ionomycin Calcium Salt (13909) Sigma Life Technologies, USA 

Phorbol 12-Myristate 13-Acetate Sigma, St Louis, Missouri, USA 

Penicillin/Streptamicin  

(10000/10000units)/ml 

Lonza, Belgium 

L-glutamine (200mM) Lonza, Belgium 

Dextran Sulfate Sodium (DSS- 

molecular weight 40,000-50,000 

MW) 

Affymetrix, Thermo Fisher, San Diego 

4-ethoxymethylen-2-phenyl-2-

oxazolin-5-one (oxazolone) 

Sigma Aldrich, St Louis, USA 

Vivomixx (trademark VSL#3) Orphan SA Pharmaceuticals, South 

Africa 

Mouse IL-6 ELISA set Biolegend, San Diego 

Mouse TNF ELISA set Biolegend, San Diego 

  

 
Table 4.3: List of buffers and their acronyms 
BUFFER ACRONYM 

  

Magnetic activated cell sorting buffer MACS 

Red Cell Lysis Buffer RCLB 

Phosphate Buffered Solution Triton X-100 PBST 

Citrate buffer CB 

RPMI+10% FCS+ L.glutamine 

(100u)+PenStrep(100u) 

Complete Media 

4% Paraformaldehyde in 1X PBS 4% PFA 
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4.2 Methods 

Part of the helminth infections, colitis induction and tissue processing steps were 

kindly assisted by Katherine Smith, UCT; Brittany-Amber Jacobs, UCT; Rodney 

Lucas, Alisha Chetty, UCT and Matthew Darby, UCT. 

 

4.2.1 H.polygyrus Infection 
 

 6-8 week old experimental BALB/c mice were infected with 200 L3 

H.polygyrus larvae in 200µl of distilled water through oral gavage (21-gauge 

round tip needle) and infection was incubated depending on the experimental 

plans.  

 

4.2.2 Probiotic administration 
 

VSL#3 (trade name Vivomixx®) is a commercially available 8-strain lactic acid 

producing probiotic cocktail consisting of Bifidobacterium breve, 

Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, 

Lactobacillus delbrueckii subsp. Bulgaricus, Lactobacillus plantarum, 

Lactobacillus paracasei and Streptococcus salivarus subsp. Thermophilus 

(Simone, 2016). VSL#3 was administered daily during the H.polygyrus infection 

phase only in drinking water ad libatum. 1 capsule/day was dissolved in 400ml 

of UCT-RAF autoclaved water, with one mouse approximately drinking 

1.4x10^9 CFU/5 ml/day (Arthur et al., 2013). 

 

4.2.3 Oxazolone colitis induction 
 

H.polygyrus infected or uninfected 6-8 week Specific Pathogen Free (SPF1) 

male BALB/c mice were anaesthetised using Isoflourane before intrarectal 

administration of ethoxymethylen-2-phenyl-2-oxazolin-5-one (oxazolone). 150µl 

of 13,3mg/ml oxazolone dissolved in 47,5% ethanol was administered per mouse 

using an 18-gauge gavage needle (coated with KY gel) (Heller et al., 2002). 

Mice were held vertically for approximately 1 min by the base of the tail while 
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under anaesthesia, to prevent expulsion of the oxazolone solution.  

4.2.4 DSS colitis induction 
 

H.polygyrus infected or uninfected 6-8 week age matched SPF1 BALB/c mice 

were exposed to 2% (wt/vol) Dextran sulfate sodium salt (DSS) (molecular 

weight 40,000-50,000 MW) dissolved in autoclaved drinking water for 7 days 

followed by 3 days of normal drinking water as previously published (Bábíčková 

et al., 2015). Control mice received the same drinking water without DSS for the 

same number of days. 

  

4.2.5 Evaluation of colitis  
 

Animals were monitored (not-blinded) daily for weight-loss, morbidity, stool 

consistency, pilo-erection and the presence of blood in the faeces. Disease 

activity index (DAI) was calculated as previously published (Iijima et al., 2004) 

and illustrated in Table 4.4 below. 

Table 4.4: Disease Activity Index 

APPEARANCE  NATURAL BEHAVIOUR  

    

Normal 0 Normal 0 

General lack of growing 1 Minor changes 1 

Coat staring, ocular nasal 

discharge 

2 Less mobile and alert, self 

isolation 

2 

Pilo-erection, hunched up 3 Vocalization, restlessness, 

very still 

3 

    

CLINICAL SIGNS  PROVOKED 

BEHAVIOUR 

 

    

Normal color and movement 0 Normal 0 

Slight change in activity 1 Minor depression or 

exaggerated response 

1 
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Moderated change: weight 

loss, minimal diarrhea, 

minimal rectal bleeding 

2 Moderate change in expected 

behaviour 

2 

Severe change: immobility, 

lameness, serious diarrhea, 

heavy rectal bleeding 

3 Reacts violently or very weak 3 

    

 

4.2.6 Tissue Isolation and cell processing 
 

Animals were euthanised using halothane according to the institutional 

guidelines. Mice were dissected and the peritoneal lavage (PerC), entire colon, 

mesenteric lymph nodes (MLN) as well as the spleen were collected into RPMI 

media complemented with 10% fetal calf serum and 100 units L-

glutamine+Penstrep (5mls each). Single cell suspension of solid organs was 

carried out through the manual homogenizing of organ through a 70µm cell 

strainer. 

 

T cell staining 

For the detection of CD4+, CD8+ and CD4+ Foxp3+ cells, 1x10^6 cells were 

stained for 20 min at 4oC with an antibody cocktail mixture of anti-CD3, anti-

CD4 and anti-CD8 antibodies (as detailed in Table 4.1) diluted in MACs buffer 

according to the concentrations determined by titration. Cells were twice washed 

in MACS buffer at 1500/pm for 4 min, and then fixed for intra-nuclear Foxp3 

staining using the Foxp3 transcription buffer set for 30 min at 4oC. Fixed cells 

were further twice washed in Foxp3 permeabilisation buffer at 1500/pm for 

4mins before staining in Foxp3 transcription buffer with the anti-Foxp3 antibody. 

After a 30 min incubation in the dark at 4oC, cells were centrifuged at 1500/pm 

for 4 min and resuspended in Foxp3 permeabilisation buffer, before 

reconstitution in 200µl MACs buffer. Cells were acquired on an LSRII (BD 

Biosciences). 
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Intracellular staining for cytokines 

5x10^6 cells per sample were stimulated with a cocktail consisting of (0.5µg/ml) 

phorbol myristate acetate (PMA) + (1µg/ml) ionomycin + (10µg/ml) Brefeldin A 

for 3½ hours at 37oC. Surface staining was carried out on 1x10^6 with an 

antibody cocktail mixture for anti-CD3, anti-CD4 and anti-CD8 (as detailed in 

Table 4.1) diluted in MACs buffer (as detailed in Table 4.3) according to the 

concentrations determined by titration antibodies. Cells were washed twice at 

1500/pm for 4 min with MACs buffer, and fixed for intracellular cytokine 

staining using the Cytofix/Cytoperm BD kit for 30 min at 4oC in the dark. Fixed 

cells were further twice washed at 1500/pm for 4min using the Cytoperm buffer 

before staining with a cytokine antibody cocktail consisting of anti-IL-17A, anti-

IL-6 and anti-IFNγ antibodies. After a 30 min incubation at 4oC in the dark, cells 

were twice washed in Cytoperm buffer and reconstituted in 200µl MACs buffer. 

Cells were acquired on an LSRII (BD Biosciences) 

 

Innate cell staining 

For the detection of neutrophils, inflammatory monocytes and macrophages, 

1x10^6 cells were stained for 20 min at 4oC in the dark with an antibody cocktail 

mixture of anti-CD11b, anti-Gr-1 (Ly6c + Ly6g), anti-Ly6G and anti-F4/80 

antibodies (as detailed in Table 4.1) diluted in MACs buffer (as detailed in 

Table 4.3) according to the titration determined concentrations. Cells were 

washed twice at 1500pm for 4 min in MACs buffer and reconstituted in 200µl 

MACS buffer. Cells were acquired on an LSRII (BD Biosciences). 

 

Flow cytometry analysis 

All data acquired on the LSRII (BD Biosciences) was analysed in Flow Jo™ 

10.4.2 (v3.05481). Gating strategies for T-cells, Intracellular and Innate cell 

staining are illustrated in the Appendix chapter. 

 

4.2.7 Histology  
All histological sectioning and staining kindly carried out by Lizette Fick, UCT. 

 

Colons were excised and measured from just below the caecum to the rectum. 
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5µm segments were fixed in 4% Paraformaldehyde, before sectioning and 

staining with Haematoxylin and Eosin (H&E), Periodic Acid Shiff (PAS) and 

anti-CD3, as described below. 

 

Haematoxylin and Eosin (H&E) 

• 5µm colon sections were rehydrated in  sequential steps ( 1 min/step) 

summarised as follows ( xylol x3 - 100% alcohol x3 – 96% alcohol x2 – 70% 

alcohol x1 – tap water ). 

• Slides were then incubated in Haematoxylin for 9 min before rinsing in 

tap water and then Scotts water for 3 min. 

• Next, sections were re-washed in tap water for 2 min before immersing in 

1% Eosin for 2 min. 

• Sections were quickly rinsed in tap water and dehydrated through 

alcohols to xylol (inverse of the  first rehydration step). 

• Sections were covered in Entellan loaded coverslips.  

Periodic Acid Schiff (PAS) 

• 5µm colon sections were rehydrated in  sequential steps ( 1 min/step) 

summarised as follows ( xylol x3 - 100% alcohol x3 – 96% alcohol x2 – 70% 

alcohol x1 – tap water ). 

• Sections were oxidized for 5-10 min in 1% aqueous periodic acid and 

washed in running tap water for 5 min before rinsing in distilled water. 

• Next, we treated sections with the Schiff reagent for 15 min and washed 

them in running tap water for 10 min. 

• Mayer’s Haematoxylin stain was used as a counterstain for 1 min, and 

then rinsed in Scott’s water for 2 min before washing in running tap water for 5 

min. 

• Sections were dehydrated through alcohols to xylol (inverse of the first 

rehydration step) 

• Sections were covered in Entellan loaded coverslips 
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Anti-CD3 

• 5µm colon sections were rehydrated in  sequential steps (1 min/step) 

summarised as follows ( xylol x3 - 100% alcohol x3 – 96% alcohol x2 – 70% 

alcohol x1 – tap water ). 

• Samples were blocked for 15min in 3% H2O2 (diluted in distilled water) 

before rinsing in distilled water. 

• For antigen retrieval, tissue was incubated for 2min in 10mM Citrate 

Buffer (pH 6) in a pressure cooker. 

• Tissue was cooled in tap water and blocked for 20 min in normal goat 

serum (1:20), then rinsed with 2% PBST. 

•  Next, colon sections were stained with the rat anti-mouse CD3 antibody 

(diluted to 1:100 ratio) for 90 min at room temperature before washing with 

PBST.  

• Sections were left to dry at room temperature before application of Rabbit 

Envision (Dako K4003) for 30 min incubation.  

• Samples were washed again in 2% PBST; the DAB (Dako K3468) 

substrate was applied for 10 min and rinsed off in tap water for 5 min. 

• We next added Mayer’s Haematoxylin (to counter stain the nuclei of 

other cells) for 4 min, rinsed tissue in tap water for 5 min and dehydrated in 

Zylol before application of a coverslip sealed with Entellan.  

 

Histology imaging 

All histology images were captured with either a Nikon DS-Ri2high performance 

camera, Frank Brombacher Lab,UCT or the Nikon DIC Light Microscope, 

Confocal and Light Microscope Imaging Facility, UCT.  

Histology sections grading 

Grading of histopathology scores for colitis development was performed blindly 

as previously described by (Iijima et al., 2004; Hoving et al., 2012) on each 

sample as follows: 

(1) Presence of mononuclear cells,  

(2) Reduced goblet cells,  

(3) Epithelial injury,  

(4) Granulocyte infiltration, and  
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(5) Edema.  

Each criterion was scored from 0 to 3, resulting in a total cumulative score 

between 0 (absence of colitis) and 15 (maximal colitis activity). 

 

Immunofluorescence staining 

Immunofluorescence imaging kindly assisted by Susan Cooper, UCT 

 

• 5µm colon sections were rehydrated in  sequential steps ( 1 min/step) 

summarised as follows (xylol x3 - 100% alcohol x3 – 96% alcohol x2 – 70% 

alcohol x1 – tap water ). 

• For antigen retrieval, tissue was incubated for 2min in 10mM Citrate 

Buffer (pH 6) in a pressure cooker. 

• Tissue was cooled in tap water and blocked for 20 min in normal goat 

serum (1:20), then rinsed with PBST. 

• Sections were blocked in 1% BSA (bovine serum albumin) for 30 min 

and rinsed in PBST. 

• A cocktail of anti-E-cadherin (1:50) + anti-β-catenin (1:50) (Table. 1) 

was applied to the sections and incubated overnight at 4oC. 

• Next, sections were washed in PBST before incubation with secondary 

antibodies. 

• Sections were incubated for 60 min in a cocktail of Cy3 conjugated rabbit 

anti-mouse (1:1000) + Alexa-488 conjugated rat anti-rabbit (1:500) and then 

washed with PBST. 

• We next incubated sections in DAPI (0.5µg/ml PBS) for 10 min and then 

washed with PBST. 

• Further incubation in 0.1% Sudan Black (diluted in 70% alcohol) for 10 

min and rinsed first in PBST then in distilled water.  

• Sections were blotted dry and coverslips were mounted in Fade 

Fluorescent mounting medium. Slides were stored in the dark at 4oC.  

• 3D image stacks were acquired by confocal microscopy (ZEISS LSM 

510, Thornwood, NY), and images displayed as 2D maximum intensity 

projections. 
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4.2.8 Bacterial isolation, cultivation and identification 
All bacterial isolation, cultivation and gram-staining work was carried out under 

the guidance of Monalisa Manhanzva, Lindi Masson group, UCT. 

Isolation 

Spleens isolated from euthanized mice were weighed and collected into 2ml cold 

sterile PBS in order to isolate bacterial counts (Barquero-Calvo et al., 

2013).Spleens were homogenized in 2mls cold sterile PBS using the back of a 

2ml syringe and a 40µm cell strainer. 200µl of the neat solution of each sample 

was plated onto 2% blood agar plates, and the plates were left to dry before 

incubation. Plates were anaerobically incubated in a 37°C culture room for 48 

hours (Groß, 2012) and bacterial CFU/g were enumerated manually using the 

following formula: 

Total CFU units were calculated as follows: χ x γ x (ε/ν µl), where 

• χ is equal to the number of bacterial colonies you counted 

• γ is the dilution factor 

• ν volume you plated (200µl) 

• ε is the total volume of the sample (2000µl of the neat solution). 

To obtain CFU/g of tissue, the total CFU was divided by the weight of the 

spleen. 

 

Cultivation for bacterial identification 

50µl of homogenized spleen suspension prepared above was inoculated into 

15ml of Miller’s LB broth (Gibco, Life Technologies). Sample tubes were 

anaerobically incubated in a 37°C culture room for 48 hours. After 48 hours, 

samples were centrifuged at 1500/pm for 5 minutes before isolating the pellet for 

DNA extraction. 

 

DNA extraction  

Samples from the previous procedure were enzymatically digested and manually 

digested using the bead beating process and centrifuged at 10000 rpm for 1 min. 

Bacterial DNA was extracted from bacterial pellets using the PowerSoil®DNA 

isolation kit (MO BIO Laboratories Inc.) and later quantified using a Qubit® 

flourometer (ThermoFisher Scientific).  



Materials and Methods   
	

Brunette Katsandegwaza   80	

16s rRNA gene library preparation 

Gene library preparation was kindly carried out by Enock Hyvarimana, Heather 

Jaspan Lab, UCT.  

 

Bacterial DNA was prepared for the 16s rRNA library to be sequenced on the 

Illumina HiSeq 2500 platform. The V6 region was selected because of its 

taxonomic resolution as well as its short length (110 to 140 bp), which is 

compatible with the Illumina HiSeq sequencing technology. The Illumina Hiseq 

paired-end adaptor sequences and a 4-5-nucleotide barcode (enabling 

multiplexing) were included in the universal V6 primers. In summary, using a 

two step process, we amplified the hypervariable V6 region of the 16s rRNA 

gene using primers (Table 4.5 below) in PCR (Berry et al., 2012). 

 

1st step: Set 1 barcoded primers (Thermo Scientific™ Phusion™) were used to 

carry out a high fidelity DNA PCR reaction on 50ng of extracted DNA of each 

sample. PCR reactions were held at 94°C for 3 min followed by 10 

amplification cycles using a touchdown protocol with denaturation at 94°C for 

45s, annealing at 61°C for 45s with 1°C drop in each cycle and an extension at 

72°C for 45s. Amplification continued subsequently with 15 additional cycles 

using 51°C as the annealing temperature. The PCR was then terminated with a 

final elongation at 72°C for 2 min.  

 

2nd step: Set 2 primers (Thermo Scientific™ Phusion™) that are complementary 

to the flow cell primers at their 5’ ends and to the Illumina paired-end 

sequencing adapter at their 3’ end were used in a second PCR reaction. 15µl of 

the 1st PCR products were used as templates for the 2nd PCR step. Initially, 

DNA was incubated at 94°C for 3 min, followed by 15 amplification cycles at 

94°C for 45s, 65°C for 45s and 72°C for 45s with a last extension step at 72°C 

for 2 min.  

 

Gel electrophoresis was used to verify PCR amplicons, and the purified libraries 

were quality assessed using a Bioanalyzer (Agilent). The samples were then 

sequenced on the Illumina-Hiseq 2500 platform (100 bases paired end) and were 

verified by gel electrophoresis at The Center for Applied Genomics (TAGC, 
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Sick Kids, Toronto), generating approximately 500 000 high quality 

reads/sample.  

Table 4.5: V6 set of primers used for 16s sequencing. 
 

 
  Set 1 of primers 

 

Primer 

name 

LinkerPrimerSequence (5' to 3') Barcode 

sequences 

MF1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT ATAGCG 

MF2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT AGGGT 

MF3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT TTCAT 

MF4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT GATCGT 

MF5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT GCCCGT 

MF6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT CTGTC 

MF7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT CACGT 

MF8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT CGTACG 

MF9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT GGAC 

MF10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT TAGA 

MF11 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT TCAT 

MF12 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT ACTT 

MR1 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT ATAGCGA 

MR2 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT AGGGTA 

MR3 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT TTCATA 

MR4 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT GATCGTA 

MR5 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT GCCCGTA 

MR6 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT CTGTCA 

MR7 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT CACGTA 

MR8 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT CGTACGA 

MR9 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT GGACA 

MR10 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT TAGAA 

MR11 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT TCATA 

MR12 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT ACTTA 
   

 
Set 2 of primers 

 

PCRFWD1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
 

PCRRVS1 CAAGCAGAAGACGCCATACGAGATCGGTCTCGGCATTCCGTCTGAACCGCTCTTCCGATCT 
 

 

4.2.9 Microbiome data analyses 
All microbiome data analysis and graph generation was carried out by Jerome 
Wendoh, Heather Jaspan Lab, UCT. 
 
Generation of Operational Taxonomic Units (OTUs) 

QIIME (Quantitative Insights Into Microbial Ecology) platform version 1.8.0-

dev was used for quality filtering of sequencing reads (Caporaso et al., 2010). 

The QIIME processing pipeline corrects for possible biases arising from 

different depths of sequences across samples. It splits the raw sequence data into 

samples by bar codes and filters the low-quality reads, which is done using the 

QIIME database default parameters. UCLUST, a third party algorithm tool, was 

used to cluster sequencies into OTUs (Edgar, 2010), which were then blasted 
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against the GreenGenes database (DeSantis et al., 2006). A closed-reference 

OTU picking protocol at 97% sequencing identity was used.  

Determination of alpha and beta diversity 

Once we had eliminated singletons and doubletons, we determined the relative 

abundance of taxa (from phylum to the species level where possible) in QIIME. 

We selected one representative sequence from each OTU (based on the most 

abundant sequence) and used it for further downstream analysis. PyNAST was 

used to align sequences with a minimum length of 150bp and a minimum 

identity of 75%, and we then assigned taxonomy using the RDP classifier (Cole 

et al., 2007). Unifrac analysis was then used to build principal coordinate 

analyses (PCoA) beta-diversity plots (Lozupone and Knight, 2005). β-diversity 

was estimated using weighted and un-weighted UniFrac distances, the latter of 

which were then used to generate a hierarchy of cluster and ordinate samples. 

Distinct community types were defined based on hierarchical clustering and 

examination of species-level classifications (Zakrzewski et al., 2016). We 

further calculated α-diversity estimates using R-vegan library, and both the 

numerical values of alpha and beta diversity were further analysed using the 

Mann Whitney U test (Morgan and Huttenhower, 2012). 

 

Determining abundant taxa 

Differential abundance testing at higher taxonomic levels (to include bacteria 

not identified by the GreenGenes data base) was carried out to determine the 

taxa that were significantly different between groups using an adjusted p value 

of (p<0.05) and a False Discovery Rate (FDR) of 0.05 (Zakrzewski et al., 2016). 

All statistical analyses were carried out using R software (v.3.6.0), and Calypso 

software (v.8.72) (Zakrzewski et al., 2016).  

 

Statistical Analysis 
 

Statistical analyses were performed with a one-way ANOVA for all samples 

n≥4, and the non-parametric Kruskall Wallis test for some n≤4. For all 

experiments, p values are indicated or  *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. Graph generation and statistical analyses were performed with 

Prism v.7c software (GraphPad).  
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EXPERIMENTAL RESULTS CHAPTER ONE 
 

Helminth exacerbation of oxazolone colitis is dependent on live 
Heligmosomoides polygyrus infection.  

Hp + Ivermectin + oxazolone (mouse colon tissue).  Inflammatory cell infiltrate 
(H&E staining). Image credits: Brunette Katsandegwaza, 2019, UCT) 
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5 Heligmosomoides polygyrus and oxazolone colitis 
 

The immunopathogenesis of Ulcerative Colitis (UC) has baffled scientists for a 

long time, as it fits neither the Th1 nor Th2 immune paradigm. Although neither 

IFNγ (Th1) nor IL-4 (Th2) signaling dominates the acute phase of UC, an IL-13 

(Th2) response dominates and sustains subsequent chronic UC pathology (Heller 

et al., 2005; Danese et al., 2015). Due to the uncertainty of UC pathology, 

researchers have found it quite challenging to design immune specific therapies 

to counteract UC disease pathology. Fortunately, the oxazolone murine model of 

colitis highly recapitulates human UC, and enables research into otherwise 

uncharted waters of human UC research.  

 

Oxazolone colitis is induced by the administration of an oxazolone enema that 

elicits a Th2 immune response, localised in the distal part of the mouse colon 

(Kiesler et al., 2015; Wirtz et al., 2017). Two methods of oxazolone colitis 

induction are currently employed to elicit either a self-resolving acute or a 

chronic response. The former is achieved by the single administration of an 

oxazolone enema, while the latter is preceded by a dermal presensitisation five 

days before administration of an oxazolone enema (Heller et al., 2002; Yang et 

al., 2009). Both acute and chronic oxazolone colitis are characterised by a 

superficial inflammation of the colon mucosa, with a high volume of 

inflammatory infiltrate (neutrophils, macrophages and lymphocytes) and goblet 

cell depletion (Heller et al., 2002; Wang et al., 2004).  

 

A type-2 immune response dominated by IL-13 signaling is demonstrated as the 

pathology-driving factor during oxazolone colitis (Heller et al., 2002; Kiesler et 

al., 2015). IL-13 is reported to reduce epithelial barrier function by increasing 

epithelial cell apoptosis as well as tight junction permeability (Heller et al., 

2002), leading to gut pathology. Promising anti-IL-13 treatments in UC therapy 

have met with conflicting results that demonstrate inefficiency of an anti-IL-13 

intervention on UC pathology (Reinisch et al., 2015; Sandborn et al., 2017; 

Hoving, 2018). However, a recent seminal study by Hoving et al reiterated the 

importance of IL-13 signaling and therapeutics during a murine model of UC 
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(Hoving et al., 2017). These authors reported an inability to induce oxazolone 

colitis in IL-13 deficient mice, supporting the significance of IL-13 signaling in 

this model of UC and potentially in human UC as well (Hoving et al., 2017).  

 

Although the initial cell source of IL-13 is yet undetermined, both NKT and 

conventional IL-4 responsive CD4+ T cells are pivotal during oxazolone colitis 

immunopathogenesis (Heller et al., 2002; Hoving et al., 2017). Failure to induce 

colitis in LckcreIL-4Rα-/lox (BALB/c mice lacking the IL-4Rα specifically on CD4 

T cells) (Hoving et al., 2017) demonstrated the importance of CD4+IL-4 

signaling in colitis induction, although IL-4 importance wanes after the initial 4-

5 days of colitis development (Fuss and Strober, 2008). Interestingly, although 

NKT cell deficiency protected mice from colitis induction, Hoving et al 

demonstrated colitis induction in LckcreIL-4Rα-/lox mice that had been 

reconstituted with NKT depleted CD4+ T cells (CD4+/DX5-/CD1d-) before 

oxazolone administration (Hoving et al., 2017). This demonstrated the 

dispensability of NKT cells (DX5+/CD1d+) in oxazolone colitis induction, and 

points to other IL-13 sources as equally important during oxazolone colitis. 

Indeed, findings from Smith et al suggest IL-13 secretion from innate lymphoid 

cells (ILC2s) during type-2 immune response initiation (Smith et al., 2012). 

ILC2 related IL-13 production (and consequent type-2 immune response 

induction) occurred independently of the Th2 immune response, suggesting that 

innate cells may be the initial as well as strong IL-13 cell sources in type-2 

driven pathologies (Smith et al., 2012).  

 

A number of conditions and diseases that include allergy, airway hyperreactivity 

and helminth infections are driven by a type-2 immune pathology (Niwa et al., 

2004; Chen et al., 2012; Jemal et al., 2012; Smith et al., 2012; Licona-Limón et 

al., 2013; Mishra et al., 2014; van Rijt et al., 2016). Helminth infections are 

known to induce a type-2 immune response in both humans and mice (Ramanan 

et al., 2016). A typical type-2 response is characterized by both innate and 

adaptive immune cells that include eosinophils, alternatively activated 

macrophages (AAMs), dendritic cells, innate lymphoid cells 2 (ILC2) and Th2 

CD4+ T cells (Allen and Maizels, 2011). The Th2 cytokine storm that includes 

IL-4, IL-5 and IL-13 signaling probably has downstream effects that include 
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heightened mastocytosis, B cell class switching and mucosal surface goblet cell 

hyperplasia amongst other responses (Else et al., 1993; Urban et al., 1998; 

Meeusen and Balic, 2000; Maizels and Yazdanbakhsh, 2003; Finkelman et al., 

2004; Turner et al., 2013). A helminth directed Th2 immune response 

characterized by IL-4 and IL-13 ensures helminth clearance and resistance in 

immune-competent hosts (Urban et al., 1991).  

 

Intermediate and resistant hosts mount a strong type-2 immune response to clear 

out a helminth infection, characterised by mucosal lining production of IL-33 

alarmins, IL-4, IL-13, as well as a high activity of alternatively-activated 

macrophages and Th2 cells (Hepworth and Grencis, 2009; Chen et al., 2012; 

Elliott and Weinstock, 2012; Reynolds et al., 2012). However, adult 

Heligmosomoides polygyrus (H.polygyrus) elicits expansion of the host’s 

CD4+Foxp3+ (Tregs) early in infection in both susceptible and intermediate 

responder mice (C57BL/6 and BALB/c mice), thereby suppressing the host’s 

natural type-2 immune response (Behnke et al., 1987; Robinson et al., 1989; 

Zhong and Dobson, 1996; Smith et al., 2016). This immunosuppressive 

environment is characterised by heightened CD4+Treg activity and a resultant 

diminished helminth expulsion ability (Finney et al., 2007). Interestingly, such 

helminth evasion tactics have a bystander effect on a number of inflammatory 

pathologies that include the suppression of Th1, Th2 and Th17 driven 

experimental colitis pathologies (Smith et al., 2007; Ledesma-Soto et al., 2015). 

Early CD4+Treg expansion during H.polygyrus infection is significantly 

associated with efficient larvae colonisation, as early boosting of both thymus 

derived and peripheral induced CD4+Tregs through IL-2C administration 

resulted in increased worm burdens and suppressed Th2 cell effector functions 

(Smith et al., 2016).  

 

Surprisingly, unexpected high worm burdens accompanied by mixed adverse 

inflammatory responses are followed by complete Treg depletion in BALB/c 

mice, demonstrating immune chaos as well as the need of low level Treg activity 

to drive anti-helminth responses (Smith et al., 2016). This Treg:Teff balance is 

probably responsible for the dynamics of H.polygyrus infection in mildly 

resistant BALB/c mice, as these mice are initially susceptible then naturally clear 
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out the helminth infection by day-28 post infection (Reynolds et al., 2014), 

preventing a long term chronic phase. BALB/c helminth clearance most probably 

demonstrates the eventual abrogation of helminth driven Treg activity and an 

eventual host Th2 response during the chronic phase (>14 days infection). This 

may suggest a chasm between the host’s immune responses during the acute and 

chronic phase of H.polygyrus infection in BALB/c mice, with the former 

dominated by Treg activity and the latter Th2 dominated.  

 

In this study, oxazolone colitis was initially optimised by exposing male BALB/c 

mice fed different diets to an oxazolone enema. A linoleic acid rich diet is 

reported to modify the immune response associated with UC immunology 

(Pacheco et al., 1987; Wiese et al., 2016); while human and experimental dietary 

interventions demonstrate contradictory findings regards UC clinical outcomes 

(Tobias et al., 2003; Ferrucci et al., 2006; Fristche, 2008). After determining the 

influence of diet on oxazolone colitis induction, male BALB/c mice were 

exposed to a chronic (28 days before) H.polygyrus infection where they 

exhibited exacerbated weight-loss and distress after oxazolone administration. 

Interestingly, exacerbation appeared to be associated with a suppressed Th2 

immune response, suggesting a diversion from previous similar studies of 

helminths and oxazolone colitis. Although helminth clearance before oxazolone 

administration suggested to rescue mouse distress, differences between 

antihelminthic treated and non-treated colitis induced mice were not statistically 

significant, despite clear trends of heightened Th2 cytokine titers. I believe this 

study is the first to suggest helminth exacerbation of oxazolone colitis 

independent of heightened IL-13 proportions, and is also the first to suggest a 

beneficial role of antihelminthic treatment on helminth-exacerbated oxazolone 

colitis. However, further tests are needed to reduce experimental variability as 

well as confirm the functional role of IL-13 during H.polygyrus exacerbation of 

oxazolone colitis.   
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STUDY HYPOTHESIS 
 

I proposed that chronic helminth infection would exacerbate oxazolone colitis 

(experimental model of UC) due to a compounded Th2 immune response.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	
	
	

 



Experimental Results Chapter One 
	

Brunette Katsandegwaza   90	

RESULTS 
	
Increased susceptibility to oxazolone-induced colitis is associated with a low 

linoleic acid diet in male BALB/c mice. 

 

One prospective human study demonstrates a positive correlation between 

linoleic acid intake and UC development, while in another experimental dietary 

intervention trial, n-6 and n-3 PUFA administration have no influence on UC 

pathology (Tobias et al., 2003; Pearl et al., 2014; Wiese et al., 2016).  
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Figure 5-1: A linoleic acid low diet increases susceptibility to oxazolone-induced colitis in 
male BALB/c mice. 
6-8 week male BALB/c mice fed a diet of chow or modified AIN-76A (mAIN76A) ad libatum 
were administered oxazolone as illustrated (a). Weight-loss (b) and distress (c) of vehicle control 
chow (black symbols), vehicle mAIN76A diet (blue symbols), chow + oxazolone (red symbols) 
and mAIN76A + oxazolone (green symbols) were monitored over a period of 7 days as a 
measure of oxazolone colitis induction. At day 7 post oxazolone administration, mice were 
euthanised and the colons were sterile excised and measured (d). Data is presented as mean ± 
SEM and are representative of two independent repeat experiments, with n≥3 mice per group. 
Statistical significance was calculated using one-way ANOVA, with *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical comparisons are 
between the Oxazolone mAIN76A and Oxazolone chow groups. Experimental run assisted by 
Katherine Smith, UCT. 
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The influence of diet on the induction of oxazolone colitis was determined by 

exposing male BALB/c mice to either a high linoleic acid modified AIN76A diet 

(D16083101, Research Diets) or a standard chow diet (#2005, NutritionHub) 

(Fig 5.1a). Surprisingly, increased susceptibility was associated with a low 

linoleic acid diet compared to a linoleic acid enriched diet, and this was 

demonstrated by increased weight-loss and mouse distress (Fig 5.1b & c). 

Chronic ulcerative colitis is characterised by colon shortening due to excessive 

fibrosis, a complication that leads to digestive problems for UC patients (Rieder 

and Fiocchi, 2008). Colon length was measured at point of kill (Fig 5.1d) and 

male BALB/c mice fed the UCT chow diet demonstrated shorter colons 

compared to their vehicle controls. 

 

Heightened systemic IFNγ signaling in male mice fed a chow diet was 

associated with increased susceptibility to oxazolone colitis. 

 

Both human and experimental colitis are characterised by heightened 

neutrophilia and IL-13 signaling, the latter being a type-2 cytokine synonymous 

with exaggerated pathology in human UC (Heller et al., 2002, 2005; Fuss and 

Strober, 2008; Kmieć et al., 2017; Meroni et al., 2018). There was no significant 

difference in the total proportion of IL-13 expression within live cells of the 

MLN, PerC and Spleen (Fig 5.2b), compared between the standard chow and 

mAIN76A diet fed mice (Fig 5.2b). Surprisingly, susceptibility positively 

correlated with increased peritoneal (Fig 5.2cii) and splenic (Fig 5.2ciii) IFNγ 

proportions. However, although no statistical significant differences were evident 

in neutrophil proportions between the UCT chow and mAIN76A diet, a trend of 

increase in the Perc (peritoneal cavity wash) and spleen was apparent with 

respect to the standard chow fed mice (Fig 5.2dii & iii).   
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Figure 5-2: Heightened systemic IFNγ signaling in male mice fed a chow diet was associated 
with increased susceptibility to oxazolone colitis. 
6-8 week male BALB/c mice fed a diet of chow or modified AIN-76A (mAIN76A) ad libatum 
were administered oxazolone. At day 3 post oxazolone administration, mesenteric lymph nodes 
(MLN), peritoneal lavage (PerC) and spleen cells were collected and analysed by flow cytometry 
(a). For intracellular cytokine staining, cells were unspecifically stimulated with 
PMA+Ionomycin and total cytokine proportions analysed using flow cytometry. The proportion 
of IL-13 and IFNγ within live total cells acquired was quantified in the MLN, PerC and Spleen (b 
and c) in untreated controls (empty symbols), vehicle control (black symbols), mAIN76A+ 
oxazolone (green symbols) and chow + oxazolone (red symbols). MLN, PerC and splenic 
neutrophils (Gr1high + Ly6Ghigh) were gated on the CD11bhigh population. Data is presented as 
mean rank ± SEM and are representative of two independent repeat experiments, with n≥5 mice 
per group. Statistical significance was calculated using the non-parametric Kruskall Wallis test, 
with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, 
statistical comparisons are between the Oxazolone mAIN76A and Oxazolone chow groups. 
Experimental run assisted by Katherine Smith, UCT. 
 

A live helminth infection exacerbated oxazolone colitis while antihelminthic 

treatment suggested disease amelioration. 

 

Helminth infection is demonstrated to suppress a range of Th1/Th2/Th17 driven 

inflammatory conditions that include allergy, airway sensitivity, colitis as well as 

colitis-associated cancer through its ability to expand immune suppressive host 

Tregs (Wilson et al., 2005; Rick M Maizels et al., 2012; León-Cabrera et al., 

2014; Ledesma-Soto et al., 2015). However, BALB/c mice are mildly resistant to 

chronic H.polygyrus infection and naturally clear out an H.polygyrus infection by 

day-28 post infection(Reynolds et al., 2014), suggesting a weakening of the 

helminth-elicited suppressive milieu. Using the modified protocol of oxazolone 

induction (male BALB/c + standard chow diet), the influence of a prior chronic 

H.polygyrus infection on the development of oxazolone colitis was determined as 

indicated (Fig 5.3ai). H.polygyrus infected mice exhibited increased weight-loss 

compared to their oxazolone and vehicle only controls (Fig 5.3aii) and had a 

higher mortality rate (Fig 5.3aiii).  

 

Due to the self-resolving nature of oxazolone colitis as well as the high mortality 

of chronic infected mice, subsequent experiments were terminated 3 days after 

colitis induction (Fig 5.3bi). Antihelminthic treatment is advised in helminth 

endemic areas to mitigate against helminth induced malnutrition and morbidity. 

With the use of Ivermectin, a chronic helminth infection was cleared out one 
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week before oxazolone colitis induction (Fig 5.3bi). Eggs per gram were 

confirmed before and after antihelminthic treatment (Fig 5.3bii & iii). Although 

differences between the H.polygyrus infected and the helminth-cleared groups 

after oxazolone colitis were not statistically significant with respect to weight-

loss, distress scores and colon lengths (Fig 5.3c), a trend towards disease 

amelioration was evident with ivermectin treatment, demonstrated by rescued 

colon pathology (Fig 5.3d). 



Experimental Results Chapter One 
	

Brunette Katsandegwaza   95	

 

0 1 2 3 4 5 6
80

85

90

95

100

105

110

%
 o

f i
ni

tia
l b

od
y 

w
ei

gh
t

Vehicle/cntrl D21 Hp+OxaOxazolone/cntrl

Days post oxazolone
0 1 2 3 4 5 6

0

20

40

60

80

100

Days post oxazolone

Su
rv

iv
al

 %

Male BALB/c
200 L3 
H.poly

13,3mg/kg  
oxazolone

KILL

day -21

day 0

day 7

ai ii iii

1 2 3 4

60

80

100

Days post oxazolone

%
 o

f i
ni

tia
l b

od
y 

w
ei

gh
t

ns

0 1 2 3
0

1

2

3

4

5

Days post oxazolone

D
is

tr
es

s 
sc

or
es

Vehicle/cntrl Oxazolone/cntrl D28 Hp + Oxa D28 Hp+Iverm+Oxa

ns

0

5000

10000

15000

20000

Eg
gs

 p
er

 g
ra

m
 (e

pg
)

<0.0001

Before After 
0.0

5.0×103

1.0×104

1.5×104

Eg
gs

 p
er

 g
ra

m
 (e

pg
)

0.0006

0

50

100

150

Treatments

C
ol

on
 le

ng
th

 (m
m

)

ns

Male BALB/c
200 L3 
H.poly

13,3mg/kg  
oxazolone

KILL

day 
-35/-28

day 0

day 3

Ivermectinday -7

Vehicle/cntrl Oxazolone/cntrl D28 Hp + Oxa D28 Hp +  Iverm + Oxa

bi ii iii

ci ii iii

d

 
Figure 5-3: A live helminth infection exacerbated oxazolone colitis while antihelminthic 
treatment correlated with a colon integrity rescue. 
6-8 week male BALB/c male mice fed the chow diet were infected with 200 L3 H.polygyrus 
larvae for 21 days before oxazolone administration as illustrated (ai) and weight-loss and rate of 
survival were monitored for a period of 7 days (aii & aiii) in vehicle controls (black symbols), 
oxazolone controls (empty symbols) and helminth infected + oxazolone (purple symbols). In a 
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follow up experiment (bi), chronic helminth infection was cleared out using ivermectin and eggs 
per gram (epg) were measured in vehicle controls (black symbols), oxazolone controls (empty 
symbols), helminth infected + oxazolone (red symbols) and helminth infected+ ivermectin + 
oxazolone (teal symbols) before oxazolone colitis induction as illustrated (b). Weight-loss and 
distress severity were monitored for a period of 3 days (ci and cii). Colon length was determined 
at point of euthanasia (ciii), and 1mm distal colon sections were fixed in 4% PFA, sectioned and 
stained for inflammatory cells (H&E) and goblet cell distribution (PAS). Illustrated are 
representative PAS (goblet cells) sections (d). Data is presented as mean ± SEM and are pooled 
from two independent repeat experiments, with n≥5 mice per group. Statistical significance was 
calculated using one-way ANOVA, with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and 
ns=not significant. Unless indicated, statistical comparisons are between the helminth infected + 
oxazolone and helminth infected + ivermectin + oxazolone groups. Histology staining assisted by 
Lizette Fick, UCT 
 

Antihelminthic treatment of oxazolone colitis infected mice appeared to 

rescue mesenteric IL-4, IL-5 and IL-13 cytokine proportions. 

 

Host anti-helminth responses are characterised by type-2 immune responses 

typified by heightened IL-13 signaling (Th2 immune responses) (Brombacher, 

2000; Reynolds et al., 2012). Chronic H.polygyrus infected mice demonstrated 

relatively reduced levels of total IL-4, IL-5 and IL-13 after oxazolone 

administration (Fig 5.4a) compared to the oxazolone only treated controls, 

suggesting an immunosuppressive effect of helminths on total Th2 cytokine 

production. Interestingly, ivermectin treated mice demonstrated a bias towards 

heightened total IL-4, IL-5 and IL-13 proportions compared to the helminth 

infected group (Fig 5.4a). Ivermectin is reported to cause an increase in chloride 

ion influx into adult nematode worms, resulting in a nervous and cellular 

signaling breakdown and eventually leading to death and clearance of the worm 

(Wahid and Conway, 1989). Current research demonstrates the importance of 

NKT cells as well as IL-4 responsive CD4+ T cells as major IL-13 producers 

during experimental Ulcerative Colitis (Hoving et al., 2017). CD4+ and NKT 

(gating strategy in appendix) cells from ivermectin treated mice displayed a bias 

towards heightened IL-4, IL-5 and IL-13 frequencies (Fig 5.4b & c), although 

these were not statistically significant compared to their non-treated infected 
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Figure 5-4: Antihelminthic treatment of oxazolone colitis infected mice is associated with a 
heightened Th2 immune response characterised by a rescue of mesenteric IL-4, IL-5 and 
IL-13 cytokine proportions. 
H.polygyrus chronic infected chow fed mice were treated with an antihelminthic before 
oxazolone administration. At day 3 post oxazolone administration; mesenteric lymph nodes 
(MLN) were collected, unspecifically stimulated with PMA+ Ionomycin and analysed by flow 
cytometry for IL-4, IL-5 and IL-13 cytokines. Total IL-4, IL-5 and IL-13 cytokine proportions 
were determined from total cells acquired (a), with further characterisation of both CD4+ (b) and 
NKT (c) IL-4, IL-5 and IL-13 cytokines in vehicle controls (black symbols), oxazolone controls 
(empty symbols), helminth infected + oxazolone (red symbols) and helminth infected+ 
ivermectin + oxazolone (teal symbols). Data is presented as mean rank ± SEM and are 
representative of three independent repeat experiments, with n≥3 mice per group. Statistical 
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significance was calculated using the non-parametric Kruskall Wallis test, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical 
comparisons are between the helminth infected + oxazolone and helminth infected + ivermectin + 
oxazolone groups. 
 

Rescued local Th2 immune responses after Ivermectin treatment positively 

associated with exhaustion of systemic Treg absolute numbers.  

 

The Treg:Teffector relationship regulates homeostatic and inflammatory 

responses. Although the Treg compartment is redundant during chronic 

H.polygyrus infection immunity, low level Treg activity is required for efficient 

Th2 anti-helminth immune responses as well as to prevent immune chaos (Smith 

et al., 2016). After determining the rebound of mesenteric Th2 immune 

responses after helminth clearance, the Treg and T effector kinetics respective to 

Ivermectin treatment were determined (Fig 5.5a). Although CD4+Foxp3+ Treg 

proportions were quite similar between the helminth infected and helminth 

cleared groups (Fig 5.5bi), CD4+Foxp3+ Treg absolute numbers were 

significantly different between the compared groups (Fig 5.5bii). Interestingly, 

the same profile was mirrored in the CD4+ effector proportions and absolute 

numbers (Fig 5.5c), suggesting helminth elicited splenomegaly as a factor behind 

significantly different absolute numbers. Surprisingly, helminth clearance did not 

have an impact on typical Th1 (IFNγ) and Th17 (IL-17A) immune response (Fig 

5.5d & e), pointing to a restricted Thelper activation milieu. 
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Figure 5-5: Exhaustion of systemic Treg numbers positively correlated with Th2 immune 
response rescue after ivermectin treatment.  
H.polygyrus chronic infected chow fed mice were treated with an antihelminthic drug before 
oxazolone administration. At day 3 post oxazolone administration mesenteric lymph nodes 
(MLN), peritoneal lavage (PerC) and Spleen were collected and analysed by flow cytometry for 
CD4+Foxp3+(Tregs) and CD4+Foxp3- (effectors) (a). For intracellular cytokine staining, cells 
were unspecifically stimulated with PMA+Ionomycin and total IFNγ, IL-10 and IL-17A total 
cytokine proportions analysed in vehicle controls (black symbols), oxazolone controls (empty 
symbols), helminth infected + oxazolone (red symbols) and helminth infected+ ivermectin + 
oxazolone (teal symbols) using flow cytometry. Data is presented as mean rank ± SEM and are 
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representative of three independent repeat experiments, with n≥3 mice per group. Statistical 
significance was calculated using the non-parametric Kruskall Wallis test, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical 
comparisons are between the helminth infected + oxazolone and helminth infected + ivermectin + 
oxazolone groups. 
 

Helminth clearance had no impact on systemic neutrophil proportions. 

 

Colon and systemic neutrophilia is one of the hallmark features of chronic 

human UC as well as being an important readout for experimental colitis 

(Rudolph et al., 1995; Watanabe et al., 1998; Mizoguchi, 2006). We analysed for 

systemic neutrophilia to determine extent of inflammatory responses (Fig 5.6a). 

Although helminth infection resulted in splenic neutrophilia, antihelminthic 

treatment had no influence on both peritoneal and splenic neutrophil proportions 

(Fig 5.6b). H.polygyrus infection is associated with increased regulatory 

alternatively activated macrophages (AAM) activity (Kreider et al., 2007), while 

infiltrating macrophages are positively associated with UC pathology 

(Heinsbroek and Gordon, 2009). Surprisingly, helminth infection correlated with 

suppressed peritoneal and spleen macrophages proportions, suggesting 

dispensability of macrophages in both helminth exacerbation of oxazolone colitis 

as well as anti-helminth responses in this model.  
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Figure 5-6: Helminth clearance had no impact on systemic neutrophil proportions. 
H.polygyrus chronic infected chow fed mice were treated with an antihelminthic drug before 
oxazolone administration. At day-3 post oxazolone administration, mice were killed and 
peritoneal lavage (PerC) and Spleen were collected and analysed by flow cytometry for 
neutrophils (Gr1highLy6Ghigh) and macrophages (CD11b+F4/80+) (peritoneal cavity gating 
illustrated)(a). Peritoneal and splenic neutrophil (b) macrophage (c) proportions for vehicle 
controls (black symbols), oxazolone controls (empty symbols), helminth infected + oxazolone 
(red symbols) and helminth infected+ ivermectin + oxazolone (teal symbols) are illustrated. Data 
is presented as mean rank ± SEM and is representative of three independent repeat experiments, 
with n≥3 mice per group. Statistical significance was calculated using the non-parametric 
Kruskall Wallis test, with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. 
Unless indicated, statistical comparisons are between the helminth infected + oxazolone and 
helminth infected + ivermectin + oxazolone groups. 
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DISCUSSION 
	
Although there is no guaranteed dietary intervention for Ulcerative Colitis (UC), 

recent research findings suggest a diet low in linoleic acid to be beneficial to gut 

health. Two recent 4-year prospective study (EPIC) demonstrated an increased 

risk of UC in patients with a high linoleic acid intake (The IBD in EPIC Study 

Investigators, 2009; De Silva et al., 2011), while a retrospective study by 

Geerling et al., reported increased UC risk with total n-6 PUFA intake (Geerling 

et al., 2000). While diets rich in n-3 PUFAs instead of n-6 PUFAs (linoleic acid) 

are mostly advised for and associated with reduced gut inflammation (Stenson et 

al., 1992; The IBD in EPIC Study Investigators, 2009; De Silva et al., 2011; 

Pearl et al., 2014), a number of studies demonstrate non influential roles of both 

n-3 and n-6 PUFAs on UC (Hawthorne et al., 1992; Hart et al., 2008; Turner et 

al., 2011; Ananthakrishnan et al., 2014), leading to controversial discussions on 

the efficacy of n-6/n-3 diet influence on UC.  

 

Interestingly, in this study, heightened colitis exacerbation was associated with a 

standard chow diet (low in linoleic acid) (Fig 5.1), contrary to published research 

findings of linoleic acid driving colitic inflammation (DeMar Jr et al., 2004; 

Kansal et al., 2014; Pearl et al., 2014). Standard chow diet consists of a low 

n6:n3 PUFA ratio compared to the high n6:n3 ratio in the linoleic acid modified 

AIN76A diet (see Appendix). Dietary linoleic acid is metabolically converted to 

arachidonic acid (AA) (Ghosh et al., 2013), and AA, an important component of 

the epithelial phospholipid layer, is further metabolized into either eicosanoids, 

prostaglandins, leukotrienes or thromboxanes.  High titers of prostaglandins, 

eicosanoids, COX2 and leukotriene B4 are reported in human and murine UC 

mucosal biopsies (Sharon and Stenson, 1985; Isseroff et al., 1987; Nishida et al., 

1987; DeMar Jr et al., 2004; Gravaghi et al., 2011; Kansal et al., 2014), 

suggesting a debilitating role for AA metabolites in UC pathology. However, in 

this study, increased susceptibility to oxazolone was independent of linoleic acid, 

demonstrating the possibility of either host determining factors or other diet 

components playing a role in colitis susceptibility.  

 

Quite surprising, I found that susceptibility to oxazolone colitis positively 
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associated with increased systemic IFNγ frequencies (Fig 5.2), while negatively 

associating with both local and systemic IL-13 frequencies, contrary to published 

literature (Heller et al., 2002; Hoving et al., 2012; Meroni et al., 2018). Although 

a complex set of pro-inflammatory cytokines is apparent in human UC, the 

importance of IFNγ is only demonstrated in a few studies that include a dextran 

sulfate sodium (DSS) model of experimental IBD as well as in IFNγ driven 

human IBD (Ito et al., 2006; Rafa et al., 2010). In the former case, pathology 

was correlated to heightened gut IFNγ secretion, with IFNγ-/- mice refractory to 

DSS colitis (Ito et al., 2006). Interestingly, type-I interferons can downregulate 

Th2 (IL-4 and IL-13) immune signaling (McRae et al., 1997; Kaser and 

Blumberg, 2011; McFarlane et al., 2017). It is possible then that a high IFNγ titer 

in the oxazolone administered mice might have suppressed IL-13 titers, albeit 

with the same expected phenotype outcome of exacerbated pathology. 

 

Although I demonstrated that helminth infection exacerbated oxazolone colitis 

(Fig 5.3), it was quite surprising that exacerbation was independent of 

heightened Th2 cytokine proportions (Fig 5.4). Indeed, a closer look at my 

findings demonstrated a local (MLN) and systemic (spleen) IFNγ bias (Fig 5.5) 

in helminth-infected animals with severe oxazolone colitis. Th2 cytokine titers 

(Fig 5.4) negatively associated with pathology, quite contrary to findings by 

Hunter et al., who demonstrated helminth exacerbation of oxazolone colitis 

associating with a heightened Th2 immune response (Hunter et al., 2007). The 

previous authors made use of an acute Hymenolepis diminuta (H.diminuta) 

infection, while this study used a chronic H.polygyrus infection, and this 

difference, including the fact that H.diminuta is an extraintestinal non-murine 

parasite while H.polygyrus is a small intestine parasite, may contribute to the 

immunological differences between our studies. Despite the experimental 

differences between these two studies, we appreciate that helminth infection 

exacerbates oxazolone colitis, irrespective of helminth species and phase of 

infection (Hunter et al., 2007; Wang et al., 2010). The dominance of IFNγ 

proportions in both oxazolone only administered mice as well as helminth 

infected oxazolone administered mice may suggest an IFNγ dependent 

susceptibility in male BALB/c mice fed a standard chow diet. This proposed 

mechanism for disease could be tested further through the use of IFNγ blocking 
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antibodies, microRNA targeting IFNγ expression or IFNγ-/- mice in order to 

confirm the role of IFNγ in helminth exacerbation of oxazalone colitis.  

 

Given the impact of helminth infection on oxazalone-induction, I then tested 

whether live, chronic infection was required for exacerbation of disease.  I made 

use of the antihelminthic ivermectin during infection and assessed how helminth 

clearance would influence colitis induction. Helminth endemic nations carry out 

herd antihelminthic treatments in an effort to control helminth induced 

malnutrition and morbidity. Coincidentally, these programs target school going 

age groups, children who are not yet in the ‘high environmental risk‘ category of 

UC development. Hence, I induced helminth expulsion before colitis induction, 

in order to model current kinetics of helminth infection and UC development in 

human populations. Helminth clearance appeared to rescue pathology (Fig 5.3) 

and was associated with a trend towards a Th2 cytokine rebound (Fig 5.4). 

Although both NKT and CD4+ T cells are reported to be major IL-13 producers 

(Heller et al., 2002; Hoving et al., 2017), I found that CD4+DX5-T cells 

(deficient of NKT cells), secreted higher titers of IL-13 compared to NKT cells 

(Fig 5.4). These findings suggest that CD4+ T cells produce higher titers of IL-13 

compared to NKT cells, and supports previously published findings of IL-4 

responsive CD4+ T cells as an important group in IL-13 driven oxazolone colitis 

(Hoving et al., 2017). Surprisingly, a minor reduction of colitic symptoms 

through antihelminthic treatment associated with mesenteric IFNγ ablation, 

further supporting our premise of IFNγ associated colitis pathology. 

 

The Treg:Teffector immune milieu determines extent of H.polygyrus infection in 

BALB/c mice. In this study, increased splenic Treg numbers positively 

correlated with live helminth infection and the suppression of Th2 cytokine titers 

(Fig 5.5). This supports previous publications demonstrating Treg suppression of 

anti-helminth effector responses and the consequent Th2 dependent responses in 

helminth cleared mice, both of which are widely published (Grainger et al., 

2010; Smith et al., 2016; C. wen Su et al., 2018). Part of the Th2 dependent 

effector responses includes expansion of IL-4 receptive alternatively activated 

macrophages (AAMs). AAMs play an important role in larvae-elicited 

granuloma formation (Kreider et al., 2007) and are also quickly recruited to 
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damaged or inflamed epithelial sites to enable mucosal healing. Although we did 

not further characterise macrophage phenotypes in this study, dampened Th2 

responses and increased Treg numbers in helminth infected mice correlated with 

depressed peritoneal and macrophage proportions (Fig 5.6), a phenomenon quite 

similar to the depression of AAMs after Treg boosting in H.polygyrus infected 

BALB/c mice (Smith et al., 2016). Surprisingly, helminth clearance failed to 

rescue the macrophage proportions, suggesting either the redundancy of 

macrophages in helminth exacerbation of oxazolone colitis, or the possibility of a 

phenotype switch. Indeed, parasite specific Th2 activated neutrophils were 

demonstrated to prime M2-like macrophages leading to efficient helminth 

clearance (Chen et al., 2014) during a Nippostrongylus brasiliensis lung 

infection, demonstrating the possibility of macrophage phenotype switching 

during helminth infections. Interestingly, peritoneal and splenic neutrophil 

proportions paralleled macrophage proportions in the same locale (Fig 5.6), 

suggesting a universal impact of helminth infection as well as ivermectin 

treatment on innate cell populations.  

 

Some of the major caveats of this study lie in the difficulty to reproduce the 

model with high precision in a number of repeat experiments. The model solely 

relies on the intrarectal administration of a haptenating agent that was mostly 

hindered or affected by fecal matter in the host’s gastrointestinal tract, resulting 

in a lack of reproducibility between one mouse and the next. Once infected, 

oxazolone administration resulted in high mouse mortality rates, hindering long-

term immunological studies. Fortunately, sampling at an earlier time point 

enabled immunological evaluations of disease pathology, although this also 

prevented monitoring of pathology over a longer period. Besides researcher-

introduced errors, biological variance maybe introduced through H.polygyrus 

infection. Although approximately 200 L3 H.polygyrus larvae were oral gavaged 

into each mouse, we did not determine the sex ratios of male to female L3 larvae. 

Research reports the high antigenicity of male H.polygyrus adult worms in mice, 

making them more vulnerable to host immune responses (Adams et al., 1988). 

Hence, inter-mouse variation between mice can result in different immune 

responses in oxazolone-induced mice. We also carried out predisposition and not 

therapeutic studies, hence we can only confidently conclude on how prior 
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helminth infection potentially exacerbates colitis and not how a helminth 

infection may be used as a treatment for colitis.  

  

Overall, my findings suggests that live chronic helminth infection can influence 

the host’s Treg activity, an effect that probably influences Th2 (effector) cell and 

innate immune cell functionality leading to host colonisation. However, in this 

study, host colonisation probably resulted in oxazolone colitis exacerbation, an 

outcome abrogated through helminth clearance. Helminth clearance appeared to 

result in the rebound of Th2 responses. In conclusion, we demonstrated a diet 

dependent susceptibility of male BALB/c mice to oxazolone colitis, which was 

associated with heightened systemic IFNγ frequencies. Helminth infection 

exacerbated colitis, and this correlated to suppressed type-2 immune responses. 

Antihelminthic treatment of infected mice appeared to ameliorate exacerbation of 

oxazolone colitis through a heightened Th2 immune response, characterised by 

increased CD4+ T cell and NKT cell secretion of IL-4, IL-5 and IL-13 in the 

mesenteric lymph nodes. We believe our research is the first to demonstrate the 

influence of diet on oxazolone colitis as well as the importance of antihelminthic 

treatment on helminth exacerbated experimental and possibly human ulcerative 

colitis. We place an argument for further research into the influence of anti-

helminthic treatment on helminth infection driven pathologies..  



	 	 	
	

 

 
		

 

 
 

 

DSS only colon image. Cell nuclei (red) and mucus (Alcian blue staining). (Image credits: Brunette Katsandegwaza, 2017, 
UCT)  

EXPERIMENTAL RESULTS CHAPTER TWO 
 

H.polygyrus exacerbation of DSS colitis is associated with dysregulation of local 
and systemic CD4+ T cell responses. 
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6 Heligmosomoides polygyrus and DSS colitis 
 
The quest for Ulcerative Colitis (UC) biological therapies has opened up 

interesting fields of research that have contributed vast amounts of knowledge 

and furthered the understanding of Inflammatory Bowel Disease (IBD) 

pathology. Of the different potential UC biological therapies, the field of 

helminth immunotherapy has not only gripped the minds of researchers, but has 

actually lent great promise to UC therapy. Helminth immunotherapy is the 

process whereby patients with either autoimmune or inflammatory conditions are 

exposed to either a helminth infection, helminth ova or helminth products in an 

attempt to suppress or ameliorate disease pathology. The premise behind this 

therapy is derived from epidemiological findings of the global inverse 

relationship between helminth infection prevalence and IBD incidence.  

 

These epidemiological findings are supported by human experimental research 

demonstrating the ability of helminth infections as well as helminth products in 

ameliorating both Ulcerative Colitis (UC) and Crohn’s disease (CD) symptoms 

(R W Summers et al., 2005; Robert W. Summers et al., 2005). Clinical trials 

report the beneficial influence of helminth therapy on inflammatory diseases that 

include Multiple Sclerosis (Correale and Farez, 2007), asthma (Feary et al., 

2010) and UC (Broadhurst et al., 2010). Reported successes appear to be study, 

disease and patient specific as successful outcomes after Trichuris suis infection 

and Trichuris suis ova treatment on both CD and UC respectively are 

contradicted by the non beneficial effect of Trichuris suis ova on grass pollen-

induced rhinitis (R W Summers et al., 2005; Robert W. Summers et al., 2005; 

Bager et al., 2010). The limitations of human experimental research necessitate 

the heavy dependence of disease pathology research on either cell culture or 

murine models.  

 

Indeed, murine work emphasises the ability of helminth infection to suppress 

disease in different models of colitis (Elliott et al., 2003, 2004; Smith et al., 

2007; Sutton et al., 2008; Wang et al., 2008; Ruyssers et al., 2009; Hang et al., 

2010). However, contradictory findings in mouse models of disease demonstrate 
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an aggravatory influence of helminths on some bystander conditions. 

Hymenolepis diminuta is known to exacerbate murine experimental bacterial 

colitis and oxazolone colitis (Hunter et al., 2007; Wang et al., 2010), while 

Heligmosomoides polygyrus (H.polygyrus) infection drives carcinogenesis in a 

murine model of colon cancer (Pastille et al., 2017). Despite the controversial 

findings behind experimental helminth therapy, the ability of helminths to 

chronically establish in their hosts is suggested to be the driving factor behind 

their immunomodulatory effects on bystander conditions. H.polygyrus, a natural 

murine helminth infection closely related to the human pinworm, Trichuris spp. 

expands the host’s immunosuppressive regulatory T cells (Tregs) through the 

secretion of a TGFβ mimic capable of signaling through the host’s TGFβ 

signaling pathway (Takahashi et al., 1998; Finney et al., 2007; Grainger et al., 

2010). Interestingly, expansion of Tregs in host mucosal tissues is a consequence 

of H.polygyrus larval migration and worm establishment (Smith et al., 2016), 

and the initial Treg:Teffector dynamic plays an important role in the outcome of 

helminth infection.  

 

The significance of Treg expansion during early helminth infection is 

demonstrated by heightened H.polygyrus worm and egg burdens in BALB/c 

mice after IL-2C Treg boosting (Smith et al., 2016). Treg boosting immediately 

before infection also resulted in diminished Th2 cytokine and alternative 

activated macrophages (AAMs) proportions, leading to impaired anti-helminth 

responses (Smith et al., 2016). The partial ablation of CD4+CD25+Foxp3+ Tregs 

during early H. polygyrus infection as well as during Strongyloides ratti infection 

in BALB/c mice resulted in increased helminth expulsion; suggesting that 

infection drives Treg expansion in order to evade host immunity. This 

consequentially increases the helminth’s chance of survival in the host while 

suppressing immune responses to bystander conditions (Blankenhaus et al., 

2014; Smith et al., 2016). Interestingly, Treg depletion in late stage H.polygyrus 

infection had no impact on worm or egg burden in C57BL/6 mice, implying the 

dispensability of Treg activity during late stage infection, or a host dependent 

response (Smith et al., 2016). 
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Indeed, the H.polygyrus larval stage is suggested to be the most antigenic and 

immunosuppressive compared to the adult worms (Donskow-Łysoniewska et al., 

2013). This would suggest that, in partially resistant mouse strains (e.g. 

BALB/c), the early stages of H.polygyrus infection drives efficient 

immunosuppression through Treg expansion, a phenomenon eventually 

overridden by the host’s Th2 responses in the late stages of infection, resulting in 

the eventual clearance of adult worms. Because the kinetics of helminth infection 

(in this case H.polygyrus infection) in mice are key determinants of the host’s 

innate and adaptive immune responses during the different phases of infection; I 

investigated the influence of prior helminth infection on the development of DSS 

colitis, a murine model of human UC. Making use of either an acute or chronic 

infection, the influence of different phases of infection on the host’s innate, 

adaptive and regulatory immune responses during dextran sulfate sodium (DSS) 

colitis was assessed.  

 

The DSS colitis model is an extensively used robust experimental model for 

human UC (Okayasu et al., 1990), typified by a type-1 (IFNγ) acute immune 

response that later matures into a type-2 (IL-4 driven) immune response in the 

chronic phase, similar to human UC (Strober and Fuss, 2011; Chassaing et al., 

2014). Recent reports point to the potential role of a microbial driven Th17 

immune response during DSS colitis, after findings of the seminal role of the gut 

microbiota in DSS colitis pathology (Alex et al., 2009; Chassaing et al., 2014). 

This IL-17/IL-23 axis plays an important role in colitis regulation (Yen et al., 

2006), demonstrated by colitis amelioration in IL-17 deficient mice (Ito et al., 

2008) as well as high IL-17 titers in human UC tissue (Duerr et al., 2006; Cătană 

et al., 2015). Paradoxically, Kim et al., demonstrated ablated Th17 cells in DSS 

administered colon tissue, arguing for a controversial role of the Th17 response 

during experimental UC (Kim et al., 2011). 

 

Despite the disparities in the immune responses dominating the different DSS 

phases, both acute and chronic DSS phases are characterized by weight-loss, 

occult blood, goblet cell depletion, epithelial degradation, changes in cell surface 

junction proteins and ulceration (Liljana Stevceva et al., 2001; Melgar et al., 

2005). The differences between the acute and the chronic phase are the 
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occasional infiltration of neutrophils in the former and that of mononuclear 

leukocytes and lymphocytes in the latter (Axelsson and Goldschmidt, 1996; 

Chassaing et al., 2014). These DSS clinical and histological features model those 

seen in human UC, making this simple colitis model perfect for UC research.  

 

An interesting limitation of this model, differentiating it from human UC, is the 

dispensability of both T and B cells in DSS colitis induction; demonstrated by 

the successful induction of colitis in both SCID and RAG-1 KO mice (mice 

deficient in both T and B cells) (Dieleman et al., 1994; Kim et al., 2006). 

Interestingly, although Kim et al., demonstrated colitis induction in RAG-1 KO 

mice, the resultant mild colitis in these mice compared to their wild-type 

counterparts insinuates that lymphocytes may be necessary for subsequent colitis 

progression (Dieleman et al., 1994; Kim et al., 2006). Actually, a different colitis 

model, the CD4+ T cells adoptive transfer model, highlights the importance of 

lymphocytes in inducing and promoting gut inflammation (Powrie et al., 1993). 

The importance of IL-4 receptive B and T cells in driving oxazolone colitis also 

lends support to the significance of lymphocytes during colitis (Hoving et al., 

2012, 2017). Furthermore, Broadhurst et al., reported increased mucosal Th17 

cells in a patient biopsy with active UC (Broadhurst et al., 2010), while 

neutralization of the T cell gut homing integrin (CD103) is beneficial in IBD 

patients (O’Keeffe et al., 2015). More pertinent to this study, is the increased 

numbers of Tregs in mucosal tissue from UC patients (Holmén et al., 2006), and 

the 60% loss of immune suppressivity of circulatory Tregs in some IBD patients 

compared to healthy controls (Ueno et al., 2013). Remarkably, the increased rate 

of apoptosis in inflamed tissue derived Tregs (Veltkamp et al., 2011) suggests an 

impairment in Treg functionality during both CD and UC.    

 

Although research has elucidated different parameters of DSS colitis, the 

etiopathogenesis of DSS colitis remains relatively undetermined up to today. 

DSS particles are reportedly engulfed by infiltrating macrophages, with Kitajima 

et al., demonstrating the presence of DSS molecules in Kupffer and spleen cells 

after DSS administration, suggesting an antigen processing role for macrophages 

during colitis (Kitajima et al., 1999). Previous research findings also suggest the 

formation of lipid nanocomplexes between DSS and medium chain fatty acids 
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(MCFAs) that are capable of fusing with epithelial cell membranes and 

facilitating the movement of DSS into the cell cytoplasm (Laroui et al., 2012). 

These nanocomplexes then activate and initiate inflammatory signaling pathways 

that include the NFkB pathway, consequently leading to loss of epithelial barrier 

integrity (Laroui et al., 2012), and increased bacterial translocation (Gardiner et 

al., 1993).	As with most fatty acids, MCFAs are found in high concentrations in 

the colon, with a high fat diet contributing to increased colonic MFCA titers. 

 

Indeed, both experimental and human IBD are influenced by host diet; with a 

polyunsaturated fat enriched diet positively correlated with aggravated disease 

outcomes (Ma et al., 2008; Gregor and Hotamisligil, 2011; Teixeira et al., 2011; 

van der Logt et al., 2013). A high fat diet is positively correlated with 

inflammatory conditions that include obesity, cardiovascular conditions and 

experimental colitis (Cani et al., 2007; Kim et al., 2012; Slavin, 2013; Chassaing 

et al., 2015; Cheng et al., 2016; Miles et al., 2017). Recent research findings 

demonstrate the importance of regulating the n-6: n-3 polyunsaturated fatty acids 

(PUFA) ratio as a measure of UC risk prevention. Linoleic acid (n-6 PUFA), a 

major constituent of most cooking household oils, is positively associated with 

increased human and experimental UC risk. The european prospective 

investigation into cancer and nutrition (EPIC) studies demonstrate the high risk 

of UC development in patients with increased n-6 PUFA intake (Silva et al., 

2008; The IBD in EPIC Study Investigators, 2009). The positive association 

between UC and n-6 PUFA intake was also reported in a retrospective study that 

compared the associations of different diets with either UC or CD (Geerling et 

al., 2000). Despite the positive outcomes associated with the n-6: n-3 ratio 

reduction (Stenson et al., 1992; Tobias et al., 2003; The IBD in EPIC Study 

Investigators, 2009; De Silva et al., 2011; Pearl et al., 2014), human studies 

finding the non-beneficial effect of dietary PUFA manipulation add to the 

controversy surrounding the efficacy of dietary fatty acids manipulation on 

human UC (Hawthorne et al., 1992; Hart et al., 2008; Turner et al., 2011; 

Ananthakrishnan et al., 2014; Wiese et al., 2016).  

 

However, experimental research reiterates the increased association between 

linoleic acid metabolites and exacerbated gut inflammation, as with human UC 
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(Nishida et al., 1987; Silva et al., 2008; de Silva et al., 2010; Wiese et al., 2016). 

Linoleic acid (n-6 PUFA) is metabolized into arachidonic acid (AA), the latter a 

precursor of inflammatory prostaglandins and leukotrienes (Salem et al., 1999). 

Some prostaglandins and leukotrienes are natural PPARγ ligands, the activation 

of which results in apoptosis as well as inflammatory gene transcription (Calder, 

2008; Shrestha et al., 2010; Kansal et al., 2014). Prostaglandin activity is also 

linked to the activation of the wnt signaling pathway due to their ability to 

interfere with the β-catenin complex stability, leading to the transcription of 

inflammation and tumorigenesis associated T-cell factor (TCF) genes (Kansal et 

al., 2014). In contrast, dietary n-3 interventions demonstrate inflammatory 

suppression in both human and experimental UC (T Shimizu et al., 2001; 

Toshiaki Shimizu et al., 2001; Tobias et al., 2003; Gravaghi et al., 2011; Kansal 

et al., 2014). Lipoxins and resolvins, both metabolites of n-3 PUFA, are 

suggested to suppress inflammation by outcompeting n-6 PUFA during lipid 

metabolism (Schwab et al., 2007; Campbell et al., 2010). In summary, 

implications of the effect of diet change on gut inflammation are centered on the 

ability of diet to alter the host’s immune responses (Kim et al., 2012; Basson et 

al., 2016; Rajoka et al., 2017). 

 

Besides diet, other confounding factors determine the incidence and prevalence 

of UC. Although sexual dimorphism is not clearly apparent in IBD, high female 

to male ratios of disease incidence are evident in autoimmune diseases that 

include multiple sclerosis, primary biliary cholangitis, celiac disease and 

systemic lupus erythematous (SLE) (Mcnally et al., 2003; Amarapurkar and 

Patel, 2007; Bentzen et al., 2010; Ramagopalan et al., 2010; Chiche et al., 2012; 

Feldman et al., 2013). An interesting study by Babickova et al., demonstrated a 

protective role of female estrogens during DSS colitis, with protection closely 

associated with the suppression of TNF (Bábíčková et al., 2015). The beneficial 

role of estrogen and its derived metabolites is supported by findings associating 

these compounds with ameliorated disease in different colitis models that include 

the acetic model of colitis, the HLA-B27 transgenic model of colitis as well as in 

the DNBS model (Mähler et al., 1998; Günal et al., 2003; Harnish et al., 2004). 

Findings of estrogen exacerbating inflammation and colitis have also been 

reported, contributing to the controversy behind sexual diphormism in colitis and 
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IBD (Mähler et al., 1998; Verdú et al., 2002). The estrogen-dependent promotion 

of tumorigenesis during murine colorectal cancer and the delayed onset of 

puberty in rat experimental models of IBD supports the premise of adverse 

effects of hormonal dynamics during IBD (Azooz et al., 2001; Deboer and Li, 

2011; Heijmans et al., 2014).  

 

In this study, I sought to determine the influence of different helminth infection 

phases on DSS colitis development, based on the premise that acute infection-

elicited Treg expansion would limit the inflammatory response associated with 

DSS colitis; while the anti-helminth response associated with a chronic infection 

in BALB/c mice would exacerbate colitis. Initially, I demonstrated sexual 

diphormism and diet dependence in DSS exposed mice, with female mice fed a 

linoleic-acid modified diet exhibiting increased susceptibility to disease. Disease 

exacerbation was dominated by systemic neutrophilia and heightened 

inflammatory monocyte infiltration. Surprisingly, both prior acute and chronic 

helminth infection exacerbated DSS colitis, although they exhibited different 

immune signatures. Acute helminth-infected mice displayed high levels of IL-6 

and IL-17A titers after DSS admnistration; both hallmark cytokine responses of 

experimental and human IBD. Disruption of the CD4+Foxp3+ regulatory T cell 

(Treg) and CD4+ effector T cell (Teff) responses positively correlated with 

increased local and peripheral inflammation in both acute and chronic 

H.polygyrus infected mice after DSS administration. Hence, helminth influence 

on DSS colitis is dependent on the influence of helminth infection phase, as well 

as the impact of this phase on the host’s innate and adaptive immune responses.  
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STUDY HYPOTHESIS 
 
I proposed that an acute H.polygyrus infection would ameliorate DSS colitis 

through its ability to induce immune-regulatory cell populations that include 

CD4+Foxp3+ regulatory T cells (Tregs), while chronic H.polygyrus infection 

would exacerbate DSS colitis due to heightened anti-helminth directed host 

immune responses. 
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RESULTS 
 
Increased susceptibility of female mice to DSS induced colitis under the 
modified AIN76A diet. 
 
Although sexual diphormism is reported for a number of autoimmune conditions 

that include multiple sclerosis and systemic lupus erythematous, IBD incidence 

and prevalence is generally reported not to follow a gender dependent 

distribution (Mcnally et al., 2003; Bentzen et al., 2010; Ramagopalan et al., 

2010; Chiche et al., 2012). However, a number of studies report a key role for 

gender in IBD, with one study demonstrating the protective role of estrogens in 

DSS administered mice (Mähler et al., 1998; Azooz et al., 2001; Bábíčková et 

al., 2015). In addition, other risk factors such as a linoleic acid (n-6) rich diet are 

associated with aggravated human UC (Hart et al., 2008; De Silva et al., 2011), 

while n-3 supplementation is correlated with disease remission (Ananthakrishnan 

et al., 2014). 
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Figure 6-1: Increased sensitivity of females fed a modified AIN76A diet to DSS 
administration. 



Experimental Results Chapter Two 
	

Brunette Katsandegwaza   117	

Male and female BALB/c mice fed a diet of chow and a modified AIN76A diet (mAIN76A) ad 
libatum were given 2% DSS ad libatum in the water from day 0-10 as illustrated (a). Weight-loss 
(b) and distress scores (c) for male mice fed chow diet (black symbols), male mice fed mAIN76A 
diet (grey symbols), female mice fed chow diet (blue symbols) and female mice fed mAIN76A 
diet (red symbols) were monitored over the course of DSS colitis induction. Data is presented as 
mean ± SEM and is representative of two independent experiments, with n≥4 per group. 
Statistical significance was calculated using one-way ANOVA, where *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001. Unless indicated, statistical comparisons are between sex-matched 
treatments. 
  
 
In order to determine whether gender and diet had an impact on DSS colitis 

induction, age matched BALB/c mice of different sexes were exposed to either a 

high linoleic acid modified AIN76A (mAIN76A) diet (D16083101, Research 

Diets) or a standard chow diet (#2012, NutritionHub) before DSS colitis 

induction (Fig 6.1a). Interestingly, both female and male mice fed the mAIN76A 

diet were highly susceptible to DSS colitis induction compared to their chow 

counterparts, and this was demonstrated by their heightened weight-loss (Fig 

6.1b) and distress scores (Fig 6.1c) monitored during colitis development. 

Although both male and females under the mAIN76A diet had significantly 

shortened colons compared to their controls (Fig 6.2a & b), female mice 

exhibited severe colon inflammatory infiltrate and epithelial stress (Fig 6.2c) as 

demonstrated by severe histopathological scores (Fig 6.2d). 
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Figure 6-2: Increased DSS sensitivity in mAIN76A fed female mice is accompanied by 
severe colon pathology.  
Male and female BALB/c mice fed a diet of chow and a modified AIN76A diet (mAIN76A) ad 
libatum were given 2% DSS ad libatum in the water from day 0-7. At day 10 post-treatment, 
colons were sterile excised, measured in length (a, b) for male mice fed chow diet (black 
symbols), male mice fed mAIN76A diet (grey symbols), female mice fed chow diet (blue 
symbols) and female mice fed mAIN76A diet (red symbols). Approximately 1mm distal colon 
sections were fixed in 4% PFA for histological sectioning and staining. Representative H&E 
images illustrating inflammatory cell infiltrate (indicated) in colon sections are shown here (c). 
Histological sections were manually scored for disease related pathology to determine extent of 
disease (d). Data is presented as mean ± SEM and is representative of two independent 
experiments, with n≥4 per group. Statistical significance was calculated using one-way ANOVA, 
where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, statistical comparisons 
are between sex-matched treatments. Histology slides prepared by Lizette Fick, UCT. 
 
 
 
 



Experimental Results Chapter Two 
	

Brunette Katsandegwaza   119	

Susceptibility to DSS colitis was associated with a minimal change in the 
adaptive immune responses. 
 
Studies have reported the induction of DSS colitis in SCID and RAG-1KO mice, 

suggesting the dispensability of the adaptive immune response during DSS 

colitis induction (Dieleman et al., 1994; Kim et al., 2006). However, the same 

authors demonstrate a mild colitis phenotype in the absence of adaptive immune 

responses, underscoring the importance of both B and T cells in colitis 

progression (Kim et al., 2006). Furthermore, the ability of a heterologous CD4+ 

T cell adoptive transfer to induce colitis in SCID mice as well as the increased 

lymphocyte infiltration in human UC biopsies demonstrates the importance of 

the adaptive immune response during gut inflammation (Powrie et al., 1993; 

Broadhurst et al., 2010).  

 

In order to determine immune responses associated with susceptibility to DSS 

colitis, the mesenteric lymph nodes (MLN), peritoneal cavity wash (PerC) and 

spleen tissue were collected and analysed for immune cells of interest using flow 

cytometry. In support of the DSS kinetics findings from Fig 6.1 & Fig 6.2, 

mAIN76A female fed mice demonstrated significant systemic neutrophilia (Fig 

6.3a) and inflammatory monocyte (Fig 6.3a) frequencies (gating strategy 

illustrated in Fig 6.3b) compared to their male counterparts and untreated female 

mice (N/fem). 
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Figure 6-3: Increased disease in females fed a modified AIN76A diet is associated with 
increased proportions of systemic neutrophils and inflammatory monocytes. 
Male and female BALB/c mice fed a chow diet and a modified AIN76A diet (mAIN76A) ad 
libatum were given 2% DSS ad libatum in the water from day 0-7. At day 10 post-treatment, 
mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen were collected and analysed 
by flow cytometry. The proportion of inflammatory monocytes (Gr1high, Ly6Glow) and neutrophils 
(Gr1high, Ly6Ghigh) within CD11b+ cells were quantified in the MLN, PerC and spleen in female 
mice fed chow diet (blue symbols), female mice fed mAIN76A diet (red symbols) and male mice 
fed mAIN76A diet (grey symbols) (a). Representative density plots of these populations are 
shown (b). Data is presented as mean ± SEM and is representative of two independent 
experiments, with n≥4 per group. Statistical significance was calculated using one-way ANOVA, 
where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, statistical comparisons 
are between females mAIN76A (red symbols) and males mAIN76A (grey symbols).  
 
 
Although DSS administration resulted in shrinkage of the T cell compartment 

(Fig 6.4), susceptibility to DSS was generally not associated with any significant 

changes in both the CD4+ and CD8+ T cell compartments isolated from the 

MLN, PerC and the Spleen (Fig 6.4a & b) when comparing the female and male 

mice fed the mAIN76A diet. Because acute DSS colitis is either a Th1 (IFNγ) or 
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a mixed Th1/Th17 (IFNγ/IL-17A) dominated pathology, I determined the 

immune responses accompanying colitis development. Surprisingly, neither IFNγ 

nor IL-17A total proportions in all three locations we analysed for correlated 

with either susceptibility or protection to DSS colitis (Fig 6.4c & d), although 

we demonstrated increased total MLN IL-17A proportions in male 

(mAIN76A/males) compared to the female mice (mAIN76A/fem). Further 

characterisation of the contribution of T-helper as well as CD8+ T cells to the 

cytokine milieu demonstrated a non-significant change in the Th1 immune 

response (CD4+IFNγ+) during DSS colitis (Fig 6.5). Interestingly, CD4+ and 

CD8+ MLN IL-17A proportions in the male mice (mAIN76A) (Fig 6.5) mirrored 

the total MLN IL-17A proportions (Fig 6.4d).  
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Figure 6-4: Adaptive immune responses did not significantly change in relation to increased 
disease susceptibility in females fed a modified AIN76A diet. 
Male and female BALB/c mice fed a diet of chow and a modified AIN76A diet (mAIN76A) ad 
libatum were given 2% DSS ad libatum in the water from day 0-7. At day 10 post-treatment, 
mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen were collected and analysed 
by flow cytometry. The proportion of CD4+ T cells and CD8+ T cells (gated within CD3+ T cells) 
were quantified in the MLN, PerC and spleen in female mice fed chow diet (blue symbols), 
female mice fed mAIN76A diet (red symbols) and male mice fed mAIN76A diet (grey symbols) 
(a,b). The percentage of IFNγ and IL-17A expression by all cells was also quantified in the 
MLN, PerC and Spleen following intracellular cytokine staining (c,d).Data is presented as mean 
± SEM and is representative of two independent experiments, with n≥4 per group. Statistical 
significance was calculated using one-way ANOVA, where *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001. Unless indicated, statistical comparisons are between females mAIN76A (red 
symbols) and males mAIN76A (grey symbols).  
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Figure 6-5: T cell IFNγ signaling does not significantly change with heightened 
susceptibility to DSS colitis development in mAIN76A fed mice 
Male and female BALB/c mice fed a diet of chow and a modified AIN76A diet (mAIN76A) ad 
libatum were given 2% DSS in the water from day 0-7. At day 10 post-treatment, mesenteric 
lymph nodes (MLN), peritoneal wash (PerC) and spleen were collected and analysed by flow 
cytometry. The percentage of IFNγ and IL-17A expression within CD4+ and CD8+ T cells in the 
MLN, PerC and spleen of female mice fed chow diet (blue symbols), female mice fed mAIN76A 
diet (red symbols) and male mice fed mAIN76A diet (grey symbols) was quantified following 
intracellular cytokine staining (a-d). Data is presented as mean ± SEM and is representative of 
two independent experiments, with n≥4 per group. Statistical significance was calculated using 
one-way ANOVA, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, 
statistical comparisons are between females mAIN76A (red symbols) and males mAIN76A (grey 
symbols).  
 
Both acute and chronic H.polygyrus infections exacerbate an 
adapted/optimised model of DSS-induced colitis. 
 
Previous studies have demonstrated that Heligmosomoides polygyrus 

(H.polygyrus) infection modulates murine DSS-induced colitis (Pastille et al., 

2017), Citrobacter rodentium-induced colitis (Chen et al., 2005; Weng et al., 
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2007; C. Su et al., 2018) as well TNBS colitis (Sutton et al., 2008). Interestingly, 

it is also reported that the H.polygyrus fourth stage larvae (L4) can protect 

against DSS colitis (Donskow-Łysoniewska et al., 2013), with the early phase of 

H.polygyrus infection suggested to be more immunosuppressive on bystander 

conditions (Smith et al., 2016). Following optimisation of the DSS model (Fig 6. 

1-6.5), I aimed to determine the impact of both an acute and chronic helminth 

infection on colitis in my adapted model of DSS colitis.  

 

To determine whether helminth infection can modify colitis induction, naïve, 

acute (D7) and chronic (D28) H.polygyrus-infected mAIN76A fed female mice 

were exposed to 2% DSS in their drinking water for 7 days (Fig 6.6a). As 

demonstrated (Fig 6.6b & c), both H.polygyrus infected groups suffered 

increased weight-loss and distress during the course of DSS administration. 

Histological analysis of colon sections revealed a significant increase in 

inflammatory cell infiltrate and goblet cell depletion in the distal colon of acute 

helminth-infected mice treated with DSS compared to the chronic infected mice 

and the DSS only controls (Fig 6.6d). Although all DSS treated groups 

demonstrated similar colon shortening as a sign of colon inflammation (Fig 

6.6e), overall histopathological scores were significantly higher for acute 

infected mice (D7) compared to the DSS only group (Fig 6.6f). 
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Figure 3: Both acute and chronic H.polygyrus infections exacerbate DSS 

induced colitis. 

	
Figure 6-6: Both acute and chronic H.polygyrus infections exacerbate DSS induced colitis. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were exposed to either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS in the water as illustrated (a). Weight-
loss (b) and distress (c) were monitored for naïve untreated mice (black symbols), dss only mice 
(blue symbols), acute infected mice D7 (green symbols) and chronic infected mice D28 (red 
symbols) over the course of colitis development. At day 10 post-treatment, colons were sterile 
excised and colon length was measured (e). Approximately 1mm distal colon sections were fixed 
in 4% PFA for histological sectioning and staining. Representative H&E and PAS images 
illustrating inflammatory cell infiltrate and goblet cell depletion respectively in colon sections are 
shown here (d). Furthermore, histological sections were manually scored for disease related 
pathology to determine extent of disease (f). Data is presented as mean ± SEM and is 
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representative of two independent experiments, with n≥4 per group. Statistical significance was 
calculated using one-way ANOVA, where */# p<0.05, **/## p<0.01, ***/### p<0.001 and ****/#### 
p<0.0001. (#) comparisons between DSS and D7; (*) comparisons between DSS and D28. 
Experimental run assisted by Katherine Smith, UCT; Brittany-Amber Jacobs, UCT and Alisha 
Chetty, UCT. Histology slides prepared by Lizette Fick, UCT. 
 
Dysregulated systemic effector T cell and Treg dynamics positively 
correlated with increased inflammation during helminth exacerbated DSS 
colitis. 
 
Smith et al., demonstrated the expansion of the host’s thymus and induced Treg 

compartments during the early phase H.polygyrus infection (Smith et al., 2016), 

an immune phenomenon reported to result in the immunesuppression of a 

number of bystander inflammatory conditions. Surprisingly, helminth 

exacerbation of DSS colitis was associated with increased lamina propria Treg 

proportions in a previous study looking at the impact of an acute H.polygyrus 

infection on DSS colitis (Pastille et al., 2017), contributing to the controversy 

behind helminth immunomodulation. Interestingly, Treg depletion is reported to 

exacerbate DSS induced colitis, with a Treg associated IL-10 knock-out mouse 

developing spontaneous colitis (Kühn et al., 1993; Daniel J Berg et al., 1996; 

Barnett and Fraser, 2011; K.-H. Lee et al., 2014). 

 

The previous observation of increased sensitivity of helminth-infected mice to 

DSS  (Fig 6.6) suggested a loss of immunosuppression in the host. In order to 

determine the Treg: Teffector dynamics during both the acute and chronic 

infections during DSS colitis, the MLN, peritoneal wash and spleen were 

collected and analysed for Teffectors and Tregs as illustrated (Fig 6.7a). Foxp3 

MFI (a metric used to determine the average quantity of Foxp3 protein per cell 

and is positively correlated with the suppressive capacity of Foxp3+ cells) was 

determined as illustrated (Fig 6.7b). Interestingly, Foxp3 MFI (Fig 6.7c) 

mirrored CD4+Foxp3+ frequencies (Fig 6.7d), with chronic H.polygyrus 

infection resulting in the exhaustion of both peritoneal and splenic CD4+Foxp3+ 

(Fig 6.7d ii & iii) as well as reduction of the Foxp3 MFI (Fig 6.7c ii & iii) after 

DSS administration. Foxp3 MFI was generally similar amongst all treatments in 

the MLN and varied within the PerC and spleen depending on helminth infection 

status (Fig 6.7c). Interestingly, CD4+Foxp3+ Treg proportions and Foxp3 MFI 

were inversely proportional to the CD4+ effector T (Teff) cell proportions (gated 
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as illustrated in Fig 6.8a) in all three compartments (Fig 6.8b), while both acute 

and chronic helminth infection resulted in increased splenic Teffectors after DSS 

administration (Fig 6.8b). However, a depletion of MLN and splenic CD8+ 

effector T cells was apparent in both helminth-infected groups compared to the 

DSS only group (Fig 6.8c). 
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Figure 6-7: Dysregulated systemic effector T cell and Treg dynamics positively correlated 
with increased inflammation during helminth exacerbated DSS colitis. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were exposed to either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS ad libatum in drinking water. At day 10 
post DSS administration, mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen 
were collected and analysed by flow cytometry. Representative density plots of CD4+ T cells, 
CD8+ T cells and CD4+Foxp3+ Tregs are illustrated (a). The Foxp3 geometric mean fluorescence 
intensity (MFI) of MLN, Perc and spleen CD4+Foxp3+ cells for naïve untreated mice (black 
symbols), DSS only mice (blue symbols), acute infected mice D7 (green symbols) and chronic 
infected mice D28 (red symbols) was calculated and representative histograms are shown (b). 
Foxp3 MFI (c) and CD4+Foxp3+ Treg proportions (d) from the MLN, Perc and spleen were 
quantified. Data is presented as mean ± SEM and is representative of two independent 
experiments, with n≥4 per group. Statistical significance was calculated using one-way ANOVA, 
where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Experimental run assisted by Katherine 
Smith, UCT; Brittany-Amber Jacobs, UCT and Alisha Chetty, UCT.  
 
 
After determining the changes associated with regulatory and effector T cells 

during helminth exacerbation of DSS colitis, I next sought to elucidate whether 

these changes had any impact on the cytokine responses associated with both 

experimental and human UC by analysing for two cytokines mostly associated 

with both conditions. The acute infected group (D7) demonstrated heightened 

splenic total IL-6 and total IL-17A proportions compared to the chronic infected 

(D28) group and the DSS only control after DSS administration (Fig 6.8d). 

Surprisingly, cytokine responses in the PerC appeared generally ablated in 

helminth-infected groups after DSS induction, with the exception of the 

heightened IL-6 proportions in the chronic infected mice (Fig 6.8d). Further 

analysis of the contribution of CD4+ and CD8+ T cells to the cytokine responses 

demonstrated a significant contribution of both CD4+ and CD8+ T cells from 

helminth-infected groups to the IL-6 responses in all three tissues we collected 

(MLN, PerC and Spleen) (Fig 6.9). However, a suppressed IL-17A response 

from both CD4+ and CD8+ T cells was apparent, especially in the PerC of both 

acute and chronic infected groups (Fig 6.9). Intriguingly, the minimal 

contribution of splenic CD4+ and CD8+ T (Fig 6.9) to the total IL-17A titers (Fig 

6.8e) may suggest another source of IL-17A besides T cells during acute 

helminth infection exacerbation of DSS colitis. 
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Figure 6-8: Acute helminth infection-elicited splenic total IL-6 and IL-17A immune 
responses positively associated with exacerbated disease.  
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were exposed to either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS ad libatum in drinking water. At day 10 
post DSS administration, mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen 
were collected and analysed by flow cytometry. Representative density plots of CD4+ T effector 
cells are illustrated (a). CD4+ and CD8+ T effector cells from naïve untreated mice (black 
symbols), DSS only mice (blue symbols), acute infected mice D7 (green symbols) and chronic 
infected mice D28 (red symbols) were quantified demonstrating the deleterious impact of prior 
helminth infection on DSS colitis induction (b,c). The percentage of IL-6 and IL-17A expression 
within all cells of the MLN, PerC and spleen was quantified following intracellular cytokine 
staining (d,e). Data is presented as mean ± SEM and is representative of two independent 
experiments, with n≥4 per group. Statistical significance was calculated using one-way ANOVA, 
where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Experimental run assisted by Katherine 
Smith, UCT; Brittany-Amber Jacobs, UCT. 
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Figure 6-9: Both CD4+ and CD8+ T cells actively contribute to disease pathology in 
helminth-infected mice. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were exposed to either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS ad libatum in drinking water. At day 10 
post DSS administration, mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen 
were collected and analysed by flow cytometry. Representative density plots of CD4+ T effector 
cells are illustrated (a). CD4+ and CD8+ T effector cells from naïve untreated mice (black 
symbols), DSS only mice (blue symbols), acute infected mice D7 (green symbols) and chronic 
infected mice D28 (red symbols) were quantified demonstrating the deleterious impact of prior 
helminth infection on DSS colitis induction (b,c). The percentage of IL-6 and IL-17A expression 
within all cells of the MLN, PerC and spleen was quantified following intracellular cytokine 
staining (d,e). Data is presented as mean ± SEM and is representative of two independent 
experiments, with n≥4 per group. Statistical significance was calculated using one-way ANOVA, 
where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Experimental run assisted by Katherine 
Smith, UCT; Brittany-Amber Jacobs, UCT. 
 
	
Acute helminth infection exacerbation of DSS colitis is accompanied by 
potent anti-helminth Th2 immune responses.  
 
Although both humans and mice mount strong Th2 immune responses against 

helminth infection, H.polygyrus is reported to expand the host’s Treg 

compartment early during infection; enabling immune evasion due to the 

suppression of the host’s anti-helminth responses. Surprisingly, although both 

CD4+ (Fig 6.10b) and CD8+ (Fig 6.10c) T cells from both helminth-infected 

groups contributed to the IL-13 responses after DSS administration, total IL-13 

frequencies (Fig 6.10a) were significantly heightened only in the MLN, PerC 

and spleen tissues of acute infected mice after DSS administration. 
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Figure 6-10: Acute helminth infection exacerbation of DSS colitis was positively associated 
with heightened total IL-13 proportions, while chronic infection resulted in IL-13 ablation. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were exposed to either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS ad libatum in drinking water. At day 10 
post DSS administration, mesenteric lymph nodes (MLN), peritoneal wash (PerC) and spleen 
were collected and analysed by flow cytometry. The percentage of IL-6 and IL-17A expression 
within all cells (a), CD4+ (b) and CD8+ (c) T cells of the MLN, PerC and spleen for DSS only 
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mice (blue symbols), acute infected mice D7 (green symbols) and chronic infected mice D28 (red 
symbols) was quantified following intracellular cytokine staining. Data is presented as mean ± 
SEM and is representative of two independent experiments, with n≥4 per group. Statistical 
significance was calculated using one-way ANOVA, where *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001. Experimental run assisted by Katherine Smith, UCT; Brittany-Amber Jacobs, UCT  
 
 
Systemic neutrophilia dominates acute infected-exacerbated DSS induced 
colitis. 
 
In Fig 6.3, I reported a positive correlation between increased susceptibility of 

female mice fed the mAIN76A diet and increased mesenteric and splenic 

neutrophilia as well as monocytosis. Under inflammatory conditions, both 

neutrophils and inflammatory monocytes are recruited to sites of inflammation 

(Shi and Pamer, 2011; Jones et al., 2018), with neutrophilia being a distinct 

marker of progressive experimental and human UC (Kolaczkowska and Kubes, 

2013). To determine whether inflammatory monocytes and neutrophils also 

correlated with helminth exacerbation of DSS colitis, we determined the 

proportion of inflammatory monocytes and neutrophils in acute (D7) and chronic 

(D28) H.polygyrus infected mice and compared this to naïve and DSS treatment 

alone (Fig 6.11a). Helminth infection associated with an increase in the 

proportion of neutrophils (defined as Gr-1highLy6Ghigh) within the peritoneum 

and spleen (Fig 6.11b). In particular, acute helminth infected mice resulted in a 

highly significant increase in the proportion and number of neutrophils in both 

compartments (Fig 6.11b). Although DSS administration resulted in increased 

splenic inflammatory monocytes (defined as Gr-1highLy6Glow) across all DSS 

administered groups (Fig 6.11c), inflammatory monocyte numbers were only 

significantly increased in the acute infected mice compared to the chronic 

infected and DSS treated only mice (Fig 6.11cii). 

 
Neutrophil priming, activation and adhesion is dependent on TNF signaling, with 

variable TNF titers modulating neutrophil susceptibility to apoptosis (Guthrie et 

al., 1984; Tracey et al., 1988). Acute infection resulted in a significant ablation 

of splenic CD4+ and CD8+ TNF (Fig 6.11d), contributing to the significantly 

reduced total splenic TNF in acute infected mice (Fig 6.11d). Interestingly, 

ablation of total splenic TNF inversely correlated with splenic neutrophils in 

acute infected mice.   
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Figure 6-11: Heightened systemic neutrophilia and monocytosis in acute infected mice 
positively associated with worsened disease. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) ad libatum were infected with either an acute (D7) or chronic (D28) 
H.polygyrus infection before administration of 2% DSS ad libatum in drinking water. At day 10 
post DSS administration, the  peritoneal wash (PerC) and spleen were collected and analysed by 
flow cytometry. Representative plots of inflammatory monocytes (Gr1high, Ly6Glow) and 
neutrophils (Gr1high, Ly6Ghigh) within CD11b+ cells are shown (a). The proportions of 
inflammatory monocytes and neutrophils were quantified in the PerC and spleen (b,c) of naïve 
untreated mice (black symbols), DSS only mice (blue symbols), acute infected mice D7 (green 
symbols) and chronic infected mice D28 (red symbols). The proportions of splenic CD4+ and 
CD8+ TNF as well as total splenic TNF was quantified following intracellular cytokine staining 
(d). Data is presented as mean ± SEM and is representative of two independent experiments, with 
n≥4 per group. Statistical significance was calculated using one-way ANOVA, where *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001. Experimental run assisted by Katherine Smith, UCT; 
Brittany-Amber Jacobs, UCT. 
 
	
Chronic helminth infection directly associated with depletion of Tregs and 
promotion of inflammation in the local draining lymph nodes. 
 
Previous studies demonstrated exacerbation of colitis following helminth 

infection (Hunter et al., 2007; Pastille et al., 2017; C. Su et al., 2018). However, 

in many of these studies, the worm dose is fixed at 200 L3 larvae, which may not 

represent conditions in endemic areas where patients are exposed to differing 

doses of infectious parasites (Miller, 1983; Hotez et al., 2008; Hotez and 

Kamath, 2009). In order to determine the relationship between infectious dose 

and exacerbation of colitis, I used the optimised DSS colitis model where we 

exposed female mice fed a mAIN76A diet to increasing doses of 100, 200 and 

400 H.polygyrus L3 larvae, and compared colitis to uninfected mice following 

administration of DSS (Fig 6.12). Similar to previous publications, we quantified 

worm fecundity using fecal egg burden (Urban et al., 1991; Goodroe et al., 2016; 

Smith et al., 2016) in mice infected with 100, 200 and 400 H.polygyrus larvae at 

day 28 post-infection (Fig 6.12a). Weight-loss (Fig 6.12b) and distress (Fig 

6.12c) extent directly followed the worm burden gradient. Ten days after DSS 

colitis induction, mice were euthanised and colon shortening and pathology were 

assessed as measure of colitis development. Although colon shortening was 

similar across all DSS administered mice (Fig 6.12d), colon TNF titers (assessed 

using ELISA) followed the worm burden gradient, although only the Hp400 

titers were statistically different to the DSS only group (Fig 6.12e). 

Interestingly,the same worm burden dependent gradient was also evident in the 
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colon histopathological sections (Fig 6.12f), with an apparent increase in 

inflammatory infiltrate and loss of epithelial integrity as the worm burden 

increased from Hp100 to Hp 400 (Fig 6.12f).  
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Figure 6-12: Increased disease susceptibility in chronic infected mice is dependent on the 
worm burden . 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) were infected with a chronic (D28) H.polygyrus infection before 
administration of 2% DSS ad libatum in drinking water. Worm fecundity was quantified using 
fecal egg burden (a) at day 28 post infection (before DSS administration). Weight-loss (b) and 
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distress (c) were monitored for naïve untreated mice (black symbols), DSS only mice (red 
symbols), 100 L3 H.polygyrus larvae infected mice (tangerine), 200 L3 H.polygyrus larvae 
infected mice (green symbols) and 400 L3 H.polygyrus larvae (purple symbols) over the course 
of colitis development. At day 10 post-treatment, colons were sterile excised and colon length 
was measured (d). Two (2) sets of 1mm distal colon sections were isolated. One set was 
incubated in complete RPMI media for 11 hours at 37OC,and ELISA was used to quantify TNF in 
the colon supernatant (e). The other set was fixed in 4% PFA for histological sectioning and 
staining. Representative H&E sections illustrating inflammatory cell infiltrate in colon sections 
are shown here (f). Data is presented as mean ± SEM and is collated from two independent 
experiments, with n≥4 per group (lower numbers demonstrate increased mortality during DSS 
administration). Statistical significance was calculated using the Kruskall Wallis test, where 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, all comparisons are between 
each infected group and the DSS only group. Experimental run assisted by Katherine Smith, 
UCT; Brittany-Amber Jacobs, UCT. Histology slides prepared by Lizette Fick, UCT. 
	
Next, we elucidated the Treg: Teff kinetics as the worm burden increased. 

Interestingly, although the CD4+Foxp3+ Treg proportions were similar across all 

the DSS administered mice in the MLN (Fig 6.13ai), the absolute numbers of 

CD4+Foxp3+ Tregs declined, following the worm burden gradient (Fig 6.13aii). 

As previously demonstrated in Fig 6.7 and 6.8, CD4+Foxp3- (Teff) proportions 

and absolute numbers were inversely proportional to CD4+Foxp3+ Treg 

proportions (Fig 6.13b). Surprisingly, total MLN IL-17A signaling proportions 

(Fig 6.13 ci) also followed the worm burden gradient as they declined across the 

groups, although the IL-17A MFI (Fig 6.13cii) increased as the worm burden 

increased (Fig 6.13cii).   
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Figure 6-13: Worm burden dependent exacerbation of DSS colitis is positively associated 
with MLN Treg depletion and increased CD4+ T effector cell numbers.   
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) were exposed to a chronic (D28) H.polygyrus infection before 
administration of 2% DSS ad libatum in drinking water. At day 10 post-treatment, mesenteric 
lymph nodes (MLN) were collected and processed using flow cytometry. The proportions and 
absolute numbers of CD4+Foxp3+ Tregs and CD4+ effector cells for naïve untreated mice (black 
symbols), DSS only mice (red symbols), 100 L3 H.polygyrus larvae infected mice (tangerine), 
200 L3 H.polygyrus larvae infected mice (green symbols) and 400 L3 H.polygyrus larvae (purple 
symbols) were quantified (a,b). The proportion and MFI of total MLN IL-17A was quantified 
following intracellular cytokine staining. Data is presented as mean ± SEM and is collated from 
two independent experiments, with n≥4 per group (lower numbers demonstrate increased 
mortality during DSS administration). Statistical significance was calculated using the Kruskall 
Wallis test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, all 
comparisons are between each infected group and the DSS only group. Experimental run assisted 
by Brittany-Amber Jacobs, UCT. 
 
 
Following the demonstration of worm burden dependent exacerbation of DSS 

colitis (Fig 6.12) and the general ablation of Th2 immune responses in chronic 

infected mice after DSS administration (Fig 6.10), I attempted to answer whether 

exhaustion of Th2 immune responses was a consequence of DSS administration 

or of helminth infection. Interestingly, ablation of total IL-13, IL-5 and IL-6 

MLN titers appeared helminth dependent, as they declined as the worm burden 

increased (Fig 6.14a). Surprisingly, systemic (spleen) anti-helminth responses 

were completely opposite to local (MLN) anti-helminth responses, as a bias 

towards increased Th2 cytokine responses was evident in both splenic CD4+ T 

cells and total spleen cells (Fig 6.14b & c).   
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Figure 6-14: Ablation of mesenteric Th2 immune responses after DSS administration in 
chronically infected mice is highly dependent on helminth infection. 
Using the optimised model of DSS colitis induction, female BALB/c mice fed a modified 
AIN76A diet (mAIN76A) were exposed to a chronic (D28) H.polygyrus infection before 
administration of 2% DSS ad libatum in drinking water. At day 10 post-treatment, mesenteric 
lymph nodes (MLN) and spleens were collected and processed using flow cytometry. The 
proportions of total MLN IL-13, IL-5 and IL-6 for naïve untreated mice (black symbols), DSS 
only mice (red symbols), 100 L3 H.polygyrus larvae infected mice (tangerine), 200 L3 
H.polygyrus larvae infected mice (green symbols) and 400 L3 H.polygyrus larvae (purple 
symbols) were quantified following intracellular cytokine staining(a). We further quantified the 
splenic CD4+ T cell and total IL-13, IL-5 and IL-6 after intracellular cytokine staining (b,c). Data 
is presented as mean ± SEM and is collated from two independent experiments, with n≥4 per 
group (lower numbers demonstrate increased mortality during DSS administration). Statistical 
significance was calculated using the Kruskall Wallis test, where *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001. Unless indicated, all comparisons are between each infected group and the 
DSS only group. Experimental run assisted by Brittany-Amber Jacobs, UCT. 
 
 
 
 
 



Experimental Results Chapter Two 
	

Brunette Katsandegwaza   141	

DISCUSSION 
 
The use of biological therapies for both CD and UC have mostly assumed 

uniformity of disease pathology across patients, leading to the production of 

universal treatments expected to result in similar remission across the divide. 

Although the advent of helminth therapy as an alternative biological to 

previously used biologicals that including anti-TNF, anti-IL-6 and anti-IL-17A 

treatments has shown promise (Kornbluth, 2011; Khan et al., 2015), it will be 

remise to assume a general beneficial effect of all different helminth species on 

colitis. Indeed, experimental findings display a myriad of controversial results 

regards the influence of helminth therapy on colitis (Hunter et al., 2007; Smith et 

al., 2007; Wang et al., 2010; León-Cabrera et al., 2014), suggesting a species 

dependent as well as time of intervention dependent effect. Here, the influence of 

different phases of prior helminth infection on colitis development was 

investigated, after initially determining different factors affecting susceptibility 

to DSS colitis.    

 

In this study, DSS colitis displayed sexual diphormism and increased penetrance 

in female mice, especially those fed a linoleic acid enriched diet (Fig 6.1). These 

findings of increased female sensitivity to DSS colitis are in contradiction to 

previous research that demonstrated mild colitis in female mice compared to 

their male counterparts (Bábíčková et al., 2015). This same study also 

demonstrated worse disease pathology in ovariectomized mice, which was 

ameliorated by estradiol administration, underscoring the protective role of 

estrogen factors in their study (Bábíčková et al., 2015) . Interestingly, disease 

protection in an HLA-B27 model of colitis was dependent on Estrogen Receptor 

(ER) signaling, with an ER antagonist exacerbating colitis and resulting in 

increased neutrophil infiltration in the colon (Harnish et al., 2004). The disparity 

between our findings and the previously discussed studies may dial down to the 

species of mice used, as the other studies used either transgenic or C57BL/6 

mice, while we used BALB/c mice.  

 

Although mouse species may have contributed to the disparity between our 

findings and previous research findings, research diet may have had a significant 
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contribution to heightened sensitivity in female mice. As demonstrated in 

Figures 6.1 & 6.2, a modified linoleic acid rich (mAIN76A) diet increased 

disease susceptibility in both females and males fed the mAIN76A diet compared 

to those on the standard chow diet. Severe distress, colon epithelial degradation 

and increased systemic neutrophilia and monocytosis, all features of enhanced 

inflammation illustrated increased penetrance in female mice under the 

mAIN76A diet. Linoleic acid, an n-6 PUFA, is controversially associated with 

increased risk and susceptibility to both human and experimental UC (Pacheco et 

al., 1987; The IBD in EPIC Study Investigators, 2009; De Silva et al., 2011), 

while some human trials report non-influential effects of both n-6 and n-3 dietary 

interventions on UC (Hart et al., 2008).  

 

The metabolic breakdown of linoleic acid through the arachidonic acid (AA) 

pathway is implicated in the transduction of inflammatory responses associated 

with a high linoleic acid diet (Shimizu and Wolfe, 1990; Calder, 2010). AA is the 

metabolic precursor for eicosanoid synthesis through the activity of 

cyclooxygenase-2 (COX-2). Prostaglandins and leukotrienes, some of the 

eicosanoids derived from AA (Isseroff et al., 1987; Salem et al., 1999), are 

actively increased during active experimental colitis (Gravaghi et al., 2011), 

where they are involved in the modulation of inflammatory responses(Shimizu, 

2009). Indeed, high AA concentrations are reported in both experimental and 

human UC (Nishida et al., 1987; Pacheco et al., 1987; Ramakers et al., 2007; 

Silva et al., 2008), with the increased expression of leukotrienes also reported in 

both rats and IBD patients (Sharon and Stenson, 1985). Interestingly, some non 

genomic estrogen effects are reported to be mediated by arachidonic acid 

metabolites in breast cancer (Kato, 1989), suggesting an interaction between 

estrogen and arachidonic acid during inflammatory processes. This interaction 

may be the basis of the exacerbated disease observed in female mice fed a 

linoleic acid rich diet, and needs further research that may potentially influence 

IBD therapy.  

 

Arachidonic acid is also reported to increase neutrophil chemotaxis, as well 

expression of tumor necrosis factor receptor (TNFR) on human neutrophils, 

making them highly sensitive to TNF signaling during inflammation as well as 
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microbial attacks (Moghaddami et al., 2003). Highly susceptible female mice 

exhibited heightened systemic neutrophilia and inflammatory monocytosis (Fig 

6.3), cell types synonymous with colon inflammation in human ulcerative colitis 

(Banks et al., 2003). Both neutrophils and inflammatory monocytes are recruited 

to the inflamed colon epithelium as well as any other inflamed tissue for 

inflammation resolution, executed through either direct microbial attack or 

intracellular killing of bacteria-infected cells (Guthrie et al., 1984; Narni-

Mancinelli et al., 2011; Bennike et al., 2015). The increased neutrophil and 

monocyte frequencies in the spleen of susceptible mice may therefore represent 

splenic inflammation in response to DSS induced inflammation, directed through 

the microbiota.  

 

UC associated inflammatory monocytes are reported to display an inflammatory 

M1 (classically activated macrophage) phenotype after extravasing into inflamed 

tissue (Rhodes and Jewell, 1983; Zigmond et al., 2012), resulting in aggravated 

colon inflammation. Persistent gut inflammation is associated with a continued 

influx of these inflammatory cells (also referred to as inflammatory infiltrate), 

with the superoxide activity of neutrophils suggested to drive fibrosis and colon 

shortening, such as that observed in the DSS sensitive mice (Fig 6.2) (Okayasu et 

al., 1990). Besides the oxidative nature of neutrophils, excessive net trapping by 

mucosal neutrophils also results in surrounding tissue damage, leading to 

epithelial tissue damage. The cumulative effects of this disproportionate 

epithelial inflammatory response are crypt destruction, goblet cell exhaustion 

(depletion), ulceration and leukocytosis, all features demonstrated in the 

histological sections of DSS sensitive mice (Fig 6.2). My findings support the 

contribution of the innate immune responses to DSS susceptibility (Fig 6.3), as 

adaptive immune responses were not significantly altered in these 

mice(Dieleman et al., 1994; Kim et al., 2006). Although neither IFNγ (Th1) nor 

IL-17 (Th17) (Fig 6. 4 & 5) frequencies were highly expressed in the highly DSS 

sensitive mAIN76A female fed mice, further studies including the use of RAG-/- 

mice, or cytokine specific depleted mice are needed to determine the 

dispensability of these cytokine responses in mediating DSS colitis in BALB/c 

mice.  
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Surprisingly, contrary to the study hypothesis, both prior acute and chronic 

H.polygyrus infections exacerbated colitis in the optimised model of DSS colitis 

induction (Fig 6.6). Although H.polygyrus, especially the larval stages of 

H.polygyrus infection, are associated with the expansion of host CD4+Foxp3+ 

Tregs and suppression of bystander conditions (Finney et al., 2007; Sutton et al., 

2008; Smith et al., 2016; Pastille et al., 2017); acute infection was associated 

with the exhaustion of both local (MLN) and systemic (spleen) Treg frequencies, 

as well as diminished Foxp3 MFI in splenic Tregs, following DSS treatment (Fig 

6.7). The drop in splenic Foxp3 MFI, a measure of Treg suppressive function, 

suggests the loss of systemic immunosuppression in acute helminth infected 

mice after DSS administration. Exhaustion of both CD4+Foxp3+ Treg 

frequencies and Foxp3 MFI in the MLN and spleen of acute infected mice (Fig 

6.7) was inversely proportional to the frequency of CD4+ effector T cells (Fig 

6.8), demonstrating a compensatory/host driven expansion of effector cells after 

impairment of CD4+ Treg activity. The rescue of effector cells as well as effector 

cell immune responses is supported by Smith et al., and Blankehaus et al., who 

demonstrated a rebound of host effector responses after Treg depletion 

(Blankenhaus et al., 2014; Smith et al., 2016), supporting the theory of an Treg: 

Teff dynamic during inflammation.  

 

Indeed, increased MLN and splenic CD4+ T cell effector proportions in acute 

infected mice also positively correlated with heightened MLN and splenic total 

IL-6 and IL-17A proportions (Fig 6.8), with both CD4+ and CD8+ T cells 

actively contributing to the total IL-6 titer (Fig 6.9). The dismal contribution of 

both CD4+ and CD8+ T cells to the total IL-17A production suggests a role of 

either non T cells, such as type 3 innate lymphoid cells (ILC3) in contributing to 

IL-17A secretion (Annunziato et al., 2015). IL-6, a cytokine noted to modulate 

the Treg: Th17 balance, is also demonstrated to abrogate Th2 immune responses 

in H.polygyrus infected mice (Smith and Maizels, 2014), enabling the immune 

evasion of helminths. However, contrary research findings also demonstrate the 

ability of IL-6 to polarize CD4+ to a Th2 immune response (Rincón et al., 1997), 

pointing to the promiscuity of IL-6 in immune regulation. Interestingly, 

heightened MLN and splenic IL-6 titers (Fig 6.8) positively correlated with 

potentiated overall IL-13 proportions in acute infected mice (Fig 6.10), 
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demonstrating heightened Th2 responses. Acute helminth infection exacerbation 

of DSS colitis was also characterised by enhanced systemic neutrophilia and 

monocytosis (Fig 6.11), implying increased systemic inflammation. Neutrophils, 

primed and activated by TNF, (Moghaddami et al., 2003; Wright et al., 2010) 

migrate following an increasing TNF gradient towards inflamed tissue. 

Interestingly, moderate TNF titers (as observed in acute infected mice, Fig 6.11) 

are reported to prevent neutrophil apoptosis, leading to persistent inflammatory 

responses (Salamone et al., 2001; Kobayashi et al., 2003). The resultant 

neutrophilia found in helminth infected mice is also positively associated with 

IL-17A production (Fig 6.8 & 11) (Ley et al., 2006; Li et al., 2012). Both IL-

17A and neutrophils are intricately linked with type-2 immunity during helminth 

infections (Allen et al., 2015), where type-2 associated neutrophils regulate 

larval migration, albeit at the expense of the host. The pathological effects 

associated with neutrophil and IL-17A during acute helminth infection may be 

the aggravatory factors behind acute infection after DSS administration in this 

study.  

 

Although chronic infection also exacerbated DSS colitis, the immune signature 

driving exacerbation of disease in this instance was completely different from the 

influence of acute infection on DSS colitis. DSS exacerbation following chronic 

helminth infection was characterised by an extremely significant exhaustion of 

Treg proportions as well as Treg suppressive capacity in both the peritoneum and 

the spleen (Fig 6.7). As with the acute infected mice, Treg exhaustion was 

associated with an increase in the peritoneal and splenic CD4+ effector T cells. 

However, unlike the acute infected mice, chronic mice exhibited diminished 

mesenteric and splenic IL-6 and IL-17A (Fig 6.8), up-regulating total peritoneal 

IL-6 proportions instead (a process most probably enabled by the reduced 

immunosuppressive activity in this compartment). The ablation of mesenteric 

and splenic IL-6 and IL-17A in these mice positively correlated with ablated IL-

13 (Th2) (Fig 6.10) responses as well as diminished neutrophilia and 

monocytosis (Fig 6.11).  

 

However, what sets the chronic infection immune response apart from the acute 

infection response may be the peritoneal immune response as well as splenic 
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TNF signaling (Fig 6.11). The peritoneum is maintained under a high level of 

immune suppression, regulated by the stable presence of myeloid derived 

suppressor cells, alternatively activated macrophages and T regulatory cells 

(Aufricht et al., 2012; Bain et al., 2016). Peritonitis, which usually results from a 

microbial attack or infection as expected during intense gut inflammation 

(translocating bacteria inducing systemic inflammation), is a detrimental 

condition linked to sepsis and eventual host mortality. Abrogation of peritoneal 

immune suppression during peritonitis is associated with increased IL-6 

signaling, resulting in increased neutrophil infiltration to enable microbial attack 

resolution. The heightened peritoneal IL-6 and neutrophilia in chronic infected 

mice (Fig 6.11) may therefore be due to a sustained microbial onslaught, with 

neutrophil infiltration resulting in exacerbated disease instead of the resolution of 

inflammation. Intriguingly, although the total splenic TNF in chronic infected 

mice was similar to the TNF titers in the DSS only mice (Fig 6.11), loss of Treg 

suppression and proportions in the former group compared to the latter implies a 

highly inflammatory systemic immune response in chronic infected mice (Fig 

6.7). Excessive systemic TNF signaling in the absence of immune regulation is 

associated with cachexia; a condition characterised by loss of appetite, loss of 

weight, muscle atrophy, fatigue and weakness in the affected individual (Tracey 

et al., 1988), all the characteristics witnessed in colitic mice with a chronic 

H.polygyrus infection.  

  

Interestingly, both acute and chronic helminth infected groups exhibited 

significantly depleted mesenteric lymph node, peritoneal and splenic CD3+CD8+ 

T cell proportions following DSS administration (Fig 6.8), an occurrence 

reported by other researchers (Pastille et al., 2014). CD8+ T cell inhibition during 

helminth infection is reported as a function of the host’s Th2 anti-helminth 

immune response (Marple et al., 2017), which is reported to result in impaired 

antibacterial and anti-viral immune responses in helminth infected mice (Actor et 

al., 1993). The biological significance of impaired CD8+ T cells during colitis is 

still undetermined, although CD8+ T cells are associated with relapsing 

experimental and human colitis (Nancey et al., 2006; Boschetti et al., 2016), 

suggesting a key role for CD8+ T cells in IBD.  
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My findings demonstrate the helminth dependent exacerbation of DSS colitis, 

and confirm that indeed, modified immunological parameters in helminth-

infected mice after DSS administration are a direct function of both helminth 

infection as well as the worm burden. As previously discussed, in human 

populations, worm infection is considered in terms of both prevalence and worm 

burden (Hotez and Kamath, 2009), as the latter factor determines the extent of 

helminth related pathology. Due to the obvious site of helminth infection 

(intestine), a higher worm burden would result in extensive damage to the 

intestinal epithelium, leading to worse pathology. Indeed, DSS exacerbation 

worsened as worm burden increased (Fig 6.12), illustrated by increased weight-

loss, distress and colon tissue inflammatory cell infiltrate in the Hp 400 L3 group 

compared to both the Hp 200 and Hp 100 L3 groups. Similar to the chronic 

infected mice in the previous set of experiments, helminth infection resulted in 

depleted MLN CD4+Foxp3+ Tregs and a compensatory increase in CD4+ T 

effector cells (Fig 6.13), both of which were highly dependent on the worm 

burden. The surprising disparity between the MLN and splenic Th2 immune 

responses suggests a separation of immune responses depending on locale (Fig 

6.14), an occurrence observed across this whole study. However, these worm 

burden findings are a cautionary tale to helminth, epidemiology and autoimmune 

disease researchers reiterating the importance of helminth burden, not just 

prevalence, on host health as well as potential worm burden effect on underlying 

or subsequent inflammatory disease progression.  

 

Some caveats of this study include the lack of confirmatory effects of the Th2 

immune response on helminth viability, especially in the acute infected mice. 

These confirmatory tests could have included fecal egg counts as well as adult 

worm burden counts after DSS administration. Another limiting factor in our 

analysis is the lack of TGFβ data, as well as colon immunology data (e.g lamina 

propria LP cells). During the course of these experiments, a scientific dilemma 

existed between collecting colon samples for histology and ELISAs or for LP 

preparations, with the latter fraught to total loss of sample if mishandled. Hence, 

to avoid loss of sample, I preferred histology sections compared to LP data, but 

will seek to include LP data in future studies. TGFβ is reported to polarize TH17 

cell production in the presence of IL-6 while limiting induction of peripheral 
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Tregs (Bettelli et al., 2006; Mangan et al., 2006). It would have been interesting 

to verify the dynamic of Th17/Treg induction during helminth exacerbation of 

DSS.  

 
In summary, this study demonstrated the increased sensitivity of female mice fed 

a linoleic acid enriched diet to DSS colitis, which was characterised by 

neutrophilia and monocytosis. It also validated helminth exacerbation of DSS 

colitis irrespective of the phase of helminth infection. Both helminth phases 

resulted in impaired Treg proportions and Treg suppressive capacity; CD4+ T 

effector cell increases; mesenteric lymph node CD8+ T cell depletion and 

systemic neutrophilia. Although both helminth phases exacerbated colitis, they 

exhibited different immunological signatures demonstrating a difference between 

the larval and adult worm immunogenic stimulation. Acute helminth infection 

exacerbation was characterised by heightened systemic IL-6 and IL-17A 

expression, which positively correlated with neutrophilia and monocytosis. A 

potentiated Th2 immune response in acute infected mice, combined with 

neutrophilia and IL-17A signaling suggests that DSS administration abrogates 

the immunosuppressive environment usually associated with acute H.polygyrus 

infection, resulting in a complex type-2 immune response that unfortunately 

drives colitic disease. On the other hand, chronic infected mice exhibited 

abrogated Th2 responses, loss of peritoneum regulation and increased splenic 

TNF production, setting it apart from the acute helminth infected mice. Disease 

progression in chronic infected mice was a direct consequence of helminth 

infection, demonstrated by increased pathology as worm burden increased. This 

work provides an insight into how different helminth infection phases as well as 

helminth burden may influence colitis development in immunocompetent hosts.  
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 Naïve mouse colon image. β-catenin (green) and cell nuclei (DAPI) (Image credits: Brunette Katsandegwaza, 2018, 
UCT) 

	

EXPERIMENTAL RESULTS CHAPTER THREE 
	
Oral probiotic administration ameliorates H.polygyrus-exacerbation of DSS 

colitis 
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7 Probiotics, H.polygyrus and DSS colitis 
	
IBD researchers are currently in a great drive to develop novel therapeutics 

capable of causing disease remission with minimal side effects. The advent of 

biological therapies in the recent past not only revolutionised IBD therapy, but 

also improved the lives of a huge percentage of patients who otherwise had 

endured the debilitating nature of this disease. A number of these biological 

therapeutics target chemokines, cytokines or signaling pathways that drive 

inflammation during disease development and progression; with the blockage of 

such pathways proving beneficial to both Crohn’s disease (CD) and Ulcerative 

Colitis (UC) patients. However, a group of both CD and UC patients has become 

refractory to most biologicals, resulting in the need of a new line of treatment in 

the near future.  

 

Previous and current biological therapeutics have included the use of daclizumub 

(anti-IL-2Ra), infliximab (anti-IL-6), tocilizumab (anti-IL-6R), ustekinumab 

(anti-IL-12/23) and anti-TNF treatment in the treatment of IBD. Besides 

biologicals, previous treatments have also included the use of aminosalicylates, 

corticosteroids and cyclosporine to induce remission of disease in patients 

(Sutherland, 1998; Van Assche et al., 2002; Hanauer, 2004; Lichtiger, 2006; 

Gout et al., 2011; Kornbluth, 2011; Rather et al., 2016). However, most of the 

treatments result in a number of side effects that include hypertension, 

psychiatric disorders, immunological and physiological disturbances that may 

predispose to opportunistic infections such as Mycobacterium tuberculosis 

(Shim, 2014; Gîlca et al., 2017). This has led researchers on a path that seeks to 

harness the body’s natural ability to regulate gut inflammation in an attempt to 

package them as innovative CD and UC therapies.  

 

Both human CD and UC pathologies feature microbial alteration (dysbiosis) 

(Andoh et al., 2011), a condition characterised by decreased biodiversity and 

altered proportions of specific colon bacterial species that include the Firmicutes 

and Bacteriodetes phyla (Roediger et al., 1997; Manichanh et al., 2006; Frank et 

al., 2007). Indeed,	 both epidemiological and experimental research studies 
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strongly associate microbial dysbiosis with both CD and UC (Frank et al., 2007; 

Tomasello et al., 2014; Ahmed et al., 2016; Rajoka et al., 2017). The fecal 

dominance of Faecalibacterium spp. and colon Escherichia coli in CD patients 

demonstrates the strong association between dysbiosis and disease in CD (Sokol 

et al., 2008; Palmela et al., 2018); while the reduced prevalence of the 

Clostridium cluster (of the Firmicutes phyla) in CD supports the findings of 

altered bacterial diversity during IBD (Frank et al., 2007). Although a causal-

effect argument between microbial dysbiosis and IBD exists, the importance of 

the microbiota in IBD is underscored by the efficacy of fecal transfers, dietary 

interventions and antibiotic treatment in IBD disease (Sartor, 1998; Yamamoto et 

al., 2000; Dutta et al., 2014; Suskind et al., 2015).  

 

The use of dietary interventions, fecal microbiota transfers (FMT), fecal 

diversion and probiotic administration as microbial modulation therapeutics have 

transformed the lives of IBD patients. However, some dietary interventions that 

include enteral and parenteral nutrition employed to induce remission in patients 

for ages have mostly been successful in only a few pediatric cases of CD, 

nullifying them as efficient therapies for adult CD (Griffiths et al., 1995; Leach 

et al., 2008). The surgical complications associated with fecal diversion makes 

this procedure less desirable by a group of IBD patients, a situation complicated 

by an increased risk of either malnutrition or relapsing colitis due to colonocyte 

nutrient deprivation (Bafford et al., 2017). Although FMT has been quite 

successful in the treatment of both experimental and human UC; a number of 

challenges that include the mode of fecal transfer, the biological safety of 

donated matter as well as the dose of donated matter still undercuts the 

acceptance of FMT in both the general and scientific communities (Di Bella et 

al., 2015; Moayyedi et al., 2015). However, one mode of microbial modulation, 

oral probiotic administration, has been met with positive enthusiasm, mostly due 

to its non-invasive nature as well as the positive outcomes witnessed in most 

IBD patients.    

 

The maintenance of gut bacterial homeostasis through oral probiotic 

administration is reported to induce remission of IBD in patients (Venturi et al., 

1999; Gionchetti et al., 2003; Bibiloni et al., 2005) and prevents or ameliorates 
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recurrent colitis in mouse models of disease (Madsen et al., 1999; McCarthy et 

al., 2003; Giacinto et al., 2005). Lactobacilli and Bifidobacteria spp are the most 

widely utilised probiotic species demonstrated to significantly modify human 

health. This is achieved through their ability to increase the concentration of 

essential byproducts of carbohydrate fermentation, outcompete pathogenic 

microbes for nutrients and niche occupation, modulation of intraepithelial host’s 

immune cell signaling, xenobiotic detoxification, enhancement of the gut 

epithelial barrier tight junction proteins as well synthesis of beneficial vitamins 

such as vitamin K (Bentley and Meganathan, 1982; Mazmanian et al., 2005; 

Candela et al., 2008; Nilsson et al., 2008; Natividad et al., 2013). Treatment with 

a probiotic mix of Lactobacillus acidophilus and Bifidobacterium longum 

suppressed gut inflammation in a TNBS model of experimental colitis, 

characterised by increased CD4+ Treg and IL-10 frequencies and a suppression 

of CD4+ effector and pro-inflammatory cytokines in the colon (Roselli et al., 

2009).  

 

However, an independent experiment demonstrated suppressed IL-10 and TGFβ 

frequencies after Lactobacillus acidophilus and Lactobacillus salivarus treatment 

in BALB/c rectums (Petersen et al., 2011), demonstrating variability in the effect 

of specific microbial species on inflammatory conditions. While preventative 

administration of the commercially available probiotic cocktail VSL#3 can 

attenuate ileitis in murine models as well as colon inflammation through the 

suppression of IL-8 signaling, VSL#3 was demonstrated to have no beneficial 

effect on murine DSS colitis, or colitis-associated colorectal cancer, despite 

colonizing the gut and modifying the mucosal microbiome (Elliott et al., 2008; 

Arthur et al., 2013). This varied outcome of the influence of probiotics on 

different forms of murine colitis has resulted in a re-focusing on specific 

microbial species and mechanisms associated with microbial regulation of 

intestinal inflammation (Hrncir et al., 2007; Ivanov et al., 2009; Atarashi et al., 

2013; Sokol et al., 2017) to fully comprehend the interactions between gut 

microbes and host immune responses.  

 

Interestingly, one of the innovative biological therapies currently in 

consideration is reported to also result in microbial modulation. Helminth 
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therapy, demonstrated to modulate a number of bystander inflammatory 

conditions (R W Summers et al., 2005; Robert W. Summers et al., 2005; Wilson 

et al., 2005; Fallon and Mangan, 2007; Saunders et al., 2007; Smith et al., 2007), 

is also reported to result in the modification of the host’s gut microbial 

composition (Reynolds et al., 2014; S. C. Lee et al., 2014; Houlden et al., 2015; 

Li et al., 2016). This modification is positively associated with the modification 

of systemic inflammatory disorders, including bacterial-induced colitis and 

intestinal inflammation (Sutton et al., 2008; Broadhurst et al., 2012; Zaiss et al., 

2015a; McFarlane et al., 2017; Su et al., 2018). Successful helminth infection is 

positively correlated with an increase of gut Lactobacilliceae (Reynolds et al., 

2014), providing evidence of a helminth-gut microbiota interaction. Since 

helminths alter the microbiota to enable host colonisation, helminths may drive 

expansion of protective microbiota members leading to inflammatory bacteria 

inhibition.  

 

Certainly, a helminth-induced bloom of Clostridiale spp. blocked expansion of 

pro-inflammatory Bacteroides vulgatus and ameliorated disease in a mouse 

model of IBD (Ramanan et al., 2016). Transfer of a helminth-modified 

microbiota to uninfected mice alleviated airway allergy (Zaiss et al., 2015), 

suggesting that helminths can mediate allergic inflammation through gut 

microbial modification. However, the ability of a helminth-modified microbiota 

to protect from inflammation likely depends on the bacterial species that are 

driving inflammation. In a mouse model of Citrobacter rodentium colitis, 

transfer of H.polygyrus-modified microbiota to uninfected mice exacerbated 

colitis (C. Su et al., 2018), while H.polygyrus infected mice were unable to 

suppress Salmonella typhimurium invasion of epithelial cells (Su et al., 2014). 

The inability to suppress bacterial invasion may contribute to the increased 

intestinal colonisation of S.typhimurium noticed during helminth infection 

(Bobat et al., 2014; Reynolds et al., 2017). Overall, the impact of a helminth 

infection on the host’s microbiota plays a key role in the outcome of IBD 

pathology. 

 

In the previous result chapter, I demonstrated helminth exacerbation of gut 

inflammation in an optimised model of DSS colitis. I also demonstrated an SPF 
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dependent helminth exacerbation of DSS colitis (Appendix-Optimisations), 

suggesting the role of specific members of the gut microbiome in colon 

inflammation. Interestingly, H.polygyrus, our helminth of choice, invades and 

inhabits the small intestine, but had deleterious effects in the distal colon, an area 

beyond their migratory niche, suggesting an indirect effect of H.polygyrus on the 

colon immune responses. Following with this understanding and the previously 

published findings of helminth microbial modifications negatively influencing 

gut inflammation, I hypothesised that microbial dynamics may play a role in 

colitic disease exacerbation during helminth infection. Therefore, in this study, I 

sought to determine the effect of probiotic administration on helminth-

exacerbated DSS colitis. Initially, a positive association between helminth 

infection and gut microbial dysbiosis was demonstrated, characterised by an 

abundance of the gram-positive Firmicutes phyla of the Enterococcus genus 

translocating to the periphery. Administration of an eight-strain probiotic 

(VSL#3) during H. polygyrus infection ameliorated helminth exacerbation of 

DSS colitis, and this was associated with suppressed systemic neutrophilia as 

well as mesenteric IL-17A signaling. Probiotic treatment preserved MLN CD8+ 

T cells, E-cadherin and β-catenin distribution in the gut epithelium and abrogated 

CD3+ T cell infiltration, which positively correlated with reduced bacterial 

translocation to the spleen. We believe this research is the first to demonstrate 

the beneficial role of probiotic administration on a helminth-modified gut 

microbiota during colitis, and propose that maintaining gut microbial 

homeostasis may play an important role in alleviating dysbiosis-associated 

pathogenic conditions.  
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STUDY HYPOTHESIS 

 

The previous chapters demonstrated that infection with H. polygyrus exacerbates 

DSS-induced colitis and that different Specific Pathogen Free (SPF) conditions 

influence colitis outcome (Fig 10.1- Appendix). Therefore, I proposed that the 

gut microbiota plays an inflammatory role in helminth exacerbation of DSS 

colitis.  
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RESULTS 
 
H.polygyrus infection resulted in a dominance of the Firmicutes phyla 

translocating to the spleen during DSS colitis.  

 

Helminth-induced alterations to the intestinal epithelial barrier have been 

associated with increased Citrobacter rodentium-induced colitis (Chen et al., 

2005). In order to determine whether helminth infection exacerbates DSS colitis 

by increasing the breakdown of the intestinal epithelium, an H.polygyrus burden 

experiment was carried out (Fig 7.1a). Spleen weights were measured, and 

bacterial translocation to the peripheral tissues was confirmed through Gram 

stains. Although DSS treatment did not have a significant impact on spleen 

weight, infection with H.polygyrus increased spleen weight (Fig 7.1b), with 

splenomegaly showing a strong positive correlation with H.polygyrus burden 

(Fig 7.1b). Helminth infection resulted in bacterial translocation to the spleen, 

with Gram-staining of anaerobically cultured bacteria isolated from the spleen 

indicating that helminth infection resulted in the dominance of gram-positive 

bacteria, which exhibited a coccoid appearance, often occurring in pairs 

(diplococcoid) (Fig 7.1c). Interestingly, although helminth infection did not 

affect the alpha diversity of bacteria translocating to the spleen (Fig 7.1d), 

UniFrac-based analysis of this microbiota indicated that helminth infected and 

control samples were composed of distinct bacterial communities following DSS 

treatment (Fig 7.1e). Further 16S sequencing and analysis of translocating 

bacterial species demonstrated an increased dominance of the Firmicutes and 

decrease of the Bacteriodetes phyla associated with increased H.polygyrus 

burden (Fig 7.1f). A broader comparison of the infected and the uninfected 

groups indicated a heightened frequency of the Enterococcus genus (Fig 7.1g) 

associating with helminth infection after DSS administration.  
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Figure 7-1: Firmicutes dominance in translocating microbiota from helminth infected mice 
after DSS administration. Using the optimised DSS colitis model, 6-8 week female BALB/c 
mice (fed the mAIN76A diet) were chronically infected with different H.polygyrus burdens (a) 
28 days before administration of DSS. Spleens were sterile harvested, weighed (b) and anaerobic 
bacterial culture was carried out. Bacterial colonies were isolated, gram stained (c) and bacterial 
DNA was extracted for 16s genetic sequencing to determine microbial species and diversity. The 
alpha (d) and beta diversity (e) of the infected and uninfected groups was determined post 
sequencing using Calypso software. Further worm burden dependent microbial analysis 
demonstrates variation of bacterial species as worm burden increased (f), with (g) demonstrating 
the dominance of the Enterococcus genus in the helminth-infected mice. Data is presented as 
mean ± SEM and is representative of two independent repeat experiments (worm burden 
experiment) and one experiment (bacterial sequencing) with n≥4 mice per group. Statistical 
significance was calculated using one-way ANOVA at 95% significance level, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. 16S sequencing and analysis 
carried out in collaboration with the Heather Jaspan group, genomic graphs generated by Jerome 
Wendoh from the Heather Jaspan group (Cape Town,SA and Seattle, USA). 
 
Administration of an 8-strain probiotic ameliorates H.polygyrus 
exacerbation of DSS-induced colitis. 
 
Gut microbial alterations play an important role in intestinal inflammation(Roy 

et al., 2017), with disease development highly dependent on the host’s microbial 

composition (Nagalingam et al., 2011; Berry et al., 2015). Previously, I 

demonstrated helminth-associated dysbiosis in translocating bacteria, with a 

particular increase in the gram-positive Enterococcus genus from the Firmicutes 

phyla. In order to determine whether helminth exacerbation of colitis was due to 

gut microbial shifts, oral probiotics were administered during the helminth 

infection phase only, before induction of colitis using the optimised model of 

DSS colitis (Fig 7.2a). Initial determination of individual effects of either 

probiotics or helminth on the host’s immunology demonstrated the significant 

depletion of MLN Tregs during a helminth infection, while probiotics 

significantly boosted MLN Tregs to numbers higher than in naïve mice (Fig 10.2 

-appendix). Therefore, I tested to see probiotics could influence the immunology 

and outcome of a helminth-exacerbated DSS colitis. Probiotic administration 

positively associated with abrogated weight-loss and distress (Fig7.2b & c). 

Although probiotics had no effect on colon length (Fig. 2d), histological analysis 

demonstrated a reduction in inflammatory cell infiltrate and the maintenance of 

normal goblet cell distribution in the probiotic administered group compared to 

the helminth-only infected group (Fig 7.2f). Changes in the colon architecture 

associated with VSL#3 treatment correlated with an overall reduction in the 
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production of the inflammatory cytokines IL-6 and TNF by the colon, although 

the latter did not reach statistical significance (Fig 7.2g & 2h).  
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Figure 2: Administration of probiotics ameliorates helminth-
exacerbated DSS colitis.  
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Figure 7-2: Administration of an 8-strain probiotic ameliorates H.polygyrus exacerbation of 
DSS-induced colitis. Using the optimized protocol for DSS colitis induction, 6-8 week old 
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female BALB/c mice were acutely infected with H.polygyrus 7 days before DSS administration 
(a). 10 ^9 CFU bacterial probiotics (VSL#3) were administered during the helminth infection 
phase only and stopped on the day of DSS administration. Weight-loss (b) and mouse distress (c) 
for naïve untreated controls (open symbols), DSS only controls (black symbols), Hp+DSS only 
(helminth infected only-red symbols) and Hp + DSS + V (probiotic treated group-green symbols) 
were monitored for a period of 7 days before euthanasia. At point of euthanasia, mouse colons 
were excised, measured (d) and sectioned for histological purposes (f). Histological colon 
sections were scored (e) from H&E (inflammatory infiltrate-indicated) and PAS (goblet cells-
indicated) stained sections (representative PAS sections are shown here). 1mm colon sections 
were also incubated in complete media for 11 hours, IL-6 and TNF cytokine assays were carried 
out on the supernatant using ELISA (g and h). Data is presented as mean ± SEM and is 
representative of two independent repeat experiments with n≥ 4 mice per group. Statistical 
significance was calculated using one-way ANOVA at 95% significance level, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical 
comparisons are between the Hp+DSS and Hp+DSS+V groups. Colon supernatants ELISAs 
assisted by Katherine Smith (UCT), colon histology assisted by Lizette Fick (UCT). 
 
Probiotic administration restores gut epithelial integrity through 
modification of epithelial cell-cell interaction proteins.  
 
Microbial modulation of the wnt signaling pathway results in the translocation of 

β-catenin into the cell nucleus, where it instigates transcription of inflammatory 

genes such as TCF through the NFκB pathway, resulting in the induction of 

Th17 immune responses (Kim et al., 2006, 2012; Wu et al., 2006; Rubinstein et 

al., 2013). Previously (Fig 7.2), I showed a reduction in colon inflammation 

demonstrated by the rescuing of the colon architecture, a reduction in colon 

inflammatory infiltrate and suppression of colon IL-6 in the probiotic-treated 

group after DSS administration. Therefore, I next sought to determine the 

integrity of colon epithelial cells by looking at cell-cell interaction protein 

distribution as well as the ability of bacteria to translocate from the lumen into 

the periphery. Administration of an 8-strain probiotic abrogated the 

overexpression and apparent re-distribution from the cell membrane to the 

cytoplasm of E-cadherin and β-catenin that was highly apparent in the DSS only 

and Hp+DSS mice after DSS administration (Fig 7.3). Inflamed tissue with cell-

cell interaction protein accumulation was noted to break away from the mucosae, 

associated with the high infiltration of CD3+ T cells as well as epithelial 

disintegration in the Hp+DSS group compared to the Hp+DSS+V group (Fig 

7.3). Quantification of both β -catenin and E-cadherin proteins (maximum 

intensity expression) in IMAGE-J demonstrated an abrogation of protein 

overexpression by probiotic administration (Fig 7.4a & b). In-situ 

immunofluorescence labeling of LPS in the colon epithelium illustrates an 

increased presence of bacterial species within the colon epithelium of the 
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Hp+DSS group compared to the Hp+DSS+V mice after DSS treatment (Fig 

7.4c), supported by high splenic bacterial CFU/g (Fig 7. 4d). 
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Figure 7-3: Administration of an 8-strain probiotic abrogates CD3+ cell infiltration as well 
as cell-cell interaction protein over-expression. Mouse colon tissue from the probiotic 
treatment experiment was fixed in 4% PFA and stained for CD3+ T cell infiltration (black 
arrows), β-catenin and E-cadherin proteins before imaging (white arrows show tight junction). 
Images shown are representative of two-independent repeat experiments with n≥4 mice per 
group. Confocal microscopy assisted by Susan Cooper (UCT), anti-CD3+ T cell staining by 
Lizette Fick (UCT). 
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Figure 7-4: Probiotic administration to helminth-infected mice maintains tight junction 
integrity and dampens bacterial translocation. Mouse colon tissue from the probiotic 
treatment experiment was fixed in 4% PFA and stained for β-catenin and E-cadherin proteins. 
Maximum intensity projection images were further analysed in IMAGE-J to quantify the 
expression of both β-catenin (a) and E-cadherin (b) for naïve untreated controls (open symbols), 
DSS only (black symbols), Hp+DSS (red symbols) and Hp+DSS+V (green symbols) and graphs 
were plotted in Graph pad prism. In-situ immunofluorescence labeling of bacteria specimens 
(red-indicated by white arrows) (c) in the colon tissue was carried out using an anti-LPS 
antibody. Sterile harvested spleens were anaerobically cultured on blood agar plates and bacterial 
CFU/g was quantified to determine amount of translocating bacteria (d). Data is presented as 
mean ± SEM and is representative of two independent repeat experiments with n≥4 mice per 
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group. Statistical significance was calculated using one-way ANOVA at 95% significance level, 
with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, 
statistical comparisons are between the Hp+DSS and Hp+DSS+V groups. Confocal microscopy 
assisted by Susan Cooper (UCT), 
 
Administration of an 8-strain probiotic prevents enhanced inflammatory 
responses associated with helminth-exacerbated DSS colitis. 
 
Host regulatory and effector cell dynamics during helminth infections are pivotal 

to the etiopathology of bystander conditions (Wilson et al., 2005; Dittrich et al., 

2008), while probiotic administration is demonstrated to either suppress or have 

no influence on host’s effector immune responses (Arthur et al., 2013; Chang et 

al., 2013; Mar et al., 2014; Isidro et al., 2017).  
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Figure 7-5: Administration of the 8-strain probiotic prevented the depletion of MLN 
CD4+Foxp3+ induced by helminth infection. Using the optimised protocol for DSS colitis 
induction, 6-8 week old female BALB/c mice were acutely infected with H.polygyrus 7 days 
before DSS administration. 10 ^9 CFU bacterial probiotics (VSL#3) were administered during the 
helminth infection phase only and stopped on the day of DSS administration. Host MLN and 
spleens were excised and cells of interest were analysed for naïve untreated controls (open 
symbols), DSS only (black symbols), Hp+DSS (red symbols) and Hp+DSS+V (green symbols) 
were analysed for using flow cytometry. Foxp3 expression within MLN and spleen cells was 
quantified (a), and their FOXP3 MFI (b) was determined as illustrated in (c).  Data is presented 
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as mean ± SEM and is representative of two independent repeat experiments with n≥4 mice per 
group. Statistical significance was calculated using one-way ANOVA at 95% significance level, 
with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, 
statistical comparisons are between the Hp+DSS and Hp+DSS+V groups. Experimental run and 
analysis assisted by Rodney Lucas, Alisha Chetty and Brittany-Amber Jacobs, UCT. 
 
 
CD4+Foxp3+ regulatory T cells (Tregs) are important regulators of colon 

inflammation, capable of suppressing excessive anti-microbial pro-inflammatory 

responses	 (Kim et al., 2016). The same group of cells is expanded during early 

H.polygyrus infection and are thought to contribute to the regulation of helminth 

immunity and bystander inflammatory conditions (Finney et al., 2007; Smith et 

al., 2016). Although helminth infection did not significantly affect mesenteric 

CD4+Foxp3+ proportions, probiotic administration resulted in a significant 

increase of mesenteric CD4+Foxp3+ Tregs (Fig 7.5a). All MLN Tregs from the 

different treatments exhibited similar Foxp3 MFI (Fig 7.5b) as illustrated in Fig 

7.5c. Interestingly, probiotic administration increased splenic Treg MFI 

compared to the Tregs from the helminth-infected group only (Fig 7.5b) as 

illustrated in Fig 7.5c.   

 
Surprisingly, both the administration of 109 CFU of the 8-strain probiotic (trade-

name Vivomixx®) as well as helminth infection had no significant impact on 

CD4+ T cell effector cells from both the MLN and spleen (Fig 7.6b). However, 

probiotic administration rescued the MLN CD8+ T cell compartment, a 

compartment I previously demonstrated to be depleted in helminth infected 

groups after DSS administration (Result chapter 2). Further characterisation of 

the CD4+ T cell compartment from the peritoneal cavity and spleen indicated 

diminished expression of both IL-17A and IL-6 in the probiotic administered 

group, following DSS administration (Fig 7.7a & b), which mirrored the 

suppressed expression of total IL-17A and IL-6 in the same compartments (Fig 

7.7c). IFNγ production by CD4+ T cells within the spleen was significantly 

increased in helminth-infected mice treated with VSL#3, compared to helminth 

infection alone after DSS administration (Fig 7.7a).  
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Figure 7-6: Administration of an 8-strain probiotic prevents enhanced inflammatory 
responses associated with helminth-exacerbated DSS colitis. Mesenteric lymph nodes (MLN), 
peritoneal lavage and spleen were collected and processed for flow cytometry. CD4+ T effector 
and CD8+ T cells (gated on single cells) (a) for naïve untreated controls (open symbols), DSS 
only (black symbols), Hp+DSS (red symbols) and Hp+DSS+V (green symbols) from the MLN 
and the spleen were analysed (b and c). Data is presented as mean ± SEM and is representative 
of two independent repeat experiments with an average of five mice per group. Statistical 
significance was calculated using one-way ANOVA at 95% significance level, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical 
comparisons are between the Hp+DSS and Hp+DSS+V groups. Experimental run and analysis 
assisted by Rodney Lucas, Alisha Chetty and Brittany-Amber Jacobs, UCT. 
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Figure 7-7: Probiotic treatment abrogated proinflammatory responses associated with 
helminth infection after DSS administration. Peritoneal lavage and spleen were collected and 
processed for flow cytometry. CD4+ T (a,b) cells as well total IL-17A and IL-6 (c,d) cytokine 
expression for naïve untreated controls (open symbols), DSS only (black symbols), Hp+DSS (red 
symbols) and Hp+DSS+V (green symbols) in the spleen and peritoneal wash were determined 
after intracellular cytokine staining. Data is presented as mean ± SEM and is representative of 
two independent repeat experiments with n≥4 mice per group. Statistical significance was 
calculated using one-way ANOVA at 95% significance level, with *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical comparisons are 
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between the Hp+DSS and Hp+DSS+V groups. Experimental run and analysis assisted by Rodney 
Lucas, Alisha Chetty and Brittany-Amber Jacobs, UCT. 
 
Abrogated splenic and peritoneal IL-17A positively correlated with reduced 
neutrophilia  
 
In the previous chapter, helminth-associated neutrophilia, which positively 

correlated to systemic IL-17A production and inflammation was demonstrated. 

Neutrophilia is an important readout for both experimental and human UC 

(Talukdar et al., 2012), with neutrophil infiltration positively correlated with 

colon inflammation (Fournier and Parkos, 2012). Previously, I have shown the 

suppression of splenic and peritoneal total IL-17A proportions in probiotic 

treated helminth infected mice (Fig 7.7). Interestingly, probiotic administration 

also resulted in the ablation of spleen neutrophil proportions (Fig 7.8)  
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Figure 7-8: Diminished spleen IL-17A immune responses positively associated with 
abrogated spleen neutrophilia.	Spleen and	peritoneal wash (PerC) single cells were processed 
using flow cytometry for neutrophils (Gr1high, Ly6ghigh) gated on CD11b+ cells. Spleen (a) and 
Perc (b) neutrophils (Gr1high, Ly6ghigh) proportions were quantified for naïve untreated controls 
(open symbols), DSS only (black symbols), Hp+DSS (red symbols) and Hp+DSS+V (green 
symbols) and graphs were plotted in Graphpad Prism. Data is presented as mean ± SEM and is 
representative of two independent repeat experiments with n≥4 mice per group. Statistical 
significance was calculated using one-way ANOVA at 95% significance level, with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. Unless indicated, statistical 
comparisons are between the Hp+DSS and Hp+DSS+V groups. Experimental run and analysis 
assisted by Rodney Lucas, Alisha Chetty and Brittany-Amber Jacobs, UCT. 
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DISCUSSION 
 
The gut microbiota plays an important role in maintaining intestinal health, 

where perturbations can cause intestinal disease and systemic disease (Aich et 

al., 2016; Ni et al., 2017). Probiotic intake is generally advised for the non-

invasive treatment of human Ulcerative Colitis, where it has been suggested that 

probiotic administration modifies the diversity of the gut microbiota and 

promotes the maintenance of the colon mucosal layers. Besides their beneficial 

effects in the gut, probiotics may also affect the functionality of other visceral 

organs through immune system modification (de Vrese and Schrezenmeir, 2008). 

It is however unknown to what extent this microbial modulation influences the 

host’s physiology or immunity in relation to helminth exacerbation of colitis. 

 

In Chapter 2, I demonstrated the exacerbation of DSS colitis by H.polygyrus 

infection. The data presented in this chapter is the first to demonstrate the 

beneficial role of probiotic administration on helminth-exacerbation of colitis 

Initially; I found that H.polygyrus burden defines modification of the microbiota 

translocating from the lumen to the periphery (Fig 7.1). Research reiterates the 

importance of the Firmicutes: Bacteriodetes ratio in the gut, with a high ratio 

associated with obesity, IBD and metabolic syndrome (Frank et al., 2007; Guo et 

al., 2008; Kim et al., 2012; Miles et al., 2017). Similar microbial modification is 

reported during a Trichuris spp. and Toxocara spp. infection (Houlden et al., 

2015; Duarte et al., 2016). Interestingly, I demonstrate a significant increase in 

the gram-positive Enterococcus genus of the Firmicutes phyla with increased 

worm burden (Fig 7.1). Nakanishi et al., reported the enrichment of gram-

positive bacteria (dominated by the Firmicutes phyla) in DSS administered mice, 

which had the ability to recruit proinflammatory monocytes and macrophages to 

the host’s colon (Nakanishi et al., 2015). My data suggest that helminth-

dependent enrichment of Firmicutes phyla may result in increased inflammation 

in the colon through a similar mechanism.  

 

Besides the inflammatory role of gram-positive bacteria during DSS colitis, gram 

positive Enterococcus spp., a genus significantly increased in the helminth 

infected groups in this study (Fig 7.1), are associated with inflammatory 
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pathology in both human and experimental IBD (Balish and Warner, 2002; 

Golińska et al., 2013; Zhou et al., 2016). The Enterococcus and Clostridia genera 

are reported as opportunistic intestinal pathogens that flourish when the host’s 

microbiome is exposed to antibiotics such as Vancomycin and they are both 

associated with colitis (Hrncir et al., 2007; Duarte et al., 2016). Expansion of the 

Firmicutes phyla during helminth infection is also reported in a C57BL/6 mice 

after H.polygyrus infection, where expansion of Lactobacilli spp. (members of 

the Firmicutes phyla) was associated with efficient host colonization (Reynolds 

et al., 2014), demonstrating a beneficial helminth-host microbiota relationship. 

Hence, we argue that in this study, H.polygyrus infection skewed the host’s 

microbial community to a Firmicutes dominated community, a microbial shift 

that may have been detrimental to DSS colitis pathology. 

 

The accompanying increase in the Verrucomicrobia phyla as helminth burden 

increased was surprisingly interesting, as this phylum contains an interesting 

Akkermansia muciniphila species (Fig 7.1). A.muciniphila is a mucin degrading 

bacterium, capable of excessively breaking down the colon mucus barriers if left 

unchecked (Ganesh et al., 2013; Berry et al., 2015; Seregin et al., 2017). 

Expansion of A.muciniphila during helminth infection may be beneficial to 

helminth colonisation, as the bacterium would constantly breakdown copious 

amounts of mucus that would normally enable helminth clearance. However, this 

may have the side effect of weakening the mucus barrier leading to exaggerated 

contact between lumen bacterial antigens and epithelial tissue during DSS 

administration. 

 

Although the diversity of translocating bacteria from helminth infected mice 

clustered separately from the uninfected mice (beta diversity) (Fig 7.1), it was 

quite surprising that helminth infection had no impact on the overall average 

diversity of the host’s microbial species (alpha diversity). Literature reports 

either a reduction or increase of alpha diversity with helminth infection (Houlden 

et al., 2015), although these shifts maybe dependent on the host’s diet. A 

carbohydrate rich diet is demonstrated to support expansion of the Bacteriodetes 

phyla, a community that plays an important role of carbohydrate fermentation in 

the host’s gut, availing bacterial dependent metabolites reported to suppress 
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inflammation through IL-10 and Treg signaling (Chen et al., 2017; Williams et 

al., 2017). This phyla is enriched in young children from Burkina Faso who have 

a carbohydrate rich diet, compared to Italian children who have an animal fat 

rich diet dominated by a Firmicutes microbiota (De Filippo et al., 2010). In my 

studies, an n-6 PUFA (linoleic acid) modified diet was used within an optimised 

model of DSS colitis, potentially providing a suitable canvas for helminth 

manipulation towards a Firmicutes dominated microbiota.  

 

To determine if the helminth microbial shift played a significant role in helminth 

exacerbation of DSS colitis, we proposed to administer a lactic acid producing 8-

strain oral probiotic to counteract H.polygyrus driven dysbiosis, in anticipation of 

a rescue in DSS colitis exacerbation (Fig 7.2). Interestingly, administration of the 

8-strain probiotic during helminth infection ameliorated helminth-exacerbation 

of DSS, as demonstrated by rescued weight-loss and distress compared to 

helminth infection alone (Hp+DSS) (Fig 7.2). Although probiotic administration 

had no effect on colon shortening, I found that there was a significantly reduced 

colon infiltrate and colon IL-6 production in probiotic treated mice compared to 

the probiotic untreated mice (Fig 7.2). My finding of heightened IL-6 production 

during H.polygyrus exacerbation of DSS colitis tallies with a recent publication 

(Pastille et al., 2017). However, my findings are the first to demonstrate a 

suppression of this important colitic cytokine following probiotic administration. 

A caveat to this study is the absence of microbial data following probiotic 

administration, as it would have been interesting to determine whether probiotic 

administration prevented the helminth driven microbial shift witnessed during 

exacerbation. It would also have been interesting to note if rescue of the colon 

architecture, especially goblet cell functionality, would have been associated 

with a decreased prevalence of the Verrucomicrobiota phyla.  

 

Despite the lack of confirmatory tests of the probiotic effect on gut microbial 

communities, I was able to demonstrate the beneficial role of probiotics on gut 

epithelium integrity (Fig 7.3). VSL#3 administration is reported to improve gut 

epithelial barrier through the maintenance of tight junction proteins that include 

e-cadherin, occludin, zonula occludens-1 and claudins (Mennigen et al., 2009; 

Corridoni et al., 2012; Isidro et al., 2017). Tight junction conservation is 
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positively correlated with reduced macrophage infiltrate into inflamed colons 

during acute colitis, paralleling a significant reduction in typical inflammatory 

cytokines such as IL-2 and IL-17A (Isidro et al., 2017). In this study, helminth 

exacerbation of DSS colitis was associated with overexpression and the re-

distribution of both β-catenin and E-cadherin, from the epithelium to the 

cytoplasm (Fig 7.3). Surprisingly, colon sections from probiotic treated mice had 

intact epithelial cell junctions, with the latter group also demonstrating the 

diminished infiltration of CD3+ T cells compared to the Hp+DSS only group 

(Fig 7.3), suggesting reduced T cell infiltration to the colon following probiotic 

treatment. Interestingly, microbial driven re-distribution and stabilisation of the 

β-catenin protein can drive transcription of inflammatory genes through the 

NFkB pathway (Sears, 2009; Goodwin et al., 2011; Sun and Kato, 2016), 

contributing to increased epithelial inflammation through the induction of Th17 

immune responses including IL-17, IL-23, IL-6 and IL-1β expression, all of 

which are positively enhanced by TNF signaling (Murch et al., 1993; Wu et al., 

2009).  

 

Excessive gut insult (such as continuous administration of DSS in drinking 

water) incapacitates the regular checks and balances required to heal, maintain 

and suppress inflammation, leading to an overwhelmed immune response that 

cannot control bacterial invasion and bacterial translocation into the periphery 

(Gardiner et al., 1993; Carroll and Maharshak, 2013). Bacterial translocation is 

highly correlated with tight junction distribution in the colon epithelium. This 

process is proposed to weaken cell-to-cell adhesion, permitting bacterial escape 

from the colon lumen into the periphery (Weng et al., 2007; Bergstrom et al., 

2010; Kansal et al., 2014). Indeed, helminth–exacerbated colitis was associated 

with increased bacterial translocation to the spleen (Fig 7.4), with in situ 

fluorescence labeling showing higher numbers of LPS labeled bodies within 

epithelial tissue in the Hp+DSS colons compared to the Hp+DSS+V colons (Fig 

7.4). The administration of probiotics significantly reduced the amount of 

translocating bacteria, and diminished the frequency of LPS labeled bodies 

within epithelial tissue, implying a rescued colon integrity as demonstrated in 

Figures 7.2 and 7.3. Excessive bacterial translocation during both experimental 

and human colitis is suggested to result in systemic inflammation, with an 



Experimental Results Chapter Three	 	 	
	

Brunette Katsandegwaza   173	

increased potential of organ failure and mortality (Zhi-Yong et al., 1992; Swank 

and Deitch, 1996). This correlates with the measure of distress recorded in 

helminth-infected mice, following administration of DSS (Fig 7. 2).  

  

After demonstrating the abrogation of colon inflammation and pathology in 

probiotic treated mice, I next determined whether this treatment would have an 

effect on local and systemic immune responses. Under steady state conditions, 

systemic and intestinal regulatory cells that include CD4+ Tregs suppress 

excessive inflammatory responses to gut lumen antigens. Colonic and recruited 

CD4+ Tregs are reported to shuttle between the colon and the mesenteric lymph 

nodes to suppress T cell priming by antigen presenting cells and dampen 

inflammatory responses (Pabst, 2012; Geem et al., 2016; Nakanishi et al., 2017). 

Similar to my previous findings (Fig 4.2), probiotic amelioration of colitis was 

characterised by increased MLN CD4+ Treg proportions in the Hp+DSS+V 

group compared to the Hp+DSS group (Fig 7.5), although their Foxp3 MFI was 

quite similar. Foxp3 MFI is a measure of the suppressive capacity of a 

CD4+Foxp3+ cell, with a higher MFI associated with suppressive functionality. 

Although all groups had similar Foxp3 MFI, the Hp+DSS+V group exhibited 

higher frequencies of MLN CD4+ Tregs, alluding to a more suppressive milieu in 

the MLN compared to the Hp+DSS only. Surprisingly, the spleen Treg Foxp3 

MFI was significantly higher in the probiotic treated group compared to the DSS 

only as well as Hp+DSS only groups (Fig 7.5). This occurrence may be due to 

suppressed local expansion of lymphocyte populations in the spleen (Lee et al., 

2009; Kim, 2010). Hence, the suppressive milieu in the probiotic treated group 

may have prevented excessive inflammatory responses to any other antigenic 

stimulation that may have escaped gut epithelial containment, unlike in the 

Hp+DSS group.  

 

After determining the rescue of MLN Tregs by probiotic treatment, we looked at 

the CD4+ and CD8+ T cell response following DSS administration in probiotic 

treated mice. Unexpectedly, probiotic treatment had no significant effect on 

MLN and splenic CD4+ effector T cells, although this treatment did result in the 

rescue of the MLN CD8+ T cell compartment (Fig 7.6). H.polygyrus-related 

depletion of CD8+ T cells has been published in models where H.polygyrus 
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exacerbated DSS colitis and carcinogenesis (Actor et al., 1993; Filbey et al., 

2014; Pastille et al., 2014, 2017), and I also showed a depletion of the MLN 

CD8+ T cells in helminth infected mice (Fig 10.1-appendix). This demonstrates 

that CD8+ T cell depletion in this study is a function of helminth infection, which 

may negatively affect DSS colitis induction. Interestingly, early CD8+ T cell 

researchers demonstrated the ability of IL-4 to drive the differentiation of non-

cytolytic CD8- T cells from cytolytic CD8+ T cells, indicating the possibility of 

anti-helminth immune responses (IL-4) to influence loss of CD8+ cytotoxic 

activities (Erard and Le Gros, 1994). Hence, we may be witnessing de-

differentiation of cytotoxic CD8+ T cells instead of CD8+ T cell depletion during 

helminth exacerbation of DSS colitis. IL-4 stimulated CD8 T cells are reported to 

support Th2 immune responses, and may be important during anti-helminth 

immune responses. However, such a conversion would severely impair anti-

bacterial and anti-viral CD8+ IFNγ responses, leaving the host prone to bacterial 

infections, a phenomenon similar to the immune-phenotype of Hp+DSS mice in 

this study.  

 

Further characterization of the immune responses associated with CD4+ T cells 

showed a highly inflammatory state associated with helminth-exacerbated colitis, 

dominated by increased spleen CD4+ IL-6 responses and diminished CD4+ IFNγ 

responses (Fig 7.7). These CD4+ T cell cytokine responses were also mirrored in 

the total cytokine responses, with an additional increased spleen and peritoneal 

IL-17A responses associated with exacerbated disease. However, probiotic 

administration associated with increased CD4+ T cell antibacterial responses 

(IFNγ) and suppressed total IL-17A and IL-6 proportions in both the spleen and 

the peritoneum (Fig 7.7), cytokines published to be positively associated with 

exacerbated DSS colitis as well as microbial infections/attacks (Melgar et al., 

2005; Noguchi et al., 2007; Pastille et al., 2017). Interestingly, persistent IL-17 

signaling is associated with increased neutrophil recruitment and inflammatory 

cell accumulation in an attempt to resolve a microbial attack, the latter feature 

which is apparent in the Hp+DSS only colon sections and abrogated in the 

Hp+DSS+V colon sections (Fig 7.8). Surprisingly, neutrophilia and IL-17A 

signaling plays an important role during helminth expulsion in a mouse model of 

lung inflammation (Chen et al., 2014). Hence, the significant neutrophilia 
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witnessed in the Hp+DSS mice may be a helminth directed host immune 

response that is exacerbated by bacterial translocation to the spleen, leading to 

exacerbated local and systemic inflammation. Unfortunately, one of the other 

weaknesses of our report is the lack of helminth directed responses data such as 

worm/egg burden and IL-4 or IL-13 responses after probiotic administration, 

which would have helped determine if probiotic administration indirectly 

ameliorated DSS colitis through an impact on helminth infection, or directly 

influenced DSS colitis through microbiome modification. 

 

In conclusion, I demonstrated how microbial signatures are pivotal during 

helminth exacerbation of DSS colitis. Consequently, I ameliorated helminth-

exacerbated DSS colitis through administration of an 8-strain probiotic. Probiotic 

administration rescued the gut epithelial architecture demonstrated by 

maintenance of cell-cell interaction proteins, goblet cell distribution and 

prevented infiltration of inflammatory cells such as CD3+ T cells into the colon 

epithelium. Inflammatory suppression was also characterised by abrogation of 

the IL-17A and IL-6 immune responses as well as boosting of MLN CD4+ Treg 

suppressive cells in the probiotic treated mice. This work provides an insight of 

how microbial modifications may influence inflammatory conditions such as 

colitis. In natural settings where hosts may be infected with a variable number of 

gastrointestinal parasites, gut microbial dysbiosis may have a detrimental effect 

on the host immunology and may present complex health implications that may 

be compounded by host diet. Probiotic treatment of helminth infected individuals 

may counteract helminth exacerbated inflammatory pathologies. 
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8 Conclusion 
 
The work presented in this study demonstrates the ability of H.polygyrus to 

exacerbate both oxazolone and DSS colitis, with exacerbation in the latter model 

independent of helminth phase of infection. Interestingly, H.polygyrus wholly 

resides in the small intestine, and yet demonstrated an influence on colitis, a 

condition mostly located in the colon. In both the first and second studies, 

chronic H.polygyrus exacerbation of both models of colitis was associated with 

diminished Th2 cytokine production, suggesting the dispensability of type-2 

associated immune responses during helminth associated colitis exacerbation. 

Findings from the first study also suggest that CD4+ derived IL-13 is equally as 

important as NKT derived IL-13 during oxazolone colitis, although susceptibility 

to oxazolone colitis associated with increased IFNγ and not IL-13, as expected.  

Antihelminthic treatment of infected mice appeared to rescue exacerbation of 

oxazolone colitis through a heightened Th2 immune response characterised by 

increased CD4+ T cell and NKT cell secretion of IL-4, IL-5 and IL-13 in the 

mesenteric lymph nodes. 

 

Findings from the second study not only showed a gender and diet dependence of 

DSS colitis, but also demonstrated that different phases of helminth infection 

induce different immune responses that both exacerbate DSS colitis. A mixed 

neutrophil, IL-17A and Th2 immune cytokines in the acute infected mice suggest 

a type-2 immune response exacerbating DSS colitis in these mice. However, 

heightened peritoneal inflammation and spleen TNF in the chronic infected mice 

correlated with exacerbated disease. Interestingly, both acute and chronic 

infections positively associated with MLN CD8+ T cell depletion, a compartment 

that was rescued by probiotic infection in the final study. 

 

Administration of an 8-strain probiotic before DSS administration ameliorated 

disease in acute H.polygyrus infected mice, characterised by the regulation of E-

cadherin and β-catenin cell-cell interaction proteins. Overall, my findings 

demonstrate the deleterious effect of helminth infection on gut inflammation, 

with helminth exacerbation of colitis possibly enabled by gut microbial shifts. In 

all three studies, regulatory and effector T-cell dynamics appear to determine the 
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extent of helminth influence on gastrointestinal and systemic inflammation. 

Here, I present novel and interesting data that not only adds to the field of 

helminths and colitis, but also presents a cautionary tale to the adoption of ‘non-

specific’ helminth therapy on inflammatory pathologies. Interestingly, I also 

demonstrate that not only does a probiotic influence the host’s microbial 

diversity, but also it also has direct effect on the host’s immunology, and 

potentially interacts with other underlying conditions giving rise to unexpected 

outcomes. This should be taken into account when designing therapeutic 

probiotic mixtures. 

 

An interesting aspect of the phase of helminth infection brings into focus how 

experiments are set-up, and output data should be interpreted, throwing a curve 

ball to already published findings that may have appeared as contradictory when 

in reality they may just have sampled at different time points. Lastly, the 

interaction of diet, parasite infection and colitis may explain the current increase 

in colitis and colitis associated cancer incidence in recently industrialised 

countries found in parasite endemic areas.  
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9 Future work 
 

The shortcomings of each study accompanied each result chapter, and here we 

suggest some potential steps or experiments that may address the challenges 

arising during the course of research. 

 

Oxazolone Colitis 

 

The major challenge faced in the oxazolone colitis study was increased mouse 

mortality, leading to reduced sample numbers and affecting the statistical power 

of the study. Following on from my experience of this model, I would suggest 

that the impact of helminth infection on colitis be determined using a modified 

oxazolone colitis model optimized by Hoving et al., where a cutaneous pre-

sensitization step is carried out before oxazolone administration to enable the 

development of mild colitis (Hoving et al., 2012). 

 

Microbial modulation in DSS colitis 

 

Although I found that probiotic administration was able to ameliorate helminth-

induced colitis, a proof of concept step would be needed, in order to formalise 

my findings  

• A Fecal Microbiota Transfer (FMT) experiment could be performed, 

where fecal matter from helminth-infected and probiotic treated mice 

(donors) is transferred to helminth-infected mice (recipients) before DSS 

administration.  

• Depletion of CD8+ T cells before DSS administration could be performed 

in helminth-infected mice, in order, to ascertain whether the rescue of 

MLN CD8+T cells had an influence on amelioration of disease. 

• Lastly, confirmatory tests that include faecal egg/adult worm burden and 

quantification of the anti-parasite immune response would help in 

determining whether probiotics rescued colitis through a direct effect on 

worm viability.  
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10 Appendix 
	

10.1 Optimisations 

Brief 

 

The role of the microbiota in models of inflammatory and autoimmune diseases 

has been extensively characterised and reviewed (Atarashi et al., 2013; Rooks et 

al., 2014; Schaubeck et al., 2015; Melhem et al., 2019). However, IBD is a 

complex disease with multiple risk factors, most of which are still to be 

determined.  Recent findings of the ability of gastrointestinal helminth infections 

to exacerbate bacterial colitis as well as modify the host’s microbial communities 

suggests the ability of the gut microbiota to determine extent of gut inflammation 

during helminth infection (Chen et al., 2005; Whary et al., 2014; Houlden et al., 

2015; Kreisinger et al., 2015). 

 

1st optimisation: Specific Pathogen Free (SPF) status influences extent of 

helminth exacerbation of DSS colitis. 

 

To determine if helminth exacerbation of DSS colitis would be influenced by 

host microbial status, age-matched female SPF1 and SPF2 mice were infected 

with an acute H.polygyrus infection before DSS administration, and murine 

tissue was processed as previously mentioned in the methods and materials. 

Findings from this set of experiments were pivotal in the consequent 

experimental runs of H.polygyrus infection and DSS colitis, and they provided 

the basis for the seminal probiotic experiments and findings discussed in this 

report. 

 

Findings 

Research demonstrates that antibiotic treatment or breeding of IBD mouse 

models in germ free facilities is positively correlated with amelioration of gut 

inflammation during experimental inflammatory bowel disease; demonstrating 

an important role of the gut microbiota in pathogenesis (Dove et al., 1997; Sellon 

et al., 1998). SPF1 and SPF2 female BALB/c mice fed a modified AIN76A diet 
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(D16083101, Research Diets) were acutely infected (7 days) with H.polygyrus 

before a 10-day DSS administration course. Weight-loss (Fig 4.1a) and mouse 

distress (Fig 4.1b) were monitored as a measure of DSS colitis development and 

progression. After the 10-day DSS course, mice were euthanized and the spleen 

was excised and weighed to determine extent of inflammation (Fig 4.1c). Next, 

the frequencies and numbers of splenic CD4+Foxp3+ Tregs (Fig 4.1d) were 

compared to the proportions and numbers of effector CD4+ (Fig 4.1e) and CD8+ 

(Fig 4.1f) T-cells to determine if there was a shift in the regulatory: effector 

balance. The CD4+ T-helper cell compartment was further characterised for 

immune responses (Fig 4.1g) important for an anti-helminth response (IL-4) and 

DSS colitis response (IL-6). Consequently, a broad characterisation of the total 

splenic type-1, type-2 and type-17 immune responses was carried out. 

 



Appendix	
	

Brunette Katsandegwaza   183	

	

1 2 3 4 5 6 7 8 9 10
80

90

100

Days post DSS

%
 o

f i
ni

tia
l b

od
y 

w
ei

gh
t * ** ** **

1 2 3 4 5 6 7 8 9 10
0

2

4

6

Days post DSS

D
is

tr
es

s 
sc

or
es

*

****

****

**

Naive SPF1 Hp+DSS SPF2 Hp+DSS

0

5

10

15

20

25

%
 fo

xp
3+

 w
ith

in
 s

pl
ee

n 
cd

4+
 c

el
ls <0.0001

0

1×106

2×106

3×106

4×106

# 
fo

xp
3+

 w
ith

in
 s

pl
ee

n 
cd

4+
 t 

ce
lls <0.0308

0

5

10

15

20

25

%
 C

D
8+

 t 
ce

lls
 (s

pl
ee

n)

<0.0001

0.0

5.0×105

1.0×106

1.5×106

# 
C

D
8+

 t 
ce

lls
 (s

pl
ee

n)

ns

0.0

0.1

0.2

0.3

0.4

Sp
le

en
 w

ei
gh

t (
g)

0.0043

0

2

4

6

8

Sp
le

en
 to

ta
l c

yt
ok

in
es

 (%
)

ns

0.0234 ns

ns ns

IFNγ IL-4 IL-6 IL-10 IL-17A

0

10

20

30

40

%
 C

D
4+

 t 
ce

lls
 (s

pl
ee

n)

0.0006

0

1×104

2×104

3×104

4×104

5×104

# 
C

D
4+

 t 
ce

lls
 (s

pl
ee

n)

ns

0

1

2

3

4

%
 IL

-4
+ 

of
 C

D
4+

 t 
ce

lls
 (s

pl
ee

n)

<0.0001

0.0

0.5

1.0

1.5

%
 IL

-6
+ 

of
 C

D
4+

 t 
ce

lls
 (s

pl
ee

n) <0.0001

a b c

d e f g

h

 
Figure 10-1: Gut microbial status influences the ability of helminth infection to exacerbate 

DSS colitis. Age-matched female SPF1 and SPF2 mice were acutely infected with H.polygyrus 

before DSS administration. Weight-loss (a) and distress scores (b) for naïve mice (black 

symbols), SPF1 H.polygyrus infected + DSS administered mice (red symbols) and SPF2 

H.polygyrus infected + DSS administered mice (blue symbols) was monitored over the course of 

DSS administration. The spleen was sterile excised and weighed (c) at point of euthanasia, and 
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single cell suspension was carried. The proportions and numbers of CD4+Foxp3+ Tregs (d) and 

effector CD4+ (e) and CD8+ T (f) cells were determined in flow cytometry. CD4+ T cell IL-4 and 

IL-6 (g) immune responses were determined and compared to a general screening of type1, type 

2 and type17 total cytokine immune responses (h). Data is presented as mean ± SEM and is 

representative of one experiment with n≥4 mice per group. Statistical significance was calculated 

using an unpaired t-test at 95% significance level, with *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 and ns=not significant. Unless stated, all comparisons were between SPF1 and 

SPF2 Hp + DSS groups. Experimental monitoring assisted by Brittany-Amber Jacobs, UCT. 

 

2nd optimisation: Administration of an 8-strain probiotic to naïve mice results in 

significantly increased mesenteric lymph node CD4+Foxp3+ Treg compartment.  

 

Findings from the first optimization experiments demonstrated the importance of 

the host microbiome in helminth exacerbation of DSS colitis. Microbial 

dynamics are pivotal during the pathology of both UC and CD (Frank et al., 

2007; Carroll and Maharshak, 2013; Haberman et al., 2014; Walters et al., 

2014), with the contact between lumen commensals and gut epithelium strongly 

contributing to colitis pathogenesis. Maintaining gut microbial homeostasis 

through probiotic intake is advised to relieve colitis symptoms, a practice with 

mixed results, although most patients witnessed an improvement in disease due 

to probiotic intake (Hoermannsperger et al., 2009; Sood et al., 2009; Petersen et 

al., 2011). In this section, we exposed female BALB/c (fed the modified 

AIN76A diet) to either an H.polygyrus infection or probiotics only for a period 

of 7 days in order to determine the individual effects of H.polygyrus and 

probiotics on host immune responses. Results from this optimization run helped 

in defining probiotic-associated host immune responses in H.polygyrus infected 

+ probiotics administered mice during DSS colitis.  

 

Findings 

Administration of probiotics, especially VSL#3, is reported to prevent or 

ameliorate gut inflammation in both experimental and human colitis disease; 

although other publications have demonstrated a non beneficial role of VSL#3 

intake on both colitis and colitis associated cancer in murine models of disease 

(Gionchetti et al., 2003; Bibiloni et al., 2005; Giacinto et al., 2005; Arthur et al., 

2013; Sang et al., 2013). Although the effects of both helminth infection or 
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VSL#3 administration on disease have been well researched (Giacinto et al., 

2005; Smith et al., 2007; Hang et al., 2010; Wang et al., 2018), I was interested 

in determining the individual effects of both these parameters on naïve untreated 

healthy mice. Age-matched female BALB/c fed a modified AIN76A diet were 

exposed to either an H.polygyrus only infection or to probiotics ad libatum in 

drinking water for a 7-day period. Total cellularity of the mesenteric lymph node 

(MLN), peritoneal cavity (PerC) and the spleen was determined (Fig 4.2a). Next, 

we decided to look at the CD4+Foxp3+ Treg profile (Fig 4.2b), as research has 

reported the ability of both H.polygyrus infection and probiotic administration to 

modify host Treg populations (Giacinto et al., 2005; Grainger et al., 2010; 

Atarashi et al., 2013). Eventually, the CD4+ (Fig 4.2c) and CD8+ (Fig 4.2d) 

effector cell total numbers in all three tissues we characterised, in order to 

compare host regulatory: effector dynamics. 
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Figure 10-2: VSL#3 administration potentiates mesenteric lymph node CD4+Foxp3+ (Treg) 

numbers. SPF1 age-matched female BALB/c mice were exposed to either an H.polygyrus 

infection (red symbols) or probiotics (VSL#3-green symbols) for a period of 7 days. Mesenteric 

lymph node (MLN), Peritoneal Cavity (PerC) and Spleen cells were harvested at point of 

euthanasia, analysed in flow cytometry and the findings were compared to cell proportions and 

numbers from untreated mice (naïve-black symbols). Total MLN, PerC and Spleen cellularity 

was determined (a). Next, we determined the CD4+Foxp3+ Treg proportions and numbers (b), 

which were then compared to the total numbers of CD4+ (c) and CD8+ (d) T cell effector 

numbers. Data is presented as mean ± SEM and is representative of one experiment with n≥4 

mice per group. Statistical significance was calculated using one-way ANOVA at 95% 
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significance level, with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant. 

 

Optimisation Discussion 

 

The commensal relation between the gut microbiome and the host has a huge 

impact on the host’s metabolism, nutrition and immune responses; the latter of 

which is not only limited to the gut but has systemic effects on organs at a 

distance from the gut. Gut microbial modification is associated with increased 

susceptibility to UC and CD as well as motor neurone disease in humans and 

colitis associated cancer (CAC) in murine models (Manichanh et al., 2006; 

Elinav et al., 2011; Blacher et al., 2019). In these optimization studies, the 

microbial status of SPF1 mice increased susceptibility to helminth exacerbated 

DSS colitis compared to the SPF2 microbial status (Fig 4.1). Both UCT SPF1 

and SPF2 mice are completely free of all Federation of European Laboratory 

Animal Science Association (FELASA) listed organisms (Kunstyr and Nicklas, 

2000), with the former having an additional of four more microbial genera, 

namely, Pasturella spp., Helicobacter spp., Murine Norovirus and Trichomonas 

spp.  

 

Microbial status differences between SPF and conventionally housed mice are 

demonstrated to influence gastrointestinal inflammation in IL-10-/- and 

TNFdeltaARE mice models of spontaneous IBD (Keubler et al., 2015; Schaubeck et 

al., 2015), with SPF mice exhibiting delayed disease onset compared to 

conventionally housed mice. This demonstrates the importance of certain groups 

of bacteria/ microbiota in driving gut inflammation. Specifically, the 

Helicobacter spp. and the Bacteroides spp. exacerbated gut inflammation in an 

IL-10-/- model of colitis (Fox et al., 2010; Bloom et al., 2011). Interestingly, in 

these studies, worse pathology was evident in Helicobacter spp. and Pasturella 

spp. carrying SPF1 mice, supporting published literature demonstrating the 

importance of these bacterial species in both experimental and human IBD 

(Haberman et al., 2014). Surprisingly, H.polygyrus infection is reported to 

suppress Helicobacter spp. associated gastritis in transgenic INS-GAS mice, 

although an earlier publication demonstrated heightened overall gastritis despite 

suppressed Helicobacter spp. inflammation in mice (Fox et al., 2000; Whary et 
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al., 2014); demonstrating the importance of microbial groups and not individual 

microbial species in studying microbial effects on host responses.  

 

Probiotic intake is usually advised for the treatment of gastritis, with a number of 

IBD patients professing an amelioration of IBD symptoms during a probiotic 

course (Kruis et al., 1997, 2004; Rembacken et al., 1999). Research 

demonstrates the ability of probiotics to colonize the host’s gut (Gaudier et al., 

2005), modulate the gut’s Treg compartment as well as suppress inflammatory 

conditions such as DSS colitis (Mennigen et al., 2009; Mar et al., 2014), ileitis 

(Corridoni et al., 2012). Although the VSL#3 probiotic is extensively published 

as beneficial in ameliorating disease in a number of mouse models (Venturi et 

al., 1999; Tursi et al., 2004; Sood et al., 2009), contradictory findings 

demonstrate the ability of this probiotic to only colonize the host’s gut without 

influencing the host’s immune system or actually exacerbating disease 

(Vahabnezhad et al., 2013). 

 

Using SPF1 female BALB/c fed a modified AIN76A diet, I demonstrated the 

ability of VSL#3 to increase CD4+Foxp3+ Treg numbers in the mesenteric 

draining lymph nodes (MLN) (Fig 4.2), suggesting a heightened 

immunosuppressive milieu in the VSL#3 treated gut compared to H.polygyrus 

infected mice. Overall, VSL#3 administration maintained CD4+ and CD8+ T cell 

frequencies and cell numbers similar to naïve mice in all three tissues assessed, 

unlike the depletion (MLN) or expansion (PerC) of effector cells in H.polygyrus 

infected mice. The heightened cellularity in the MLN, PerC and spleen of 

H.polygyrus infected mice demonstrates increased local and systemic 

inflammation associated with the infection, a phenomenon not witnessed in the 

VSL#3 administered mice. Surprisingly, neither of the H.polygyrus infected nor 

VSL#3 administered mice exhibited physical manifestations of the change in 

their immunology over the course of 7 days they were monitored. 

 

Research findings from these optimization studies demonstrated the importance 

of the microbial status in helminth exacerbation of DSS, which is supported by 

findings from Roy et al., who demonstrated the effect of different SPF statuses 

on gut inflammation (Roy et al., 2017). I further demonstrated how VSL#3 
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administration modifies the host’s immune system resulting in an increase in 

mesenteric lymph node CD4+Foxp3+ Tregs, a phenomenon that may be pivotal 

in suppression of inflammatory diseases if administered to diseased mice. A 

weakness of these optimizations is the absence of genomic microbial data that 

may have helped determine how intervention may have influenced the host’s gut 

microbial communities. Overall, I conclude that the gut microbiome is an 

important factor in our helminth + DSS colitis. Understanding the dynamics 

behind host-helminth-microbiome-diet balance may contribute to the therapy of 

microbiome associated inflammatory conditions. 
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10.2 Diet Specifications 

LABCHEF is manufactured in a 
facility that adheres to regular 
quality, traceability and hygiene 
audits to ensure that this 
products is safe and wholesome.  

QUALITY & SAFETY 

Developed by animal nutritionists to 
provide quality nutrition & wellbeing 

 
Pr. Sci. Nat 400046/99 

 

Nutritionhub (Pty) Ltd  # 2012/141960 • 3 Tioga Street, Stellenbosch, SOUTH AFRICA  • ph: +27 21 8800432   email: labchef@nutritionhub.co.za 

Rats 10 - 30g / day 
Mice 5 - 8 15g / day 
Hamsters 10 – 15g / day 

RODENT MAINTENANCE DIET #1845 

 

RODENT BREEDER 

Member of 

PET FOOD  INDUSTRY 
OF SOUTHERN AFRICA 

“As is” (g kg-1) DM (g kg-1) 
Protein (min) 180 200 
Moisture (max) 10 - 
Oils and fats (min) 45 50 
   Linoleic acid (min) 9 10  
Fiber (max) 40 45 
Ash (max) 70 75  
Ca:P ratio 1.1-2:1 1.1-2:1 
Calcium (min) 12 14 
Phosphorous (min) 7.0 8.0  
 Vitamin A (min)  16 000 (IU/kg)  16 000 (IU/kg) 
Vitamin D (min) 2000 (IU/kg) 2000 (IU/kg) 
Vitamin E (min) 100 (g/kg) 100 (g/kg) 

NUTRITIONAL VALUE 

DECLARATION OF INGREDIENTS 

Maize, wheat bran, Fish meal, Soybean, soybean protein 
concentrate, fish meal, molasses, sucrose, calcium 
carbonate, maize protein concentrate sodium chloride, 
calcium phosphate, approved  vitamins and minerals. 

FEEDING GUIDELINES 

LABCHEF RODENT MAINTENANCE DIET is a 
complete and balance diet that is suitable for feeding 
rats, mice, hamsters and gerbils. It is formulated and 
produced to be of premium palatability and 
digestibility 

• Standard: 15 x 10 mm 
• Maxi: 20 x 40 mm 

PELLET SIZE 

	
	
Figure 10-3: #2012, NutritionHub dietary constituents. Diet is referred to as standard chow 
throughout this study.  
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D10001 and D16083101

AIN-76A Rodent Diet and Same With Sunflower Oil

Formulated by:
 Research Diets, Inc.

Product #
gm% kcal% gm% kcal%

Protein 20 21 20 21
Carbohydrate 66 68 66 68
Fat 5 12 5 12
Total 100.0 100.0
kcal/gm 3.90 3.90

Ingredient gm kcal gm kcal
Casein 200 800 200 800
DL-Methionine 3 12 3 12

Corn Starch 150 600 150 600
Sucrose 500 2000 500 2000

Cellulose, BW200 50 0 50 0

Corn Oil 50 450 0 0
Sunflower Oil, High Linoleic 0 0 50 450

Mineral Mix S10001 35 0 35 0

Vitamin Mix V10001 10 40 10 40
Choline Bitartrate 2 0 2 0

  Total 1000 3902 1000 3902

  D10001 D16083101

Research Diets, Inc.
20 Jules Lane
New  Brunswick, NJ 08901 USA
info@researchdiets.com SmithKatie01.for 	

	
Figure 10-4: Dietary comparison of the conventional AIN76A diet (D1001) vs the linoleic acid 
modified diet (D16083101) diet. 
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 Fatty Acid Composition of 
D10001 and D16083101

Prepared by:  Sara Sturgess
Research Diets, Inc.

September 2017

D10001
(with Corn Oil)

D16083101
(with Sunflower Oil)

Total Fat (gm) 50 50

C2, Acetic 0.0 0.0
C4, Butyric 0.0 0.0
C6, Caproic 0.0 0.0
C8, Caprylic 0.0 0.0
C10, Capric 0.0 0.0
C12, Lauric 0.0 0.0
C14, Myristic 0.0 0.0
C14:1, Myristoleic, n-9 0.0 0.0
C15 0.0 0.0
C16, Palmitic 5.5 3.1
C16:1, Palmitoleic, n-9 0.0 0.3
C16:2, n-4 0.0 0.0
C16:3, n-9 0.0 0.0
C16:4, n-4 0.0 0.0
C17 0.0 0.0
C17:1 0.0 0.0
C18, Stearic 1.0 2.4
C18:1, Oleic, n-9 12.5 11.0
C18:1, Elaidic, Trans 0.0 0.0
C18:2, Linoleic 30.1 30.1
C18:2, Trans 0.0 0.0
C18:3, Linolenic 0.7 0.3
C18:3, n-6 0.0 0.0
C18:3, Trans 0.0 0.0
C18:4, Stearidonic 0.0 0.0
C20, Arachidic 0.0 0.3
C20:1 0.0 0.0
C20:2 0.0 0.0
C20:3, n-6 0.0 0.0
C20:3, n-3 0.0 0.0
C20:4, Arachidonic, n-6 0.0 0.0
C20:4, n-3 0.0 0.0
C20:5, Eicosapentaenoic, n-3 0.0 0.0
C21:5, n-3 0.0 0.0
C22, Behenic 0.0 0.0
C22:1, Erucic 0.0 0.0
C22:4, Clupanodonic, n-6 0.0 0.0
C22:5, Docosapentaenoic, n-3 0.0 0.0
C22:6,  Docosahexaenoic, n-3 0.0 0.0
C24, Lignoceric 0.0 0.0
C24:1 0.0 0.0

Total 49.6 47.3

Saturated (g) 6.4 5.8
Monounsaturated (g) 12.5 11.2
Polyunsaturated (g) 30.8 30.4

Saturated (%) 12.9 12.2
Monounsaturated (%) 25.1 23.7
Polyunsaturated (%) 62.0 64.2

n6 30.1 30.1
n3 0.7 0.3
n6:n3 ratio 42.9 120.4

trans fat (gm) 0.0 0.0

Research Diets, Inc.
20 Jules Lane
New Brunswick, NJ  08901  USA
info@researchdiets.com 	
Figure 10-5: Fatty acid composition, comparing conventional AIN76A diet (D1001) vs the 
linoleic acid modified diet (D16083101) diet. 
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10.3 Gating Strategies 
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Figure 10-6: The gating strategy for adaptive immune cells and their cytokine responses. MLN 
gating strategy is illustrated. 
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Figure 10-7: The gating strategy for innate cells. Peritoneal cavity gating strategy is illustrated. 
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Figure 10-8: The gating strategy for NKT cells. Mesenteric lymph node gating strategy is 
illustrated here.  
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