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Abstract

There is burgeoning interest in the complex tripartite interplays between the commensal
microbiota, host’s genetic factors, and immune response during helminth infections which are
still poorly understood. The study explores this relationship in the context of chronic
schistosomiasis-driven pathology. In the first part of the thesis, removal of the host Basic
Leucine Zipper ATF-Like Transcription Factor 2 (Batf2) gene in 129Sv (Batf2”-) mice resulted
in alteration of the intestinal microbial composition and reduced granulomatous inflammatory
immune response. These changes associated with rescue from pre-mature mortality and
improved fitness of Batf2”- mice during chronic experimental schistosomiasis in relation to
control wild type mice. The prolonged survival and reduced immunopathology were
diminished by treatment with a-CD8 antibody highlighting the significance of CD8-expressing
immune mediators during chronic Schistosomiasis. Transfer of the altered intestinal microbiota
from Batf2”- mice to wild type mice by co-housing was enough to rescue the latter from
exacerbated granulomatous inflammation and prolonged their survival during chronic
schistosomiasis. These observations suggest, for the first time, a central role of the host gut
microbiota in decisively regulating the tissue immune response, the elicited pathology and host
survival during schistosomiasis. To validate the robustness of this tripartite interaction during
chronic schistosomiasis around the gut microbiota, the second part of the present work analysed
two genetically identical murine models (C57BL/6) housed under two different specific
Pathogen free environments (SPF1 and SPF2) and presenting differential susceptibility to
chronic schistosomiasis. Our work revealed a higher susceptibility of C57BL/6 mice from the
SPF2 facility in relation to C57BL/6 mice from the SPF1 facility. In confirmation with our
first series of experiments, that demonstrated a central role of the host intestinal microbiota in
regulating the immune responses, the pathology, and the survival of the host during
schistosomiasis, the second series of experiments further presented an ameliorated
immunological, pathological and vital prognosis of vulnerable SPF2 C57BL/6 mice receiving
the intestinal microbiota of more resistant SPF1 C57BL/6 mice. Therefore, the study
demonstrates the genetic regulation of gut microbiota which in turn, and/or in concert with the
genetic make-up, influence the immunological, pathological, and vital host response during
chronic schistosomiasis. The present work expands the conventional knowledge on
schistosomiasis disease regulation and presents the gene-microbiota-immune-response
interactome as a core piece of the regulatory machinery of this infection as exploitable to alter

disease progression in the context of drug and vaccine development.
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1. Literature review

1.1. Introduction to helminth infections

Helminths are a group of large and multicellular invertebrates that are either free-living or
parasitic to other large organisms such as humans. They are characterised by having elongated,
flat, or rounded bodies (CDC, 2016; Castro et al., 1996). There are three main types of
helminths which are of clinical relevance to humans, and these include flatworms or
Trematodes, tapeworms or Cestodes, and roundworms or Nematodes (CDC, 2016; Castro et
al., 1996). These parasites are highly neglected tropical infectious agents which affect both
human and animal health, mainly in developing countries that have limited resources (Hotez et
al., 2008; WHO, 2012). The infections have roamed and parasitized humans since the era of
humans’ earliest known history and have influenced the course of mammalian life forms (Cox
et al., 2002; Hotez et al., 2008). The helminth infections result in a disease burden which
parallels those caused by well-known diseases such as malaria and tuberculosis globally (Hotez
et al., 2008). They affect over 2 billion people worldwide resulting in morbidities that
contribute to poverty and inadequate socioeconomic development (Wright et al., 2018; WHO,
2012). Given that helminth infections are frequently co-endemic with other infections such as
malaria and HIV/AIDS, they therefore pose an additional indirect global threat in that they
potentiate these disease conditions as well as tuberculosis (WHO, 2012; Hotez et al., 2008).
They even reduce the effectiveness of vaccines used a range of infectious diseases (WHO,
2012). It is therefore crucial to develop and provide more resources through research to combat

and ultimately reduce the global burden caused by the helminth infections.

1.2. Burden of Helminth infections

Helminth studies have received little attention compared to other major disease-causing agents
such as HIV and Mtb, in that only about 1% of global funding is dedicated to research on these
infections (Hotez et al., 2008), even though they also contribute to the global burden of diseases
through enhanced poverty and morbidity (Hotez et al., 2006). One of the major impacts of
helminth infections is on school-aged and pre-school children who most often harbour high
numbers of intestinal worms and schistosomes. These infections lead to growth impairments,
reduced physical fitness as well as impairment of cognition and memory from an early age
(Crompton et al., 2002). The most surprising and poverty-fuelling economic consequence of

these helminths is poor childhood educational performances, as well as reduced labour outcome
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leading to continued disadvantaged communities (Miguel et al., 2003). Hookworms and
schistosomiasis further impact on pregnancy by causing reduced birth weight, neonatal

prematurity, as well as increased maternal morbidity and mortality (Christian et al., 2004).

1.3. Life cycle

1.3.1. General life cycle of Helminth infections

Helminth infections are unique in relation to other agents that are infectious such as viruses,
bacteria, protozoa, and fungi, in that they develop and complete their life cycle in more than
one host, and most of them, in their adult form are unable to replicate within human hosts, other
than the Strongyloides stercoralis (Hotez et al., 2008; Grove et al., 1986). It is because of this
replication feature that the prevalence of helminths should be considered together with the
worm intensity/burden to assess the epidemiology of helminths (Hotez et al., 2008). The worm
burden measures the number of infectious agents that an individual is exposed to, such as the
number of eggs per gram of faeces or tissue for intestinal helminths and schistosomes, which
are largely the cause of pathology in infected individuals (Anderson et al., 1982; Grove et al.,
1986; Hotez et al., 2008).

1.3.2. Life cycle of Schistosoma mansoni

The Schistosoma mansoni (S. manosni), which is the model of infection used in the current
study, develops within the mammalian host as well as in intermediate snail host of the genera
Biomphalaria so they can complete their life cycle (CDC, 2019). The parasite’s eggs which are
eliminated through the host’s faeces, hatch into miracidia in favourable conditions in an aquatic
environment. These miracidia swim around in search of an intermediary snail host and gain
entry to develop into sporocysts and then into cercaria. The cercaria which are infective to
mammals, are then released from the snails and swim around searching for a human host. They
enter the human hosts through the skin and shed their tails once inside to develop into
schistosomulae. The schistosomulae then migrate using venous circulation to the lungs, then
to the heart, and to the portal veins of the liver where they further develop into mature worms.
The adult worms then migrate to the mesenteric venules where the female and male worms
copulate resulting in the release of pathogenic eggs that are deposited to small venules of the
perivesical and portal systems. Lastly, the eggs migrate to the lumen of the intestine where they
will be expelled in the faeces of the human host (CDC, 2019).
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1.4. Immune responses

1.4.1. General host immune responses to Helminth infections

It is crucial to understand and have knowledge of the helminths that develop within a human
host, especially their developmental stages which are responsible for pathological changes that
lead to morbidity and potentially to mortality (Castro et al., 1996). This will improve on
strategies employed to design more effective drug candidates for the control of helminth
infections. Considering this, it is also vital to note that the helminth parasites differ in their
ability to induce pathogenesis in infected hosts. The trematodes which are leaf-shaped, are
pathogenic in their egg, larva, and adult form, while the tapeworms and nematodes are more

pathogenic in their larval and adult forms (Castro et al., 1996).

The presence of the pathogenic forms of the parasites induces a more dominant type 2 immune
response that is also accompanied by Thl and Th17 responses which all help in clearing the
parasites from the infected host (Hotez et al., 2008, Hams et al., 2013). The dominant helminth-
induced type 2 immune response is characterized by innate (i.e. eosinophils) and adaptive
dominant Th2 immune responses that produce key inflammatory cytokines including IL-4, IL-
5, IL-13, and IL-9 in the infected host (Fort et al., 2001; Dillon et al., 2004; McSorley et al.,
2012), while the Thl and Th17 responses contribute IFN-g, IL-12, TNF-alpha, and IL-17
inflammatory mediators (McSorley et al., 2012). Additionally, the humoral response through
the production of IgE, and IgGs, also plays a significant role through their ability to recognize
helminth antigens and help in the killing and clearance of the parasites from the infected host
(LoVerde et al., 2019; McSorley and Maizels, 2012).

The inflammatory responses are mainly responsible for the expulsion of adult worms, help
mediate survival of the infected host upon failure to clear the worms, and mediate a wound-
healing fibro-pathological response that helps the host during chronic infection in order to help
repair damaged tissues (Wynn et al., 2004; Loke et al., 2007; Finkelman et al., 2004; Hotez et
al., 2008). Furthermore, the type 2 inflammatory immune response can help prevent survival
of secondary infecting parasites (Voehringer et al., 2006), although this is not normally
effective given that the clearance of worms even with the use of drugs, results in a memory
immune response that fails to protect against re-infection (McSorley et al., 2012). The
production of the inflammatory immune mediators further contributes to tissue

immunopathology that results in symptomatic features that are characteristic of helminth
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infections such as abdominal pain, diarrhoea, malnutrition, and impaired physical development
(Caldas et al 2008; McSorley et al., 2012; WHO, 2020).

1.4.2. Immune responses to Schistosoma mansoni

In the case of S. mansoni, the host induces a variety of immune responses which result in
development of granulomatous inflammation around the trapped eggs ultimately leading to
hepato-splenomegaly (Caldas et al 2008). The infection induces several phases of
Schistosomiasis disease as demonstrated in figure 1 with various arms of the host immune
responses: (i) the initial dormant phase characterized by dominant Th1l response, (ii) the acute
phase characterized by dominant Th2 response, (iii) as well as the chronic phase that is
characterized by regulated inflammatory immune response and production of tissue repairing
fibrosis (McSorley et al., 2012; LoVerde et al., 2019; Dunne and Cooke, 2005).

The initial phase of the infection begins from as early as 1 to 2 weeks upon detection of the
migrating S. mansoni cercariae and this induces a dominant Th1l response which is
characterized by the release of INF-y and I1L-12, persisting up to 4- or 5-weeks post infection
(LoVerde et al., 2019). However, the response is not strong enough to cause any observable
immunopathology, thus leading to the host being asymptomatic during this phase of infection
(Hams et al., 2013; LoVerde et al., 2019; McSorley et al., 2012). As the infection progresses
with the parasites maturing, mating, and releasing eggs within the host, the disease results in a
temporary increase of pro-inflammatory Thl response (TNF-a, INF-y and IL-12). This
contributes to the development of granulomatous inflammation that is mediated by the
recruitment and aggregation of multicellular immune mediators such as the eosinophils,
macrophages, neutrophils, CD4+ T cells, and immunoglobulins as depicted in figure 2 (Hams
et al., 2013; LoVerde et al., 2019). The presence of the parasite eggs also induces an increase
in Th2 response with the release of regulatory IL-10 cytokine that causes a decrease in Thl
response, and also results in the release of inflammatory cytokines including IL-4, IL-5, IL-9,
and IL-13 which further potentiate the granulomatous inflammation (LoVerde et al., 2019;
Hams et al., 2013). Although the type 2 response is more dominant, the host also induces other
inflammatory immune mediators such as the pathogenic Th17 responses with the release of IL-
17 cytokines contributing to the development of granulomatous inflammation (LoVerde et al.,
2019).
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As the infection progresses, the host further recruits fibroblasts which contributes to a gradual
increase of fibrosis in the affected tissues (Hams et al., 2013). During week 7 to 8 post infection
when the dominant Th2 is at its peak, the disease becomes more acute with well-formed
granulomatous inflammation that, together with the Th2 response, help protect the host against
the toxic S. mansoni eggs logged into tissues (Hams et al., 2013; LoVerde et al., 2019; Dunne
and Cooke, 2005). Failure to mount a dominant Th2 response at this phase of infection
predisposes the host to develop hepatotoxicity, endotoxemia, as well as severe cachexia that
may all lead to mortality as demonstrated using animal models (LoVerde et al., 2019). The
acute phase of infection often occurs in tourists and immigrants coming into endemic areas for
Schistosomiasis and this is due to it being their first exposure to the infecting parasite (Caldas
et al. 2008; LoVerde et al., 2019). The patients suffering from acute Schistosomiasis develop
symptoms including malaise, fever, myalgia, eosinophilia, headache, fatigue, as well as
abdominal pain (Caldas et al. 2008; LoVerde et al., 2019).

As the infection persists in the infected host from week 8 to 12, the dominant Th2 inflammatory
response is modulated leading to significantly reduced granulomatous immunopathology
surrounding the parasite eggs (LoVerde et al., 2019). At this point of infection, the newly
released eggs also induce smaller granulomatous inflammation compared to the ones forming
during the peak of acute schistosomiasis, and this is driven by well controlled antigen-specific
T helper cells (LoVerde et al., 2019). Furthermore, the infection also induces a pathogenic
Th17 that contributes to the development of the granulomatous inflammation through the
release of IL-17 cytokines (Mbow et al. 2013). The modulated inflammatory immune response
which also leads to reduced immunopathology is mediated through the action of IL-10 that is
produced by alternatively activated macrophages and T regulatory cells (Rutitzky and
Stadecker, 2011; Singh et al., 2005). It has been previously demonstrated that the IL-10
cytokine is very crucial to allow the transition of the disease from acute to chronic
Schistosomiasis through modulation of the inflammatory immune responses in an infected host
(Sadler et al., 2003). However, other studies have also suggested other key immune mediators
that contribute to regulation of the immunopathology during Schistosomiasis, and these include
the B cells as well as the type 1 CD8+ T cells (CD8+ IFN-y+ T cells) of which in their absence,
the host succumbs to exacerbated granulomatous immunopathology (Jankovic et al., 1998;
Pancred et al., 1999; Pedras-Vasconcelo and Pearce, 1996). The chronic phase of
schistosomiasis through infection intensity, leads to a variety of disease outcomes (LoVerde et

al., 2019). One form of the disease is known as intestinal Schistosomiasis which causes
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intermittent abdominal pain, rectal bleeding, and diarrhoea with the symptoms correlated to the
infection intensity (LoVerde et al., 2019). The second form of the disease is called
hepatosplenic schistosomiasis which is a life-threatening disease that results in portosystemic
shunting of venous blood, portal hypertension, severe hepatic as well as periportal fibrosis that
leads to cirrhosis (LoVerde et al., 2019).
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Figure 1: A graphical overview of the kinetics of the host immune response and Schistosomiasis mansoni

disease. (Dunne & Cooke, 2005: Modified drawing by Dunne).
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Figure 2: A graphical representation of type 2 granulomatous inflammation in response to S mansoni eggs.
(Hams et al., 2013).

1.4.3. Development of immune tolerance during helminth infection

Immunosuppressive mediators which include I1L-10, TGF-B, and the expansion of Foxp3+ T
cells, all help keep the inflammatory immune responses in check to prevent exacerbated
immunopathogenesis in an infected host (McSorley and Maizels, 2012). However, they also
contribute a tolerogenic phenotype through their ability to suppress the pathogen-specific
immunity resulting in prolonged survival of the infecting parasites within the host (McSorley
and Maizels, 2012). The helminth infections have taken advantage of this feature to evade the
immune response, favouring their survival in the infected host. The parasites modify the
immune responses through their excretory and secretory products which interferes with the
host’s immunity from the point of pathogen recognition through to the end-stage effector
mechanisms favouring a more suppressive Th2 response in the host leading to reduced
Th1/Th17 responses (Hewitson et al., 2009). This fea