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Abstract

Helicobacter pylori chronically persists in the stomachs of infected individuals
and is strongly associated with gastric cancer. This has been attributed to the
response it generates via the continuous induction of various pro-inflammatory
cytokines. Interestingly, certain countries with a high prevalence of H.pylori
do not present with comparable high rates of gastric cancer. Epidemiological
data has suggested that one of the reasons for this discrepancy may be due
to highly prevalent co-infections with helminths, which suppress H.pylori as-
sociated pro-inflammatory responses. However, there is limited experimental
evidence to support this hypothesis and none so far with S.mansoni, one of the
most common helminths endemic in countries with the highest rate of H.pylori
prevalence. On the other hand, there is even lesser known on how H.pylori
may influence S.mansoni related hepatic disease. In this thesis, we fill in the
basic gaps in the understanding of the immunological mechanisms employed
by these pathogens upon co-infection. Importantly, we analyse these e↵ects
during the di↵erent immune phases of the helminth infection. Surprisingly,
we observed increased colonization of H.pylori in the stomach of co-infected
mice in the Th1 phase of schistosome-infection despite high levels of IFN-� and
the fact that this cytokine is known to be responsible for bacterial clearance.
Further investigations revealed the occurrence of immune deviation of antigen
experienced T cells, away from gastric tissue, due to strong Th1 chemokine
gradients induced by the helminth in the liver. On the other hand, H.pylori
co-infection altered the liver pathology associated with schistosome infection,
resulting in smaller granulomas accompanied by decreased liver-specific ala-
nine aminotransferase (ALT) and total collagen levels. This observation hints
towards a “protective” role of H.pylori co-infection in S.mansoni associated
liver disease. In summary, our data strongly point towards an immunological
interaction of pathogens occupying two anatomically distant organs, eventually
resulting in pathological changes that alters the course of both diseases.
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Zusammenfassung

Die Infektion mit Helicobacter pylori führt zu einer chronischen Entzündung im
Magen infizierter Individuen und ist stark mit der Entstehung von Magenkarzi-
nomen assoziiert, dessen Entwicklung durch die kontinuierliche Freisetzung
entzündungsfördernder Zytokine gefördert wird. Interessanterweise weisen be-
stimmte Länder mit hoher Prävalenz für H.pylori überraschenderweise eher
niedrigere Raten von Magenkarzinomen auf. Epidemiologische Daten lassen
vermuten, dass einer der Gründe für diese Diskrepanz auf Koinfektionen mit
Helminthen zurückzuführen ist, welche die durch H.pylori verursachte chroni-
sche Entzündung unterdrücken. Jedoch gibt es hierfür nur eingeschränkt ex-
perimentelle Belege, die diese These unterstützen. Speziell für S.mansoni,
einen der am weitesten verbreiteten Helminthen, der in Ländern mit der höchs-
ten Prävalenz von H.pylori endemisch ist, fehlt bisher jeglicher Nachweis einer
möglichen Interaktion. Darüber hinaus ist noch weit weniger darüber bekannt,
ob und in welchem Maße H.pylori die mit S.mansoni assoziierten hepati-
schen Erkrankungen beeinflussen kann. In der hier vorliegenden Disserta-
tion schließen wir grundlegende Lücken hinsichtlich des Verständnisses der im-
munologischen Interaktionsmechanismen beider ko-infizierender Krankheits-
erreger. Von besonderer Bedeutung ist hierbei, dass wir diese E↵ekte in
den verschiedenen Immunphasen der Helmintheninfektion analysieren konn-
ten. Wir beobachteten eine verstärkte Besiedlung von H.pylori im Magen von
ko-infizierten Mäusen während der Th1 Phase der Schistosomeninfektion trotz
hoher systemischer Ausschüttung von IFN-�. Dies ist unerwartet, da dieses Zy-
tokin bekanntermaßen verantwortlich für Kontrolle der bakteriellen Erregerlast
ist. Unsere Untersuchungen deckten die Existenz einer systemischen Immunab-
weichung“ aufgrund hoher Chemokingradienten auf. Bei der Untersuchung
des Einflusses von H.pylori auf die Entwicklung einer S.mansoni Infektion
in ko-infizierten Mäusen beobachteten wir im Gegensatz dazu kleinere Gra-
nulome in Verbindung mit verminderter Serumkonzentration der leberspezifi-
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Zusammenfassung

schen Alaninaminotransferase- (ALT) und Kollagenproduktion. Diese Beobach-
tung lässt eine protektive“ Rolle der H.pylori Ko-infektion bei S.mansoni asso-
ziierten Lebererkrankungen vermuten. Zusammenfassend deuten die Daten
stark auf eine unerwartete Interaktion beider in ihrer Organspezifität stark
segregierten Pathogene auf immunologischer Ebene hin, welche letztendlich
den Verlauf beider Krankheiten teilweise sogar günstig beeinflusst.
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1 Introduction

1.1 Helicobacter pylori (H.pylori)

Helicobacter pylori (H.pylori) is the most widespread Helicobacter sp. in hu-

mans and selectively colonizes the stomachs of about 4.4 billion people world-

wide [1]. The discovery of this spiral, gram negative, microaerophilic bacterium

and its causal relationship with severe gastric diseases led to a Nobel prize in

2005 for Robin Warren and Barry Marshall. However, they were not the first

to observe that the stomach is not the sterile organ it is usually made out to be.

About a century ago, W. Jaworski observed spiral shaped micro-organisms in

the mucosa of gastric tissue [2]. Thereafter, several studies followed with simi-

lar reports, especially in association with ulcerative gastric tissue [3, 4, 5]. The

most challenging aspect of studies with H.pylori was the di�culty in culturing

it, which was achieved by R.Warren and B.Marshall in 1982. They were not

only successful in this aspect but in order to fufil the 3rd of Koch’s postulates,

Marshall ingested the culture and thereafter developed gastritis, thus fulfilling

all of Koch’s postulates [6, 7]. The discovery of this pathogen was followed by

extensive studies focused on both the pathogen as well as the host response.

Inspite of this, the route of transmission has still not been explicitly demon-
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strated. Since H.pylori has been found in feaces, saliva and vomit, it has been

suggested to be transmitted by an oral-oral or feacal-oral route [8, 9, 10].

1.2 H.pylori prevelance and coevolution with

its host

H.pylori has co-evolved with its host for more than 65000 years and is now one

of the most prevalent infections in the world [11]. While the incidence varies

geographically and with soci-economic status, age, diet and genetic predispo-

sition have also been stated to play a role [12, 13]. The prevalence is highest in

African countries with Nigeria at 87.7%, while Switzerland ranks lowest with

18.9% [14]. Interestingly, studies have demonstrated that co-evolution of the

bacteria with its host may determine the risk for developing gastric disease.

For example, an African strain of the bacteria is less deleterious to individuals

with African ancestry compared to the same strain infecting Amerindian pop-

ulations [15]. Furthermore H.pylori itself has developed several mechanisms in

order to survive and thrive in one of the harshest niches of the human body-

the stomach. These studies point out the important role that co-evolution has

played in favour of H.pylori.
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1.3 Interplay between H.pylori and the host’s

immune response

Primary infection with H.pylori in humans is always associated with a tran-

sient acute gastritis. In rare cases, particularly in children, H.pylori can be

spontaneously eradicated by the immune response and the intitial gastritis sub-

sides [16, 17]. However, in most humans, the bacterium colonizes the stomach

and thrives for decades. Upon infection, both the innate and adative im-

mune response come into play. The bulk of the innate response is undertaken

by epithelial cells, neutrophils, macrophages, monocytes and dendritic cells

[18, 19, 20]. They recognize bacterial pathogen or damage associated molec-

ular patterns (PAMPs or DAMPS) such as flagellin and lipopolysaccharides.

These are recognized via pattern recognition receptors (PRRs) like Toll-like

receptors (TLRs) that are extracellular and NOD-like receptors which are in-

tracellular. Engagement of these ligands and receptors results in a cascade of

signaling pathways resulting in inflammation. To supplement this, the adap-

tive immune response comprising of T-cells and B-cells initiate antigen specific

responses and generate immunological memory [16].

1.3.1 Innate immune responses to H.pylori

The first point of contact between H.pylori and the immune system is the

gastric epithelial monolayer and intra-epithelial lymphocytes (IEL) [21, 22, 23].

When H.pylori infects the stomach, many signaling pathways in epithelial cells

are upregulated, such as the NF-kB pathway [24, 25]. This results in induction
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of pro-inflammatory cytokines such as IL-1, TNF↵ and IL-8, which functions

as strong chemoattractants for neutrophils [26, 27]. A study of experimental

H.pylori infection in humans demonstrated that within a fortnight, levels of

IL-8 in mucosa were increased substancially upon ingestion of the bacteria [28].

Indeed, neutrophils are one of the first cells recruited to the site of infection,

especially due to signals from epithelial cells as well as virulence factors such

as H.pylori neutrophil-activating protein (HP-NAP), first identified to induce

the production of reactive oxygen species (ROS) in this neutrophils [29]. This

factor additionally promotes T-helper 1 (Th1) immune responses [30].

Many components of H.pylori induce a response from the gate-keepers of the

immune system- the phagocytes. Neutrophils, macrophages, dendritic cells and

monocytes initiate the first inflammatory response by releasing IL-12, IL-6 and

IL-23 among other cytokines, which eventually also induces T cells to produce

pro-inflammatory cytokines [31, 32, 33]. Macrophages additionally produce

TNF↵ and induce Nitric oxide (NO) systhesis, factors which are associated

with killing of the pathogen [34, 35]. While H.pylori has developed mecha-

nisms to avoid phagocytic killing by macrophages (section 1.3.3), this cell type

has another important function- they secrete signaling molecutes that actively

recruit other immune cells, important in orchestrating an e�cient immune

response.

Dendritic cells (DCs) have been a much studied cell type during H.pylori

infection as they represent a critical bridge between the innate and adaptive

immune response. During H.pylori infection, DCs are known to be the main

antigen presenting cells (APCs) that induce T cell responses. This cell type

stands out due to its ability in inducing a mixed leukocyte response, especially
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compared to other MHC expressing cells such as B cells and macrophages [36].

However like macrophages, these cells di↵er in their functions and subtypes

based on anatomical location and activation status. DCs have been shown to

penetrate epithelial mono-layers in vitro as well as have finger like projections

that cross epithelial junctions in vivo [37]. DCs that contact H.pylori secre-

tions in the stomach could migrate to the draining lymph nodes, such as the

paragastric lymph nodes and prime naive T cells to induce Th1/ Th17 or even

Treg responses (Figure 1.1). This maybe an active process in the beginning of

the infection, however, the continuous priming of the subsequent immune re-

sponse by DCs is not likely to take place in the stomach. While it is tempting

to assume that dendritic cells in the stomach behaved like those in the gut,

extending finger-like protrusions through epithelial cells to sample antigens,

studies demonstrated that this process occurs mainly in the small bowel and

this is the main priming site. Two independent studies demonstrated this by

treating mice in utero with an IL-7R↵ blocking antibody, giving rise to animals

that do not have peyer’s patches (PP-null) and subsequently infecting them

with H.pylori [38, 39]. The strongest evidence was provided by Nagai et al,

where the authors showed a lack of priming and H.pylori associated gastritis in

mice that lacked peyer’s patches compared to wild type mice [39]. Currently it

is believed that this is one of the most critical sites of the induction and main-

tainance of H.pylori associated immune responses. The bacteria pass through

to the intestine and convert to the coccoid form in the anaerobic conditions

there. This coccoid form may have di↵erent surface molecules exposed that

make it more susceptible to dendritic cell phagocytosis compared to the heli-

cal form in the stomach that evades engulfment. DCs in the peyer’s patches
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Figure 1.1: Initiation, priming and inflammatory response associated with H.pylori

infection. Contact of H.pylori with gastric epithelial cells induces production of
various chemokines that attract neutrophils and macrophages to the site of infection.
These cells in turn produce pro-inflammatory cytokines and chemokines that attract
circulating T cells. Antigens can be taken up by local dendritic cells that protrude via
finger-like projections through gastric epithelial cells or more likely through dendritic
cells that take up the coccoid form of the bacteria in the peyer’s patches and prime
T-cells. These dendritic cells / induced T cells then follow a chemokine gradient via
the draining lymph nodes, to the stomach and induce inflammation, thus controlling
colonization. H.pylori additionally induces regulatory T-cells during chronic infection.
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phagocytose H.pylori and either migrate to lymph nodes or prime T cells in the

vicinity. Finally, these activated T cells follow a Th1 cytokine and chemokine

gradient back to the stomach and in turn produce pro-inflammatory cytokines

(Figure 1.1).

1.3.2 Adaptive Immune responses to the bacterium

The adaptive immune response to H.pylori is rather complex and in some ways

even contradictory. The infection is characterized by a balance of pro- (IFN-

�, TNF↵, IL-17, IL-1b, IL-8) and anti-inflammatory responses (Regulatory T

cells, T-regulatory type 1 cells and IL-10) [40, 41, 42, 43, 44, 45, 46]. Experi-

mental infection in mice that lack T and B cells (Rag-/-) has shown that the

colonization of the bacteria are much higher indicating that these cells play an

important role in clearance of the bacteria [47, 48, 49, 50]. On the other hand

the same cells also drive inflammation and gastritis, as demonstated by the

lack of Rag-/- mice to develop either of those conditions [48]. Once these im-

mune cells are transferred into infected Rag-/-, inflammation levels increase to

those even higher than immunocompetent mice and colonization is e↵ectively

controlled [51, 48].

1.3.2.1 T-cell mediated responses elicited by H.pylori

The predominant immune response to H.pylori is driven by T cells. APCs

prime T cells to activate and di↵erentiate into diverse subsets. Naive CD4

cells develop into several types, especially in the case of H.pylori infection,

into Th1 and Th17 although CD4+ regulatory T cells (Treg) expressing the
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transcription factor forkhead box P3 (Foxp3) also increase to significant propo-

tions during chronic infection[52, 53, 54]. These Th1/Th17 cells are essential

for suppression of bacterial expansion in gastric tissue as demonstrated by

multiple knockout studies [55, 56]. Human gastric biopsies have additionally

revealed the presence of high numbers of H.pylori specific CD4 and cytotoxic

CD8 cells during infection [57]. In murine studies, both cell types are important

to control colonization as a deficiency of either leads to a bloom in coloniza-

tion of the stomach [58]. However, most studies have focused on CD4 T cells

due to their demonstrated protective capacity on transfer during immunization

studies in MHC I deficient mice. CD8 cells alone on the other hand failed to

protect mice and induce control of colonization in MHC II deficient mice [59].

Additionally, the prominent role of CD4+ T cells was demonstrated by transfer

of splenocytes into severe combined immunodeficiency (SCID) mice infected

with H.pylori. These animals had a reduced bacterial burden and increased

gastritis only when CD4+ T cells were included in the transfer [47].

H.pylori -induced Th1 responses mainly constitute of IFN-�, TNF↵ and IL-

17. TNF↵, however, is dispensable as mice deficient in this cytokine did not

demonstrate any changes in gastritis or pathology [60]. IL-17 on the other

hand, produced by Th17 cells is very important in neutrophil recruitment and

thus in controlling colonization [45, 61]. The cytokine acts directly on epithelial

cells and promotes the production of IL-8 [62]. Surprisingly, mice deficient in

this cytokine have not only lower inflammation but also decreased colonization

levels compared to IL-17 proficient mice. This indicates that IL-17 not only

contributes to inflammation and gastritis but may have a role in supporting

H.pylori colonization [61, 63]. Going in line with this theory, overexpression
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of IL-17 with an adenovirus system resulted in higher colonization and inflam-

mation, whereas a neutralizing antibody treatment (↵IL-17) led to a reduction

in both parameters [61].

However the most prominent cytokine in H.pylori infection and also

one of the most studied cytokines in this context is IFN-�. IFN-� expression

levels are increased in stomachs of both infected humans and mice [64, 50].

The expression of this cytokine is positively correlated to inflammation and

negatively to colonization [56]. IFN-�-/- mice have been used as a surrogate

marker to study lack of Th1 responses during H.pylori infection and have

provided much clarity on the role of this cytokine. Knockout mice or those

treated with an IFN-� neutralizing antibody show a higher bacterial burden

and lesser immunopathology [65, 47, 66, 50]. Additonally, adoptive transfer of

IFN-� deficient CD4+ cells into immunodeficient mice led to milder gastritis

[67]. However, transfer of T-bet (transcription factor for inducing IFN-�) de-

ficient CD4 cells still resulted in gastritis indicating that there may be other

sources contributing IFN-� such as NK cells and CD8 cells in this context

[68]. The picture however is not as clear in immunization studies of IFN-��/�

mice. Some studies showed no protection in the absence of IFN-� while others

indicate that these knockout mice are as equally protected as IFN-� compe-

tent mice [65, 66, 56]. Nevertheless, in all cases IFN-� correlated inversely with

bacterial burden, highlighting the important role of this cytokine in controlling

colonization. In addition to these, several studies analyzed the interaction and

balance of Th1/Th17 responses in H.pylori infection. In mice deficient in both

cytokines, there was milder gastritis induced compared to mice deficient in only

one of the cytokines. As expected, the inflammatory response was di↵erent

9



1 Introduction

since IL-17 deficient mice showed a much stronger inflammation than IFN-�

deficient mice [67]. These results collectively highlight that although both cy-

tokines are important in the development of inflammation, IFN-�, particulary

that produced by Th1 cells clearly does so to a higher extent.

While e↵ector cells play an import role in controlling colonization, the out-

come is excessive inflammation which is chronic and sustained. In many

chronic infections in humans and experimentally in mice, regulatory cells

arise or are induced. In H.pylori infected humans, high frequencies of CD4+

CD25high Foxp3+ cells are observed, particularly in gastric tissues of patients

su↵ering from gastric adenocarcinoma [52, 69]. CD4+ Treg exist as ‘natural’

Tregs (nTreg) and ‘induced’ Tregs (iTreg), defined mainly by where they arise.

nTreg arise from developing T cells in the thymus during the process of posi-

tive and negative selection whereas iTregs develop in the periphery from naive

CD4+ T cells. Under steady state, Treg cells control immune responses to self

and foreign antigens by acting directly on e↵ector T cells and therfore avoid

autoimmunity by controlling autoreactive immune cells [70]. When exposed to

antigen and in the presence of TGF-� and IL-2, naive CD4+ T cells express

Foxp3 and attain suppressive capacity. In fact, depletion of this population

in mice led to increased gastritis and inflammation, but also to a drop in

colonization [71]. Treg cells produce IL-10 and TGF-� in order to suppress in-

flammation. These cytokines have also been detected in the gastric mucosa of

human adults [72]. Interestingly in children, the response to H.pylori is rather

tolerogenic with high levels of Foxp3 positivite cells [73, 74]. This phenotype

is associated with very low level gastritis as both Th1 and Th17 responses are

diminished. IL-10 production by Treg has been clearly demonstrated to allow
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persistant bacterial growth. Without IL-10, inflammatory responses are in-

creased and colonization decreases [75, 76]. This phenotype is associated with

a neutrophil infiltration and subsequent killing of the bacteria. Treg cells are

also the major producers of IL-10. It is therefore accepted as a host-protective

response where the presence of these cells may lead to higher colonization but

it counteracts the deleterious e↵ects of excessive, sustained inflammation.

1.3.2.2 Humoral responses generated

Humans infected with H.pylori are known to show strong antibody titres

against multiple components of the bacteria. These include flagellin, ure-

ase and a very important component of the Type 4 secretion system (T4SS)-

Cytotoxin associated gene A (CagA) [77]. However, these titres are not protec-

tive as they do not show an e↵ect on the bacteria and have even been shown

to inhibit bacterial clearance [78]. There is a positive correlation between

antibody levels and protection on immunization but the antibodies by them-

selves do not seem adequate to induce protection since there was no change

in bacterial burden in vaccinated B cell deficient mice compared to controls

[78, 79, 80].

1.3.3 Immune evasion of these strategies by H.pylori

Inspite of such strong innate and adaptive immune responses, humans are

unable to naturally clear H.pylori. This is due to multiple strategies employed

by this bacterium that enables its survival in the gastric microenvironment

(Figure 1.2). While discussion of all the pathogenicity factors and employed
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techniques are out of the scope of the topic of this thesis, here, some of the

most relevant pathogenicity and immune evasion strategies are highlighted.

Figure 1.2: Prominent pathogenicity factors of H.pylori. H.pylori employs multiple strate-
gies in order to arrive at and colonize the stomach mucosa, including Urease B, flagella
and adhesion proteins on its surface. It further secretes VacA and injects CagA into
epithelial cells through a type IV secretion system (T4SS).

One of the first obstacles that H.pylori encounters is the low pH of the

stomach. The bacterium produces urease B that converts surrounding urea

to ammonia and carbio di-oxide, thus neutralizing the acid around it [81, 82].

Urease also functions to increase the viscocity of the mucous layers, thus en-

abling better motility. Another factor enabling motility in this environment is

H.pylori flagella [83, 84]. The bacteria posses about 6 polar flagella comprising

of two units: FlaA and FlaB. While these flagellins are essential for reaching

the host epithelium, unlike flagella from other bacteria, they do not initiate a

pro-inflammatory cascade. Once H.pylori reaches the epithelial layer, it avoids

immune cell recognition by PRRs by modulation of its surface molecules like

flagellin and lipopolysaccharide (LPS) [85]. TLR5, which generally recognizes
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monomers of flagellin from S. typhimurium or E.coli, does not get activated

by the flagella from H.pylori [86]. The bacteria have sheated flagellin, which

avoids the release of any pro-inflammatory mediators from these components.

Apart from flagellins, which evade the host TLRs, the bacterial LPS protein

consists of O-antigens which are recognized as ‘self’ by TLRs [85]. H.pylori also

expresses a high abundance of Lewis antigens which are carbohydrates sim-

ilar to human blood group antigens, contributing to better camouflage [87].

Indeed H.pylori LPS is not a strong activator of any of the usual TLRs that

recongnize bacteria.

Two of the most imporatant toxins of H.pylori are CagA and Vacuolating

cytotoxin A (VacA) [88, 89, 90]. CagA is injected into host cells via the cag-

T4SS and once inside, is phosphorylated by host Abl and Src kinases. Phos-

phorylated CagA interacts with a viariety of host cell proteins containing SH2

domains, implicitly disrupting cell signaling pathways and causing cytoskele-

ton rearrangements [91]. The presence of even unphosphorylated protein is

enough to disrupt mechanisms that regulate normal epithelial cell function in-

cluding cell polarity, cellular tight junctions and inhibition of cell migration

[92, 93, 94, 95]. On the other hand, VacA is an enzyme produced by the bacte-

ria and intereferes with endosomal tra�cking and prevents formation of a ma-

ture phagosome [96]. H.pylori therefore avoids phagocytic killing by delaying

and reforming phagosomes in macrophages [97]. Additionally H.pylori pro-

duces catalase and superoxide dismutase that prevents ROS mediated killing

[98]. Adaptive immune responses are also tampered with by this bacterium.

We and others have demonstrated that it can a↵ect DC maturation and acti-

vation, eventually a↵ecting T cell responses. Interestingly, H.pylori can also
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a↵ect T cell function directly through VacA and g-glutamyltransferase (gGT),

the latter deprives the gastric mucosa of glutamine as well as causes cell cycle

arrest in T cells [99]. Additionally, H.pylori can skew the T cell response from

Th1/Th17 to a Treg phenotype by altering dendritic cells to be tolerogenic

as well as inducing IL-10 production [37, 100]. This phenomenon has been

further addressed in the discussion section of this thesis.

In conclusion, H.pylori has developed multiple immune evasion mechanisms

that actively avoid or suppress the entire plathora of immune responses includ-

ing innate, T cell and B-cell directed immunity. Thus the natural response for

a majority of infected individuals is mild gastritis as the immune system fights

to clear the deceptive bacteria while attempting to preserve host tissue.

1.4 H.pylori : Gastric and extra-gastric disease

Most infected individuals do not present with clinal symptoms inspite of a life

long persistence of H.pylori associated histological gastritis [101, 102]. How-

ever, in a significant percentage of individuals, the chronic active gastritis may

lead to gastric or duodenal disease. Up to 15% of individuals develop peptic

ulcers while 1-2% develop gastric adenocarcinomas [103]. Since H.pylori has

a causal association with the development of gastric cancer, the World Health

Organization (WHO) classified it as a Class I carcinogen in 1994 [104].

1.4.1 Gastric adenocarcinomas

The clinical outcome of disease depends on multiple parameters including the

localization of the inflammation. An antrum predominant inflammation results
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in increased acid production and consequently a higher concentration of acid

deposition in the proximal part of the duodenum [105]. The consequence may

be the replacement of duodenal cells with gastric epithelial cells, giving rise

to gastric metaplasia, which can be further colonized by H.pylori [106]. The

entire process may result in duodenal ulcers due to excessive inflammation. On

the other hand, a corpus localized gastritis results in a loss of acid secreting

cells and thus reduced acid secretion (Atrophy) [107]. These cells are replaced

by mucus producing cells and fibrous tissue. This leads to cells developing an

intestinal phenotype eventually leading to intestinal mataplasia and progres-

sion to dysplasia [108]. These are precursor conditions for the development

of gastric adenocarcinoma. The entire progression of precancerous histological

changes into development of adenocarcinoma is named the Correa’s cascade.

One of the most important and widely studied virulence factors of H.pylori

in association with gastric cancer is CagA. It is an oncoprotein strongly associ-

ated with the development of neoplasms in humans. Infact, the mere presence

of CagA is associated with more severe disease [88, 109, 110, 111]. CagA

disrupts host signaling and engenders genetic instability. The ratio of world-

wide cagA-positive to the cagA-negative strain is around 6 to 4. However,

in East Asia, almost all isolated strains are cagA-positive [112, 113]. The

risk of developing gastric cancer is atleast one order of magnitude higher in

infected individuals harbouring the cagA-positive strain compared to those

infected with cagA-negative strains. This notion is also experimentally sup-

ported since infection of Mongolian gerbils with H. pylori containing a func-

tional cag PAI induces a corpus-predominant atrophic gastritis, a precancerous

condition [114, 115, 116, 117]. The strong oncogenic potential of CagA was
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irrefutably demonstrated by the fact that transgenic mice that expressed cagA

spontaneously, developed gastrointestinal carcinomas [118]. Even though the

contribution of other H. pylori proteins such as VacA and the outer inflam-

matory protein A (OipA), have been implied in development of the disease,

CagA plays the central role in gastric carcinogenesis.

H.pylori infection is also associated with the development of mucosal associ-

ated lymphoid tissue (MALT) lymphoma. These are B cell lymphomas arising

due to chronic inflammation which can be caused by constant antigenic stim-

ulus in the case of H.pylori [119]. The permanent inflammatory stimulus may

lead to sustained proliferation of lymphoid cells as well as contribution of ROS

by neutrophils may induce oncogenesis events, for e.g. resistance to apoptosis

mediated cell death which eventually propagates the lymphoma.

1.4.2 Associated extra gastric diseases

Recently associations have been drawn between H.pylori infection and vari-

ous extra-gastric disease like colorectal cancer, neurodegenerative disorders,

cardiovascular disease, haematological malignancies, pancreatic and hepato-

biliary diseases [120]. The bacterium has been isolated from the gall bladder

of human patients with gallstones and H.pylori DNA has also been detected

from liver samples of patients su↵ering from primary biliary cirrhosis and pri-

mary sclerosing cholangitis [121, 122]. Follow up studies with patients su↵ering

from Hepatocellular carcinoma (HCC) showed possible associations of the dis-

ease with H.pylori especially dependent on its geographical location [123, 124].

Avenaud et al detected H.pylori in the livers of all eight patients enrolled in
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a study of HCC [125]. Other studies reported presence of bacteria in the

livers of at least half the HCC subjects compared to 10% found in controls

[126, 127, 128]. Additionally parallels have been drawn between H.pylori pos-

itivity and hepatitis infections that lead to cirrhosis [129, 130, 131]. Some

authors have additionally reported high H.pylori associated antibody titres in

patients with primary cirrhosis. However, in all such cases it has been di�cult

to determine whether the association is due to the changes in the host occur-

ring through carcinogenesis or true e↵ects caused by helicobacter colonization.

To our knowledge, there have been no studies, neither epidemiological nor

experimental analyzying the e↵ect on helminths that induce pathology and fi-

brosis in the liver (Schistosoma mansoni) and associations of the liver disease

with H.pylori infection. Studies involving the helminth however have focused

on the e↵ects on the development of H.pylori associated gastritis as discussed

in the next section.

1.5 Modulation of H.pylori associated

gastritis and immune responses by

helminth co-infection

The rates of H.pylori infection vary throughout the world but interestingly this

does not strongly correlate with the rates of gastric cancer. Countries in Africa

that have a very high prevelance of H.pylori infection show infact, the lowest

rate of gastric cancer (Figure 1.3). Multiple theories have tried to provide an

explanation for this paradox and include di↵erences in environmental factors,
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Figure 1.3: Geographical distribution of gastric cancer, H.pylori and S.mansoni. Map
of gastric cancer incidence [132]. Map of H.pylori incidence [133]. Map of S.mansoni
[134].

diet, genetic variance and the limited life expectancy. Yet another hypothesis

suggests that co-infections with other common pathogens interfere with the

potentially harmful inflammatory responses to H.pylori infection. This may

be an important aspect to consider as most areas endemic for H.pylori show

a high incidence of parasitic helminths which induce rather immunoregulatory

processes during long term infection (Figure 1.3).

Due to the immunomodulatory abilities of helminths, it was suggested that

in a Th1 dominated infection- like with H.pylori, a concurrent helminth infec-

tion could potentially skew the immune response towards a more protective

Th2 phenotype. This would consequently reduce inflammation and decrease

the risk of developing gastric cancer. Fox et al in 2000 presented a study

using a mouse model where the Th1 mediated gastric inflammatory response
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to Helicobacter felis (H.felis) was attenuated by concurrent infection with a

murine enteric nematode - Heligmosomoides polygyrus [135]. This observation

was attributed to the general polarization of the Th2 response by the para-

site, ameliorating the Th1 predominant response induced by H.felis. Helminth

co-infection was associated with milder gastritis, accompanied by reduced tran-

scripts for Th-1 cytokines and chemokines. There was an additional impact

on H.felis-specific IgG1 and IgG2 titres, in general, co-infected mice had lower

IgG titres than H.felis mono infected animals. Unfortunately, the nematode

is a purely rodent parasite and the helicobacter used in this study rarely ever

infects humans unless upon zoonotic transfer.

Nevertheless, this experimental study encouraged epidemiological studies

to investigate this phenomenon. Two epidemiological studies observed a posi-

tive correlation between co-infected patients with H.pylori and S.mansoni and

protection against gastritis, with decreased nitric oxide production as well as

other factors like reduced cell proliferation, apoptosis, decreased pathology and

oxyradicals [136, 137]. Additionally, a study in a Chinese population demon-

strated that patients co-infected with H.pylori and Schistosoma japonicum had

altered bacteria specific IgG responses which further correlated to protection

from gastric cancer [138].

However, much of the data in the field remains controvercial as some stud-

ies included individuals with multiple or other helminth infections, not all

studies considered the status of CagA positivity of the H.pylori strain, which

is an important factor in determining risk for development of gastric cancer.

Furthermore, surprisingly, no experimental study has studied the

association between H.pylori and Schistosoma mansoni, one of the
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most common helminths endemic in countries (such as sub-saharan

Africa) with the highest rate of H.pylori prevalence.

1.6 Schistosoma mansoni

Schistosoma mansoni (S.mansoni), commonly called the blood-fluke, is a par-

asitic helminth that infects humans and causes the disease known as bilhazia or

schistosomiasis. While helminths include Cestodes (tapeworms), Nematodes

(roundworms), Tinea (ringworms) and Trematodes (flatworms), Schistosomes

are flatworms that are quite unique. They are dioecious and have distinct sex-

ual dimorphisms between the male and female genders. The most widespread

schistosomes are S.mansoni and Schistosoma japonicum which cause hepato-

splenic and intestinal schistosomiasis, as well as Schistosoma haematobium,

which leads to urogenital schistosomiasis [139].

Schistosomiasis is a very debilitating disease causing about 200,000 deaths

every year along with 3.3 million DALYs or disability-adjusted life years. The

latter is a measure of the sum of life years lost due to illness and disability as

well as premature death. The disease is endemic in 78 countries with about 250

million people infected and 732 million people at risk for infection [140, 141].

Table 1.1 lists the di↵erent schistosome species that infect humans as well as

their geographical distribution.

While hybridization between members of the S.heamatobium species infect-

ing di↵erent hosts is common (e.g. a recent outbreak in locals and tourists in

Corsica, France of S.heamatobium/S.bovis), the same between the two mem-
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Species Geographical distribution

Schistosoma mansoni Africa, Middle East, Caribbean, Brazil, Venezuela,
Suriname

Schistosoma japonicum China, Indonesia, Philippines

Schistosoma malayensis South East Asia

Schistosoma heamatobium Africa, Middle East

Schistosoma guineensis West Africa

Schistosoma intercalatum Africa

Schistosoma mekongi Cambodia and the Lao People’s Democratic Re-
public

Table 1.1: Schistosome species infecting humans and their geographical location

bers of S.mansoni is rather limited to infections in wild rodents (S.rodhaini)

[142, 143, 144].

The World Health Organization (WHO) has implemented huge e↵orts for

the last decade e.g. by implementing mass-drug administration programs to-

gether with organisations like the Schistososomiasis Control Initiative (SCI) to

eliminate the disease, however the complex life cycle and increasing chemother-

apeutic resistance have made the journey a di�cult one [145, 141].

1.7 Infection and the life cycle of S.mansoni

S.mansoni primarily utilizes humans as its definite primary host and the fresh

water snail Biomphalaria glabrata as the intermediate host (Figure 1.3). The

snails are infected by the larval schistosome stage, - the miracidium, that

hatches from eggs due to photo and chemical stimuli. These primary larvae
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undergo asexual reproduction in the snails and develop into the secondary

larval stage, the cercariae, which are capable of infecting human skin. In the

snail host, a single miracidium can produce hundreds of cercariae within a

few weeks. These free swimming cercariae, stimulated by sunlight, emerge

from the snails and on contact with human skin produce proteolytic enzymes

that help them penetrate the intact epidermis. Once through, they lose their

tails and develop into the next stage- schistosomula which resides in the skin

for about twenty-four hours. Soon they migrate through the blood vessels or

dermal lymphatic vessels into the lung via the pulmonary artery and reside

in this organ intra-vascularly for the next week [146, 147]. The parasites then

leave the lung in the direction of the blood flow and mature into male and

female worms within the hepatic portal vein about 4 weeks post infection

[148]. Finally, the worms pair and migrate to the mesenteric veins, where they

reside while the female produces from 300 to a thousand eggs per day [144].

However, a large proportion (almost half) of the eggs do not reach the in-

testinal lumen and due to porto-venous shunting as well as the general portal

blood flow, they are trapped in small venules in the tissue of mainly the liver.

The deposition of eggs in these organs increases and the eggs degrade, result-

ing in inflammation and granuloma formation around the tissue-trapped eggs.

This continuous immune response results in the classical pathology associated

with chronic S.mansoni infection, namley liver fibrosis, hepatosplenomegaly

and portal hypertension [149, 150, 151].
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Figure 1.4: Lifecycle of S.mansoni. The lifecycle of S.mansoni begins with eggs that contain
miracidia released from infected individuals with feces into fresh water. On contact
with fresh water and in response to light, the free-swimming miracidium hatch out
of the eggs and makes its way towards its intermediate snail host. Within the snail
the parasite develops into cercariae. The free-swimming cercariae are released from
the snail and actively search for their final host where penetration of the human skin
is achieved by the use of proteoloytic enzymes. During penetration, the cercariae
lose their tail and transform into schistosomula. The schistosomula are transported
through the vasculature to the liver. There, they mature into adult worms and pair.
The paired adult worms migrate to the mesenteric veins where they reside and begin to
lay eggs. Released eggs penetrate the gut lumen and are released into the surrounding
by stool passage again. Picture provided by Dr. Eva Lo↵redo Verde (PhD thesis,
2016).

Figure 1.5: Histological sections of eggs in the intestinal tissue. Eggs passing through the
peyer’s patch and lodged in small intestinal tissue. H&E stained sections, scale bars
represent 50 micrometres.
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1.8 Immune responses induced by S.mansoni

The di↵erent developmental stages of the helminth give rise to distinct im-

mune responses. The initial larval stage-cercariae can cause mild dermatitis

as it penetrates human skin. A stronger acute response- Katayama’s fever

can take place shortly after when the schistosomula passage through the lung

and develop into immature female and male worms. This is characterized

by symptoms such as abdominal pain, fever, diarrhea, intestinal bleeding and

development of hepatosplenomegaly [152]. However, this is a very rare occu-

rance but can result in death if not treated immediately. Most individuals in

endemic areas remain clinically asymptomatic in the primary stages of infec-

tion. The more chronic form of the disease, as mentioned before, arises from

tissue trapped eggs, eventually results in severe pathology like fibrosis, anemia

and undernutrition among others [153, 154, 139].

1.8.1 Immune phases: Th-1, Th-2 and Regulatory

One of the most interesting and rather unique aspects of S.mansoni compared

to intestinal helminths is the induction of di↵erent immune phases in its host.

The helminth drives an impressive switch in the immune response, which can

be systemically monitored throughout the infection in a murine model [155].

There is a dynamic shift between the initial Th1 phase to a Th2 response and

finally a regulatory immunosuppressive phase [156, 157, 158](Figure 1.6).
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Figure 1.6: Di↵erent immune phases induced by S.mansoni in its host. Following cer-
cariae penetration, a TH1-cell response with high levels of IFN-� production develops
(Th1 phase). As the eggs are deposited, a stronger TH2-cell response with high levels
of classical TH2 cytokines such as IL-10, IL-13 and IL-5 arise (Th2 phase) eventually
ensuing in a regulatory immunosuppressive phase 16 weeks post infection (Reg).

1.8.1.1 Type 1 responses to S.mansoni infection

The Th1 response is an acute response to both the larval stages passing from

the skin through the lungs as well as to the maturation of the worms from

a juvenile to the adult stage. Since the primary stages undergo morphologi-

cal changes, constantly exposing new antigens (along with old ones), and the

immediate response is that of (Type 1) inflammation. DCs on contact with

the shed tegument from schistosomula for example, upregulate co-stimulatory

molecules like CD80 and CD40, which then drive autologous TNF↵ and IL-

12p40 production [159]. These DCs and other innate as well as Th1 cells also

induce the production of IFN-�, the surrogate cytokine for this type of re-

sponse [160]. Even though chemokines (Th1 and Th2 inducing) are one of the

most important molecules in this process, majority of the studies in murine

models focus on Th2 chemokines induced by the eggs at later stages. This is
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primarily due to the fact that S.mansoni and helminths in general are known

for their Th2 inducing and immunosuppressive capacities. Additionally, the

main pathology of the disease is caused by the decaying eggs that are lodged

in tissue.

However, epidemiological data on humans indicate that Th1 cell attract-

ing chemokines like RANTES/CCL5 and MIP1↵/CCL3 are induced during

S.mansoni infection and may play an important role in determining severity

to the disease [161, 162, 163]. A caveat here is that all S.mansoni infections in

endemic areas do not follow a clear Th1/Th2 dichotomy, infection levels di↵er

and reinfection is common [164]. Additionally, the likelihood of finding multi-

ple stages of the parasite due to constant exposure to the parasite’s habitat-

fresh water, is very high. Although mass drug treatment programs are em-

ployed in these areas to eliminate the worms from infected individuals, they

are not extremely e�cient due to such common re-infection events [145, 141].

1.8.1.2 Type 2 responses induced

Eggs trapped in the liver and intestinal tissue become the focal point of in-

flammatory infiltrates, which eventually form granulomas; CD4 cells are the

main drivers of this response but macrophages, B cells, basophils, mast cells

and eosinophils also contribute in a major way [156, 165, 166]. Mice that

lack CD4 T cells fail to generate a strong granulomatous response and in-

duce much smaller granulomas that comprise mainly of neutrophils and a few

macrophages [167, 168, 169]. In essence, granulomas are a host protective

response, sequestering the damage-inducing eggs from surrounding tissue. In
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fact, S.mansoni infected mice that lack T cells present with increased liver and

intestinal necrosis at the onset of the Th2 phase [170].

The Th2 phase in mice is characterized by high levels of IL-13, IL-5, IL-

4 and IL-10; the response is directed against the soluble egg antigen (SEA)

released through degradation of the egg [171]. This results in an influx of

basophils, macrophages, neutrophils and mast cells among other immune cells.

Th2 chemokines like CCL22 and CCL11 (eotaxin) are induced by hepatocytes

and hepatic stellate cells that attract Th2 cells expressing the corresponding

receptors- CCR4 and CCR3.

The Th2 cytokine IL-4 performs a crucial role during schistosome infection

[172, 173, 174, 175]. Data suggests that IL-4 supresses pro-inflammatory IFN-�

responses and limits responses to TLR agonists that may be contributed by the

intestinal microflora due to diminished barrier function [172, 176, 177]. This

results from the passage of eggs through the intestine, permitting an increased

access of intestinal microflora or its constituents (LPS) into the venous system.

Since mice develop severe intestinal pathology when IL-4 signalling is impaired,

as well as that antibiotic treatment can ameliorate this severity, suggests that

the microbiota may indeed have an interesting and important role in this

context [177].

Th2 responses are strongly linked to the development of hepatic fibrosis, one

of the main causes of morbidity in schistosomiasis [178]. While IL-4 is known

to stimulate fibroblasts to produce collagen, IL-13 plays the most important

role in the pathogenesis of schistosomiasis. Studies have found that IL-4 has a

more important role in supressing Type 1 immune responses while IL-13 is the

dominant Th2 cytokine regulating fibrosis [176]. The reduction of fibrosis in
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IL-4 deficient mice is much lower than that in mice treated with a scavenging

antibody to IL-13 [179, 180]. IL-13 has been shown in humans to directly

correlate with the level of hepatic fibrosis during schistosomiasis [181]. It can

directly stimulate hepatic stellate cells to upregulate expression of collagen

I and other important fibrosis associated genes like connective tissue growth

factor (CTGF). These cells are the main source of extracellular matrix (ECM)

and thus assist in the progression of fibrosis [182].

1.8.1.2.1 Liver microenvironment during the Th2 phase

The liver has an extremely vital metabolic and clearance function that in-

volves amongst others, the uptake of nutrients and filtering waste products

and pathogens from the blood. Consequently, its microenvironment is set to

prevent organ damage. The unique immunoregulatory function in the liver is

mediated by local expression of co-inhibitory receptors and immunosuppres-

sive mediators such as IL-10 or TGF-� during assault on the tissue, and helps

to prevent inadvertent organ damage [183]. However, hepatic schistosomiasis

is the most common form of the chronic manifestation of the disease. It usu-

ally is a consequence of a heavy S.mansoni infection burden and results from

the granulomatous immune response induced by the host to the schistosomal

antigens- (SEA) released by the eggs. The path of the eggs generally leads

them to pass into the intestinal lumen and get excreted. However, as men-

tioned earlier, eggs that do not pass through successfully are carried by portal

vein blood flow into small pre-sinusoidal vessels in the liver.
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When the egg is released by the female worm it does not cause tissue reac-

tions as it is still immature. In less than a week, the embryo or the miracidium

start to di↵erentiate and consequently release antigen secretions or lytic en-

zymes through miniscule pores in the egg shell. Since this step is initiated in

a capillary venule, the vascular endothelium is the first point of contact and

damage, subsequently these cells respond by proliferation. The insult to tissue

results in an influx of innate immune cells like neutrophils and monocytes/-

macrophages [165]. The fat storing hepatic stellate cells (HSCs) in the liver

are also important responders in this scenario. They produce chemokines that

attract both Th1 and Th2 cells [163]. The resulting IL-4 and IL-5 produc-

tion further induces the accumulation of other immune cells like eosinophils

and basophils further amplifying the Th2 induced inflammation. Simultane-

ously, the eggs also release factors that directly stimulate liver cells to produce

osteopontin, a pro-fibrotic moiety that stimulates HSCs to become myofibrob-

lasts [184, 185]. Myofibroblasts are one of the most potent drivers of fibrosis.

To summarize, at this stage the primary type 1 pro-inflammatory response

is replaced by a Th2 response which leads to the initial stages of granuloma

formation (Figure 1.6).

Macrophages play a very important role in this entire process. These cells

are one of the initial responders following injury (egg deposition and degra-

dation) and drive inflammation. In fact, if macrophages are depleted during

the initial phase, there is a significant decrease in the inflammatory response

[186]. Although, depleting this cell type can also result in an ine�cient repair

and regeneration [187]. Post this early inflammatory phase, the main pop-

ulations of macrophages assume wound-healing roles by producing multiple
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growth factors like platelet derived growth factor (PDGF) and vascular en-

dothelial growth factor (VEGF-↵) [188, 189, 190]. They additionally stimulate

recruited and resident fibroblasts to di↵erentiate into myofibroblasts that syn-

thesize extracellular matrix (ECM) [191]. Finally, monocytes and macrophages

enter into an anti-inflammatory role, they respond to IL-10 and express pro-

grammed cell death ligands 1 (PD-L1) [192]. The exact mechanisms that

direct macrophages to be inflammatory, pro-fibrotic or anti-inflammatory has

been a topic of intense research. It is also not clear if a single macrophage

can assume all these phenotypes. Additionally, a recent study has highlighted

that macrophages that are recruited or di↵erentiated from monocytes have

di↵erent roles than those resident to the tissue [193]. This was demonstrated

using a LysMCre model (encoding a Cre recombinase enzyme for the lysozyme

M-encoding locus (Lyz2). In S. mansoni infected IL-4Raflox/delta LysMCre

mice, recruited macrophages, in contrast to tissue resident macrophages, ex-

pressed lower levels of Lyz2 (Lyz2lo) and exhibited restricted deletion of IL-4Ra

through LysMCre. In response to the Th2 cytokines: IL-4 and IL-13, Lyz2lo

IL-4Ra+ macrophages expressed arginase 1 (Arg1), assumed an alternatively

activated phenotype (AAM) and were responsible for downregulating fibrosis.

Tissue-resident Lyz2high macrophages on the other hand were identified as the

subset of AAMs controlling granulomatous inflammation. AAMs expressing

Arg1 are required to survive the initial inflammatory phase (Th1 as well as

Th2 mediated inflammation) [194]. Expression of this factor among others like

STAT6, in macrophages is important during fibrosis and converts them into

an AAM phenotype [195]. The upregulation of Arg1 occurs on direct stimula-

tion through IL-4 and IL-13:IL13Ra1 binding. AAMs also produce resistin like
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molecule a (RELM↵) and chitinase 3 like protein 3 (Ym1) and are known to

play an important role in wound-healing and tissue repair. Arg-1 expressing

AAMs compete with T cells for arginine and thereby suppress their prolifer-

ation. Along with hepatic stellate cells, AAMs contribute to the production

of collagen by converting the acquired arginine to proline and polyamines, the

building blocks of collagen. Collagen deposition at this stage is important to

limit the extent of tissue damage caused by the developing granuloma and its

immune cell infiltrate (Figure 1.7). Consequently, studies in Arg-1 deficient

mice infected with S.mansoni demonstrated severe intestinal inflammation and

portal hypertension [196].

However, since these macrophages are also potent contributors to the process

of fibrosis, excessive responses from this subset can result in severe Type 2

mediated fibrosis and exaggerated pathology. Resolving macrophages that

respond to IL-10, express both Arg 1 and STAT 3 are important during this

phase to downregulate inflammatory and pro-fibrotic responses. They are

additionally assited at this phase by Tregs and IFNg producing cells that

counter balance Th2 responses (Figure 1.7).

Simultaneous to this process, tissue damage also induces a type 2 response

from both innate lymphoid cells (ILC2) that act on an IL-33 signal (from

hepatocytes) as well as the T cells primed by Th2-polarized dendritic cells

[197, 198]. These cells subsequently release IL-13, which binds to its conven-

tional receptor. This receptors constists of a common IL-4 receptor chain and

the low a�nity IL-13Ra1. The receptors have been found on B cells, mast

cells, eosinophils, fibroblasts, macrophages, endothelial cells and smooth mus-

cle cells. There has been no evidence of the receptor on either human or mouse
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Figure 1.7: Liver microenvironment during granuloma formation. During stage 1, the
pro-inflammatory response (influx of neutrophils and monocytes) as well as classical
macrophages is controlled by Th2 responses induced by the eggs. However, since ex-
cessive Th2 responses are detrimental, AAMs induced by type 2 responses, expressing
STAT 6, compete with T cells for arginine and dampen their proliferative capacity.
Simulataneously, IL-13 induced by Th2 cells and ILC2s, act on AAMs and fibroblasts
promoting collagen depositin and wound healing. At stage 2 these cells proliferate
and increase the risk for fibrosis and liver damage, at this point, regulatory cells pro-
duce IL-10 as well as supress Th2 cells producing IL-13 (the trigger for precursors of
collagen systhesis). Finally, at stage 3, regulatory T cells, AAMs expressing STAT
3, as well as type 1 responses regulate Type 2 responses and limit the extent of the
granuloma, thus protecting the host from further tissue damage.

T cells, therefore it is an e↵ector mechanism derived from T cells but do not

act on them. Once IL-13 binds to its receptor, through Stat 6 signalling as

well as direct interation with hepatic stellate cells, it initiates transcription of

critical pro-fibrotic genes like matrix metalloproteinases (MMP) that induce

production of collagen I and III as well as tissue inhibitors of matrix mettalo-

proteinases (TIMP) that slow down extracellular matrix (ECM) degradation
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[182]. As collagen replaces health hepatic tissue, there is a progression to a

fibrotic liver. The induced liver damage can be clinically estimated either by

ultrasonography and/or by examining the levels of alanine aminotransferase

(ALT) in the serum since the enzyme is preferentially present in cells of hepatic

origin.

The regulation of the IL-13 pathway and thus fibrosis occurs through three

main arms: Treg cells that secrete IL-10 and inhibit e↵ector activity of Th2

cells producing IL-13, IFN-� released by Th1 cells or innate cells which com-

petes with the resources of Th2 cells (e.g. Arginine) as well as inhibits them,

finally a decoy receptor- IL-13dRa2 which scavenges IL-13 out of the circu-

lation (Figure 1.8) [199, 179, 200]. This decoy receptor is both found in the

soluble form and on cells. It has a short cytoplasmic tail and therefore once

it binds to IL-13, it does not initiate downstream signaling [179, 174]. It also

has a much higher a�nity for IL-13 than its low a�nity conventional receptor

(IL-13Ra1) [180]. The IL-13dRa2 is absolutely essential to control fibrosis and

is upregulated through expression of p-selectin and via positive feedback from

IL-13 itself [201]. Additionally, the role of the receptor is evident in knockout

studies where IL-13dRa2 deficient mice show a very strong phenotype with

marked exacerbation of fibrosis due to enhanced IL-13 activity.

In summary, Th2 responses induced by the decaying eggs limit pro-inflammatory

responses while AAMs regulate excessive Th2 responses themselves. However,

as AAMs perform this function on stimulation by IL-13 and thereby also pro-

duce collagen, in the long term, they induce fibrosis. At this chronic stage,

type 1 responses, the levels of IL-13dRa2 and regulatory responses keep the

liver damage in check by regulating the IL-13 pathway.
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Figure 1.8: Regulation of the IL-13 pathway. IL-13 is contributed by Th2 cells and ILC2s, it
binds to the IL-13Ra1 receptor and through upregulation of Stat6, induces expression
of pro-fibrotic factors (Arg1, MMP, TIMP1) in both macrophages and fibroblasts.
This results in production of collagen that replaces injured hepatic cells, resulting in
higher levels of ALT as the enzyme is released into blood from degrading hepatocytes.
The pathway is regulated by Th1 cells and regulatory cells that act on the source of
IL-13 as well as the levels of soluble and bound IL-13dRa2, which competes for IL-13
with its classical receptor but does not intitiate downstream signaling.

1.8.1.3 Immune evasion and modulation strategies

S.mansoni, like H.pylori has also co-evolved with its human hosts and devel-

oped multiple strategies to achieve long-term persistence.Starting already at

the larval stages, these parasites can produce or induce host production of

eicosanoids like Prostaglandin E2 (PGE2) that aids in the release of IL-10 by

host cells [202, 203]. Regulation through parasite derived PGD2 can also be

IL-10 independent as it acts on receptors on the dendritic cells in the skin

(Langerhans cells) and inhibits their migration [204]. This in turn would de-

lay subsequent priming of T cells in the draining lymph nodes. Adult worms

can coat themselves with host antigens to avoid detection, further they release

metalloaminopeptidases that have an enzymatic trypsin like activity and can

34



1.8 Immune responses induced by S.mansoni

cleave bound antibodies on their surface [205]. However, the most highlighted

immune evasion or rather, immune-modulation strategy of these helminths is

the (egg’s) ability to modulate dendritic cells in order to induce Th2 responses

and the induction of Treg cells that supress inflammatory responses.

1.8.1.4 Regulatory responses

Immunoregulatory cells such as Treg and Bregs dampen overall e↵ector func-

tions of CD4+ T cells but these functions are attributed to distinct populations

of regulatory T cells and their soluble products [206]. Even though there are

a variety of regulatory cell subtypes, CD4+CD25+Foxp3+ T cells remain the

most prominent of these during S.mansoni infection [207, 208].

Treg are absolutely essential during murine schistosomiasis since studies

demonstrated their role in controlling gross immunopathology in addition to

general e↵ector T cell responses [209]. Even though these cells cannot prevent

helminth infection, they serve to stand as a compromise between the parasite

and the host. On one hand, they preserve host tissue from the onslaught of

continuous pro-inflammatory processes and on the other they dampen e↵ector

responses to the helminth, ensuring its survival [210, 211]. Additionally, ex

vivo isolated Treg specifically suppressed antigen-specific CD4+ T cells from

infected mice in an IL-10 independent manner [212]. These Treg upregulated

genes such as granzyme B (GrzB), and the homing marker CD103, indicating

that their phenotype changes during infection [210].

Treg secrete immunosuppressive cytokines such as IL-10 and TGF-�, the for-

mer promotes the down regulation of pro-inflammatory cytokine production
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by e↵ector cells and TGF-� leads to cell-cycle arrest and therefore decreased

e↵ector cell proliferation. Several mouse studies have highlighted the impor-

tance of IL-10 using infected mice deficient in the cytokine [213]. These mice

showed an excessive TH1- and TH2-type mixed immune response during the

chronic phase of infection, which led to severe granulomatous liver damage

and increased mortality [200, 214, 215]. Additionally, Tregs that express high

levels of cytotoxic T-lymphocyte antigen 4 (CTLA-4) on their surface inter-

act with APCs inducing a down regulation of co-stimulatory molecules such

as CD80/CD86 and thereby limiting the activation of other T cells by these

APCs [216]. While natural Tregs mainly produce immunosuppressive IL-35

and compete with e↵ector T cells for IL-2, induced Treg kill e↵ector T cells

and APCs by cell-to-cell contact in a granzyme- or perforin-dependent manner

[216, 70].

However, suppression induced by Treg during helminth infection is not di-

rected only toward the parasite. Although antigen specific Tregs are induced

during schistosomiasis, general immunosuppression possibly leads to bystander

responses that can hamper other active and necessary immune pathways espe-

cially those induced to fight a new acute infection or generate vaccine responses.

1.9 Bystander e↵ects of S.mansoni associated

immune responses

S.mansoni can suppress a wide range of bystander immune responses, which

can range from immunopathogenic to protective in nature. Immunopathologies
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such as asthma, autoimmune diseases and inflammatory diseases are reduced

in prevelance in areas where helminth disease is rampant [217]. Even direct

e↵ects of helminth infections have been demonstrated on suppression of IBD

symptoms leading to multiple clinical trials in this field [218, 219]. On the

other hand, antitumour immunity and vaccine e�cacy may be suppressed by

helminth infection as well (Figure 1.9).

Figure 1.9: Immunoregulatory e↵ects of helminths on bystander responses. Schisto-
somes can suppress a wide range of bystander immune responses, including those of
both immunopathogenic and protective natures. Antitumor immunity and vaccine
e�cacy may be suppressed by schistosome infections. However, immunopathologies
such as asthma, autoimmune diseases, and inflammatory bowel diseases are all re-
duced in prevalence in areas where helminth disease is endemic, and direct e↵ects of
helminth infections on the suppression of disease have been shown in clinical trials for
inflammatory bowel diseases.

Here, I have highlighted the fields in which much work has been done to

examine the mechanisms leading to generalized, by-stander immune regulation.
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1.9.1 Allergy and vaccination

Allergic asthma is one of the most common diseases arising in the recent years,

especially in industrialized countries with a prevalence of 29% [220]. However,

studies have shown that individuals living in helminth endemic areas show a

milder response to the classical skin-prick test to aeroallergens. Additionally,

in murine models of Ovalbumin-induced allergic airway inflammation (AAI),

schistosome infected mice could suppress airway hyperresponsiveness (AHR)

[221, 222]. These mice presented with lower numbers of eosinophils and leuko-

cytes in their bronchialveolar lavage (BAL) fluid. The mechanisms suggested

include suppression of IgE responses and induction of high Treg frequencies as

well as IL-10. Moreover, Straubinger et al have also demonstrated that this is

not just limited to the infected mothers but this immunosuprresive phenotype

is transferred to the uninfected o↵spring as well. While this phenomenon is

clearly dependent on the immune phase of the helminth, the Th1 and chronic

phase show a suppression of AHR [155].

As the immunosuprresion seems to be more ‘systemic’ and general, this

positive association with prevention of asthma is unfortunately accompanied

by lack of an e�cient response to vaccination in populations endemic for

helminths. A strong e�cient immune response to a primary antigenic stimulus

is the basis for long lasting immune memory. However, studies that analyzed

Hepatitis B virus (HBV) vaccine e�cacy in Schistosome infected individu-

als in Brazil and infants born to infected mothers in Egypt observed that

these individuals responded less prominently to the classic HBV vaccination

[223, 224]. Recently, a study also demonstrated that while individuals infected
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with S.mansoni may develop su�cient titres to primary HBV vaccination,

this does not result in memory responses[225]. In fact, the titres drop to in-

su�cient levels within 1 year of the vaccination. Similar results have been

observed in studies analyzing the e�cacy of the the Bacille-Calmette-Guérin

(BCG) vaccine [225]. This is especially important because these contries have

the highest endimicity for the above-mentioned diseases. In conclusion, the

bystander ’protection’ from asthma induced by schistosomes comes at a cost

of possibly ‘ine�cient’ responses to vaccination.

An important factor to consider here is that even today large amounts of

funds are invested in developing new vaccines for bacterial pathogens develop-

ing resistance to antibiotics. Especially since co-infection with helminths was

not considered thoroughly when initial vaccination strategies were developed,

today with increasing awareness about the immunomodulatory capacities of

these parasites, this is possible. However current strategies for devel-

oping e↵ective prophylactic vaccination (e.g. for H.pylori) to our

knowledge do not take this factor into account.

1.9.2 Co-infection with other pathogens

Many countries that are endemic for schistosomiasis also naturally have a high

prevelance of bacterial infections, viruses and protozoa, making co-infection

a common occurance [226]. Many factors determine the outcome of this co-

infection including the order and time interval between the first and the sec-

ond infection, re-infection, dosage of the infectious agents, strains and pedi-

grees of the parasites and age of hosts at time of exposure to the infectious
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pathogen. Overall, a prior infection with schistosomes, particularly a long-

standing patent infection, could have an e↵ect on a subsequent infection by

a protozoan, bacterium or other helminth, a highly likely and requent event

in endemic countries. In relatively few experimental models, a concomitant

infection with schistosomes reduced the severity of the subsequent infection

with Fasciola hepatica and/or Echinostoma. More often, however, a prior

infection with Schistosoma increased the severity of the second infection as

demonstrated with experimental Leishmania, Toxoplasma gondii, Entamoeba

histolytica, Staphylococcus aureus or Salmonella infection [227]. In some of

these infections, it was implicated that co-infection induces a more prolonged

form of the disease. With respect to viral co-infections like lymphocytic chori-

omeningitis virus (LCMV), Hepatitis B and C, the literature is quite contradic-

tory. In the case of LCMV, the dominant Th1 character of the viral infection

supresses schistosome induced Th2 cytokine responses and thus the pathology

associated with it [228].

Since the liver is a tolerogenic organ, it makes an excellent site for viral

infections. One of the main complications of viral hepatitis is the chronicity

that develops, especially in countries endemic for helminths infections. The

immunosuppressive capacity of S.mansoni, especially in the liver has been

discussed to be the main reason for dampening anti-viral responses. For Hep-

atitis C virus infections, it has been shown that that S.mansoni co-infected

individuals have higher rates of cirrhosis and progression to hepatocellular car-

cinoma (HCC) [229, 230]. They additionally have higher fibrosis scores and

are rather unresponsive to interferon therapy [231, 232]. Hepatitis B virus

co-infections however, show a di↵erent picture. Due to the lack of suitable
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animal models, the associations between S.mansoni and HBV have been anal-

ysed only epidemiologically. Nevertheless, the results are controversial: some

studies demonstrate that co-infection with these two pathogens led to pro-

longed viremia and worsening of liver damage [233]. For example, in Egyptian,

Brazilian and Saudi-Arabian field studies higher prevalence of HBV infection

and an aggravation of hepatic disease was observed in S.mansoni infected pa-

tients [234, 228, 235]. On the other hand, other surveys from China, Yemen

and even from Egypt again revealed no di↵erence in HBV infection rates or

development of chronicity in schistosome co-infected patients [236, 237, 238].

However since S.mansoni has di↵erent immune phases and strong systemic

responses, it is likely that di↵erent immune phases determine the outcome of

acute or chronic hepatitis B. We have indeed analysed this experimental co-

infection utilizing a novel co-infection model. Our observations suggest that

phase dependency is indeed an important factor to determine outcome of the

disease but so is genetic predisposition (manuscript submitted).

However, as mentioned before, experimental studies with H.pylori and

S.mansoni have not been performed.

1.10 Aims of the study

Since H.pylori induces a strong Th1/Th17 driven inflammatory response,

helminths like Schistosoma mansoni (S.mansoni) that drive a chronic Th2/Treg

response, have been suggested to skew this classical inflammatory response.

However, S.mansoni infection gives rise to di↵erent immune phases during its

distinct developmental stages within the human host. The Th1 phase, with
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high levels of IFN-� followed by the Th2 phase, where systemic IFN-� lev-

els drop giving rise to high levers of Th2 cytokines and finally the regulatory

phase with increased Treg cells and IL-10 production. These distinct immune

phases may have a di↵erent impact on the immunopathology of the co-infecting

bacterium- H.pylori. On the other hand, recent evidence has suggested that

H.pylori may be associated with a variety of extra gastric diseases as well,

including liver disease. However even though schistosomiasis is endemic in

78 countries with a high prevalence of H.pylori infection, the very likely in-

teraction of both diseases has not been studied in any experimental model.

Therefore the aim of this study was to approach the coinfection of these two

pathogens that occupy anatomically distant sites in an un-biased experimental

manner. We wanted to answer the following two main questions:

1. Does S.mansoni infection alter the colonization and inflammation in-

duced by H.pylori in the stomach? If so, is this dependent on the di↵erent

immune phases elicited by the parasite?

2. Does H.pylori a↵ect the immunopathology induced by S.mansoni in the

liver? If so, what is the mechanism?
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2 Material and Methods

2.1 Materials

2.1.1 Equipment

Cyan ADP Lx P8 DakoCytomation

CytoflexTM flow cytometer Beckman Coulter

ELISA microplate reader (SunriseTM ) Tecan

MoFloTM XDP Beckman Coulter

NanoDrop 1000 Spectrophotometer Thermo Scientific

Thermocycler (T3000) Biometra

Biorad CFX Biorad

Vi-CELL Cell Viability Analyser Beckman Coulter

2.1.2 Software

FlowJo v10 (Flow cytometry analysis software) TreeStar

GraphPad Prism 5 and 7 (Biostatistics, curve fitting
and scientific graphing programme)

GraphPad Software

MagellanTM (Data analysis software for microplate
reader)

Tecan

Nanodrop 1000 V 3.7.0 Kisker
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2.1.3 Reagents

Acid fuchsin Morphisto

Ammonium chloride (NH4Cl) Roth

Aniline blue Morphisto

Brefeldin A (5mg/mL in DMSO) Sigma-Aldrich

Bovine serum albumin (BSA) PAA

Bromophenol blue Roth , Sigma

Chloroform Roth

Collagenase (from Clostridium histolyticum) Sigma

Collagenase Type IV (240 u/mg) Worthington

Cytofix/Cytoperm reagent BD

Deoxynucleoside triphosphate (dNTPs) Promega

Deoxyribonuclease I from bovine pancreas (DNAse) Sigma

Dithiothreitol (DTT) Roth

Dulbecco’s PBS (Endotoxin-free) PAA

Ethidium monoazide bromide (EMA) Invitrogen

Eosin 1% (v/v) Morphisto

Ethanol 70%-99.8% (v/v) MRI Pharmacy

Ethidium bromide Roth

Ethylenediaminetetraacetic acid (EDTA) Roth

Formaldehyde solution 37% (v/v) Sigma , Merck

Gentamicin (10 mg/ml) PAA

Hydrogen chloride (HCl) Roth

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

Sigma

Light Cycler 480 Probes Master Roche

Haematoxylin Morphisto
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Methanol Roth

�-Mercaptoethanol Roth

Narcoren Merial

Paraformaldehyde (PFA) Sigma

PercollTM GE Healthcare

Periodic acid Morphisto

Perm/Wash Solution BD

Phenol Roth

Phosphate bu↵ered saline (PBS) MRI

Phosphomolybdic acid Morphisto

Potassium hydroxide (KOH) Merck

Powdered PBS (Phosphate bu↵ered saline) Biochrom

RNAlater Ambion

Roti -Histofix 4% (v/v) Roth

Schi↵ reagent Morphisto

Sodium chloride (0.9% v/v NaCl) B Braun

Sulphuric acid (H2SO4) Merck

3,3’,5,5’-Tetramethylbenzidine (TMB) substrate Thermo Fischer

Tris(hydroxymethyl)aminomethane (Tris) Merck, Roth

Trisodium citrate dihydrate Roth

Trypan blue solution 0.4% (v/v) Sigma

Tween 20 Sigma

2.1.4 Medium supplements

Fetal calf serum (FCS) PAA

�-Mercaptoethanol for cell culture Gibco
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Non-essential amino acids (100x) PAA

Penicillin/Streptomycin (100x) PAA

RPMI 1640 (with L-Glutamine) PAA

Sodium pyruvate solution (100 mM) PAA

2.1.5 Reagents for bacterial culture

Brucella broth (BB) Oxoid

Brain heart infusion (BHI) MP Biomedicals

Wilkins Chalgren (WC) Invitrogen

Horse serum Invitrogen

Dent supplement Oxoid

Special supplement (200mg/l Bacitracin, 10mg/l
Nalidixic acid, 3mg/l polymixin B)

2.1.6 Kit systems

DNeasy stool isolation Kit Quiagen

Foxp3 staining bu↵er set A↵ymetrix

GoTaq DNA polymerase (including 5x Green
GoTaq reaction bu↵er)

Promega

Mouse ELISA Kits (Duo Set ; IL-13, IL-10) R&D

Mouse ELISA Kits (Ready-Set-Go) A↵ymetrix

IFN-�,

IL-4, IL-5

QuantiTect Reverse Transcription Kit Quiagen

QIAmp DNA Stool Mini Kit Quiagen

RNeasy Mini Kit Quiagen

Taq bu↵er Invitrogen

T cell activation/expansion Kit (mouse) Miltenyi Biotec
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2.1.7 Antibodies

Table 2.1 depicts all antibodies used for this study. Commercial ELISA anti-

bodies from the A↵ymetrix and R&D ELISA-Kits are not included.

↵-mouseCD3 ( Clone 17A2) A↵ymetrix

↵-mouse CD4 PE-TexasRed (Clone RM4-5) Life Technologies

↵-mouse CD4 Pe-Cy7 (Clone RM4-5) A↵ymetrix

↵-mouse CD4 APC (Clone RM4-5)

↵-mouse CD8 FITC (Clone 53-6.7) A↵ymetrix

↵-mouse CD8 APC-H7 (Clone 53-6.7) BD

↵-mouse IL-4 APC (Clone 11B11) Biolegend

↵-mouse IL-10 FITC (Clone JES5-16E3) A↵ymetrix

↵-mouse Foxp3 eF450 (Clone FKJ-16s) A↵ymetrix

↵-mouse IFN- PE (Clone XMG 1.2) A↵ymetrix

↵-human Granzyme B FITC (Clone GB11) A↵ymetrix

↵-mouse CD3e (Clone 17A2) A↵ymetrix

↵-mouse CD28 (Clone 37.51) A↵ymetrix

↵-mouse CD45.1+ APC (Clone A20) Thermo Fisher

↵-mouse CD45.2 FITC (Clone 104) Thermo Fisher

Table 2.1: Antibodies used for FACS.

2.1.8 Bu↵ers and solutions

All bu↵ers and solutions were prepared with Millipore Q distillated water.

2.1.8.1 Bu↵ers and solutions for egg preparation

Vancomycin solution: 500 mg Vancomycin hydrochloride
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. 10 ml 0.9% NaCl (w/v)

Collagenase solution: 500 mg Collagenase

. 5 ml Dulbecco‘s PBS (1x)

DNase solution: 1 g DNase I

. 146 ml Dulbecco‘s PBS (1x)

Egg-PBS solution: 1x Dulbecco‘s PBS (1x)

. 0.1% (v/v) Vancomycin solution

. 0.5% (v/v) Gentamicin

Liver digestion solution: 25 ml Egg-PBS solution

. 1 ml Collagenase solution

. 3 ml DNase solution

. 500 µl Penicillin/Streptomycin

Percoll solution: 8 ml PercollTM

. 32 ml 0.25M Sucrose

2.1.8.2 Bu↵ers for erythrocyte lysis

ACT bu↵er: 17 mM Tris

. 160 mM NH4Cl

. pH 7.2 .

2.1.8.3 Bu↵ers for liver-associated lymphocytes isolation

Liver digestion solution: 10 mg/liver Collagenase Type IV

. 12,5 ml/liver RPMI + 10% (v/v)
Penicillin/Streptomycin

Percoll solution: 8 ml PercollTM

. 32 ml 0.25 M Sucrose
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2.1.8.4 Bu↵ers and solutions for FACS

FACS bu↵er: 1x PBS (pH 7.2-7.4)

. 2% (v/v) FCS

Fc block solution: 1x FACS bu↵er

. 0.1% (v/v) ↵-mouse CD16/32

2.1.8.5 Bu↵ers and solutions for ELISA

Reagent diluents: 1x PBS (pH 7.2-7.4)

. 1% (w/v) BSA

Washing bu↵er: 1x PBS (pH 7.2-7.4)

. 0.05% (v/v) Tween 20

. Stopping
solution:

2 M

H2SO4

2.1.8.6 Cell culture medium

Complete medium: 1x RPMI 1640

. 10% (v/v) FCS

. 1% (v/v) Penicillin/Streptomycin

. 1% (v/v) NEAA

. 1% (v/v) Sodium pyruvate

. 0.1% (v/v) �-Mercaptoethanol for cell
culture

2.1.9 Primer sequences

2.1.9.1 Primer for S.mansoni specific qPCR

Forward tandem repeat (FP): 5’CAACCGTTCTATGAAAATCGTTGT 3’

Reverse tandem repeat (RP): 5’CCACGCTCTCGCAAATAATCT 3’
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Dual labeled probe tandem repeat (labeled probe) with 5’ and 3’ modifications:

5’[6FAM] TCCGAAACCACTGGATTTTTATGAT[BHQ1] 3’

2.1.9.2 Primers for rt-PCR using SyBr green

Name Forward Reverse

IFN-� TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCARG

TNF-↵ CGATGGGTTGTACCTTGTC CGGACTCCGCAAAGTCTAAG

MIP-2 AGTGAACTGCGCTGTCAATGC AGGCAAACTTTTTGACCGCC

Foxp3 AGGAGCCGCAAGCTAAAAGC TGCCTTCGTGCCCACTGT

CCL5 CAC CAC TCC CTG CTG CTT ACA CTT GGC GGT TCC TTC

GAPDH GCCTTCTCCATGGTGGTGAA GCACAGTCAAGGCCGAGAAT

Hprt GCCGAGGATTTGGAAAAAGT TATAGCCCCCCTTGAGCACA

Table 2.2: Primers for rt-PCR using SyBr green.

2.2 Methods

2.2.1 Animals

2.2.1.1 Mouse strains and housing

C57BL/6 mice were obtained from Envigo (Germany) and used for all experi-

ments. NMRI mice were acquired from Janvier (France) for the purpose of life

cycle maintainance of S.mansoni (see section 2.2.3). Both strains were housed

at the Institute of Medical Microbiology, Immunology and Hygiene (MIH), TU

Munich. All mouse strains were bred and maintained under specific pathogen-

free (spf) conditions in the animal house of the MIH. Experimental mice were

sex- and age-matched and the experiments were performed in accordance with
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local government regulations (license number for animal testing 55.2.1.54-2532-

85-16).

2.2.2 H.pylori strain, culture and infection

H.pylori strain PMSS1 (H.pylori pre mouse Sydney strain 1) was used in all

experiments in this thesis, both in-vitro and in-vivo. Bacteria were plated on

Wilkins Chalgren (WC) blood agar plates supplemented with Dent (Oxiod)

and cultured in a microaerophilic (5% O2, 10% CO2) humidified incubator

at 37 C; split every two days. Bacteria were stored in aliquots in freezing

media containing BB-Dent, 20% FCS and 20% glycerol at -80 C and freshly

thawed and cultured for each infection to obtain motile and viable H.pylori.

For infection of mice, animals were starved for 5 hours and then orally gavaged

with 2 x 108 bacteria/0.2ml (prepared as stated above) on alternate days for

a week.

2.2.3 S.mansoni lifecycle maintenance

NMRI mice were used as mammalian hosts to maintain the life cycle of S.mansoni,

mice were infected every third week intraperitoneally (i.p.) with 140-200 cer-

cariae of a Brazilian strain of S.mansoni, which were acquired from Biom-

phalaria glabrata snails after exposure to light and a temperature of 31 C.

8 weeks post infection, these mice were sacrificed and their intestines were

digested to isolate miracidiae, which were then used to infect new snails to

continue the infectious cycle. In addition, livers of infected mice were used for

the preparation of eggs and SEA (section 2.2.4).
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2.2.4 SEA preparation

2.2.4.1 Egg preparation from liver tissue

Fresh eggs were prepared from liver tissue, NMRI mice were sacrificed 8 weeks

post S.mansoni infection. Livers (excluding gall bladder and bile ducts) were

washed in 1.2% (v/v) NaCl solution. Subsequently livers were minced and

transferred into a 50 ml falcon containing 25 ml liver digestion solution (Col-

lagenase) along with 25ml PBS and incubated under continuous agitation at

37 C overnight. Following this, digested livers were washed twice by centrifu-

gation at 400/5 min at 4 C and the remaining pellet was re-suspended in 25

ml PBS and filtered twice through a 250 µm sieve. The filtrate layered on a

Percoll gradient and centrifuged at 800 g for 10 min at 4 C, to finally separate

the eggs from liver tissue. Eggs were washed three times with 15 ml and 30

ml of 1 mM EDTA solution, respectively, and finally with 30 ml PBS. After

these washing steps, the egg pellet was re-suspended in 700 µl PBS and an

aliquot of 5 µl were microscopically analysed (x10 magnification) to confirm

the purity and to calculate the total egg count with the following formula:

Total egg count = (counted eggs ⇤ 700)/5µl

Finally, the isolated eggs were frozen at -80 C or used directly for SEA prepa-

ration. Contaminations of the obtained egg suspension were analysed by stan-

dard microbiological assessments on blood – and MacConkey agar plates con-

taining 2 µl of the egg suspension (37 C for 48 hours).
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2.2.4.2 SEA preparation from liver-derived eggs

The egg suspension was transferred into a glass homogenizer and estle for at

least 25 min on ice. During this procedure, the outer egg shells were destroyed

and a mixture of di↵erent glycoproteins and lipids were released, this protein

mixture is known as the soluble egg antigens (SEA). To separate the egg shells

from the SEA, an ultracentrifugation step at 100,000 g for 1h (4 C) was per-

formed. The supernatant, containing the SEA, was then collected and trans-

ferred to a cryotube, whereas the remaining egg shell pellet was re-suspended

in 200 µl PBS. Possible contaminations were determined by plating 2 µl of

both suspensions on a blood - and MacConkey agar plates (37 C for 48 hours).

The protein concentration SEA and the egg shell pellet solution was measured

by using the DC protein assay kit (Bio-Rad) according to the manufacturer’s

instructions. Both suspensions were then frozen at -80 C.

2.2.5 Experimental Helicobacter pylori and

Schistosoma mansoni co-infection

To determine di↵erential cytokine responses induced during the di↵erent im-

mune phases of S.mansoni infection, C57BL/6 mice were infected with S.mansoni

by injection of 180 cercariea s.c. Immune responses were analysed at week 4, 5,

5.5, 7.5, 8, 16 and 22 weeks post infection. These experiments were performed

with Dr. Eva Lo↵redo Verde. Based on the peak of the Th1 response and the

Th2 response, we infected mice with H.pylori first, waited for colonization to

stabilize, followed by S.mansoni infection at 5.5 weeks. These animals were
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Figure 2.1: Infection scheme of the co-infection model.

then analyzed at 5.5 weeks post S.mansoni infection for the Th1 phase, 9

weeks for the Th2 phase and 16 weeks for the regulatory phase (Figure 2.1).

2.2.5.1 Evaluation of H.pylori infection

The animals were sacrificed and the stomach was removed. The organ was

cut along the lesser curvature and gently washed in PBS. A small piece of pre-

washed stomach was cut out longitudinally with a scalpel and weighed (approx.

20mg). This piece was placed in 1ml of BHI medium and homogenized. Three

dilutions (1:10, 1:100, 1:500) of this suspension were plated onto on Wilkins

Chalgren (WC) blood agar plates supplemented with Dent and special supple-

ment, cultured in a microaerophilic (5% O2, 10% CO2) humidified incubator

at 37 C. After 6 days, the plates were taken out and the colony forming units

(cfu) were counted for all plates. Based on the initial weight of the piece, the

cfu was extrapolated for the stomach. The same section was taken from every

stomach in order to reduce sampling error.

2.2.5.2 Evaluation of S.mansoni infection

The first scoring was performed qualitatively by the degree of infection (DOI)

and organ damage. In essence, liver was analyzed for visible granulomas,
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di↵erences in coulour and signs of fibrosis. The infection status was graded on

a scale from 0 to 3 DOI with 3 denoting the highest level of infection.

2.2.5.2.1 S.mansoni egg count analysis within liver Pre-weighed liver

samples from each mouse was digested in 5 ml of 5% (w/v) KOH solution

under continuous agitation at 37 C for 2 hours. Post incubation, the released

eggs were centrifuged at 400 g for 10 min and most of the supernatant was

immediately removed. 10 µl of the re-suspended remaining eggs (within 500

µl) were counted trice using a microscope and the number of eggs in the liver

was calculated as indicated below:

Eggs/mg tissue = (average of counted eggs⇤50)/weight of tissue sample (mg)

2.2.6 Histological methods

H.pylori infection in the stomach is characterized by infiltrating immune cells.

The preparation of the stomach was performed as indicated in section 2.2.5,

one of the longitudinal sections was wrapped around a small wodden piece (in

order to maintain the form) and placed in a histological cassette. Infection with

S.mansoni, on the other hand, is characterized by chronic local inflammatory

responses to tissue-trapped schistosome eggs within the liver and intestine. For

the present study, liver granuloma formation and infiltration of immune cells

within granulomas were analysed using histological sections.
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2.2.6.1 Tissue preparation for histological staining

The stomach piece and left liver lobe from each individual mouse was fixed in

Roti -Histofix (4%), dehydrated using the Shandon Excelsior ES tissue pro-

cessor and embedded in para�n using the TB 588 para�n embedding system.

2 µm sections were cut out using the RM 2245 automatic rotary microtome

and fixed on glass slides for staining techniques

2.2.6.2 Staining techniques

For analysis of granuloma formation and immune cell infiltration within the

liver, trichrome Masson‘s blue was performed whereas the stomach was an-

alyzed using heamatoxylin/eosin (HE) staining. Additionally, Immunohisto-

chemistry (IHC) was performed on stomach tissue samples. The trichrome

Masson‘s blue stain was used to di↵erentiate between smooth muscle and col-

lagen in tissue. It also enables the visualization of the increase in collagen

during granuloma formation, this is due to the aniline component in the stain-

ing bu↵er that turns collagen blue. Liver sections stained with Masson‘s blue

stain were then used to analyze the size of the granulomas. The Masson‘s blue

staining procedure is shown in Table 2.3.

Hemalum, is a complex formed of aluminium ions and oxidized haema-

toxylin, which colours the nucleus of cells blue, whereas the eosin stains eosinophilic

structures within tissues in various shades of red. The HE staining procedure

is shown in Table 2.4.

Immunohistochemistry was performed on stomach sections for the presence

of CD3+ and CD45.1++ cells. Briefly, sections were dewaxed in xylene and
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Reagent Company Incubation time

Xylene Engelbrecht 10 min

Ethanol (96%) MRI 2 min

Ethanol (80%) MRI 1 min

Ethanol (70%) MRI 1 min

Aqua bidest MRI 1 min

Weigert’s heama-
toxylin

Morphisto 2 min

Tap water - Constant rinsing for 5 min

Acid fuchsin Morphisto 2 min

Phospho-molybdic
acid

Morphisto 5 min

Aniline blue Morphisto 4 min

Tap water - Rinsing until water becomes clear

Ethanol (96%) MRI 2 min

Isoporopanol MRI 1 min

Xylene Engelbrecht 10 min

Entellan Merck -

Table 2.3: Masson‘s blue staining protocol.

slowly rehydrated in 50-100% ethanol. Antigen retrieval was performed in

0.01M sodium citrate (pH 6) and the slides were subsequently blocked in 5%

goat serum for 1hr at room temperature. A primary monoclonal CD3 anti-

body (Sigma) or CD45.1+ antibody (Biolegend) was applied on the murine

gatric tissue samples. Slides were incubated with these primary antibodies

overnight at 4 C following manufacturer’s instructions. HRP-conjugated sec-

ondary antibodies were then applied for 1h and the samples were developed
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Reagent Company Incubation time

Xylene Engelbrecht 10 min

Ethanol (96%) MRI 2 min

Ethanol (80%) MRI 2 min

Ethanol (70%) MRI 2 min

Ethanol (60%) MRI 2 min

Aqua bidest MRI 2 min

Mayer’s heamatoxylin Morphisto 5 min

Tap water - Constant rinsing for 12 min

1% (v/v) Eosin Morphisto 5 min

Tap water - Rinsing until water becomes clear

Ethanol (80%) MRI 1 min

Ethanol (96%) MRI 4 min

Xylene Engelbrecht 10 min

Entellan Merck -

Table 2.4: Heamatoxylin and eosin staining protocol.

using SignalStain DAB substrate (Cell Signaling). Sections were then coun-

terstained with haematoxylin. Automated image acquisition was performed

using the Virtual Slide Scanning System VS120 (Olympus). Five high power

fields (20x magnification) were randomly selected and scored for each sample

by two independent observers. The entire process was performed blinded to

not introduce bias.
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2.2.6.3 Microscopical analysis of stained liver sections

Masson‘s blue stained liver sections were analysed microscopically for granu-

loma formation and size, whereas HE stained sections were used to monitor

immune cell infiltration. Granuloma sizes were determined by measuring the

diameters of granulomas using an ocular micrometer along the longitudinal

axis of the eggs at a x10 magnification. Up to 30 granulomas of each liver sec-

tion was evaluated and the average size of granulomas from each liver section

was calculated.

2.2.7 S.mansoni specific qPCR

2.2.7.1 Isolation of parasite DNA from stool

Stool samples were collected from S.mansoni infected mice at eight weeks post

infection. The QIAmp DNA Stool Mini Kit was used according to manufac-

turers instructions. Briefly, the stool samples were re-suspended InhibitEX

bu↵er, homogenized by vortexing and incubated at 95 C/20 min in a shaker

to lyse the eggs and release schistosomal DNA. To purify the DNA-containing

supernatant from remaining stool particles, lysed samples were centrifuged at

13000 rpm/1 min (RT). Following this, 200 µl supernatant was collected from

each sample and mixed with 15 µl proteinase K and 200 µl bu↵er AL for

digestion of proteins. Optimal working conditions for the proteinase K were

achieved by incubating samples for 10 min at 70 C. Samples were then loaded

onto QIAmp spin columns, followed by two washing steps (bu↵ers: AW1 and

AW2). Finally, the purified DNA was eluted from the spin column, the yield
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and purity of DNA was determined using Nanodrop 1000 (Kisker). DNA

samples were then stored at –20 or -80 C for use in qPCR.

2.2.7.2 S.mansoni specific qPCR and running conditions

This PCR was performed with eluted DNA from the previous section in order

to determine the infection status of the animals. An amplification of a 86 bp

fragment of the S.mansoni DNA tandem repeat unit was then performed. The

qPCR reaction mix was prepared as follows:

PCR-Mix Volume

LightCycler 480 Probes Master 10 µl

Forward primer (10µM) 1.0 µl

Reverse primer (10µM) 1.0 µl

Probe (6µM) 1.0 µl

Target DNA 2.0 µl

DEPC H2O 5.0 µl

Table 2.5: qPCR reaction mix.

The primers and schistosome specific dual labeled probe tandem repeat for

the PCR reaction are described in section 2.1.9.1. As a positive control, DNA

isolated from the stool of a previously schistosome infected mice was utilized.

The PCR was run on a LightCycler 480 (Roche) with the following settings:

2.2.8 Serological analysis

Blood was collected from each mouse into a gel-tube with a clotting activator

(Sarstedt). Tubes were centrifuged for 5min at 10000 g and the resulting
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Temperature Time

Hot Start 95 C 5 min

Denaturation 95 C 10 sec

Annealing/Extension 58 C 30sec

Measure fuorescence - -

Cooling 45 C 15 sec

Table 2.6: PCR settings.

serum was collected and stored at -20 C. Seum was used in di↵erent dilutions

for measurement of alanine aminotransferase, IL-13 and IL-13dRa2 ELISAs.

2.2.9 Collagen/ protein detection

The total collagen detection kit (Quickzyme Biosciences) was used to detect

the hydroxyproline content in para�n embedded tissue sections, obtained by

hydrolyzing the samples. Briefly, 10 sections from each liver were hydrolyzed

in 6M HCl at 95oC in an Eppendorf tube. The sample supernatents were

diluted appropriately and then plated along with a provided standard for 20min

with constant agitation. A detection reagent was added and the plate was

then incubated at 60oC for 60min. Similar to this process, a protein assay

kit (Quickzyme Biosciences) was used in parallel to the collagen plate. Both

plates are cooled on ice and measured at 570nm. The result is calculated using

values for each sample in both plates, giving the collagen/mg of protein for

each sample.
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2.3 Cell biological methods

2.3.1 Preparation of immune cells

2.3.1.1 Preparation of splenocytes and mesenteric lymph nodes

Mice were sacrificed using cervival dislocation or carbon dioxide inhalation

for harvesting of organs. The lungs and stomach was removed first, followed

by the spleen, mesenteric lymph node (MLN), Peyer’s patches and finally the

liver. Thereafter, in order to obtain single cell suspensions, the lymphoid

organs were placed in petri dishes filled with PBS and crushed with a syringe

plunger. The resulting cell suspension was transferred to a 50 ml falcon and

centrifuged at 230 g/10 min (4 C). The resulting pellet was re-suspended in

5 ml ACT bu↵er and incubated for 5 min (RT) in order to lyse erythrocytes.

Following incubation, the cell suspensions were filtered through a 70 µm cell

strainer into a new tube and washed twice with PBS. After centrifugation at

230 g/10 min (4 C), the supernatant was discarded and the cell pellet was

dissolved in culture medium. Finally, the cells were counted and used for cell

stimulation assays and flow cytometry.

2.3.1.2 Preparation of cells from the lung

The lungs were lung into small pieces in a 5ml petri dish with a small scissor.

The pieces were placed into a collagenase/DNAse digest solution and incubated

at 37 C under constant shaking for 45min. The digested lungs were then

pushed through a 100µm cell strainer in a 50ml tube by using a 2ml syringes

piston. Everything was kept wet by using 20ml PBS/ 2% FCS with 0.01M
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EDTA. The filtrate was then centrifuged at 600g for 5min. The resulting

supernant was discarded and the pellet was washed twice with 20-30ml PBS/

2% FCS, 600g for 5min. Erythrocytes lysis was then performed with 5ml of

ACT for 5min. Finally, cells were washed again with 20 PBS/2% FCS, 600g

for 5min and then counted for flow cytometry assays.

2.3.1.3 Preparation of cells from the stomach and Peyer’s patches

The stomach was prepared as described in section 2.2.5.1. A longitudinal

section from the pre-washed gastric tissue was cut up and placed in collagenase

solution (1mg/ml) at 37 C for 10min under constant agitation. Following

incubation, the pieces were processed using mechanical disruption between

glass slides. The digested tissue was then washed and strained through a 70µm

cell strainer. The cells were then washed atleast 3 times with culture medium

and centrifuged to give a pellet, which was then resuspended in FACS bu↵er

for flow cytometry analysis. Peyer’s patches were prepared using a collagenase

digestion for 10min first, followed by incubation in 0.01M EDTA and DTT

for another 10min, the tissue was then strained through a 70µm cell strainer

using a syringe plunger and then washed twice to yield a pellet. This was

re-suspended as well in FACS bu↵er for flow cytometry analysis.

2.3.1.4 Preparation of Liver associated lymphocytes (LAL)

Liver-associated lymphocytes (LALs) were prepared post PBS-perfusion of

livers. The organ was mechanically disrupted using a syringe piston, through

a 100 µm cell strainer. The filtrate was then washed with RPMI1640/1%
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PenStrep medium. Post centrifugation (300x g for 5 min at 4 C), the cell

pellet was re-suspended in about 13 ml of liver digestion solution (Collagenase

solution) and incubated for 20 min at 37 C. The digested liver solutions were

then centrifuged at 300x g for 10 min at 4 C and the resulting cell pellets were

re-suspended in 3 ml of 40% Percoll solution and gently layered on 3 ml of 80%

Percoll solution in order to perform a gradient centrifugation at 300x g for 20

min (RT). After centrifugation, the hepatocytes were discarded, whereas the

ring representing liver-associated lymphocytes was collected and washed three

times in 5 ml RPMI1640. After erythrocyte lysis in 3 ml ACT bu↵er for 5 min,

cells were centrifuged (300x g, 5 min, 4 C) to finally obtain the enriched liver-

associated lymphocytes, which were then re-suspended in cell culture medium

or FACS bu↵er for flow cytometry analysis.

2.3.1.5 Preparation of bone marrow derived dendritic cells,

stimulation and co-culture

For generation of murine bone marrow–derived dendritic cells (BMDCs), bone

marrow was obtained from the tibia and femur of naive donor mice. Cells

were cultured for 7 d at 37 C in RPMI 1640 medium containing 10% FCS, 1%

penicillin/streptomycin, 50 µM 2-ME, and 20 ng/ml GM-CSF. BMDCs were

stimulated with SEA (20µg/ml), H.pylori PMSS1 (MOI 5) or both simultane-

ously. LPS (10ng) and SEA+LPS were used as a control. Following overnight

stimulation, BMDCs were treated with Gentamycin (100µg/ml) for 0.5h in

order to kill H.pylori, prior to the addition of T cells. T cells were isolated

using the CD4+ or CD4+ CD62L+ cell isolation kit (Miltenyi Biotec), accord-
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ing to manufacturer’s instructions. Cells were loaded in double the proportion

to dendritic cells (2:1). Supernatant was collected on day 3 and 7, cells were

harvested after 7d for FACS analysis.

2.3.2 Cell handling

2.3.2.1 Cell counting

Cells were counted with the Vi-CELL Cell Viability Analyser (Beckman

Coulter). Cells were diluted at a ratio of 1:10 in 200 microlitres and placed

into the machine. The counter determines the cell count per ml and provides

a viability percentage as it uses trypan blue as a stain.

2.3.3 Stimulation of acquired cells

2.3.3.1 Stimulation of splenocytes and MLN cells

Isolated and counted splenocytes and MLN cells (section 2.3.1.1) were added

to a round-bottom 96-well plate at a concentration of 3x105 cells/ml in a total

volume of 200 µl complete medium per well. For S.mansoni specific stimula-

tion, cells were stimulated with SEA (20µg/ml), additionally, cells were also

stimulated with biotinylated ↵CD3 and ↵CD28 coated MicroBeads (Miltenyi

Biotec, Germany) in a cell to bead ratio 1:1 as a positive control. Plates

were then incubated for 48 hours at 37 C. Culture supernatant (185 µl) was

collected and stored at –20 C for cytokine measurement by ELISA.
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2.3.3.2 Enzyme-Linked ImmunoSorbent Assay (ELISA)

For the measurement of cytokine production in the culture supernatants from

stimulated cells, the Ready-Set-Go ELISAs (A↵ymetrix) and Duo Set

(R&D) were performed according to the manufacturer’s instructions. Briefly,

ELISA plates were coated overnight at 4 C or at RT with the appropriate

capture antibody. Pre-blocking with either PBS/BSA or blocking bu↵er for an

hour at room temperature, plates were washed three times with the washing

bu↵er (1% Tween in PBS). After blocking and washing, samples and serial

standard dilutions were prepared and added to the pre-coated plates. Plates

were then incubated for 2 hours at room temperature in order for proteins in

the samples to bind to the capture antibodies. After additional wash steps, the

biotinylated detection antibody was added and incubated for 1 hour at RT.

Excess detection antibodies were then washed away following the addition

of streptavidin-horseradish peroxidase (HRP). Plates were then incubated for

half an hour at room temperature in the dark. Following this incubation,

plates were washed before addition of the substrate solution (TMB substrate).

The resulting enzymatic colour reaction was stopped by adding the stopping

solution (H2SO4). Immediately after stopping the reaction, the plates were

measured at 450 nm using the SunriseTM ELISA microplate reader. Cytokine

concentrations within samples were the calculated according to the standard

curve on the same plate.
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2.3.4 Flow Cytometry

2.3.4.1 Stimulation of immune for intracellular cytokine staining

Splenocytes and LALs were seeded in a round-bottom 96well plate at a concen-

tration of 1x106 cells/ml in a total volume of 200 µl complete medium per well.

Cells were either left unstimulated or stimulated with SEA (0.05mg/ml), fol-

lowed by BFA in order to trap cytokines within cells. As positive controls, cells

were stimulated in the presence of BFA with PMA (50 ng/ml) and Ionomycin

(1 µg/ml).

2.3.4.2 Multicolour surface and intracellular cytokine staining

Cells were suspended in 50 µL FACS bu↵er each to which ethidium monoazide

bromide (EMA, 1:1000) was added as a marker that discriminates between live

and dead cells. The cells were exposed to light for 10 min on ice in order to

allow the EMA staining reaction. Following this, cells were washed by adding

excess FACS bu↵er and by centrifuging them to achieve a pellet. For surface

staining, with markers such as CD3, CD45, CD4 and CD8, cell pellets were re-

suspended in 50 µL/well of the respective appropriately pre-titrated dilutions

of fluorophore-conjugated antibody solutions. This mixture was incubated for

30 min in the dark on ice. The cells were diluted with FACS bu↵er, washed

by centrifugation and then re-suspended in 100 µL Cytofix/Cytoperm (BD)

incubated in the dark at 4 C/20 min, to permeabilize cells for intracellular

cytokine staining. After washing with 200 µl 1x Perm/Wash solution (BD),

cells were re-suspended in the intracellular antibody solution such as IFNg and

IL-10 diluted in 1x Perm/Wash. This was incubated for 30 min on ice in the
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dark. Cells were then washed twice in 1x Perm/Wash solution. At the end,

the cell pellets were resuspended in 200-300 µL FACS bu↵er and processed in

a Cytoflex (Beckman Coulter). Samples were analyzed using FlowJo version

v10 (Tree Star, Ashland, OR, USA) using the gating strategy in Figure 2.2.

2.3.4.3 Intranuclear Foxp3 staining

For intranuclear staining of Foxp3 (Forkhead box P3), cells were fixed and

permeabilized with the Foxp3 staining bu↵er set from A↵ymetrix. Therefore,

CD4 stained cells were centrifuged and re-suspended in 100 µl fixation/perme-

abilization solution (A↵ymetrix) before incubating them for 30 min at 4 C in

the dark. Following this, cells were washed twice with 200 µl 1x Perm/Wash

bu↵er (A↵ymetrix) and re-suspended in fluorophore conjugated Foxp3 anti-

bodies, diluted in permeabilization bu↵er. An incubation period of 30 min at

4 C in the dark followed. After washing twice, stained cells were re-suspended

in 300 µl FACS bu↵er and analyzed as the previous section with the Cytoflex

(Beckman Coulter) and data analysis was performed according to Figure 2.2,

using FlowJo v10.

2.3.5 Statistical analysis

All statistical tests were performed with PRISM 5 and 7 (Graph- Pad Soft-

ware Inc., San Diego, CA, USA). D’Agostino and Pearson omnibus normality

tests were first implemented on all data sets, parametrically distributed data

were analysed with unpaired t-test (2 groups) and MannWhitney U-test was

used for nonparametric data. For more than two groups, 1-way ANOVA test
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Figure 2.2: Example of the general gating strategy used to analyze cell populations via
FACS.
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was conducted, if the analysis revealed a significance, the data was subjected

to a multiple comparsion test. If data were nonparametric, a Kruskal–Wallis

test with a confidence interval of 95% was employed. Results with a P value

of < 0.05 were considered as significant.

2.3.6 RNA sequencing data analysis

For the identification of di↵erentially expressed genes we used the DESeq2

package (version 1.16.1) [239] employing a one-factor design with four levels

(mono-infected stomach, co-infected stomach, mono-infected liver, co-infected

liver). Genes with a fold change of two and an adjusted p-value smaller than

0.1 were considered di↵erentially expressed.
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3.1 Kinetics and phases of S.mansoni

infection

In order to define and determine the exact time frames within which immune

responses peaked during S.mansoni infection in C57BL/6 mice, these immune

phases were evaluated from 4 weeks post infection, up until 22 weeks of infec-

tion. These kinetic analyses were performed using splenocytes isolated from

infected mice, restimulated with soluble egg antigen (SEA) derived from eggs

(section 2.2.4).

As shown in Figure 3.1, IFN-� is depicted as a surrogate cytokine of the Th1

phase in S.mansoni infected mice. The levels of this cytokine peaked between

5 and 6 weeks post infection. This stage involves migration of immature worms

towards the portal vein. Between 7.5 and 8 weeks there was a dynamic switch

in the immune response as IFN-� levels dropped and IL-13/IL-10 levels rose.

This process is induced once eggs are deposited into small venules in the liver.

Decaying eggs induce strong Th2 inflammation and the resulting tissue damage

simulates IL-13 production.
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Figure 3.1: Immune responses of S. mansoni infected C57BL/6 mice. Isolated splenocytes
were stimulated with SEA( 20µg/ml) for 48 hours and ELISA was performed with the
collected supernatent. Data is represented as mean +/- SEM. Experiments performed
with Dr. Eva Lo↵redo Verde.

As the infection reached chronicity between 12-16 weeks, there was a sudden

increase in IFN-� along with IL-5 and plateaued levels of IL-10/IL-13. Even

up to 22 weeks post infection, this cytokine profile remained stable. This

phenomenon is quite unlike that measured in BALB/c mice, which showed

almost no IFN-� post the acute phase of the infection [155]. Interestingly,

in the liver associated lymphocytes (LAL) of mice infected with S.mansoni,

increased IFN-� producing CD4+/CD8+ cells were only found at week 6 up

till week 8, followed by a slow decline and plateau comparable to naive mice

by week 22 (Figure 3.2).
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Figure 3.2: Steady state in the liver of S.mansoni infected mice. LAL were isolated from
S.mansoni infected mice and were either left unstimulated or stimulated with PMA
(50ng/ml) and Ionomycin (1µg/ml) for 5 hours along with Brefeldin A (BFA) (1µg/ml)
for 4 hours concurrently. Percentage of lymphocytes were analysed by flow cytometry.
Data is represented as mean+/- SEM.

3.2 E↵ect of S.mansoni on H.pylori

associated parameters

To mimic the most likely infection scenario in humans where H.pylori infec-

tion precedes the schistosome infection due to H.pylori transmission within

the family or from the mother to child, C57BL/6 mice were first infected with

H.pylori (PMSS1). 5.5 weeks later, when chronic H.pylori infection is es-

tablished, these mice were subcutaneously infected with S.mansoni cercariae.

After another 5.5 weeks of schistosome infection (corresponding to the peak

of the Th1 phase), mice were sacrificed and H.pylori colonization as well as

gastric inflammation was analysed (Figure 3.3).
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Figure 3.3: In-vivo infection model for the acute/Th1 phase. Adult mice were infected
with H.pylori for 5.5 weeks followed by S.mansoni infection. Mice were then analysed
at 5.5 weeks post S.mansoni infection (or 11 weeks post the first H.pylori infection).

3.2.1 Acute schistosomiasis induces increased H.pylori

colonization and reduced inflammation in the

stomachs of co-infected mice

Since H.pylori colonization is known to be controlled throughout the course

of infection by Th1/Th17 responses with IFN-� as a major mediator of bacte-

rial clearance, it was surprising to find increased H.pylori (Figure 3.4A) colo-

nization in the stomach of co-infected mice (H.p/S.m) during this Th1-prone

phase of helminth infection. This was accompanied by reduced expression lev-

els of IFN-� TNF-↵ and MIP-2 (IL-8 homologue) in the gastric transcripts

of co-infected mice compared to H.pylori mono-infected mice (Figure 3.4B).

Additionally, the co-infected mice had lower inflammation scores than their

H.pylori mono-infected counterparts (Figure 3.4C).
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Figure 3.4: H.pylori colonization and inflammation parameters during the Th1 phase
of S.mansoni infection. (A) Elevated colony forming units (CFU) from stomach
isolate in concurrently infected mice at 5.5weeks post helminth infection. (B) mRNA
fold change (over Naive mice) of IFN-�, TNF-↵ and MIP-2 in the stomach of H.pylori
mono-infected (H.p) compared to co-infected mice (H.p/S.m) during the Th-1 phase
of helminth infection. (C) Histological inflammation score between H.pylori mono-
infected and co-infected gastric tissue. Data is shown as group median. Statistical
evaluation was calculated using the Mann-Whitney Test for nonparametric distributed
data (p value: * < 0.05, ** < 0.01 and *** < 0.001).

Interestingly, these cytokines mainly stem from CD3+ T cells that home to

the stomach, while many chemokines induced by the innate response against

H.pylori remained una↵ected by the coinfection. RNAseq was performed on

these stomach tissues, obtained from mono- and co-infected mice. Both, pro-

inflammatory CC- chemokines (Figure 3.5) and CXC- chemokines (Figure 3.6)
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were similar in the stomachs between H.pylori mono-infected and co-infected

animals.

Figure 3.5: CC- chemokines upregulated in the stomach during H.pylori infection.
Chemokine transcripts upregulated in stomachs of H.pylori mono- and co-infected
mice 5.5 weeks post helminth infection and/or 11 weeks post H.pylori infection.
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Figure 3.6: CXC- chemokines upregulated in the stomach during H.pylori infection.
Chemokine transcripts upregulated in stomachs of H.pylori mono- and co-infected
mice 5.5 weeks post helminth infection and/or 11 weeks post H.pylori infection.

Most studies analysing the immunomodulatory capacity of schistosomes

have focussed on the Th2 inducing capacity of eggs that alter APC responses.

However, less attention has been given to migrating stages of S.mansoni that

may be able to modulate responses by dampening excessive Th1 responses as

well. To determine the possibility of such a phenomenon already at steady state

in co-infected mice, IFN-� levels were measured from unstimulated splenocytes

as well as proportions of CD4+/CD8+ IFN-� cells after stimulation (Figures

3.7A and 3.7B). Interestingly, higher levels of IFN-� were detected even from

unstimulated splenocytes of co-infected mice compared to the mono-infected
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Figure 3.7: IFN-� inducing capacity of T-cells in co-infected mice. (A) IFN-� pro-
duction in unstimulated splenocytes of co-infected mice after 48 hours in culture.
(B) Frequencies of IFN-�-producing CD4+ e↵ector cells in co-infected mice com-
pared to H.pylori mono-infected mice, gated on all living lymphocytes stimulated
with PMA/Ionomycin. Data is shown as group median. Statistical evaluation
was calculated using the Mann-Whitney Test for nonparametric distributed data
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

groups (Figure 3.7A). This indicated that T cell activation occurred, but those

circulating e↵ector T cell populations could either be redirected or fail to mi-

grate to the gastric mucosa and consequently remain in the circulation.

Therefore, next, the immune cell composition in the gastric tissue was in-

vestigated. Firstly, cells were isolated from gastric tissue and were analysed

by FACS. This method enabled the analyses of the total frequencies of T cells

in the stomach, the ones that were circulating, immune surveying as well as

those infiltrating gastric tissue. Here, H.pylori mono-infected mice had the

highest frequencies of CD4+ cells while co-infected mice had a tendency for

lower frequencies (Figure 3.8A). However, there was no di↵erence at this point

in the frequencies of Foxp3+ cells (Figure 3.8B), indicating that the pheno-

type of the ‘decreased’ cells was not regulatory in nature. Since the cells that

infiltrate are the ones responsible for clearance or inflammation associated

with H.pylori infection, the gastric tissue was analysed more closely through

78



3.2 E↵ect of S.mansoni on H.pylori associated parameters

immunohistochemistry. Correlating with the increased H.pylori colonization,

the infiltration of CD3+ cells was significantly lower in gastric tissue from co-

infected mice (Figure 3.8C). These findings indicated that schistosome-induced

systemic IFN-� e.g. as measured in the spleen, may not contribute locally to

control H.pylori growth in the stomach. Rather, the infiltration of T-cells into

gastric tissue was hindered during co-infection.

Figure 3.8: Counts of T cells in gastric tissue. (A) Frequency of CD4+ and CD8+ cells
in gastric tissue via FACS analysis (B) Frequency of CD4+ Foxp3+ cells in gastric
tissue via FACS (C) Quantification of CD3+ infiltration from gastric samples during
the Th1 phase of helminth infection by Immunohistochemistry (Average of 5 fields
with 40x magnification). Arrows point to immune cell infiltration. HPF: High power
field. Data is shown as group median. Statistical evaluation was calculated using the
Mann-Whitney Test for nonparametric distributed data (p value: * < 0.05, ** <

0.01 and *** < 0.001).
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A possible reason for the lack of infiltration of T lymphocytes into the stom-

ach mucosa could stem from misdirection of these cells to a di↵erent anatomical

site where another strong inflammatory response simultaneously takes place.

This process would thus be independent of e↵ective antigen-priming and speci-

ficity. In this case, migrating schistosomes could redirect homing of H.pylori -

specific T cells from the circulation towards the liver/liver vasculature, where

acute inflammatory responses take place during the peak of the Th-1 phase.

Supporting this hypothesis, higher frequencies of IFN-� producing CD4+ T

cells were detected in liver associated lymphocytes (LAL) from co-infected

mice (Figure 3.9).

Figure 3.9: Frequency of IFN-� producing CD4+T cells in LAL. Frequencies of IFN-�
producing CD4+ e↵ector cells in co-infected mice compared to H.pylori mono-infected
mice, gated on all living lymphocytes, within liver, stimulated with PMA/Ionomycin.
Data is shown as group median. Statistical evaluation was calculated using the One-
way ANOVA for multiple comparisons (p value: * < 0.05, ** < 0.01 and *** <

0.001).

I then proceeded to determine if there was any cross-reactivity between

S.mansoni and H.pylori antigens that aided in this process of immune de-

viation. As expected, splenocytes stimulated with H.pylori lysate that were
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derived from H.pylori infected and co-infected mice responded with the pro-

duction of IFN-�. Interestingly, S.mansoni mono-infected (S.m) but not naive

mice also responded with IFN-� to H.pylori lysate (Figure 3.10) albeit not as

strongly as H.pylori mono- or co-infected mice.

Figure 3.10: Cross reactivity between stimulated splenocytes. Splenocytes isolated from
Naive, H.pylori infected, S.mansoni infected and co-infected mice, stimulated for
48 hours with H.pylori lysate. ELISA performed with the collected supernatant.
Data is shown as group median. Statistical evaluation was calculated using the
Mann-Whitney Test for nonparametric distributed data (p value: * < 0.05, ** <

0.01 and *** < 0.001).

Since H.pylori is a prokaryote and S.mansoni, a eukaryote, the likelihood of

finding a high percentage similarity between proteins from these two pathogens

was not high. Nevertheless, a BLAST search was performed between the

entire genomes of the two pathogens, with every listed H.pylori protein being

compared to the S.mansoni proteome. However, as expected, most hits were

found between housekeeping enzymes such as ATPsynthases. The top ten most

similar proteins/enzymes are listed below.

To further investigate if antigen experienced T cell populations were mis-

directed, CD4+ CD44hi T cells from the stomach, mesenteric lymph nodes
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Reference number Protein [Schistosoma mansoni] id (%)

XP018652499.1 putative atp synthase beta subunit 65.52%

XP018650999.1 putative heat shock protein 70 (hsp70) 59.69%

XP018652944.1 putative atp synthase alpha subunit mitochondrial 58.57%

XP018649548.1 putative DNAj domain 56.34%

XP018647947.1 peptidase Clp (S14 family) 56.32%

XP018649515.1 putative nadh-plastoquinone oxidoreductase 56.16%

XP018651000.1 putative heat shock protein 70 (hsp70) 55.56%

XP018652936.1 putative s-adenosylmethionine synthetase 53.80%

XP018654819.1 GDP-mannose 4;6-dehydratase 53.30%

XP018649548.1 putative DNAj domain 52.86%

Table 3.1: List of proteins with percentage similarity between H.pylori and S.mansoni.

(MLN) and peyer’s patches of H.pylori infected CD45.1 congenic mice were

adoptively transferred into the four di↵erent experimental groups as indicated

below (Figure 3.11). CD44 was chosen as a marker that indicated antigen-

experience as Th1 cells upregulate this post priming [240]. Therefore, only

50,000 CD44hi cells were selectively transferred from secondary lymphoid or-

gans and the stomach. These organs are the main site of induction and ac-

tivation of antigen exposed T-cells during H.pylori infection. After 3 days,

proportions of CD45.1+ cells were analysed in the stomach, liver, lung, spleen,

mesenteric lymph nodes (MLN) and blood of the mice.

While the lymphoid organs (spleen and MLN) as well as blood did not

show di↵erences in numbers of transferred T cells between the groups, much

more CD45.1+ cells accumulated in the livers of co-infected mice when com-

pared to H.pylori -mono-infected mice (Figures 3.12A and 3.12B). Interestingly,

S.mansoni mono-infected mice also had similar levels of CD45.1+ cells in their
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Figure 3.11: Strategy of the adoptive transfer experiment. CD45.1 mice were infected for
5.5 weeks, sacrificed and the stomach, peyer’s patches and MLN was isolated. Single
cell suspensions from the processed tissue was then MACS sorted for Pan T cells
(CD4/CD8) followed by flow sorting of CD44hi antigen experienced cells. 50,000
cells were transferred into CD45.2 mice, into di↵erent experimental groups. 3 days
later, all mice were sacrificed and organs were harvested for further processing and
analysis.

livers, further hinting towards the role of the Th1 chemokine gradient induced

by S.mansoni alone (Figure 3.12A). The gastric tissue of all mice revealed sim-

ilar frequencies, which may be a consequence of transferring CD45.1+ cells that

were initially acquired amongst others from the stomach and still expressed

unidentified lectin receptors that homed to the same organ.

Additionally, as mentioned before, FACS analysis of gastric tissue represents

cells that are circulating, immune surveying and infiltrating therefore these

cells detected in stomach tissue may not necessarily infiltrate the gastric tissue.
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However, due to di�culties with certain antibodies, immunohistochemistry

proved to be unspecific.

Figure 3.12: Recovery of transferred CD45.1 cells from various organs derived from
CD45.2 mice. (A) Cells were isolated from the Stomach and Liver of di↵erent
experimental groups and analysed for CD45.1 positivity via flow cytometry. (B)
CD45.1 positive cells isolated from the lung. (C) Cells isolated from a fraction of
Blood, spleen and MLNs, analysed via flow cytometry. Data is shown as group
median. Statistical evaluation was calculated using the One-way ANOVA for non-
parametric distributed data (p value: * < 0.05, ** < 0.01 and *** < 0.001).
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In order to determine if immune deviation occurring in the above experi-

ments were really due to similarly induced gradients by S.mansoni in the liver,

we performed RNAseq of both the organs- stomach and liver. Both H.pylori

infected groups showed upregulation of pro-inflammatory chemokines in the

stomach as expected. However, co-infected animals showed significantly high

levels of pro-inflammatory chemokines in their livers compared to H.pylori

infected mice (Figures 3.13A-E and 3.14A-E). Interestingly, CCL20 however,

was not upregulated in the livers of co-infected mice; this cytokine has been

shown to attract regulatory T cells into the stomach during H.pylori infection

(Figure 3.14F) [241].

Figure 3.13: CXC- chemokines upregulated in the stomach and liver. Chemokine tran-
scripts upregulated in stomachs of H.pylori mono- and co-infected mice 5.5 weeks
post helminth infection and/or 11 weeks post H.pylori infection. Compared to tran-
scripts upregulated in the liver during H.pylori mono- and co-infection. RNAseq
data, normalized counts.
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Figure 3.14: CC- chemokines upregulated in the stomach and liver. Chemokine tran-
scripts upregulated in stomachs of H.pylori mono- and co-infected mice 5.5 weeks
post helminth infection and/or 11 weeks post H.pylori infection. Compared to tran-
scripts upregulated in the liver during H.pylori mono- and co-infection. RNAseq
data, normalized counts.

3.2.2 H.pylori colonization and gastric inflammation

stabilize during the Th2/chronic phase of

helminth infection

As mentioned before, S.mansoni elicits dynamical, successive immune re-

sponses depending on its developmental stage in the host. Since we hypothe-

sized that these individual phases will have very distinct e↵ects on the outcome

of H.pylori infection, we next analysed the outcome of H.pylori -induced im-

mune responses during the peak of the Th2 phase (9.5 weeks) of the helminth

infection. Again, mice were infected with H.pylori for 5.5 weeks before the

infection with schistosomes, then sacrificed during the peak of the Th2 phase

after 9.5 weeks of helminth infection (Figure 3.15).
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Figure 3.15: In-vivo infection model for the chronic/Th2 phase. Adult mice were infected
with H.pylori and kept for 5.5 weeks followed by S.mansoni infection. Mice were
then analysed at 9.5 weeks post concurrent S.mansoni infection (or 15 weeks post
the first H.pylori infection).

Interestingly, the H.pylori colonization in gastric tissue of co-infected mice

receded in the Th2 phase compared to the initial boost during the Th1 phase

(Figure 3.16A). Additionally, the inflammatory parameters in co-infected mice

matched those of their H.pylori mono-infected counterparts (Figure 3.16B).

The co-infected mice also had similar inflammation scores as their H.pylori

mono-infected counterparts (Figure 3.16C).
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Figure 3.16: H.pylori colonization and inflammatory parameters in the Th2 phase.
(A) Colony forming units (CFU) from stomach isolate in concurrently infected mice
compared to H.pylori mono infected mice at 9.5weeks post helminth infection. (B)
mRNA fold change over Naive mice of IFN-�, TNF-↵, MIP-2 and Foxp3 in the
stomach of H.pylori mono-infected (H.p) compared to co-infected mice (H.p/S.m)
during the Th-2 phase of helminth infection. (C) Histological inflammation score
between H.pylori mono-infected and co-infected gastric tissue. Data is shown as
group median. Statistical evaluation was calculated using the Mann-Whitney Test
for nonparametric distributed data (p value: * < 0.05, ** < 0.01 and *** < 0.001).

All H.pylori infected mice displayed similar frequencies of CD4+/CD8+ cells

(Figure 3.17A). However, co-infected mice at this point showed a higher fre-

quency in Foxp3+ cells (Figure 3.17B), possibly contributed by increased cir-

culating regulatory cells due to the ongoing helminth infection. Correlating

with the similar levels of H.pylori colonization, the infiltration of CD3+ cells

was similar between gastric tissue from co-infected mice and H.pylori mono-
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infected mice (Figure 3.17C). Additionally, systemic IFN-� levels in the spleen

as well as the population of CD4+IFN-�+ cells in the liver were similar between

co-infected and mono infected groups (Figures 3.17D and 3.17E).

Figure 3.17: Parameters in the stomach and liver during the Th2 phase of helminth in-
fection. (A) Frequency of CD4+ and CD8+ cells in gastric tissue via FACS analysis
(B) Frequency of CD4+ Foxp3+ cells in gastric tissue via FACS (C) Quantification of
CD3+ infiltration from gastric samples during the Th2 phase of helminth infection by
Immunohistochemistry (Average of 5 fields with 40x magnification). Arrows point to
immune cell infiltration. (D) Levels of IFN-� production in unstimulated splenocytes
of co-infected mice after 48 hours in culture. (E) Frequencies of IFN-� producing
CD4+ e↵ector cells in co-infected mice compared to S.mansoni mono-infected mice,
gated on all living lymphocytes, within liver, stimulated with PMA/Ionomycin. Data
is shown as median of group. Statistical evaluation was calculated using the Mann-
Whitney Test for nonparametric distributed data for figure A, One-way ANOVA was
used for figures B, C (p value: * < 0.05, ** < 0.01 and *** < 0.001).
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Taken together, these results indicate that the initial deviation of leukocytes

due to the Th1 gradient previously induced by the helminth in the liver likely

subsides and appropriate homing of the newly primed H.pylori experienced

cells into the stomach is now possible again. This may be due to a preferential

Th2 gradient induced in the liver due to decaying eggs.

3.3 E↵ect of H .pylori on S.mansoni

associated parameters

Next, we investigated how H.pylori co-infection influenced S.mansoni infection

parameters and the ensuing immunopathology during both, the Th1 and Th2

phases of helminth infection.

3.3.1 Systemic immune responses

In order to investigate systemic immune responses, splenocytes were isolated

and stimulated with an antigen cocktail or aCD3/28 to address both antigen-

specific and non-specific responses. Concerning helminth specific immune re-

sponses after stimulation with soluble egg antigens (SEA), no di↵erences were

observed between IFN-�, IL-10 or IL-13 secretion from splenoyctes (S.m or

H.p/S.m) in either the Th1 or Th2 phase (Figures 3.18A-B).
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Figure 3.18: Systemic cytokine responses during the Th1 and Th2 phase. (A) IFN-
� levels from splenocytes stimulated with SEA or aCD3/28 during the Th1 phase
of S.mansoni infection. (B) IFN-�, IL-10 and IL-13 responses from splenocytes
stimulated with SEA or aCD3/28 during the Th2 phase. All splenocytes were stim-
ulated for 48hr, supernatant collected and analysed via ELISA. Data is shown as
median of group. Statistical evaluation was calculated using the One-way ANOVA
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

T-cell responses to both PMA/Ionomycin and SEA specific responses were

also investigated during the Th2 phase of the helminth infection. In the spleen,

co-infected mice had lower CD4+IFN-�+ responses (Figure 3.19A) to unspe-

cific stimulation compared to S.mansoni mono-infected mice. Co-infected mice

also had lower TNF-↵ (Figure 3.19B) and IL-10 (Figure 3.19C) responses but

similar levels of Foxp3+ cells (Figure 3.19C) (unstimulated). However, SEA

specific responses to both IFN and IL-17 remained similar between S.mansoni

mono and co-infected mice (Figure 3.19D).
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Figure 3.19: Systemic immune responses to antigen unspecific and specific stimulus
during the Th2 phase of helminth infection. (A) Frequencies of IFN-�-
producing CD4+/CD8+ cells in co-infected mice compared to mono-infected mice,
gated on all living lymphocytes stimulated with PMA/Ionomycin. (B) Frequen-
cies of TNF-↵, (C) IL-10 producing CD4+ cells in co-infected mice compared to
mono-infected mice, gated on all living lymphocytes stimulated with PMA/Iono-
mycin. Foxp3+ CD4+ cells as percentage of unstimulated CD4+ cells. (D) Fre-
quencies of IFN-�- producing CD4+/CD8+ cells and IL-17 producing CD4+ cells
in co-infected mice compared to mono-infected mice, gated on all living lympho-
cytes stimulated with SEA (50µg/ml). Data is shown as group median. Statis-
tical evaluation was calculated using One-way ANOVA for multiple comparisons
(p value: * < 0.05, ** < 0.01 and *** < 0.001).
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3.3.2 E↵ect on the life cycle in the host

Additionally, no di↵erences were detected in the egg numbers or worm bur-

den between the livers of mono and co-infected mice (Figure 3.20). Of note,

liver homogenates were cultured in media suitable for H.pylori growth and no

bacterial colonies were detected (data not shown).

Figure 3.20: Egg burden and worm fecundity/ development during the Th2 phase of
helminth infection. (A) Egg count within liver samples between S.mansoni mono
infected (S.m) vs. co-infected (H.p/S.m). (B) Worm length and worm numbers
isolated from the portal vein after liver perfusion of infected mice. Data is shown
as median of group. Statistical evaluation was calculated using the Mann-Whitney
Test for nonparametric distributed data for figure A, One-way ANOVA was used for
figure B (p value: * < 0.05, ** < 0.01 and *** < 0.001).

3.3.3 Concomitant H.pylori reduces liver pathology

elicited by S.mansoni infection

The most striking pathological observation however, was that the degree of in-

fection (visual depiction of egg-induced liver damage) was significantly reduced

due to co-infection (Figure 3.21A). This was accompanied by substantially

smaller liver granulomas as measured in histology sections (methods section)

(Figure 3.21B).
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Figure 3.21: Degree of infection and granuloma formation. (A) Visual estimation of the
granulomas observed in fresh liver samples display lower DOI for co-infected mice
compared to S.mansoni mono-infected mice. (B) Granuloma size measured in liver
sections, co-infected mice have lower granuloma size as analyzed by two indepen-
dent observers. Histological evaluation of Masson stained livers. (a) An egg with a
large granuloma observed frequently in S.mansoni infected mice. (b) A small gran-
uloma observed in a section of liver from a co-infected mouse. Data is shown as
group median. Statistical evaluation was calculated using the Mann-Whitney Test
for nonparametric distributed data (p value: * < 0.05, ** < 0.01 and *** < 0.001).

Further, alanine aminotransferase (ALT) levels (a measure of liver destruc-

tion/disease) in the serum as well as collagen levels in the liver were signifi-

cantly reduced in the co-infected group (Figure 3.22).

We have shown previously that granuloma size as well as the extent of Th2

immune responses and thus fibrosis is strongly controlled by Treg, which are

detected mainly in the circumference of the granulomas [242]. Interestingly,

while frequencies of Foxp3+ cells in the compartment were hardly a↵ected in

co-infected mice, significantly more of the liver resident CD4+ T cells produced

IL-10 (Figures 3.23).

94



3.3 E↵ect of H .pylori on S.mansoni associated parameters

Figure 3.22: Clinical parameters of liver damage. (A) ALT levels as a measure of liver
function. (B) Collagen/mg protein levels measured in hydrolysed liver tissue from
S.mansoni infected and co-infected mice. Data is shown as median of the group.
Statistical evaluation was calculated using the Mann-Whitney Test for nonparamet-
ric distributed data (p value: * < 0.05, ** < 0.01 and *** < 0.001). Scale bars
represent 100 pixels.

Figure 3.23: Frequencies of regulatory responses in the liver. (A) Frequencies of Foxp3+

CD4+ cells in co-infected mice compared to S.mansoni mono-infected mice. (B)
Frequencies of IL-10 producing CD4+ e↵ector cells in co-infected mice compared
to S.mansoni mono-infected mice, gated on all living lymphocytes, within liver,
stimulated with PMA/Ionomycin. Statistical evaluation was calculated using the
Mann-Whitney Test for nonparametric distributed data (p value: * < 0.05, ** <

0.01 and *** < 0.001). Scale bars represent 100 pixels.
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Since both pathogens have been shown to drive dendritic cells towards a

tolerogenic phenotype inducing tolerogenic, IL-10+ T-cells as we have ob-

served, we investigated the phenotype and functionality of antigen presenting

cells (APCs) upon encounter of antigens from both pathogens in vitro. Upon

stimulation with antigen mixtures from both pathogens together (SEA/H.pylori),

bone marrow-derived dendritic cells (BMDDCs) from naive mice produced

higher levels of IL-10 and IL-6 (Figure 3.24B,C) when compared to stimula-

tion with individual antigens. Additionally, when these cells were co-cultured

with CD4+ cells from co-infected mice, we observed a significantly higher fre-

quency of Foxp3+ cells and a tendency for enhanced IL-10 production (Figure

3.24D,E), mimicking the results obtained during in vivo co-infection. This may

indicate that chronic antigen exposure during these infections trigger APCs to

release more IL-10 and IL-6 which are important cytokines to either prime

IL-10+ CD4 and/or Treg or at least lead to an increased Treg proliferation

and enhance IL-10 secretion from already primed T cells.
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Figure 3.24: In-vitro responses of BMDDCs and co-cultured T cells. (A-C) BMD-
DCs stimulated with either SEA (25µg/ml), H.p PMSS1 live bacteria (MOI 5)
or both SEA (25µg/ml) and live H.p bacteria (MOI 5). Supernatents collected
after 16h and analysed via ELISA (D) CD4+ T cells from co-infected mice, co-
cultured with stimulated BMDDCs in a 2:1 ratio and analysed via FACS. Data is
depicted with the median values. Statistical evaluation was calculated using One-way
ANOVA(p value: * < 0.05, ** < 0.01 and *** < 0.001).

Apart from regulatory T cells, fibrosis is known to be kept in check by various

factors regulating the IL-13 pathway including the IL-13 decoy receptor 2 (IL-

13dRa2) and IFN-�. The former scavenges IL-13 and thus prevents binding of

this pro-fibrotic cytokine to its own receptor and cells that produce the latter

compete with the resources of profibrinogenic, IL-13+ Th2 producing cells,

especially for arginine, resulting in a dampened Th2 immune response.

IL-13 levels were first undetectable in the serum of both S.mansoni mono

and co-infected mice. Assuming this was due to binding of the IL-13dRa2 to

IL-13, the antibody for the decoy receptor was added along with the serum

samples in order to un-conjugate the complex. Following this, serum from
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co-infected animals sacrificed during the Th1 phase showed slightly higher

IL-13 already at 5.5 weeks post helminth infection (Figure 3.25A). However,

the levels of IL-13 were similar between both groups at the Th2 phase of the

infection (Figure 3.25B).

Figure 3.25: Serum IL-13 levels during the Th1 and Th2 phase of helminth infec-
tion. Serum was co-incubated with IL-13dRa2 antibody for 12hr to un-conjugate
the complex. IL-13 levels were then detected via ELISA. (A) IL-13 at 5.5 weeks post
S.mansoni infection. (B) IL-13 at 9 weeks post S.mansoni infection. Data is de-
picted with the median values. Statistical evaluation was calculated using One-way
ANOVA(p value: * < 0.05, ** < 0.01 and *** < 0.001).

We also detected significantly higher transcripts of IL-13dRa2 in the livers of

co-infected mice compared to monoinfected mice already in the Th-1 phase of

helminth infection, and this tendency was maintained well into the Th2 phase

where overall expression of the IL-13dRa2 increased in both groups (Figure

3.26A). This pattern was reflected in the soluble levels of IL-13dRa2 in the

serum (Figure 3.26B). Further, higher transcripts of IFN-� were observed in the

livers of co-infected animals but interestingly, there were no di↵erences in genes

associated with alternative activation of macrophages. (Figures 3.26C,D).
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Figure 3.26: Increased regulatory environment in the liver. (A) mRNA fold change of
IL-13decoy Ra2 in S.mansoni vs co-infected mice during the Th-1 and Th-2 phases.
(B) Soluble levels of IL-13decoy Ra2 in serum of S.mansoni vs co-infected mice
during the Th-1 and Th-2 phases. (C) mRNA fold change of IFN-� and (D) AAM
markers (MMP-12, Relm a, Chi313, Arg 1, Postn) in S.mansoni vs co-infected mice.
Data is shown as median of group. Statistical evaluation was calculated using the
Mann-Whitney Test for nonparametric distributed data (p value: * < 0.05, ** <

0.01 and *** < 0.001).

In order to determine possible factors contributed by H.pylori infection that

may mediate reduction in fibrosis, the same pattern of transcripts was investi-

gated in H.pylori mono-infected mice. In both, stomachs and livers of H.pylori

mono-infected mice, higher levels of IL-13dRa2, IL-10 and IFN-� were de-

tected (Figures 3.27A,B). Additionally these H.pylori mono-infected mice had

increased levels of soluble IL-13dRa2 in the serum compared to naive mice.
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Figure 3.27: Contribution of H.pylori to the IL-13 pathway. (A) mRNA fold change of
H.pylori mono-infected mice over Naive mice of IL-13, IL-13dRa2, IL-10 and IFN-�,
in the stomach and (B) Liver as measured by RT-PCR. (C) Soluble levels of IL-
13dRa2 in serum of mice. Data is shown as median of group. Statistical evaluation
was calculated using the Mann-Whitney Test for nonparametric distributed data
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

These results collectively indicate that the e↵ect of H.pylori infection is not

localized to the stomach only but may have potential systemic – and in this case

even beneficial - e↵ects in other organs such as the liver. Mechanistically, co-

infection resulted in a positive regulation of the profibrinogenic IL-13 pathway,

eventually reducing helminth-induced liver fibrosis and thus liver damage.
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3.3.4 Regulatory phase of S.mansoni infection shows a

similar but milder phenotype as the Th2 phase

Finally, we analysed the impact of H.pylori -induced immune responses on

S.mansoni infection during the regulatory phase (16 weeks) of the helminth

infection. Mice were infected with H.pylori for 5.5 weeks before the infection

with schistosomes, then sacrificed during the regulatory phase after 16 weeks

of helminth infection (Figure 3.28).

Figure 3.28: In-vivo infection model for the Regulatory phase. Adult mice were infected
with H.pylori and kept for 5.5 weeks followed by S.mansoni infection. Mice were
then analysed at 16 weeks post S.mansoni infection (or 21.5 weeks post the first
H.pylori infection).

As observed during the Th2 phase, co-infection did not influence the egg

burden of S.mansoni during the regulatory phase (Figure 3.29A). Similar to

the Th2 phase, the degree of infection was significantly lower (Figure 3.29B)

accompanied by smaller granuloma sizes as well (Figure 3.29C). Corresponding

to this, the ALT levels were decreased (Figure 3.29D), however it was not a

marked di↵erence during the Th2 phase, as also observed with the collagen

per mg protein in livers during this phase (Figure 3.29E).
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Figure 3.29: Pathology and parameters associated with the regulatory phase of
S.mansoni infection during concomitant H.pylori infection. (A) Egg count
within liver samples between both groups. (B) Visual estimation of the granu-
lomas observed in fresh liver samples displaying DOI for co-infected mice com-
pared to S.mansoni mono-infected mice. (C) Granuloma size measured in liver
sections as analyzed by two independent observers. (D) ALT levels as a measure
of liver function. (E) Collagen/mg protein levels measured in hydrolysed liver tis-
sue from S.mansoni infected and co-infected mice. Data is shown as median of
the group. Statistical evaluation was calculated using the Mann-Whitney Test for
nonparametric distributed data (Figure A-C) and One-way ANOVA (Figures D-E)
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

Upon stimulation of splenocytes with SEA or aCD3/28, we did not detect

di↵erences in production of IFN-� (Figure 3.30A) or IL-10 (Figure 3.30B) be-

tween S.mansoni mono and co-infected groups. However, we observed lower

levels of IL-13 production in splenocytes derived from co-infected mice com-

pared to S.mansoni mono-infected mice (Figure 3.30C).
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Figure 3.30: Systemic cytokine responses during the Regulatory phase. (A) IFN-
� levels (B) IL-10 and (C) IL-13 responses from splenocytes stimulated with
SEA or aCD3/28 during the regulatory phase. All splenocytes were stimulated
for 48hr, supernatant collected and analysed via ELISA. Data is shown as me-
dian of group. Statistical evaluation was calculated using the One-way ANOVA
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

Next, we analysed the local liver micro-environment in order to see if we

could observe increased regulatory responses during the chronic phase as we

saw a reduction in granuloma size. While there were no significant di↵erences

between the frequencies of CD4+/CD8+ cells, proportions of CD4+ cells were

lower in co-infected mice (Figure 3.31A). There was a higher tendency for more

CD4+ cells producing IFN-� derived from both S.mansoni infected groups

in the liver compared to the naive and H.pylori infected groups as expected

(Figure 3.31B). However, in spite of overall lower frequencies of CD4+ cells

in co-infected LAL, the CD4+Foxp3+ cells were higher in proportion in these

mice compared to the other groups (Figure 3.31C).
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Figure 3.31: Localized liver responses. (A) Frequencies of CD4+/CD8+ cells in co-infected
mice compared to mono-infected mice, gated on all living LAL, unstimulated (B)
Frequencies of IFN-�-producing CD4+/CD8+ cells in co-infected mice compared to
mono-infected mice, gated on all living LAL stimulated with PMA/Ionomycin. (C)
Frequencies of Foxp3+ CD4+ cells as percentage of unstimulated CD4+ cells. Data is
shown as group median. Statistical evaluation was calculated using One-way ANOVA
(p value: * < 0.05, ** < 0.01 and *** < 0.001).

In summary, S.mansoni co-infection alters the inflammation status and

therefore colonization of H.pylori in the stomach. S.mansoni stages induce

a chemokine gradient in the liver, which is similar to the Th1 chemokine gra-

dient induced during H.pylori infection in the stomach. This gradient in the

liver is subsequently replaced by a mixed Th1/Th2 chemokine gradient dur-

ing the Th2 phase of the helminth infection, which might then allow for the

H.pylori associated T cells to home to the stomach. Consequently, during the

Th2 phase of helminth infection, inflammation and colonization levels reach

similarity between co-infected and H.pylori mono-infected mice On the other

hand we observe a partially protective e↵ect of H.pylori infection on S.mansoni

induced liver pathology. While the exact mechanism is not fully clear due to

the complexity of liver disease, it involves positive regulation of the IL-13 path-

way, which eventually dampens the processes of fibrosis in co-infected animals.
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The chronic persistence of Helicobacter pylori in the stomach of infected indi-

viduals is strongly associated with gastric cancer. This has partially been at-

tributed to the release of various Th1/Th17 pro-inflammatory cytokines during

the ongoing immune response. As highlighted in the introduction (Section 1.5),

especially in sub-Saharan African countries, the high prevalence of H.pylori is

not associated with a high incidence of gastric cancer; this phenomenon was

designated ‘the African enigma’. However, these areas are endemic for schisto-

somiasis, implying that there may be bystander e↵ects of the helminth infection

on the development of H.pylori associated gastric neoplasia. Here, the classical

Th1 response induced by bacteria may be counter-balanced by the strong Th2

responses induced by helminths. Some experimental and epidemiological stud-

ies further point towards a possible interaction between the opposing immune

responses induced by helminths and H.pylori, leading to possible protection

against development of gastric cancer [138, 243, 244, 245]. On the other hand,

multiple studies have contradicted this hypothesis, rationalizing this ‘enigma’

through strain variation of H.pylori between these geographical areas, the ge-

netic di↵erences in the populations, disparities in life expectancy as well as a

more stringent examination of the literature [246, 247, 248, 249]. Nevertheless,
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no study could completely disprove the existence of the African enigma, which

was further complicated by the fact that there were no experimental studies

that analysed the interaction of H.pylori and S.mansoni. Additionally, the im-

pact of H.pylori co-infection on S.mansoni associated liver disease is also still

unknown in spite of the epidemiologically high rates of co-infection. Therefore,

this project has employed a newly established co-infection model to explore

how these two chronic pathogens, S.mansoni and H.pylori, impact upon each

other with regard to immune response and disease outcomes despite occupying

distinct anatomical niches. The results from this project have been eye open-

ing; they have challenged some important dogmas in the field, especially about

the stringency of antigen-specific immune responses and bystander e↵ects of

pathogens completely unrelated to each other.

4.1 Antigen specific kinetics of S.mansoni

infection

The first results chapter (section 3.1) explored the kinetics of the immune re-

sponse to schistosomiasis in C57BL/6 mice over a period of 22 weeks, finding

clear distinctions between immune phases experienced by the host as the infec-

tion progresses, as defined by shifting cytokine responses to SEA. Interestingly,

in contrast to the kinetics previously assessed in BALB/c mice, we observed

increased IFN-� levels in C57BL/6 mice even during the chronic stages of the

disease [155]. This was most likely a result of the Th1-prone genetic back-

ground of C57BL/6 mice [250, 251, 252]. These commonly used inbred mouse
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strains have a wide range of genetic variability in terms of gene expression

and control with respect to their immune cells, which also reflects the status

quo in humans [253]. Many studies have highlighted the di↵erence between

Th1-prone C57BL/6 mice and the Th2-prone BALB/c mice using various in-

fection models, both for intra- and extracellular pathogens [254, 255, 256]. For

example: C57BL/6 mice are relatively resistant to Leishmania major infec-

tion compared to BALB/c animals, which instead fail to control the pathogen.

Similarly, knockout mutant mice on a C57BL/6 background that lack the IFN

receptor or IL-12 are more susceptible to L.major infection and tend to mount

a more Th2-polarised response, failing to control the pathogen, similar to what

is observed in BALB/c animals [257, 258]. Accordingly, macrophages isolated

from C57BL/6 mice also have a more type-1 pro-inflammatory response to

classical M1 macrophage stimulators like LPS, compared to BALB/c mice

that show a lower response [250].

Based on these results the experimental co-infection model was set up.

H.pylori infection preceded the infection with S.mansoni in order to mimic

the most likely situation in humans, where H.pylori infection occurs during

the post-natal period and S.mansoni, post infancy [259, 260, 261, 262, 263].

Disease progression and immunological parameters of the co-infection were as-

sessed at the peaks of each distinct phase of the helminth infection: 5.5 weeks

(Th1 phase), 9 weeks (Th2 phase) and finally at 16 weeks (Reg phase).
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4.2 Impact of S.mansoni co-infection on

H.pylori associated inflammation and

colonization

As highlighted in previous sections, H.pylori colonization is tightly controlled

and inversely associated with inflammation. The clearance of the bacterium

has been shown to be correlated with an influx of CD4+/CD8+ T cells and high

levels of IFN-�. Interestingly, bystander activation of both CD4+ and CD8+

T cells due to IFN-� contributed by non-related antigen specific T cells has

been demonstrated by multiple studies [264, 265, 266, 267, 268]. Therefore, as

the kinetics in section 3.1 indicated a systemic surge in IFN-� due to the acute

phase of S.mansoni, a reduction in H.pylori burden was hypothesized dur-

ing co-infection. However, contrary to the hypothesis, concurrent infection of

S.mansoni during the Th1 phase resulted in lower inflammation (IFN-� mRNA

transcripts) and increased colonization of H.pylori in the stomach. This was

reflected by a reduced infiltration of T cells into the stomach, explaining the

outgrowth of H.pylori due to lack of colonization-control by missing antigen-

specific T cells. Furthermore, higher frequencies of CD4+IFN-�+ cells were

observed in the liver of co-infected mice indicating a possible deviated traf-

ficking of H.pylori associated T cells. An adoptive transfer of CD44hi H.pylori

antigen-experienced T-cells further appropriated this result, where they were

detected in the livers of S.mansoni infected animals and not in naive or H.pylori

mono-infected mice.
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4.2.1 Immune deviation of T cells

Therefore, S.mansoni infection during the Th1 phase induced de-

viation of H.pylori-specific T-cells towards the liver where active

helminth related immune responses take place simultaneously . The

e↵ector T cell response is critical for clearance of H.pylori from the stomach,

two major aspects determine the success of this process: the chemokine gradi-

ent that directs tra�cking of T cell sub-populations, and the e↵ector function

executed by T cells that arrive at the niche [269, 270, 271]. The expansion

and e↵ector functions of both CD4+ and CD8+ T cells are tightly regulated

in order to prevent misdirected inflammatory responses [272, 273, 274]. CD4+

T cell tra�cking to particular sites of inflammation via chemokine gradients

relies upon the expression of specific chemokines receptors [275]. CCR6+ T

cells for example, have been shown to be recruited during gastritis induced by

H.pylori, in human gastric biopsies. This was accompanied by increased levels

of CCL20, the ligand for CCR6 [276]. In addition to migration, chemokines

enhance the binding avidity of integrin adhesion receptors. Lymphocytes ex-

press not only chemokine receptors but also members of the �2 integrin family

[277]. This is required to arrest lymphocytes inside post capillary venules of

non-lymphoid tissue. For example, the ↵4�7 integrin enables gut tropism by

acting as a ligand for MAdCAM-1; however, the signals inducing tropism for

the stomach are not well-characterized [278]. However, H.pylori reactive T cells

have been found to be ↵4�7 integrin and L-selectin positive in an experimen-

tal vaccination study in H.pylori infected individuals. Gastric endothelial cells

vessels have also been shown to express their ligands, MAdCAM-1/ ICAM-1
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[279, 280, 54]. As mentioned in the introduction, e↵ector T cells that control

H.pylori colonization are induced in the Peyer’s patches. These T cells follow a

Th1 chemokine gradient back to the stomach where the antigen is most abun-

dant and on contact, express varied e↵ector functions like, most importantly,

the production of IFN-�, which results in reduced colonization or clearance.

This cytokine, along with IL-8 and IL-1�, stimulates the expression of gastrin,

a hormone that increases gastric acid secretion and this may reduce the ability

of H.pylori to colonize the stomach [281, 282]. IFN-� also upregulates MHC II

expression on epithelial as well as antigen presenting cells, further facilitating

the recognition of H.pylori antigens [283, 284]. Phagocytes, like macrophages

respond to IFN-� by downstream Stat1 activation and nitric oxide induction,

which in turn enhances responses to microbial components such as TLR lig-

ands [285, 286]. Additionally, signalling via Stat1 in this context, decreases

expression of suppressor of cytokine signalling (SOCS) proteins that are in-

hibitors of signal transduction and enhances reprogramming of the e↵ects of

IL-10 [287, 288].

Therefore, these Th1 cells represent an important reservoir of a cytokine

essential for controlling bacterial colonization. Their e↵ector function depends

on their ability to reach their niche, the stomach, which is facilitated to a

great extent by Th1-associated chemokines. Additionally, since activated T

cells have access to inflammatory sites regardless of their specificity for the

antigen, the ability to guide and retain them in tissue is an important function

of chemokines [289, 290, 291].

As mentioned in the introduction, H.pylori infection and gastritis is as-

sociated with the upregulation of pro-inflammatory chemokines like CXCL9
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(MIG), CXCL10 (IP-10) MIP-1↵, CCL5 (RANTES) and CCL20 [292, 276,

293]. In addition to these chemokines, our model also showed upregulation of

CCL4, and CCL7 in the stomachs of H.pylori infected animals.

However, during co-infection, this study has shown that S.mansoni (Th1

phase) also elicits the production of multiple overlapping pro-inflammatory

chemokines including CXCL9, CXCL10, CCL4 and CCL5 among others, such

as CXCL1 and CXCL2 in the livers. Since H.pylori -antigen specific T-cells

are assumed to express the receptors for these chemokines and rely on this

gradient for arriving at the gastric tissue, the likelihood of their misdirection

is high. Especially because the RNAseq analysis in this study revealed that,

the livers of co-infected mice during the Th1 phase of S.mansoni infection

express much higher levels of CXCL9 and CXCL10 compared to the stomach,

two chemokines that are important to recruit the H.pylori -specific Th1 cells.

Many studies in the past and also currently, assume the persistent loyalty

and ability of antigen-specific T cells to do their job. However, this process

is dependent on multiple factors and can be deeply a↵ected by a concurrent

infection, even in an anatomically distant organ. Indeed, Ghani et al.. per-

formed experiments with T-cell receptor (TCR) transgenic mice to determine

the impact of antigen recognition of T cells on their capacity to migrate into the

site of infection. They concluded that while there is a crucial role for antigen

experienced T cells as ‘pioneer cells’ to initiate the cascade of inflammation,

the infiltration of further e↵ector T cells is not dependent on the antigen [294].

During this study, at 5 weeks post H.pylori infection, antigen-specific T cells

can be assumed to have already initiated the cascade of inflammation, however

newly recruited T cells are required to constantly control the colonization in
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the stomach. These primed T-cells get misdirected due to similar chemokine

gradients induced by the helminth and thus accumulate closer to the liver.

However, the proliferation of primed cells does depend on the presence of

the antigen as demonstrated by a study using recombinant influenza virus

expressing OVA. Even when Ova-specific T-cells were recruited to the site of

infection without the presence of OVA, they only proliferated in the presence

of the OVA epitope [295].

Another study demonstrated the unspecific recruitment of HIV-antigen-

specific CD8+ T cells into the central nervous system (CNS) using a model of

neurotropic coronavirus-induced encephalitis. Animals were first infected with

a recombinant vaccinia-HIV construct, followed by the neurotropic virus; the

authors found that while cells were recruited from both infections, HIV-specific

CD8+ cells were recruited very early on into the CNS. However, similar to the

previous study, the cells were not activated in the absence of their antigen and

thus did not contribute to pathology [296]. A similar result was observed in a

study analysing the e↵ects of bystander recruitment of T cells in the context

of respiratory syncytial virus (RSV) and LCMV co-infection [297].

Interestingly, Dominic et al.. have also demonstrated that antigen specific

T cells induced by an experimental ongoing chronic infection (Mycobacterium

bovis bacilli Calmette Guerin (BCG) in the liver) could be deviated to the

site of an acute infection (influenza virus infection in the lung) and vice versa.

The authors used monoclonal T cell populations specific for model antigens:

pigeon cytochrome c (PCC) or Hen egg lysozyme (HEL). The mice were then

chronically infected with a PCC-tagged BCG, localized mainly to the liver,

followed by a HEL-influenza virus (HEL-flu) infection of the lung. While the
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majority of T cells were found localized to where their cognate antigen was ex-

pressed, a proportion of cells were found in the second infection site. However,

in this co-infection, not only were HEL-flu specific T cells present at the site of

the BCG infection, they could even mediate bystander e↵ector functions and

increase the activation state of IFN-� producing PCC-BCG specific T cells

[298].

In the current study, H.pylori experienced T cells (during the Th1 phase

of schistosome infection) failed to home to the stomach and thus to con-

trol H.pylori colonization, but rather accumulated within the liver, where the

worms mature. This however did not have a noticeable e↵ect on the fecundity

or development of adult S.mansoni worm pairs and neither on egg deposition.

This result is consistent with much of the literature on unspecific tra�cking

of antigen-specific T-cells mentioned above.

Nevertheless, I did observe cross-reactivity to antigens between the two

groups, when splenocytes from co-infected, H.pylori mono-infected as well as

from S.mansoni mono-infected mice responded with IFN-� production in re-

sponse to H.pylori lysate. As this was not observed from splenocytes isolated

from naive mice, I performed a sequence similarity analysis between the pro-

teomes of H.pylori and S.mansoni to determine if there were any overlapping

immunogenic proteins. As one is a prokaryote and the other a eukaryote, the

top candidates from the analysis were housekeeping enzymes such as ATP

synthases. Although, interestingly the second highest similarity was observed

for the heat shock protein 70 (HSP70). This protein has been implied as a

potential vaccine candidate as it generates strong humoral responses against

S.mansoni on immunization but the cellular responses to this protein have not
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been analysed [299].Whether this response seen on stimulating splenocytes rep-

resents in-vivo cross-reactivity remains to be addressed. The H.pylori lysate

is a sonicated preparation of cultured bacteria and this process may expose

antigens like HSP70 that are not generally processed during in-vivo contact of

bacteria and APCs.

4.2.2 H.pylori associated inflammation and colonization

during the Th2 and Reg phase of S.mansoni

co-infection

Once the peak of the Th2 phase of helminth infection was reached, H.pylori

colonization was better controlled as CD3+ T cells could home to the

stomach again. Gastric inflammatory transcripts were also similar between

H.pylori mono and co-infected groups. Additionally, frequencies between CD4+

IFN-�+ cells were similar between the livers of S.mansoni mono and co-infected

mice pointing to the return of a steady state H.pylori associated immune re-

sponses. Furthermore, the regulatory phase of the helminth infection did not

greatly impact the colonization of H.pylori in the stomach. While there was

a slight tendency for increased colonization, it remained insignificant in three

independent experiments. Since studies involving co-infection of Helicobac-

ter sp. with other helminths point to protection due to skewing towards Th2

responses, I was quite surprised to find that this did not stand true in our set-

up. This was especially intriguing since S.mansoni is a very strong modulator

of immune responses. On looking deeper into previous studies, a few aspects

stood out. Firstly, in a majority of studies, H.felis was used. As mentioned ear-
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lier, this bacterium is not a human pathogen, lacks the T4SS and CagA protein

(which are extremely important for induction of inflammation during H.pylori

infection), has a di↵erent antigenic signature and causes exaggerated gastric

pathology [300, 301, 302]. Secondly, animals were infected with the helminth

first and only once a proper Th2 response was established by the helminth,

the mice were infected with H.pylori. This is a very unlikely situation in the

human context. In developing countries, children are infected through familial

contact within the first year(s) of life and then may later acquire a helminth in-

fection. Lastly, other studies utilized murine nematodes instead of S.mansoni.

S.mansoni is a unique helminth, one of the only parasitic helminths inducing

multiple immune phases in its host. Furthermore, it resides in the blood vessels

and not in the intestinal lumen like the nematodes mentioned above and can

thus initiate a very di↵erent systemic immune response. Thus, the phase and

dynamic of the immune response can play an important part in determining

the outcome of the bystander response or co-infection [303, 155]. Nevertheless,

the studies highlighted above have focussed on the development or suppression

of gastric neoplasia, for which the murine wild type H.pylori infection model

that we have used, may not be the appropriate strategy. However, instead

of using pathogens that do not represent the human pathogens(H.pylori and

S.mansoni), a more appropriate set-up to study this interaction could be to

assist the development of neoplasia in our model, either with a transgenic or

knockout mouse model that has a pre-disposition for gastric pathology. This

could be supplemented with a helminth co-infection at di↵erent time points of

GC development and analysed for any protective e↵ect. This would also pave
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the way for using helminth associated products for possible use in prevention

of gastric neoplasia.

4.3 Impact of H.pylori on S.mansoni

associated immune responses and liver

pathology

4.3.1 E↵ects during the Th1 phase of S.mansoni

infection

Interestingly the e↵ects of H.pylori on S.mansoni associated parameters was

only prominent during the Th2 phase. There was no observed e↵ect on

immune responses during the Th1 phase, neither on systemic SEA as-

sociated IFN-� responses, nor on the number/fecundity of the worms, which

were analysed at a later stage of the infection (post maturity). The inferences

that can be drawn from these observations are two-fold. Firstly, systemic

IFN-�, if any, contributed by H.pylori infection does not seem to have any

bystander e↵ect on antigen-specific immune responses of the helminth during

the Th1 phase and secondly, the H.pylori -experienced T cells deviated due to

the Th1 chemokine gradient induced by the helminth, do not act on them.

This is rather expected, as these deviated T-cells do not contact their antigen

(H.pylori) and thus may not induce e↵ector functions as also observed in other

studies [295, 296, 297]. Furthermore, even if they induce bystander e↵ects such

as IFN-� production from neighboring S.mansoni -specific cells (similar to that
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observed by Dominic et al. in their PCC-BCG model) the cytokine has not

been shown to have an e↵ect on this stage of immature worms in any experi-

mental model. E↵ects of IFN-� during schistosomiasis have been mostly linked

to implications on lung stages of the parasite, granulomas, egg distribution and

liver pathology during the chronic phases [304, 305, 306, 307, 308].

Interestingly however, IL-13dRa2 mRNA transcripts were elevated in the

livers of co-infected mice compared to S.mansoni mono-infected animals during

the Th1 phase. The possible implications of this observation will be discussed

in section 4.3.2.4.

4.3.2 Crosstalk between H.pylori and S.mansoni

during the Th2 phase of helminth infection:

Central role of the IL-13 pathway

4.3.2.1 Initiation of fibrosis and role of alternatively activated

macrophages

Investigation of the liver pathology during both, the Th2 phase and Reg

phase revealed an anti-fibrotic e↵ect of H.pylori induced immune

responses on S.mansoni associated liver fibrosis. In schistosomiasis, a

plethora of factors control this slowly progressing fibrosis which consequently

remains clinically balanced in most of the cases. As indicated in the introduc-

tion, hepatic stellate cells (HSC) play an important role in the initiation of

fibrosis by converting to myofibroblasts when stimulated either with compo-

nents from the eggs or insult to tissue. HSCs proliferate, alter matrix degrada-

tion and produce extracellular matrix. Decaying eggs at this point also induce
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a simultaneous Th1/Th2 response. Excessive Type 1 responses and classical

macrophages during acute granuloma formation are initially detrimental since

they cause intense tissue damage due to inflammation. Th2 responses (in-

creased production of IL-4 and IL-13) increase the frequencies of AAM that

supress Th1 responses [170, 195]. While this step is essential to control in-

flammatory response and tissue damage, in the long run pro-fibrotic AAMs

induce excessive fibrosis [172, 176, 194, 200, 309, 310, 193, 195]. Excessive de-

position of collagen mediated by these cells and replacement of healthy tissue

eventually results in pathogenic fibrosis. As mentioned in the introduction,

these pro-fibrotic macrophages thus orchestrate the local immune responses

that maintain fibrotic signals or block the initiation of pro-resolution path-

ways [311]. Macrophages are extremely important in controlling fibrosis dur-

ing schistosomiasis and they have also been shown to be quite plastic during

another co-infection model [312]. However, since there were no observed dif-

ferences in AAM associated gene transcripts in the liver (Arg1, Relma,

Ym1 ) between both co- and mono-infected mice during the Th2 or Reg phase,

they were not further investigated in this thesis.

4.3.2.2 Role of Type 1 responses

IL-13 is the central e↵ector cytokine in schistosomiasis-associated fibrosis, ac-

tivating both fibroblasts and along with IL-4 : AAMs as well [179, 176, 313,

182]. The most prominent players that regulate this pathway are Type 1 re-

sponses, regulatory responses (Treg and IL-10) and the IL-13 decoy receptor

[314, 315, 180, 201]. Biased Th1-prone immune responses elicited by H.pylori
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could counterbalance Th2 responses within the liver leading to decreased gran-

uloma size. IFN-� treatment has also been shown to inhibit transcripts in the

liver during schistosomiasis [316]. Similar to studies where mice were immu-

nized with IL-12 before infection in order to deviate the infection towards a

Th1 bias. These mice had reduced fibrosis in the chronic stages and had much

lesser scarred liver tissue [317]. Recent studies have shown that even Type 1

chemokines such as CXCL9 and 10 have potent anti-fibrotic e↵ects and can

directly supress collagen production in vitro [161, 318, 319]. Analysis of

transcripts in livers of co-infected mice revealed increased IFN-�,

CXCL9 and CXCL10, suggesting that there is a systemic increase in the

Type 1 cytokines that can induce anti-fibrotic e↵ects in the liver microenviron-

ment during co-infection. This IFN-� could also be contributed by phagocytes

that have taken up H.pylori in the stomach or peyer’s patches and are degraded

in the liver, giving rise to localized IFN-� responses in addition to systemic

cytokine responses. Alternatively, another group has described the presence of

H.pylori DNA in the livers of mice infected with the SS1 strain of the bacte-

ria. They also detected helical bacteria within hepatocytes of these mice (16s

PCR) and a mild inflammation in the livers, which may be contributed by the

local liver resident macrophages (Kuppfer cells) that are activated and induce

pro-inflammatory responses [320]. However, they could not culture bacteria

from the liver, similar to our observations. Other groups have also described

an increase in activated Kup↵er cells and hydrogen peroxide levels in H.pylori

infection. This might result in activation of HSCs (along with TGF�), am-

plifying hepatic inflammation via release of pro-inflammatory cytokines like

IFN-� [321, 322]. Since it has been demonstrated that IFN-� production can
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di↵erentiate naive cells into Th1 cells, the cytokine can further downregulate

the pro-fibrotic activities of Th2 cells. As AAMs during chronic infection also

compete with Th1 cells for arginine, increased frequencies of the latter may

result in lesser collagen formation by default.

4.3.2.3 Modulation of dendritic cells and regulatory responses

Having observed smaller granulomas, lower collagen and ALT levels, our next

inclination was to consider regulatory components of the IL-13 pathway that

are known to control fibrosis in schistosomiasis. Here, we observed modulating

e↵ects on the induction and recruitment of regulatory T cells as well as IL-10

levels. During the Th2 phase, S.mansoni eggs are known to exploit the Peyer’s

patches to facilitate their transmission from the host [323]. Co-incidentally,

H.pylori specific T cells are also known to be primed in the Peyer’s patches

via DCs,this is the primary site for maintenance of the immune response to the

bacteria [38, 39]. S.mansoni eggs as well as H.pylori are expert modulators of

DCs and could alter their responses, eventually a↵ecting T cell responses.

Components within the SEA such as antioxidant peroxiredoxin, Omega 1

(T2 ribonuclease) and the glycoprotein- Interleukin 4 inducing principle from

S.mansoni eggs (IPSE/alpha 1) drive Th2/Reg responses by exclusively con-

ditioning dendritic cells [324, 325, 326]. Additionally, lipid fractions from SEA

containing lysophosphotidylserine have been shown to prime dendritic cells

in a TLR-2 dependent manner, to induce consequent Th2 and Treg develop-

ment [327]. Furthermore, a lewis X containing glycan within SEA: lacto-N-

fucopentaose III (LNFPIII) triggers TLR4 while schistosome dsRNA activates
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TLR3 signalling in DCS polarizing them towards Th2 responses [328, 329].

Finally, SEA inhibits TLR mediated immune responses of DCs and increases

their production of IL-10. Authors could also show that SEA downregulates

the capacity of LPS, hyaluronic acid (HA) as well CpG, poly(I:C) as to induce

IL-12 production and MHC class II (MHCII), CD80, and CD86 up-regulation

in dendritic cells [330]. Studies on H.pylori primed dendritic cells on the

other hand are not as clear. Algood et al.. performed experiments where

BMDCs primed with H.pylori were shown to induce Th1 responses in para-

gastric lymph node cells [331]. Human primary gastric dendritic cells were

also initially shown to induce strong Th1 responses but a subsequent study

demonstrated that stromal cells downregulate these inflammatory responses

[332, 333]. Additionally our lab has shown that cagA impairs maturation of

dendritic cells and gGT from H.pylori induces tolerogenic DCs [334, 335]. The

mechanism of the former pathway occurs through activation of Stat3 and in-

duction of IL-10 [335]. Chronic exposure of DCs to H.pylori in this context

has also been shown to induce IL-10 instead of IFN [336].

Intimate contact between S.mansoni, H.pylori and DCs within the Peyer’s

patches could lead to altered immune responses during coinfection. Interest-

ingly, both pathogens target TLR2 mediated signalling in DCs to induce regu-

latory phenotypes in these cells [242, 337, 327]. Additionally, both pathogens

have also been shown to induce CD103+DCs that are tolerogenic, they may

migrate from the Peyer’s patches or/and induce priming of regulatory T cells

that then migrate to the liver [338, 339]. This may result in an additive e↵ect

that is contributed by each pathogen alone during co-infection.
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As we have demonstrated, in-vitro dendritic cells are influenced by the pres-

ence of both antigens, cumulatively resulting in increased IL-10 and, upon

co-culture, expansion of regulatory T-cells. These results indicate that Tregs

in the vicinity of APCs that are stimulated by both antigens generate a milieu

e.g. by secretion of IL-10 and IL-6 that could boost IL-10 production from

primed T cells. This may be a cumulative e↵ect where SEA downregulates

Type 1 responses as seen by reduced TNF↵ secretion on co-incubation of the

two stimulations (SEA and H.pylori) with DCs. This process could be similar

to the ones described above with the e↵ect of SEA on DCs stimulated with

LPS. Simultaneously, both antigens enhance Stat 3 activation and increase IL-

10 production from these DCs. Consequently, these ‘tolerogenic’ DCs could

prime naive T cells to acquire a regulatory phenotype or through the secretion

of IL-10, promote Treg development and proliferation.

Adding to this, H.pylori drives not only Th1/17 responses but also Treg

responses [241, 52, 53]. T regulatory type 1 (Tr-1) cells induced by H.pylori

infection are known to produce IL-10, which consequently also control inflam-

mation in the stomach and could potentially contribute to the Treg pool sys-

temically [337]. A caveat in many of these studies is that dendritic cells were

generated in-vitro from monocytes (PBMC derived) or from bone marrow,

while this is important to define mechanisms involved, in-vivo DCs may show

a di↵erent phenotype depending on their localization [340]. Additionally, as

mentioned in the introduction, live H.pylori can escape DC uptake while bac-

teria that convert into the coccoid form in the intestine and are taken up in

the Peyer’s patches may expose di↵erent antigens that make them vulnerable
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for uptake. This may consequently induce a di↵erent cytokine repertoire from

primed dendritic cells in the gut.

4.3.2.4 Importance of Th1/Th2 balance and IL13dRa2 during

fibrosis

Interestingly, studies examining regulation of fibrosis have demonstrated that it

is more beneficial to have both IFN-� and IL-10 in the liver environment than

each alone [341, 199, 342]. This is also reflected in our co-infection model.

IL-10 has been shown to co-operate with Th1 cytokines to supress collagen

deposition. In fact, IL-10 deficiency alone has little e↵ect on fibrosis but mice

deficient in both IL-10 and IFN-� mice develop significantly stronger liver

fibrosis [200].

Another mechanistically important and unexpected result was the up-regulation

of IL-13dRa2 transcripts in the livers of co-infected and H.pylori infected mice

during the Th1 phase. Especially intriguing since, to our knowledge, H.pylori

has never been shown to elicit the production of this factor. However, IL-13

has been detected in infected patients, and as the IL-13: IL-13-decoy-interplay

consists of a positive feedback loop, one can theoretically expect the induction

of the decoy receptor as well [343, 344]. This is especially important because

increased IL-13dRa2 levels can not only impede the process of fibrosis, but

also significantly reverse many aspects of it. Currently, we believe that the

early contribution of IFN-� by H.pylori systemically acts to induce a pro-

tective microenvironment in the liver without really a↵ecting antigen specific

responses to S.mansoni. Additionally, the contribution of the decoy receptor
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in the liver scavenges IL-13 induced by immune responses elicited by degrading

S.mansoni eggs. Subsequently, the increased levels of IL-10 due to co-infection

then contribute to control the extent of inflammation and fibrosis.

Interestingly in a CCL4 dependent fibrosis model, an association has been

seen between increased fibrosis and H.pylori positivity [345]. The authors at-

tributed this to increased levels of TGF�1 and consequently the e↵ect of this

pro-fibrotic cytokine on HSCs [346]. However, fibrosis during schistosomiasis

has been shown to be independent of TGF�1, which may explain the contra-

dictory results obtained in this study [347].

Unfortunately, a reductionist approach to determine the exact mechanism

in this model is extremely challenging in this co-infection setting. IFN-� is

critical for H.pylori control while IL-10, IL-13 and IL-13dRa2 are indispensable

for the progression as well as protection from fibrosis-related morbidity and

mortality in schistosomiasis. Knocking out any of the above factors influences

each individual infection alone and would thus not provide us with a clearer

picture of the mechanisms regulating the outcome of co-infection. However,

treating the animals with the anti-helminthic drug praziquantel may isolate

the direct e↵ect of adult schistosome worms on H.pylori infection. Still, the

e↵ects, if any, induced by the larval stages, juvenile migrating worms or eggs

would remain unaltered for a long time as the drug primarily targets adult

worms and immunopathology only decreases gradually [348]. Additionally,

the treatment is not guaranteed to eliminate all worms although the drug

has been recently shown to reduce fecundity in worms that survive treatment

[349]. Using antibiotics to clear H.pylori infection on the other hand would

alter the microbiome of the gut and thus would not be an ideal approach
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either, especially since others and we have previously demonstrated a crucial

role for the commensal gut bacteria in the egress of schistosoma eggs from the

intestinal tissue.

Nevertheless, this model depicts to a very large extent the situation that

occurs in many countries a↵ected by this co-infection. Most individuals have a

low-level H.pylori induced inflammation as mimicked by our model and fewer

individuals in these areas show high inflammatory biomarkers associated with

gastric neoplasia [350, 351, 352, 101, 102]. The extent of fibrosis due to chronic

schistosomiasis in such co-infected populations has not yet been assessed. A

caveat here is that not all S.mansoni infections in endemic areas follow a

clear Th1/Th2 dichotomy, where infection levels di↵er and reinfection is com-

mon. We would like to understand further how these factors could influence

the dynamics of the diseases in chronic stages. Notwithstanding the above

limitations, our study is the first to demonstrate a potentially mutually

beneficial relationship between these chronic pathogens. This is crit-

ical as large amounts of funds are currently allocated for the development

of prophylactic and therapeutic vaccines against H.pylori. This may be ex-

tremely beneficial in countries with high gastric cancer risk where H.pylori

associated antibiotic resistance is becoming a great concern [353, 354]. How-

ever, in several countries that experience co-infections, there may be a poten-

tial side-e↵ect. Even more so, as chronic pathogens have evolved to mutually

exist and induce host-protective outcomes in these populations. Elimination

of one pathogen without regard to the e↵ects on the other can lead to in-

creased immunopathology of the latter. Additionally, if helminths deviate

antigen specific T cells during acute infection/re-infection or induce bystander
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immunosuppressive responses during chronic infection, it can lead to ine�cient

immunization responses post vaccination. This has been made explicit by vac-

cination strategies employed against BCG and even Hepatitis B in helminth

endemic populations. The solution could be as simple as treating the patient

against the helminth before the vaccination, but without studies that delve

into these questions, we cannot fully predict the outcome of such vaccination

strategies. Furthermore, currently mass drug administration programs (MDA)

employed by the WHO to eliminate schistosomiasis are in e↵ect [355]. How-

ever, as mentioned before, the immunomodulatory properties of this parasite

have been demonstrated in studies related to allergies, auto-immune disease,

inflammatory bowel disease and even gastric neoplasia [356]. These studies

have made helminths the centre stage of the ‘hygiene hypothesis’. Eliminating

these parasites completely from entire geographical areas may have a pro-

found e↵ect on the disease landscape of these countries including a surge in

non-communicable diseases such as cancer.
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5 Graphical Overview

Figure 5.1: Graphical Overview.
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