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Abstract

Persistent infection with Helicobacter pylori (H. pylori) affects almost half of the world’s population
and is the leading cause of gastric cancer. This human specific pathogen is extremely well adapted
to the harsh stomach environment. Several strategies, developed to cope with the innate and
adaptive immune response, facilitate persistent colonization of H. pylori and prevent clearance by
immune cells. H. pylori y-glutamyltransferase (gGT) impairs T-lymphocyte proliferation and thus
might act as immunoregulatory factor. The aim of this thesis was to elucidate the underlying
mechanism of T-cell inhibition and to study the impact of H. pylori gG'T on the immune response
during infection.

To address how the enzymatic activity of gGT might shape the local environment of lym-
phocytes migrating to the site of infection, stimulated T-lymphocytes were exposed to medium
preconditioned with H. pylori wild-type, its isogenic gGT-deletion strain (AgGT), or recombi-
nant gGT. Thereby it was found that H. pylori gGT compromised T-cell activation and effector
cytokine expression in a glutamine-dependent manner. Assessment of signaling cascades affected
by H. pylori gGT revealed that expression of cMyc and IRF4, transcription factors required for
activation-induced metabolic adaptation of T-lymphocytes, was highly sensitive to extracellular
glutamine levels and down-regulated upon gGT treatment. Remarkably, IRF4 expression was also
decreased in T-lymphocytes infiltrating into the gastric mucosa of H. pylori-positive patients com-
pared to T-cell infiltrates of H. pylori-independent gastritis, which may suggest that H. pylori gGT
affects T-cells also during infection.

To study the role of H. pylori gGT during the establishment of a persistent infection and the
induction of gastric inflammation, mice were inoculated with H. pylori PMSS1 wt and AgGT.
H. pylori gGT facilitated initial colonization and affected colonization density. Interestingly, the
gGT-deficient strain persistently colonized up to 50 % of mice with a trend towards a lower bacterial
burden. When comparing those mice infected with H. pylori wt or AgGT at a similar coloniza-
tion level, a major contribution of gGT to induction of gastric inflammation was observed. This
inflammatory response was characterized by a CD8-dominated T-cell influx and strong increase in
expression of proinflammatory chemokines and cytokines, such as IFN~, whereas regulatory T-cell
responses were dependent on colonization level but not on presence of gGT. This indicates that
H. pylori gGT contributes to inflammation rather than dampening it, probably due to a direct
detrimental effect on gastric epithelial cells resulting a proinflammatory environment. Supple-
mentation of glutamine reversed H. pylori gGT-induced effects and attenuated the inflammatory
response, indicating that glutamine deprivation indeed affects host cells when gGT is present.

Collectively, the results from this thesis demonstrate that H. pylori gGT is important to the
bacterium contributing to its colonization capacity. Furthermore, it seems to deprive the gastric
mucosa from glutamine which results in a proinflammatory environment but may, at the same time,
impair T-cell effector function.






Zusammenfassung

Fast die Halfte der Weltbevolkerung ist von einer persistenten Infektion mit Helicobacter pylori
(H. pylori) betroffen, welche die Hauptursache fiir Magenkrebs darstellt. Dieser human-spezifische
Krankheitserreger ist sehr gut an seinen Wirt angepasst und hat immunevasive Strategien entwickelt
die eine dauerhafte Besiedelung erméglichen. Die H. pylori y-glutamyltransferase (gGT) konnte als
immunregulatorischer Faktor fungieren, da sie die Proliferation von T-Lymphozyten beeintrichtigen
kann. Das Ziel dieser Arbeit bestand darin, aufzuklidren welcher Mechanismus dieser Beobachtung
zugrunde liegt und den Einfluss der H. pylori gGT auf die Immunantwort wihrend der Infektion
zu untersuchen.

Um zu analysieren welchen Einfluss der gGT-abhéingige Abbau von Glutamin auf die Lym-
phozyten am Infektionsherd hat, wurden aktivierte T-Lymphozyten mit Medium behandelt, das en-
tweder mit H. pylori wt, mit dem isogenen gGT-defizienten Stamm (AgGT) oder mit rekombinanter
¢GT vorinkubiert wurde. Auf diese Weise konnte gezeigt werden, dass die T-Zell-Aktivierung und
die Expression von Effektorzytokinen durch die H. pylori gGT in Abhéingigkeit vom verfiighbaren
Glutamin beeintréachtigt wurde. Eine Untersuchung der Signalkaskaden und Transkriptionsfak-
toren, die durch H. pylori gGT betroffen sein kénnten, ergab, dass die Expression von cMyc und
IRF4 durch gGT-Behandlung herunter reguliert wurde und stark abhéngig war vom extrazelluléren
Glutaminlevel. Beide Transkriptionsfaktoren werden fiir die aktivierungsbedingte metabolische An-
passung von T-Zellen benttigt. Bemerkenswerterweise war die IRF4-Expression in T-Lymphozyten,
die in die Magenschleimhaut von H. pylori-positiven Patienten einwandern, ebenfalls herunter-
reguliert. Dies deutet darauf hin, dass die H. pylori gGT T-Zellen auch wihrend der Infektion
beeintrichtigt.

Um die Rolle der H. pylori gGT wihrend der Etablierung der Infektion und der Induktion
der Entziindung zu untersuchen, wurden Méause mit H. pylori PMSS1 wt bzw. AgGT inokuliert.
H. pylori gGT begiinstigte die initiale Kolonisierung und beeinflusste auch die Besiedelungsdichte.
Interessanterweise besiedelte der gGT-defiziente Stamm dauerhaft bis zu 50 % der Méause mit
einem etwas verringerten Kolonisationslevel. Ein Vergleich zwischen Mé&usen mit einer dhnlichen
Besiedelungsdichte mit H. pylori wt bzw. AgGT ergab, dass die gGT stark zur Induktion der
Entziindung im Magen beitrdgt. Diese war durch eine CD8-dominierte T-Zell-Einwanderung und
einen starken Anstieg der Expression von proinflammatorischen Zytokinen und Chemokinen, wie
IFN~, gekennzeichnet, wohingegen die regulatorische T-Zellantwort abhéngig von der Besiedelungs-
dichte war, jedoch nicht von der Anwesenheit der gGT. Die Gesamtauswirkung der H. pylori gGT
besteht also eher darin die Entziindung zu férdern als sie zu mildern. Die Supplementation von Glu-
tamin konnte die durch H. pylori gGT induzierten Effekte umkehren und die Entziindungsantwort
abmildern. Diese Beobachtung legt nahe, dass die Wirtszellen in Gegenwart der gG'T tatséchlich
von einem Glutaminentzug beeintrichtigt werden.

Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass die gGT H. pylori zu einer besseren
Besiedelungsfihigkeit verhilft und der Magenschleimhaut das Glutamin zu entziehen scheint, was
entziindungsférdernd wirkt, jedoch gleichzeitig auch die T-Zell-Effektorfunktion beeintrachtigen
konnte.
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Chapter 1

Introduction

1.1 Helicobacter pylor: infection

The (re-)discovery of Helicobacter pylori (H. pylori) infection and the proof of its harmful con-
sequences by Barry Marshall and Robin Warren was a mile stone in medicine. The presence of
spiral shaped bacteria in human stomachs was observed long before their studies and clinical rel-
evance had been debated but could not be proven [1, 2]. Marshall and Warren firmly established
its pathogenic character when they demonstrated an association between H. pylori infection and
the development of gastritis and gastric ulcers through the fulfillment of Koch’s postulates in a
self-experiment drinking a pure H. pylori culture [3]. In 2005, they received the Nobel Prize for
their achievement. Since then, a great number of studies has been performed to further our under-
standing on pathogen, host, and environmental factors that contribute to lifelong persistence and
pathogenesis of H. pylori infection. Bacterial factors that may also be exploited for treatment are
of particular interest. One factor that is important for the bacterium but also manipulating host
cells, namely H. pylori v-glutamyltransferase, is in the focus of this thesis.

1.1.1 Characterization of H. pylor:

H. pylori belongs to the Helicobacter genus, which is comprised of more than 20 species [4, 5].
Helicobacter species can be divided in two major groups according to their organ specificity: gastric
and enterohepatic (non-gastric) Helicobacter species. Several Helicobacter species are associated
with human disease or are used to model the human Helicobacter infection in animals.

Enterohepatic Helicobacter species are more diverse than gastric Helicobacters. In humans,
they can cause persistent infections of the lower gastrointestinal tract; well known representatives
are H. hepaticus or H. bilis. Co-infection with non-gastric Helicobacter species modulates the
inflammatory response towards H. pylori in the stomach, at least in mice [6].

The gastric Helicobacter species include H. pylori, H. felis, and H. heilmannii (sensu lato).
H. heilmannii (s.l.) is actually a group of non-pylori Helicobacters such as H. suis, H. salomonii,
and H. heilmannii (sensu stricto) each selectively colonizing the stomach of specific species [7].
Colonization of humans with H. heilmannii is generally attributed to close contact with animals
carrying the bacteria. The infection is accompanied by a rather mild gastritis and occurs very
seldom, with a prevalence below 0.5 % [8]. H. felis has been isolated from the stomach of cats,
dogs, and mice [9]. H. felis is also spiral shaped but larger than H. pylori and causes acute gastritis
upon zoonotic transmission to humans [10]. The murine infection with H. felis resembles H. pylori
infection of humans in several aspects [11].

H. pylori is the by far most widespread Helicobacter among humans. It is a gram-negative
spiral shape bacterium that measures 2 - 4 pm in length and 0.5 - 1 pum in width. It is equipped
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with 2 - 6 unipolar sheathed flagella that confer motility. The bacterium is characterized by its
positivity for catalase, oxidase, and urease. H. pylori is a microaerophilic organism that grows best
at 37 °C under neutral pH conditions [12]. Initially, H. pylori was difficult to cultivate since it is
a fastidious microorganism being a cholesterol auxotroph, for example [13]. Therefore, complex
supplements such as blood or serum are needed to cultivate the bacterium. Whole genome compar-
ison revealed that H. pylori possess only a third of environmental sensors such as two-component
systems compared to E. coli and a much lower overall number of potential regulatory DNA-binding
proteins [14]. This emphasizes that H. pylori is very specialized and highly adapted to its natural
habitat, the human stomach.

1.1.2 Colonization of the stomach

For a long time the human stomach was considered to be sterile due to its acidic environment
(pH 2). Back then, bacteria detected in stomach were thought to be contaminants from ingested
food. Yet, H. pylori does not only survive the acidic environment of the stomach during transit
but is able to truly colonize this hostile niche. Even though the gastric microbiota seems to be
more diverse than previously thought, H. pylori is the dominant species in the stomach of infected
individuals [15]. The narrow host spectrum explains why this bacterium is highly adapted to
the conditions encountered in the human stomach. Several bacterial factors facilitate colonization
(Figure 1). As H. pylori is a neutralophilic organism, it possesses several strategies to tolerate the
extremely acidic environment in the gastric lumen. Those are distinct from other pathogens that
mainly use decarboxylases; instead, its strategy to resist the acidic environment is characterized
by production of ammonia [16]. The most important mechanism relies on the expression of urease,
which converts urea to ammonia and carbon dioxide [17]. Urease activity in combination with
expression of urea transporters allows the bacterium to keep the cytosolic and also the periplasmic
pH at a tolerable level.

flagella

‘Urease

Figure 1: Bacterial factors facilitating the colonization of the gastric mucosa with H. pylori.

To escape the acidic lumen, H. pylori colonizes the gastric mucus close to the epithelial cell
layer. Spiral shape and flagella are morphological attributes that allow the bacterium to move
rapidly through the viscous mucus layer on top of the epithelial cells [18, 19]. The pH gradient
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in the mucus seems to be the most important stimulus to guide the bacterium [20]. While most
bacteria are located inside the gastric mucus, about 20 % of H. pylori adhere to the apical surface of
gastric epithelial cells [20]. The bacterium possesses a wide variety of adhesion factors that mediate
attachment to epithelial cells and are associated with pathology, such as the Hop proteins BabA
(HopS), SabA (HopP), AlpA (HopC), AlpB (HopB), and OipA (HopH) [9]. Occasionally, H. pylori
is found deep inside crypts and in the intercellular space where it directly encounters immune cells
of the lamina propria [21]. It is controversial whether H. pylori invades into the gastric mucosa since
events when H. pylori is found in the intracellular space are rare. However, H. pylori is thought
to disrupt intercellular junctions by several bacterial factors, such as vacuolating toxin A (VacA),
Cytotoxin-associated gene A (CagA), Urease, and HtrA [22, 23, 24, 25]. HtrA is a secreted virulence
factor that has been recently found to facilitate access of H. pylori to the intercellular space. It
is a protease that cleaves E-cadherin thereby disrupting cell-cell contact between epithelial cells
[25]. Increased mucosal permeability through damaged epithelial cells and disruption of epithelial
integrity may provide nutrients for bacterial growth [26]. H. pylori needs to exploit external nutrient
sources as it lacks biosynthesis pathways of several amino acids [27].

1.1.3 Prevalence and Transmission

H. pylori infection affects about half of the world’s population. Notably, the prevalence shows large
variations dependent on geographic location, socioeconomic status, and age. Great differences in
infection status can be observed comparing developing to industrialized countries. A prevalence
of over 80 % in African (e.g. Ethiopia, Nigeria), South American (e.g. Brazil, Chile), and Asian
(e.g. Bangladesh, India, Taiwan) countries has been observed; while the prevalence of H. pylori
in Western countries, such as USA, Canada, Australia, and Germany, is between 20 - 50 % [28].
H. pylori infection rates in developing countries are still constantly high, probably due to lack of
basic hygiene, poor diets, and overcrowding; yet, they are declining in Western countries, where
prevalence is decreasing in particular among children [29].

Generally, H. pylori infection is thought to be acquired during early childhood and mainly
transmitted within families as strains isolated from parents of affected children mostly display a
conserved genotype [30]. It is well established that the human stomach is the main reservoir of
H. pylori and that the infection is passed on from person-to-person. Nevertheless, the predominant
route of transmission is still unknown. Several means of transmission have been suggested since
H. pylori has been isolated from saliva, dental plaque, vomitus, and feces [31, 32, 33]. Therefore,
most likely routes of infection are oral-oral, gastro-oral, and fecal-oral.

1.1.4 Pathogenesis and clinical disease outcome

Similarly to commensals, H. pylori is generally not cleared spontaneously but colonizes persistently
throughout life. Even though the majority of infected individuals do not develop symptoms, a
superficial gastritis is always present. Severe clinical disorders of the upper gastrointestinal tract are
less frequent. About 10 - 20 % of H. pylori-infected individuals develop peptic ulcers, 1 - 2 % develop
gastric cancer, and in less than 1 % MALT lymphoma occurs [9]. Meta-analyses and prospective
long-term studies have established a strong association between persistent H. pylori infection and
gastric cancer [34, 35]. Accumulating evidence has led to the classification of H. pylori as a group I
(definite) carcinogen [36]. This is particularly remarkable since gastric cancer is the second most
common cause of cancer-related deaths [37]. It is assumed that a complex combination of factors
determine the clinical outcome. The wide variety of pathology from mild to severe depends on
host, bacterial, and environmental factors.

The topography of infection, for example, is an important indicator for clinical disease outcome
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that is determined by host and bacterial factors. The topography of H. pylori infection is associated
with disease development and determines the risk of gastric carcinoma. Antral-predominant gastri-
tis is associated with hyperchlorhydria (a decreased gastric pH). This restricts H. pylori colonization
to the antrum and typically leads to the development of duodenal ulcers [38]. Corpus-predominant
gastritis, also termed pangastritis, extends to the corpus. It is associated with a higher gastric
pH and is found in patients that are more likely to develop gastric ulcers, intestinal metaplasia,
and gastric cancer [39]. Host factors that influence topography are interleukin 15 (IL-13) and
tumor necrosis factor a (TNFa). Both are potent inhibitors of gastric acid secretion and favor
a corpus-predominant gastritis [40]. Thus, polymorphisms that lead to increased expression of
IL-173 are associated with a higher intragastric pH, atrophic gastritis, and a greater risk for gastric
adenocarcinoma [41].

Not only host factors, but also bacterial factors play an important role in the development of the
symptoms and disease outcome. CagA, the most extensively studied virulence factor of H. pylori, is
postulated to drive carcinogenesis. It is encoded in a pathogenicity island (cagPAT) which contains
a type-1V secretion system for CagA translocation into host cells. Individuals carrying a CagA-
positive Helicobacter strain are at higher risk of developing gastric ulcers or cancer than individuals
infected with a CagA-negative strain [42]. Thus, gastric carcinomas are more prevalent in areas
where a high proportion of H. pylori carries the cagPAl, as is the case in Asia [43]. CagA facilitates
the colonization of the corpus which leads to a corpus-predominant gastritis and an increased rate
of gastric carcinomas [44, 45]. Another virulence factor contributing to severity of disease and
maintenance of gastritis is VacA [46, 47]. In essence, VacA induces vacuolation in gastric epithelial
cell, causing apoptosis and enhancing inflammatory responses [48, 49]. VacA-positive strains are
associated with an increased risk for peptic ulcer and gastric cancer [42].

As previously mentioned, environmental factors also contribute to the disease outcome in H. py-
lori-infected individuals. Smoking, for example, increases the risk of H. pylori-related gastric pre-
cancerous lesions [50]. Consequently, it is important to extend our understanding of these factors.
This might help to identify persons at highest risk to develop disease and offer extensive treatment
to this subpopulation.

1.1.5 Treatment

There is antibiotic treatment available against H. pylori infection. A triple therapy of a proton
pump inhibitor, clarithromycin, and either amoxicillin or metronidazole is recommended as first-
line treatment [51]. Increasing resistance to the most effective component, clarithromycin, however,
requires alternative treatment such as a bismuth-containing quadruple therapy. Concerning costs,
the likelihood of asymptomatic disease, and the development of antibiotic resistances; it is not
desirable to use antibiotic treatment for mass eradication. It might be preferable to identify persons
with genetic polymorphisms and carriers of particularly virulent strains that are exposed to an
increased risk for a severe course of disease. Therefore, diagnostic tools are developed to identify
patients that have raised an antibody response against particular H. pylori antigens (e.g. CagA)
that indicate the type of strain they carry [52]. Eradication of patients with a particular high risk
concerning their genetic predisposition as well as type of strain could prevent gastric cancer.

Additionally, efforts are undertaken to develop alternative treatments, such as antiinfectives
including specific inhibitors, or vaccines. To specifically target the bacterium and to direct the
immune response against essential bacterial factors, we require a deeper understanding of processes
that induce or dampen an effective immune response against infection. This can be explored in
detail by the use of animal models.
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1.1.6 Animal models

As H. pylori is a human specific pathogen, there is no model available that perfectly mirrors all
aspects of the human disease. Some studies have used non-human primates, gnotobiotic piglets, or
guinea pigs to study pathogenicity of Helicobacter [53, 54, 55, 56]. H. pylori infection of Mongolian
gerbil is commonly used for long-term infection as well as immunization studies [57]. This model is
suitable to characterize cancer development as pathology progresses from gastritis to gastric ulcers,
intestinal metaplasia, and adenocarcinoma [58]. Like in humans, development of gastric cancer is
associated with CagA-positivity in Mongolian gerbils [59]. Yet, due to a limited number of tools,
this model is not well suited to analyze immunological responses.

Consequently, the most widely used animal model to study pathogenicity of Helicobacter is
the mouse. Experimental infection of mice is an extremely valuable tool to study immunity since
the immune response is well characterized and knockout strains for all kind of immune cells and
factors are available. However, only a limited number of primary H. pylori isolates are colonizing
the murine stomach. H. pylori Sydney strain 1 (SS1) is the best characterized mouse-adapted
strain [60, 61, 62]. Yet, H. pylori SS1 is unable to translocate CagA, colonizes almost exclusively
the antral-fundic junction, and causes only mild inflammation [63, 64]. In mice, H. pylori-induced
gastritis qualitatively resembles the human situation with infiltration of neutrophils, macrophages,
and lymphocytes; however, no progression to peptic ulcers, metaplasia and gastric cancers can be
observed. To study cancer development and more severe inflammation, H. felis infection is used.
This bacterium colonizes throughout the murine antrum and fundus, and induces an inflammatory
response dominated by mononuclear cells [11]. More recently, stable infection of mice and CagA
translocation has been described for the parental strain of SS1, termed “pre-mouse SS1” (PMSS1),
a clinical isolate which has been described to be more virulent than SS1 [65]. Therefore, H. pylori
PMSS1 was used in this thesis.

1.2 Immunological response towards H. pylor:

Infection with H. pylori is associated with active and chronic gastritis which is characterized by
infiltration of polymorphonuclear cells (PMNs, mainly neutrophils) and lymphocytes, respectively
[38]. Thus, innate and adaptive immune responses are initiated by the infection. Other immune
cells migrating to the site of infection are macrophages (M¢gs), monocytes, dendritic cells (DCs),
eosinophils, mast cells, and plasma cells [66, 67, 68]. Considering this complex mixture of in-
flammatory cells, the most interesting question is which cell types play the most prominent role
in controlling the bacterial load and driving pathological changes? Figure 2 gives an overview of
innate and adaptive inflammatory responses during H. pylori infection.

In humans, H. pylori is co-localized with inflammatory cells. An increased density of H. pylori
is directly correlated with increased numbers of neutrophils and lymphocytes, and with epithelial
damage [38]. In immunocompetent mice the level of gastritis is inversely correlated to bacterial
load. Thus, in mice that control bacterial load better than others, infiltration of inflammatory
cells into the gastric mucosa is increased during the natural progression of H. pylori colonization
[69, 70]. Yet, is still obscure why the immune response fails to clear the infection. It has to
be considered that the immune response found in adult humans represents a more or less stable
equilibrium that has been established over decades of persistent infection and is the result of pro-
inflammatory and regulatory mechanisms. The ineffectiveness of the immune response towards
H. pylori is not surprising in light of more than 60 000 years of co-evolution [71]. The pathogen has
evolved strategies to overcome, evade, and dampen the host defense system that allow persistent
colonization.

Data of early or acute H. pylori infection are limited and either derived from studies with
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Figure 2: Immune response towards H. pylori.

naturally infected children or experimentally infected volunteers. Therefore, animal models of in-
fection offer the opportunity to analyze different phases of infection and to set up experimental
conditions where different immune cell subsets or mediators are absent or induced. The natural
immune response in mice does not clear H. pylori infection either. However, protective immunity
can be induced by immunization with H. pylori antigens in mice [72]. Immunization with H. py-
lori lysate confers protection and is associated with increased immunopathology [73]. The most
common immunization strategy for functional studies of immune responses in mice is prophylactic
administration of a Helicobacter lysate with cholera toxin as adjuvant [74, 75, 76, 77].

1.2.1 Innate immune response to H. pylori infection

As the gut-associated lymphoid tissue is the largest immune organ of the body, it is important to
understand the lines of priming and defense in the context of H. pylori infection. Immune cells
patrolling the mucosa home to several lymphoid compartments that are directly or more distantly
associated with the stomach (Figure 3).

The gastric epithelial monolayer represents a physical barrier that is covered by a highly gly-
cosylated mucus layer. Generally, the gastric mucus layer is inaccessible to immune cells which
reside in the lamina propria and is thus a rather safe habitat for H. pylori. Cells that experience
direct contact with H. pylori and its antigens in the stomach are mainly gastric epithelial cells,
intraepithelial lymphocytes (IEL), and also dendritic(-like) cells that traverse the epithelial cell
layer and reach into the mucus [78].

To alert the immune system, microorganisms that pose a threat have to be recognized and clas-
sified. Initially, rather unspecific pattern recognition receptors (PRR) such as toll-like receptors
(TLRs) and NOD-like receptors detect bacteria by common characteristics, so called pathogen-
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Figure 3: Lymphoid structures associated with the gastrointestinal tract.

associated molecular patterns, such as lipopolysaccharides (LPS) of the bacterial cell wall [79].
These receptors are expressed on dendritic cells, monocytes, macrophages, and also gastric and
intestinal epithelial cells. H. pylori LPS and flagellin are modified in ways that mask them from
TLR recognition. In contrast to other gram-negative bacteria, where LPS activates TLR4, H. pylor:
LPS has a low endotoxic activity. This is due to the fact that the O-antigen, the outer part of LPS,
is structurally related to the Lewis antigens and the lipid A chain has a different acylation pattern
[80]. H. pylori gains double benefits from this molecular mimicry since it also actively reduces in-
flammatory responses in dendritic cells [81]. Flagella are generally recognized by TLR5. H. pylori
flagellin, however, is a poor TLR5 ligand due to modifications at the N-terminal recognition site
[82]. Besides TLR4 and TLR5 also TLR2 has been extensively studied in the context of H. pylori
infection [83]. However, TLR2 seems to rather induce a regulatory response instead of alerting
the immune system [84]. Thus, TLRs mediate a proinflammatory as well as an anti-inflammatory
signal during H. pylori infection. Besides TLRs, NODI1 seems to be an important PRR particu-
larly in CagA-positive strains. NODI1 responds to peptidoglycan from H. pylori cell wall which is
translocated into epithelial cells via a type IV secretion system [85, 86].

To differentiate a pathogen from commensal bacteria that share structural features, additional
danger signals are needed to induce an inflammatory response. These signals are generally up-
regulated in response to tissue damage. Attachment of H. pylori, translocation of CagA and
secretion of VacA and other virulence factors contribute to disruption of epithelial integrity, to
induction of apoptosis, and to stress responses. Upon Helicobacter infection, NFxB expression in
epithelial cells is up-regulated, which results in the production of proinflammatory cytokines such
as IL-15, IL-6, TNF«, and IL-8 [87, 88]. IL-8 released by gastric epithelial cells in response of
H. pylori infection is a strong chemoattractant for neutrophils which accumulate in the gastric
mucosa [89]. In response to experimental H. pylori challenge, IL-8 levels increased more than 20-
fold in the gastric mucosa of human volunteers within two weeks [90]. IL-8 expression is further
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up-regulated by IL-15 and TNF«, early pro-inflammatory cytokines produced by macrophages and
monocytes reinforcing H. pylori-associated mucosal injury [91].

Digested bacterial antigens are presented on antigen presenting cells (APCs). This allows a
specific response to individual bacterial species in the context of the surrounding cytokine milieu.
During Helicobacter infection, gastric epithelial cells actively participate in the mucosal defense.
They act as antigen presenting cells as they up-regulate major histocompatibility complex molecule
class IT (MHCII) and also costimulatory molecules, such as CD80 and CD86 [92]. Up-regulation
of MHCII in gastric/intestinal epithelial cells is driven by IFN~ [93, 94]. In this way, antigen
presenting gastric epithelial cells are also important for the activation of CD4 T-lymphocytes.
Furthermore, professional APCs such as macrophages and dendritic cells are activated by H. pylori
[67]. In fact, dendritic cells are the most effective APCs that have been shown to have a pivotal
role orchestrating humoral and cellular responses during H. pylori infection [95]. Studies with
bone marrow-derived dendritic cells incubated with H. pylori have demonstrated that these cells
have proinflammatory capacity inducing I1.-12 and IL-23 cytokine expression [96, 97]. Yet, more
recently it has emerged that dendritic cells exposed to H. pylori remain immature and acquire a
rather tolerogenic phenotype supporting oral tolerance [86, 98].

APCs take up bacteria and bacterial factors and process them before they migrate to draining
lymphoid organs, such as the paragastric lymph node for the stomach and the mesenteric lymph
nodes for the small intestine. There they encounter naive T-cells and present the bacterial antigens.
Then, primed lymphocytes home to the site of infection attracted by cytokine and chemokine gra-
dients. Additionally, Peyer’s patches (PPs) are important for induction of mucosal immunity in the
gut. Evidence derived from studies in mice indicates that priming of CD4 T-cells during H. pylori
infection also takes place in PPs and that these cells are subsequently directed to migrate to the
stomach mucosa [99]. Specific T-cell responses amplify effector functions of polymorphonuclear
cells and macrophages by production of proinflammatory cytokines. In the human gastric mucosa,
ongoing antigen presentation takes place in lymphoid follicles comprised of B-cells, CD4-positive
T-cells, and dendritic cells that can be found during persistent infection [100]. Electron microscopy
images revealed that H. pylori can reach the lamina propria, which allows direct contact of the
bacterium as well as bacterial factors with cells of the innate and adaptive immune system [21].
Although macrophages generally do not traverse epithelial barriers, large numbers are recruited to
the site of infection that take up bacteria after progressive damage of epithelial integrity. Even
though phagocytes such as monocytes, macrophages, and neutrophils ingest H. pylori, they fail
to clear the infection. On the one hand, H. pylori products such as urease attract inflammatory
cells and activate macrophages [101, 102]. On the other hand, H. pylori interferes with uptake
by phagocytes and also evades phagocytic killing [103]. Nevertheless, activation of these innate
immune cells leads to recruitment of lymphocytes and development of a characteristic T helper cell
response.

H. pylori secreted neutrophil-activating protein, for example, stimulates IL-12 and IL-23 secre-
tion from neutrophils and monocytes thus promoting a Th1l response [104]. Further bacterial factors
interfere directly with effector molecules, such as reactive nitrogen and oxygen molecules. H. py-
lori catalase and superoxide dismutase are thought to neutralize reactive oxygen species, whereas
arginase competes with macrophages for arginine, the substrate for the inducible NO synthase
(iNOS), thus contributing to the survival of the bacterium [105, 106].

Intraepithelial lymphocytes (IELs) are also good candidates for H. pylori immune recognition
as they are localized within the stomach epithelium. The majority of IELs in the gastrointestinal
tract is CD3/CD8aa-positive, expresses a 79 T-cell receptor and has cytotoxic and IFNv-producing
capacity [107]. IELs were not found to be increased in H. pylori-associated gastritis in adults, but
in H. pylori-associated lymphocytic gastritis (> 25 lymphocytes/100 epithelial cells). Moreover,
IEL count was negatively correlated with H. pylori density in both cases [108, 109]. The role of
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IELs during H. pylori infection is not yet well explored.

1.2.2 Adaptive immune response to H. pylor: infection

The adaptive immune response to H. pylori infection is characterized by a specific cytokine profile.
In H. pylori-infected patients, expression of IFN~, IL-17, IL-13, TNF«, IL-6, IL-8, IL-10, and IL-12
is increased compared to uninfected individuals but functional contribution to immunity cannot
be easily dissected [110, 111, 112, 113, 114]. Therefore, studies in mice that include functional
analysis of adaptive immune responses to Helicobacter help to understand the role of different
components (Tables 1 - 7). Since many conclusions on the role of adaptive immune cells and
components of the adaptive immune response during H. pylori infection have been derived from
immunization experiments, results from natural infection and immunization are compared in the
following paragraphs.

In mice that are unable to mount an adaptive immune response; such as Rag‘/ " (lacking mature
B- and T-cells), SCID (severe combined immunodeficient), and nu/nu (athymic nude) mice; Heli-
cobacter colonization is persistently higher than in wild-type mice [69, 115, 116, 117, 118] (Table 1).
At the same time, these Helicobacter-infected mice, defective in B- and T-lymphocyte responses,
display no signs of gastritis in contrast to wild-type mice. Mice reconstituted with adaptive immune
cells display an even stronger gastritis than in immunocompetent mice. Adoptive transfer of whole
splenocytes or lymph node cells into these mice results in increased gastritis which is correlated
with reduced colonization [116, 117, 119]. Remarkably, Eaton et al. (2001) demonstrated that
inflammation of the gastric mucosa resolves when the infection is cleared this way [119]. These
results demonstrate that the adaptive immune response is crucial for induction of pathology as well
as for the control of bacterial load, and can even be sterilizing under some conditions.

1.2.2.1 Humoral response against H. pylori antigens

Generally, mucosal infections induce secretory IgA antibodies to exclude bacteria from mucosal
surfaces. Specific IgA antibodies are also raised against commensals in the intestine to control
bacterial density in the lumen without causing detrimental inflammation of the mucosa [120].
In H. pylori-infected humans, increased infiltration of B-cells and systemic IgM, IgA, and IgG
responses have been detected; additionally, IgA levels were locally increased in the gastric juice
[121]. However, unstable non-secretory monomeric IgA predominates in the stomachs of H. pylori-
infected individuals, suggesting that it is unable to efficiently coat and exclude the pathogen [122].
In line with this, studies in B-cell-deficient (nMT; unable to produce antibodies) mice as well
as in IgA-deficient mice suggest that antibodies are dispensable for protective immunity, as they
display similar bacterial burdens compared to wild-type mice upon infection and immunization
[69, 123, 124] (Table 2). When IL-4 was lacking or neutralized in these mice, they were still
protected by immunization to the same extent [125].
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Other reports suggest that the humoral response partially contributes to mucosal immunity.
Gorrell et al. (2013) demonstrate that the stomach of mice lacking the polymeric immunoglobulin
receptor (pIgR‘/ 7), that is required to transfer polymeric antibodies like secretory IgA across the
mucosal surface, was colonized at levels similar to that of wild-type mice for up to three month
post-infection [70]. Yet, during that period, the H. pylori load in the duodenum of pIgR™/" mice
was higher than in wild-type mice and after six month in the stomach as well [70]. This suggests
that secretory antibodies can control bacterial numbers to some extent. Yet, this observation was
most prominent in the duodenum where only a minority of bacteria resided.

Collectively, these studies indicate that systemic and local antibody responses play only a minor
role during H. pylori infection and in vaccine-induced immunity. As gastric pathology still develops
in absence of B-cells and antibodies, antibody-independent cellular immune mechanisms must be
responsible for pathogenesis and protection during Helicobacter infections.

1.2.2.2 T-cell responses to H. pylori infection

H. pylori-induced immunopathology is clearly T-cell driven, even though the infection is not cleared.
In most functional studies performed in mice, T-cell responses are analyzed regarding two different
aspects: 1) What causes gastric histopathology? 2) What are immune correlates that limit bacterial
number during infection or confer protective immunity upon immunization?

During natural and experimental H. pylori infection in humans, gastric T-lymphocytes are
increased [127, 128] and increased numbers of T-cell activation marker (CD25 and CDG69)-positive
cells are present compared to uninfected individuals [129]. T-lymphocyte-deficient (TCRS7", lack-
ing aff T-cell subset) mice are colonized with Helicobacter at higher levels concomitant with very
low levels of inflammation [73, 130] (Table 3). Thus, af T-cells are absolutely required to induce
pathological changes and suppress bacterial expansion.

The T-lymphocyte population is comprised of CD8" cytotoxic T-cells and CD4™ T-helper (Th)
cells that are activated by antigens presented on MHCI and MHCII, respectively. In human stomach
tissue, CD8 and CD4 cells are increased upon H. pylori infection [128, 131, 132]. Furthermore,
H. pylori-specific CD4 and CD8 T-cells are found in humans [133]. In experimental H. pylori
infection of mice, CD8 as well as CD4 T-cells contribute to control colonization since absence of
either T-cell subtype, due to MHCI- or MHCII-deficiency, leads to a similar increase in bacterial
burden compared to wild-type mice [134]. Mice deficient in CD4 T-cells developed a strong CD8-
dominated gastritis in response to H. pylori infection with a trend towards a lower colonization
level compared to wild-type mice [135]. After immunization of wild-type as well as MHCI-deficient
mice, CD4 T-cells dominated in the stomach mucosa and colonization level was reduced. On the
contrary, a strong infiltration of CD8 T-cells in MHCII/~ mice did not confer protection, which
suggests a predominant role for CD4 T-cells in vaccine-induced immunity [123, 134]. A protective
role for CD4 cells has also been inferred from inverse correlation of CD4 and inflammatory cytokines
expression with bacterial load [136]. Unfortunately, the level of CD8 expression was not reported
in this study. The role of CD4 cells was confirmed by transfer of splenocytes into H. pylori-infected
SCID mice, which resulted in increased gastritis and reduction of bacterial load, only when CD4™"
T-cells were included [116]. Based on these results, many immunologic studies on Helicobacter
infection in vitro and in vivo focus on the CD4 T-cells subset only.

CD4 T-cells can be subdivided into several T helper cell subpopulations that are characterized
by secretion of specific cytokine profiles. The contribution of each subset to the natural and vaccine-
induced immune response to H. pylori infection has been in the scope of several studies. Functional
in vivo studies that have tried to elucidate the role of the individual subpopulations to protection
and inflammation have been performed mostly in mice.
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T-helper type 2 (Th2) cells are characterized by secretion of IL-4, IL-5, and IL-13 and
induce a B-cell response to generate antibodies that combat extracellular bacteria. Since H. pylori
is a non-invasive pathogen, dominance of a Th2 response would be expected, which is paradoxically
not the case. In H. pylori-infected stomachs of humans and mice, hardly any IL-4 expression can
be detected [138, 139, 140]. Indeed, IL-4 does not play a major role during H. pylori infection,
as H. pylori-infected 1L-4-deficient mice display the same colonization level and histopathology as
wild-type mice [76, 115] (Table 2). Immunization of IL-47/~ mice with H. pylori lysate confers the
same protection as immunization of wild-type mice [76]. This stresses that humoral immunity does
not play a major role in the immune response against H. pylori.

A Thl response is naturally elicited against H. pylori infection. Thl cells are required for
cellular immunity, which is generally directed against intracellular pathogens. Therefore, it was not
clear whether this response could contribute to protection from extracellular H. pylori. This T-cell
subtype mainly produces TNF«, IFN~, and IL-2 and is induced by IL.-12 released by monocytes,
dendritic cells, and macrophages. Therefore, TNFa and IFN~ have been used as surrogate markers
to study Thl responses. Nevertheless, one has to keep in mind that substantial amounts of these
cytokines might be produced by other cell types such as macrophages, natural killer (NK) cells,
and CD8 T-cells.

TNFa expression in the stomach is increased during H. pylori infection in humans [110]. How-
ever, Helicobacter infection of TNF a-deficient mice did not change severity of gastritis yet resulted
in higher colonization compared to wild-type mice [141] (Table 4). Thus, TNFa released during in-
fection does not seem to be a major effector molecule in driving the immunopathology even though
it contributes to control of bacterial load.

Many studies focused on IFN+~, when a Thl-dominant response was proposed. Indeed, IFN~y
production is greatly increased in the inflamed gastric mucosa of H. pylori-infected individuals
and mice [115, 138]. Furthermore, IFN+y expression was inversely correlated with bacterial load
and positively correlated with histopathology in mice, suggesting a protective role for IFN~ due to
increased inflammation [73].

Since it is generally accepted that Thl effects are mediated by IFN~, IFN~-deficient (IFNV‘/ )
mice have been widely used to study the contribution of Thl cells. In Helicobacter-infected mice
lacking IFN~, histopathology was absent and a similar or higher bacterial load compared to wild-
type mice was observed [73, 75, 76, 77, 115, 137, 141] (Table 4). Thus, studies with IFN~-deficient
mice agree on the fact that IFN~ is absolutely required for induction of gastritis and controls the
bacterial load to some extent. Neutralization of IFN~ confirmed these findings. After treatment
with an anti-IFN~v antibody, no signs of gastritis were elicited in response to H. pylori infection
[137]. Unfortunately, the effect of IFN+ depletion on colonization density was not reported in this
study.

Studies on immunization of IFN~/~ mice are contradictory, although IFN~ expression in the
stomach of immunized mice is inversely correlated to bacterial load [136]. While Sawai et al. (1999)
and Garhart et al. (2003) reported that immunized IFN~/~ mice were as protected as wild-type
mice [75, 77], Akhiani et al. (2002) and Sayi et al. (2009) observed less or no protection in IFN~y~/-
mice in contrast to wild-type mice [73, 76]. In the work of Garhart et al. (2003), absence of IFN~y
led to similar inflammation in stomachs of H. pylori-challenged mice compared to wild-type mice
but only upon immunization [77]. This suggests that another cell type takes the predominant role
mediating immunity in this study. Conversely, Akhiani et al. (2002) reported less severe gastritis
in IFN~/~ mice that were not protected after immunization [76]. Nevertheless, the level of TFN~-
induced gastritis correlated inversely with the number of bacteria; thus, it seems to be a very
important factor to control bacterial load in response to immunization as well.
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Although CD4™ cells producing IFN+ are of Thl type, not all IFN~ is produced by CD4 T-cells.
In fact it has been shown that a substantial amount of IFN~ is produced by CDS8 cells in the infected
stomachs of patients [132, 139]. Nevertheless, primarily, the role of IFN~ production by CD4 cells
has been investigated. Upon mitogenic and antigen restimulation, a substantial percentage of
CD4 T-cells from the gastric mucosa of infected individuals produce IFN~ and thus display a Thl
phenotype [139, 140].

Adoptive transfer of IFNv-deficient splenocytes or CD4™ cells into H. pylori-infected immuno-
deficient SCID or Rag™/~ mice induced less severe gastritis than wild-type cells and failed to control
colonization as efficiently [116, 137]. Thus, IFNvy produced by CD4 T-lymphocytes seems func-
tionally relevant in the H. pylori-driven immune response. IFN+vy from CD4 cells contributed to
immunopathology but was not sufficient, as some gastritis was also induced in its absence. Another
report demonstrated that CD4 cells promote inflammation, in part, independently from IFN~ pro-
duction. This was shown by adoptive transfer of Tbet-deficient CD4 cells (unable to differentiate
into Thl phenotype or produce IFN%) into SCID mice [143]. Thet/~ CD4 cells induced gastric
lesions but to a lesser extent than control cells (CD4 cells able to produce TFN~).

The Thl response is induced by IL-12 (p40/p35) which leads to differentiation and activation
of CD4 T-cells to produce Thl cytokines. IL-12p35-deficient mice were infected with Helicobacter.
Surprisingly, 1L-12p35-deficient mice infected with Helicobacter had similar pathology and bacterial
load compared to wild-type mice [64, 130]. The T-cell profile was not analyzed in these studies,
but IFN~ expression did not differ, which suggests that IFN+ from other sources might induce
gastritis in these mice. Still, a contribution of IL-12 to gastric inflammation was established by
induction of IL-12 expression during immunization or administration of recombinant IL-12. 1L-12
has been shown to increase inflammation and to be protective against H. felis infection supposedly
by induction of a Thl response [64, 76].

In summary, IFN~ and H. pylori-specific CD4 T-cells strongly contribute to induction of gas-
tritis, but not necessarily IFNv-producing CD4 T-cells. H. pylori-specific CD4 cells might act
independently from IFN~ production through production of other cytokines, such as IL-17, for
example. During immunization, H. pylori-specific IFN~-producing CD4 T-cells seem to be induced
and confer protection.

More recently, another T-helper cell subtype producing the lineage-defining cytokine IL-17
(Th17 cells) was described. Th17 cells are involved in fighting extracellular bacteria and fungi.
Th17 differentiation is induced by TGF# and IL-6 produced by dendritic cells and macrophages
[144]. For expansion and maintenance of Th17 cells, I1-23 (p40/p19) is required which shares the
p40 subunit with IL-12, while the p19 subunit is specific for IL-23 [145]. IL-17 commonly refers
to IL-17A, although the IL-17 family is comprised of six members. This cytokine promotes the
release of proinflammatory cytokines and chemokines (such as TNF«, IL-6, and IL-8) that recruit
neutrophils, macrophages, and lymphocytes. CD4 T-cells are the major source of IL-17.

During H. pylori infection, IL-17 expression is increased in the gastric mucosa of H. pylori-
infected individuals and it acts on epithelial cells to induce IL-8 [112, 113]. In this way, IL-17 is a
potent mediator of neutrophil recruitment that promotes inflammation [113]. In H. pylori-infected
children, reduced levels of IL-17 were observed in the gastric mucosa compared to adults that were
accompanied by less infiltration of neutrophils and lower gastric inflammation [146, 147].

Surprisingly, the level of gastritis and the colonization density are not inversely but directly
correlated when IL-17 is absent during Helicobacter infection in mice (Table 5). IL-17-deficient
mice have lower bacterial colonization accompanied by less infiltration of neutrophils and a lower
inflammatory score [148, 149]. These findings were confirmed by neutralization of IL-17 during
H. pylori infection with an anti-IL-17 antibody, which resulted in reduced colonization [149]. On
the contrary, adenoviral overexpression of IL-17 increased gastritis and bacterial burden. This
contradicts earlier work by Velin et al. (2009), who observed reduced colonization in H. felis-infected
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mice upon treatment with recombinant IL-17 [150]. This reduction might be attributed to increased
inflammation induced by IL-17. These controversies may arise due to different Helicobacter strains,
infection periods, and mouse strains used. Indeed, comparing IL-17-deficient mice infected with
H. felis to those infected with H. pylori, DeLyria et al. (2011) found that H. felis induced more
severe inflammation even though higher colonization was observed [74]. Collectively, most studies
agree that IL-17 contributes to gastritis but seems to support the bacterium at the same time
during natural infection of immunocompetent wild-type mice [74, 137, 148, 149].

The role of the Th17 response during infection was further examined in a study where IL-17-
deficient CD4™ splenocytes were transferred into H. pylori-infected immunodeficient recipient mice
[137]. Mice receiving IL-17/- CD4% cells did display a similar degree of gastritis, infiltration of
CD4™ cells, and infiltration of Tregs into the gastric lamina propria compared to mice that received
wild-type CD4™ cells. Hence, IL-17 did not contribute strongly to gastritis in this setting.

It is equally debated whether IL-17 is required for vaccine-induced immunity. The Thl17 re-
sponse is greatly induced upon immunization and inversely correlated to bacterial load [136]. In
immunized mice, IL-17 release from antigen re-stimulated CD4" T-cells is much higher compared
to cells from mice that were only infected [151]. This was associated with a strong increase in
neutrophil infiltration. Protective immunity was lost when neutrophils were depleted by an an-
tibody, indicating that protective immunity is conferred through IL-17-mediated recruitment of
neutrophils to the site of infection [151]. In a later study, the same group showed that immunized
1L-17-deficient mice were protected to the same extent as wild-type mice, which again questions
the role of IL-17 in protective immunity [74]. However, when mice were first immunized and then
IL-17 was neutralized during challenge phase, protection against Helicobacter infection was lost
[136, 150]. This implies that IL-17-producing CD4 T-cells, induced upon immunization, confer
protection. When IL-17 is absent during immunization another kind of immune response might be
induced that is as effective during challenge phase as if IL-17 was present. This may explain why
IL-17" /7 mice were as protected as wild-type mice.

This issue is further complicated by the fact that IL-23p19 seems to be dispensable for immu-
nity upon Helicobacter infection as well as upon immunization followed by Helicobacter challenge
[64, 130]. In IL-23-deficient mice, a decrease of IL-17A expression in favor of increased IFN~y ex-
pression was observed only upon vaccination and not during chronic Helicobacter infection [64].
This suggests that IFN~y-producing cells that compensate for a lack of IL-17-producing cells are
induced upon immunization and confer protective immunity.
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As indicated, Thl and Thl7 responses might interact during H. pylori infection and
immunization. Thl and Th17 responses might compensate for each other during infection in mice
with a congenital defect in either T-cell subtype. As I1-12 and IL-23 share the p40 subunit, mice
lacking this molecule are considered to be defective in Thl and Thl7 responses. Surprisingly,
H. pylori-infected 11-12/23p40-deficient mice were equally colonized as wild-type mice and levels
of gastritis were similar or not significantly reduced compared to wild-type mice [76, 77] (Table 6).
Concerning infection, I1-12/23p40-deficient mice display not only a similar phenotype to wild-type,
but also to IL-12p35- and IL-23p19-deficient mice, which refutes a compensatory mechanism on
the level of IL-12/1L-23 induction.

Upon immunization, an inverse correlation of 1L-12/IL23p40 and bacterial load has been ob-
served in mice [136]. Interestingly, vaccine-induced immunity failed to protect IL-12/IL-23p40-
deficient mice although mice lacking either IL-12p35 or IL-23p19 were protected to the same extent
as wild-type mice [76, 77, 137]. Only when both Th subtype responses were compromised, mice were
not protected. This suggests that induction of either pathway during immunization is sufficient for
protective immunity upon challenge. This hypothesis is supported by the fact that neutralization
of IL-12/1L23p40 during the immunization phase abrogated immunity in wild-type mice challenged
with H. pylori [64].

Further studies were trying to dissect the role of Th1l and Th17 response by depleting mice from
the effector cytokines IFN~ and IL-17. Mice deficient in both IFN+ and IL-17A did not show any
signs of gastritis, similar to those lacking IFNy only [64]. Likewise, transfer of IFN~~/~/IL-17A"/-
CD4 cells into H. pylori-infected Rag™”/~ mice induced less gastritis than transfer of wild-type cells
but similar gastritis compared to transfer of IFN~7/~ CD4* cells [64]. Unfortunately, data about the
effect of IFN~ produced by CD4 cells on bacterial burden were not reported this study. Collectively,
these data stress that IFN~ is more important than IL-17 for the induction of gastric inflammation
during infection.

The opposite was observed in immunization studies. Neutralization of IL-17 and/or IFN~
during effector phase suggested that IL-17 was more important for protection than IFN~, indicating
that vaccine-induced IL-17-producing cells are of critical importance for bacterial clearance after
immunization [136].

In summary, studies directly comparing Thl and Th17 responses reveal that IFN-~, in general,
and IFN+v produced by CD4 cells, in particular, strongly contributes to gastritis and to control
of bacterial load during chronic H. pylori infection, whereas preventive immunization induces a
particularly efficient Th17 response that is associated with strong infiltration of IL-17-producing
CD4 cells that control bacterial load.
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The role of regulatory T-cells (Tregs) in H. pylori persistence is emerging. FoxP3 is a lineage
determining transcription factor that is specifically expressed in naturally occurring CD4+ /CD258h
Tregs. Regulatory T-cells counteract T-helper cell-mediated immunity. They secrete IL-10 and
TGFS to suppress inflammatory processes. Commensal bacteria in the intestine induce a specific
regulatory response to suppress inflammatory responses and allow persistent colonization. Like-
wise, H. pylori may profit from induction of a Treg response. In children, the immune response
against H. pylori is primarily regulatory with low levels of Thl and Thl7 cytokines in contrast
to adults [146, 147, 152]. This tolerogenic response is associated with less gastritis. Thus, the
regulatory component of the immune response might be lost over time during adulthood and lead
to progression of pathogenesis as Thl and Thl7 responses take over. Nevertheless, chronic H.
pylori infection is associated with the presence of regulatory T-cells and up-regulation of FoxP3,
IL-10, and TGFf in the gastric mucosa in adults as well [83, 114, 153, 154]. In the gastric mucosa
of patients, total Tregs and the proportion of Tregs within CD4" cells correlate positively with
bacterial density, which indicates that these cells are specifically recruited to the site of infection
[154, 155].

The mouse model mirrors human infection in inducing a regulatory T-cell response, as Tregs are
induced during H. pylori infection in immunocompetent mice [83, 117, 156]. This might partially
explain why a rather mild inflammation is observed during chronic infection in mice. Indeed, it
has been clearly demonstrated that IL-10 contributes to persistence of H. pylori infection. IL-10-
deficient mice display a much lower colonization level with concomitant more severe gastritis than
wild-type mice [116, 157, 158] (Table 7). In a long term infection study, complete clearance of
Helicobacter with resolution of a transient IFN~-dominated gastritis has been reported in IL-107/
mice [159]. Remarkably, this demonstrates again that the natural immune response is capable
to fight Helicobacter infections in absence of a regulatory response and suggests that overcoming
tolerogenic mechanisms might lead to protective immunity. In absence of IL-10, neutrophils seem to
effectively kill bacteria, as neutrophil depletion delays clearance of H. pylori in IL-107/" mice [158].
Furthermore, adoptive transfer of IL-10-deficient splenocytes into immunodeficient mice resulted in
augmented levels of gastritis compared to transfer of wild-type cells [116]. This suggests that T-cells
are the major source of IL-10. This was confirmed with IL-10/~ Rag™”/~ mice, where IL-10-deficiency
had no additional effect on the development of gastritis or colonization density [126]. Similar to
the IL-10 driven phenotype, adoptive transfer of Tregs (CD4+tCD25Meh) into Rag”/~ mice was
associated with less severe gastritis and higher bacterial load in these mice than when whole CD4"
cells or effector CD4™ cells were transferred [117, 118, 137]. In line with this, Tregs lacking IL-10
co-transferred with wild-type effector T-cells were unable to control inflammation and resulted in
inflammation similar to transfer of effector cells only [118]. Tregs unable to produce IL-10 seem to
lose their regulatory function and thus colonization was reduced to a similar extent as with effector
CD4 cells alone. Conversely, reconstitution of immunodeficient mice with lymphocytes depleted
from CD257 cells resulted in increased gastritis score and reduction of bacterial colonization [117].
The same phenotype of augmented gastritis and decreased bacterial burden was observed when
Tregs were depleted by an anti-CD25 antibody [83]. Thus, Tregs seem to establish an equilibrium,
preventing pathology but also allowing the bacterium to persistently colonize.
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Collectively, these studies demonstrate that the degree of gastritis and the colonization levels
are generally inversely correlated in mouse models defective in cells or cytokines of the adaptive
immune response. Furthermore, a complex T-helper cell response emerges during H. pylori infection
that changes over time and is distinct from the vaccine-induced immunity. During infection, IFN~
and T-cells are required to induce gastritis and also limit bacterial numbers but are inhibited by
IL-10-producing Tregs. Thus, the immune response elicited against H. pylori is effective but not
vigorous enough which may, in part, be attributable to the regulatory responses. The cellular
immune compartment seems to be able to control the infection at the cost of severe pathology, yet
effector mechanisms ultimately killing the bacterium are poorly understood. Still, bacterial factors
that inhibit effector T-cells and enhance regulatory T-cell responses may contribute to immune
evasion and favor persistence of H. pylori in the stomach.

1.2.3 Strategies of H. pylor: to cope with the adaptive immune response

In addition to immune evasion mechanisms that interfere with innate immunity, such as TLR recog-
nition, H. pylori possesses factors to counteract adaptive immune responses. Two secreted virulence
factors have been implicated in inhibition of T-cell responses, namely VacA and v-glutamyl trans-
ferase (gGT). VacA and gGT have been shown to inhibit T-cell activation and proliferation by
inducing a G1 arrest [160, 161, 162, 163].

The mode of action on T-lymphocytes has been described for VacA: Binding to LFA1 facilitates
internalization of VacA into lymphocytes, where it interferes with T-cell receptor signaling by
inhibiting nuclear factor of activated T-cells (NFAT) translocation to the nucleus which blocks IL-2
expression and subsequent T-cell proliferation [161].

The T-cell inhibitory capacity of H. pylori gGT was reported by our group [163, 164]. However,
the mechanism and signaling pathways by which this effect is mediated as well as the in vivo
relevance were still to be explored.

1.3 H. pylori v-glutamyltransferase

1.3.1 Characterization of H. pylori gGT

In contrast to VacA and CagA, H. pylori gGT is highly conserved and present in all clinical isolates
described so far. Hence, gGT activity is a common trait of gastric Helicobacters [62, 165]. The
strong gGT activity of H. pylori has long been recognized, as the enzyme is constitutively expressed
at high levels [166, 167]. It is among the 50 most abundant proteins in H. pylori and is mainly
found in the soluble fraction [168].

H. pylori gGT encoded by the hp1118 gene was first cloned by Chevalier et al. (1999), who
described several structural characteristics [62]. The enzyme is expressed as a pre-proform of about
60 kDa that contains a signal sequence for export into the periplasm. There it is autocatalytically
cleaved into a 40 kDa and a 20 kDa subunit, which form the enzymatically active heterodimer [169].
Serines at position 451 and 452 are important residues for coordinating the a-carboxylate group
of the substrate [170]. Substitution of these serines for alanins renders the enzyme inactive [163].
Therefore, the S451/S452A H. pylori gGT has been used as an enzymatically inactive control in
this thesis.

~v-Glutamyltransferases (Enzyme Comission number 2.3.2.2.) are N-terminal nucleophile hy-
drolases, that transfer y-glutamyl moieties to an amino acid or short peptide (transpeptidation) or
to a water molecule (hydrolysis). This enzyme is widely distributed among eukaryotes as well as
prokaryotes and was found to be structurally-related. In particular, the y-glutamyl binding site is
highly conserved among gGTs [170]. Great homologies were found within gGTs from Helicobacter
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species while H. pylori gGT shares about 50 % amino acid identity with other bacterial species
and 22 % with the human gGT [62, 171, 172]. From a structural perspective, it has been suggested
that H. pylori gGT rather acts as hydrolase than transpeptidase since it possesses a less defined
acceptor binding site compared to human gGT [170]. This supports the observation that H. pylori
gGT activity is induced upon presence of the acceptor substrate diglycyl, but to a lesser extent
compared to human gGT [170]. In mammals gGT is the key enzyme of glutathione metabolism
breaking down extracellular glutathione to release substrates to refill the intracellular stores for de
novo glutathione synthesis [173].

The most abundant ~-glutamyls of the stomach are glutamine and glutathione, which are most
likely the physiological substrates of H. pylori gGT. Glutamine is hydrolyzed to glutamate and
ammonium while glutathione is converted to glutamate and cysteinylglycine. Strong glutaminase
activity of H. pylori has been recognized even before gGT was described [174]. Subsequently, very
efficient conversion of glutamine and glutathione by H. pylori gGT has been demonstrated [175].
Furthermore, the production of ammonia by H. pylori in presence of 5 mM glutamine was mainly
gGT dependent [165].

1.3.2 Physiological effects of H. pylor:i gGT

The primary effects of H. pylori gGT activity, such as depletion of ~-glutamyl compounds and
production of ammonia or pro-oxidant factors, may affect the bacterium and the host during
infection in different ways (Figure 4). On the one hand, the bacterium seems to profit from gGT
activity by making important carbon and nitrogen sources accessible. On the other hand, gGT
activity may injure host cells by production of toxic ammonia, depletion of essential nutrients, and
interference with host metabolism.

H. pylori Glutamate as carbon
and nitrogen source

| Production of ammonia |

| Oxidative degeneration of GSH |

L,

Depletion of glutamine I

g Energy and substrate deprivation hostcell

s

Figure 4: Possible effects of H. pylori gGT during infection.

1.3.2.1 Role of H. pylori gGT in bacterial metabolism

Even though isogenic H. pylori gGT-deletion mutants show no growth defect in vitro, it has been
proposed that the bacterial metabolism profits from gGT activity [62, 175]. Initially, a y-glutamyl
cycle has been considered to be involved in uptake of amino acids and glutathione turnover as
observed in yeast. However, only very low concentrations of glutathione have been found in H. pylori
compared to other bacteria irrespective of gGT activity [62].

Three important ways in which H. pylori gG'T supports the bacterium have been proposed: it
facilitates access to glutamine as a carbon source, it is indirectly involved in nitrogen metabolism,
and it contributes to adjust the periplasmic pH (Figure 5).
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Figure 5: Contribution of H. pylori to energy metabolism, nitrogen assimilation, and acid stress
resistance.

Glutamine and glutamate are very important for meeting the metabolic requirements of
H. pylori. Under microaerophilic conditions, H. pylori preferably uses non-essential amino acids
such a glutamine, glutamate, asparagine, aspartate, serine, and proline as energy source that are
metabolized to acetate, formate, succinate, and lactate [174, 176]; while glucose is metabolized
rather slowly and to a lesser extent [177]. Glutamine/glutamate is consumed at a more than 3-
fold higher rate (0.483 mM/h) than other amino acids in defined medium comprised of an amino
acid mixture and essential compounds, such as nucleotide precursors and vitamins [176]. Following
'H-NMR spectra over time revealed that deamination is the first step of amino acid catabolism and
that the highest deaminase activity was due to deamination of glutamine [176]. The glutaminase
activity has been shown to be almost exclusively attributable to H. pylori gGT activity [174]. This
highlights the importance of H. pylori gGT in bacterial metabolism.

Glutamine cannot be internalized unless deaminated to glutamate by H. pylori gGT in the
periplasm even though genetic annotation indicated that H. pylori possesses an ATP-dependent glu-
tamine transport system (GInH and GInQ) [175]. It has been demonstrated that glutamate is taken
up by H. pylori through the glutamate permase (GltS) [175]. Once internalized, glutamate is con-
verted into intermediates of the energy metabolism such as succinyl-CoA, a-ketoglutarate /succinate
and glutamine [165, 175].

By making extracellular glutamine available, H. pylori gG'T indirectly contributes to intracel-
lular nitrogen metabolism. H. pylori encodes for a glutamate dehydrogenase (GdhA/HP0380),
which catalyzes the reversible conversion of glutamate to a-ketoglutarate and ammonium [14].
a-Ketoglutarate can be fermented or transformed into other amino acids. Furthermore, H. pylori
encodes for a glutamine synthetase (GlnA/HP0512) that catalyzes ATP-dependent formation of
glutamine from glutamate and ammonia [178]. This pair of glutamine synthetase and glutamine
dehydrogenase is found in all living organisms. Glutamine synthetase seems to play a partic-
ular important role for H. pylori, as ginA deletion mutants could not be generated [178, 179].
H. pylori wild-type could internalize and utilize '“C-glutamate as well as *C-glutamine, while in
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gGT-deficient H. pylori intracellular radiolabeled glutamine was only detected when '*C-labeled
glutamate was added to the bacteria [175]. In this way the intracellular glutamine level of H. pylori
depends on periplasmic gGT activity.

Like in mammalian cells, glutamine is an important nitrogen donor and precursor for proteins
and for nucleotide biosynthesis in H. pylori. Glutamine is required for the amidation of mischarged
tRNAs, for instance. Thus, a sufficient intracellular supply of glutamate and ammonia are likely
to be critical for H. pylori viability. The main nitrogen sources in the gastric mucosa available to
H. pylori are urea and amino acids. Like in many bacteria, ammonia plays a central role in nitrogen
assimilation in H. pylori [180]. Nitrogen is required for synthesis of nucleotides and other key biosyn-
thetic pathways of cellular metabolism. Intracellular conversion of urea to ammonia and carbon
dioxide by urease activity is a major source of nitrogen. Urease is a highly abundant protein that
makes up to 10 % of the total protein content [181]. It has been demonstrated that glutamine and
glutamate are major compounds produced by nitrogen assimilation from urea-dependent ammonia
production by H. pylori [180]. Thus, nitrogen assimilation depends on glutamate dehydrogenase
and glutamine synthetase activity. Surprisingly, an increase in ammonia assimilation by enhancing
glutamine synthetase and glutamate dehydrogenase activity is correlated with increased acid resis-
tance together with an increase of extracellular pH and urea-dependent ammonia production [179].
This indicates that ammonia may be shuttled out of the cell in an assimilated form, as glutamine,
for example, and may be liberated by H. pylori gGT in the periplasm.

It has been demonstrated that H. pylori gGT is part of the compartmentalized acid resis-
tance network that is comprised of intracellular urease, glutamine synthetase, and glutamate
dehydrogenase and of periplasmic amidases (glutaminase/gGT, asparaginase/AsnB). As produc-
tion of ammonia results in alkalization, nitrogen metabolism and acid resistance of H. pylori are
intimately linked. H. pylori is highly adapted to the acidic environment of the stomach. The pH in
the lumen of murine stomachs is around pH 3 (fed) and pH 4 (fasted) [182]. In humans, even lower
pH values of pH 2 are observed in the gastric juice under fasting conditions. Therefore, bacteria
are almost exclusively found in the mucus close to the epithelial cell layer where the pH is near
neutral [20].

Acid resistance of H. pylori is mainly mediated by urease-dependent conversion of urea to COq
and ammonia . Intracellular urease activity has been demonstrated to maintain periplasmic pH
at 6.2 [183]. However, at a neutral intracellular pH almost all of this ammonia is protonated
(NH4 ", pKa=9.24) which cannot diffuse freely and, therefore, not directly contribute to lowering
the periplasmic/extracellular pH. Yet, it is still unclear how alkalization of the cytosol and toxic
effects of NH4 T to the bacterium are avoided. It has been suggested that the urea transporter, Urel,
may act as antiporter that exports NH4 " in exchange for urea [184]. However, urease-independent
intracellular ammonium produced by overexpressed amidase AmiE was exported independently
of Urel [185]. Another suggestion was that export of glutamine would be a way of a net efflux
of ammonia [179]. Shibayama et al. (2007) described that when bacteria were incubated with
14 (C-glutamate, radiolabeled glutamine accumulated only in the cytosol of H. pylori AgGT, not
H. pylori wild-type [175]. From this observation it could be speculated that export of glutamine
may be dependent on gGT activity.

Urease is not necessarily the major producer of ammonia. It has been demonstrated that sev-
eral nitrogen sources can contribute to production of ammonia and alkalization of the surrounding
environment. In a H. pylori culture supplied with amino acids, but a limited amount of urea, a con-
siderable amount of up to 18 mM ammonia was produced mainly by deamination of glutamine and
asparagine by periplasmic glutaminase/gGT and asparaginase/AsnB, respectively [174]. Addition
of glutamine at a low urea concentration (0.1 mM) has been shown to protect H. pylori at pH 3,
while no additional effect of glutamine could be observed at a high urea concentration (2.5 mM)
[183]. Therefore, availability of these nitrogen sources in the habitat of H. pylori may be critical.
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Urea concentration in the stomach is about 1 - 5 mM, but this might be strongly reduced in the
environment surrounding the bacteria [186].

Periplasmic gGT activity has been linked to urease-dependent ammonia assimilation. Lack of
gGT led to an almost complete loss of urease-mediated acid resistance when H. pylori was exposed
to citric acid buffer containing 20 mM urea pH 3 [179]. Furthermore, H. pylori-deficient in gGT
was unable to raise the pH of the urea-containing buffer starting from pH 4.5 or pH 7.2 in contrast
to wild-type bacteria [179]. As no glutamine was provided in the buffer, it has been suggested that
glutamine might be exported to the periplasm where it could be hydrolyzed by gGT to release
ammonia [179]. This indicates that gGT-dependent hydrolysis of glutamine resulting in glutamate
and ammonium raises the periplasmic pH as ammonium (NH3) is immediately protonated to NH4 ™.

Collectively, these reports indicate that contribution of H. pylori gGT to energy metabolism,
nitrogen assimilation, and acid resistance are intimately linked in an interdependent network. How-
ever, the importance of gGT for H. pylori metabolism during infection has not been studied in
Vivo.

1.3.2.2 Role of H. pylori gGT during infection

Unlike other virulence factors such as CagA or VacA, H. pylori gGT is important for colonization
of the stomach. The fact that gGT-deficient H. pylori strains are viable and expand in wvitro
but that gGT activity is nonetheless present in all clinical isolates indicates that it is providing a
major advantage during infection. There are conflicting reports from animal studies on whether
gGT activity is required for initial infection and/or persistence. The first report on experimental
infection of outbred Swiss mice with a gGT-deficient H. pylori SS1 strain concluded that gGT
is essential for colonization also in mice, since bacteria failed to establish infection from the first
day on [62]. In a consecutive study gnotobiotic-piglet and C57Bl1/6 mice were infected with gGT-
deficient H. pylori M5 and got colonized, albeit at a lower rate [187]. Remarkably, a threefold
lower colonization was detected in mice that got infected with the gGT-deficient strain compared
to those colonized with the wild-type bacterium. A third study proposed the requirement of gGT
for persistence [98].

Furthermore, H. pylori gGT activity is associated with severity of disease. The gGT activity
of H. pylori isolated from patients has been correlated to the histopathology in these individuals.
Bacterial isolates from patients with duodenal and gastric ulcers had more active gGT than isolates
from individuals with non-ulcer dyspepsia [171]. Another study found that gGT activity was greater
in gastric cancer patients compared to those with chronic gastritis [188], supporting the hypothesis
that H. pylori gGT is indeed clinically relevant.

To answer the question how H. pylori gG'T contributes to gastric inflammation and even cancer
development, several studies have been performed on human gastric epithelial cells. Mostly,
the gastric adenocarcinoma cell line AGS was used. Induction of inflammation and cell death
by production of toxic ammonia, depletion of glutamine and induction of oxidative stress have
been attributed to H. pylori gGT activity [171, 188, 189, 190, 191, 192]. Initially, fractionation of
H. pylori supernatants led to identification of H. pylori gGT as an apoptosis inducing factor in
AGS cells [189]. Native purified enzyme as well as recombinant H. pylori gGT induced cell death
in gastric epithelial cells, which was strictly dependent on enzymatic activity [189, 190, 191]. A
major CagA /VacA-independent contribution of gGT in H. pylori-induced cell death was confirmed
by the use of gGT-deletion mutants. H. pylori lacking gGT was no longer able to cause death of
epithelial cells [189, 190, 191, 192]. H. pylori-associated cell death has been reported to be apoptotic
and necrotic. H. pylori gGT-induced apoptosis was shown to be dependent on mitochondria-
mediated pathways through caspase-3 and -9 activation and Bcl-2 family members and to be a
consequence of a cell cycle arrest at G1-S phase transition [190]. In contrast to apoptosis, necrosis
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of gastric epithelial cells induced by H. pylori gGT might favor release of nutrients but also of
proinflammatory proteins [189].

Moreover, inflammatory pathways altered in response to H. pylori gG'T activity were studied
in gastric epithelial cells. In contrast to gGT-deficient strains, wild-type H. pylori induced ox-
idative stress in gastric epithelial cells which affected the expression of stress responsive genes,
such as NFxB, Cox-2, and survivin, and promoted oxidation of DNA [171, 192, 193]. H. pylori
gGT was shown to induce Cox-2 and EGF-related peptides though PI3K and p38 pathways [193].
Furthermore, gGT reduced survivin level and interfered with host cell viability [192]. H. pylori
gGT-derived HyO49 activated NFxB and led to increased IL-8 secretion [194]. Thus, H. pylori gGT
may induce oxidative stress and promote inflammatory responses in gastric epithelial cells through
the NFxB-IL-8 pathway. Supplementation of glutamine and glutathione could counteract the ef-
fects of H. pylori gGT on IL-8 induction in gastric epithelial cells, whereas release of ammonia was
shown to be insufficient to cause damage [188]. In another study, supplementation of glutathione
protected from H. suis gGT-induced apoptosis but resulted in increased non-apoptotic cell death
due to lipid peroxidation by glutathione-derived HaOg [191]. Collectively, these results suggest
that H. pylori-induced apoptosis of epithelial cells and increase of IL-8 secretion may, in part, be
attributed to gGT activity.

Additionally, H. pylori gGT directly affects immune cells. gGT may contribute to persistence
of H. pylori infection through manipulation of immune cells. Immunoregulatory effects of H. pylori
gGT have been suggested for T-lymphocytes and dendritic cells [98, 163]. Bone marrow-derived
dendritic cells pulsed with gGT-deficient H. pylori or dendritic cells isolated from mice infected
with gGT-deficient H. pylori failed to direct naive T-cells towards a regulatory phenotype in con-
trast cells exposed to H. pylori wild-type [98]. Thus, H. pylori gGT may contribute to induce
tolerogenic dendritic cells that suppress effector T-cell responses. Moreover, a direct inhibitory ef-
fect of H. pylori gGT on effector T-cells has been proposed. Supernatant from wild-type H. pylori
blocked proliferation of T-cells, whereas the supernatant from the isogenic gGT-deletion mutant
did not [163]. Inhibition of proliferation was due to the enzymatic activity of gGT as the recom-
binant protein was able to confer the effect, but the enzymatically inactive mutant was inefficient.
Impairment of proliferation was attributed to cell cycle block and to changes in the Raf-signaling
pathway; yet, a more detailed mechanism remained to be explored.

As previous results from our group show that gGT affects T-cell proliferation and since T-cells
are very important for immune responses against H. pylori infection, gGT-dependent effects on
T-cells were analyzed in this thesis.

1.4 Glutamine-dependent metabolism of activated T-cells

H. pylori gGT has glutaminase activity and glutamine supply is critical for activated T-cells. Thus,
the glutamine level might link gGT activity to functional defects of immune cells.

1.4.1 T-cell receptor-dependent activation of T-cells

Activation of T-cells requires two stimulatory signals: T-cell receptor (TCR) ligation and co-
stimulatory signal induction. First, T-cells need to recognize a cognate peptide antigen bound
to MHC molecules through ligation of a surface bound TCR with an adequate affinity. A TCR
is comprised of two out of four highly polymorphic protein chains linked via disulfide bonds to
form heterodimers. af T-cells are most common and account for up to 95 - 98 % of T-cells in
lymphatic organs or the blood stream, while «é T-cells are mainly found in epithelial cell layers, as
intraepithelial lymphocytes. a3 T-cells display highly diverse TCRs that recognize specific peptide-
MHC complexes, whereas antigen recognition of yd T-cells is more generic and does not require
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classical MHC presentation. The T-cell receptor complex is formed by TCR with accessory CD3-
and (-chains. Second, co-stimulatory factors are required since otherwise anergy is induced [195].
CD28 is a very potent co-stimulatory molecule that binds to APC-associated accessory B7 molecules
(CD80 and CD86) and enhances TCR-mediated signaling via the PI3K pathway [196]. Another
factor that augments TCR-dependent signaling is CD2. When a peptide engages with the TCR
in the context of an MHC molecule together with co-stimulatory factors, an activation signal is
transduced inside the cells to activate the T-lymphocyte. CD4 molecules support the interaction
with MHCII in T helper cells and CD8 molecules are required for interaction with MHCI in cytotoxic
lymphocytes. Activation of T-cells induces multiple signaling pathways involving calcium flux,
MAPK, and PI3K signaling that ultimately result in up-regulation of activation markers (e.g.
CD69), IL-2 signaling, induction of proliferation, and differentiation into cytokine secreting effector
cells. Cytokines act in a autocrine and paracrine manner resulting in a positive feedback loop to
fully activate T-cells.

1.4.2 Shift of T-cell metabolism upon activation

Activation of naive T-cells requires metabolic reprogramming to meet the energetic and biosynthetic
demand of the following phase the clonal expansion [197]. Only recently, our understanding was
extended on how TCR-dependent activation and adaptation of the metabolic machinery are linked
to allow proper induction of immune responses. Upon stimulation, T-cells undergo a phase of cell
growth for about 24 hours, which is characterized by an increase in biomass and cell size [197].
During this period, protein and fatty acid biosynthesis as well as ATP synthesis is strongly increased
in activated T-cells [197]. These adaptations are necessary to prepare lymphocytes for rapid cell
divisions during clonal expansion.

Activated lymphocytes consume large amounts of glucose and glutamine for energy and biosyn-
thetic metabolism. While resting T-cells derive most of their energy from oxidative phosphorylation,
proliferating lymphocytes switch to aerobic glycolysis and glutaminolysis, even though oxygen is
not limiting [197] (Figure 6).
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Figure 6: Metabolism of activated T-cells is shifted towards glutaminolysis and glycolysis.

Upon stimulation, glucose uptake is massively increased (up to 50-fold) [198]. In resting T-cells,
pyruvate derived from glucose is converted to acetyl-CoA that enters the tricarboxylic acid (TCA)
cycle, whereas pyruvate is mostly used for formation of lactate by lactate dehydrogenase in activated
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T-cells [197]. Although this activation-induced metabolic mode is less efficient concerning the yield
of ATP production, it provides intermediates for metabolic pathways. Another advantage is that
ATP can be generated at a higher speed [199].

Glutamine uptake and rate of utilization is induced to a similar or even greater extent than that
of glucose upon lymphocyte activation [200, 201]. Following uptake into lymphocytes, glutamine is
rapidly converted to glutamate [201, 202]. This reaction is performed by a highly active glutaminase
and represents the first and most important step of glutamine utilization. Glutamine has an
important role as precursor of glutamate, the most abundant amino acid intracellularly. Most
glutamine taken up by activated lymphocytes ends up as glutamate, aspartate, lactate, ammonia,
and a low percentage as COs [203]. Hence, glutamine is only partially oxidized (glutaminolysis).
Glutaminolysis is the main pathway of glutamine utilization in T-cells with a high flux to meet the
requirements of biosynthetic pathways that branch from it at lower rates when demanded [204].
Thus, glutamine is not solely used as an energy source but also as an important precursor of
nucleotides, proteins, and glutathione biosynthesis [205, 206]. Although T-cells are capable of de
novo glutamine synthesis in principle, glutamine is conditionally essential for rapidly dividing cells
such as activated lymphocytes [200, 207].

1.4.3 Control of glutamine metabolism in T-lymphocytes

Metabolic reprogramming induced upon T-cell activation is tightly regulated by coordinated ex-
pression of different transcription factors. One of the best studied is cMyc, which activates genes
involved in mitochondrial biogenesis, glycolysis, glutamine metabolism, and transport in activated
T-lymphocytes [197]. Additionally, cMyc expression depends on glutamine levels and is directly
linked to proliferation of activated lymphocytes [197, 208]. Furthermore, mammalian/mechanistic
target of rapamycin (mTOR), extracellular signal kinase (ERK), and AKT pathway are involved
in cMyc induction upon stimulation [197].

More recently, interferon regulatory factor 4 (IRF4) has been pointed out as another impor-
tant transcription factor involved in activation-induced metabolic reprogramming of T-cells that
regulates the expression of essential enzymes required for aerobic glycolysis of effector T-cells [209].

1.4.3.1 Glutamine sensing in T-lymphocytes

Even though it is clear that T-lymphocytes are extremely sensitive to extracellular glutamine levels,
it is still not well known how T-lymphocytes sense glutamine and deal with glutamine-limiting
conditions. Direct and indirect modes of glutamine sensing have been suggested (Figure 7).

A particularly well-characterized nutrient-sensing signaling pathway driving anabolic metabolism
involves mTOR that surveys amino acid availability and integrates a wide array of environmental
cues- To control cell growth, it promotes protein biosynthesis and ribosomal biogenesis. The best
characterized mTOR targets are ribosomal S6 kinase (S6K) and eukaryotic translation initiation
factor 4E binding proteins (4E-BPs) [210]. In T-cells, mTOR is a key regulator that integrates
immune signals and metabolic state to allow proper activation and differentiation [211]. Glutamine
indirectly activates mTOR by facilitating uptake of essential amino acids, such as leucine, via the
SLC7A5/SLC3A2 (LAT1/4Fhc) antiporter [212]. These, in turn, modulate mTOR activity by a
yet unknown mechanism. Besides amino acid availability, energy balance and costimulatory fac-
tors modulate mTOR activity. AMP-activated protein kinase (AMPK) senses the ratio of AMP
to ATP as an indicator for the intrinsic energy level. AMPK activation leads to conservation of
ATP through inhibition of mTOR activation and subsequent biosynthetic pathways. In T-cells,
AMPK is activated by TCR-induced calcium flux activation [213]. CD28 costimulation on T-cells
promotes PI3K/AKT pathway which can also activate mTOR. AKT is known to be a key regulator
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Figure 7: Amino acid sensing pathways in T-lymphocytes.

of glucose metabolism in T-cells [214, 215].

Another pathway known to be involved in nutrient sensing is the MAP-kinase pathway. Three
groups of MAP-kinases (ERK, p38, and JNK) are activated by different stimuli. The Raf/ERK
pathway is induced upon TCR-dependent, growth factor, and mitogen mediated stimulation. It
induces cellular growth, proliferation, and differentiation; while p38 and JNK are activated by
cellular stress and are associated with apoptotic pathways.

Amino acid deprivation, mainly of arginine and tryptophan, trigger the amino acid response
pathway [216]. The effector kinase of this pathway is general control nonderepressible 2 (GCN2)
kinase that senses free tRNA, stops protein biosynthesis by phosphorylation of eukaryotic initiation
factor 2a (elF2a), and increases activating transcription factor 4 (ATF4) that binds to amino acid
response elements (AARE) of target genes [217].

1.4.3.2 Glutamine transport in activated T-lymphocytes

The great demand for external glucose and glutamine of activated T-cells is associated with en-
hanced uptake. Yet, T-cells require external signals to up-regulate transporters for import of
nutrients. For glucose, ligation of TCR together with CD28 induces import of glucose via Glutl
in a PI3K/AKT-dependent manner [198, 214]. Likewise, the expression level of transporters limits
glutamine import. Besides their transport activity, they may act as nutrient sensors [218]. TCR
activation strongly induces glutamine but not glutamate import into T-cells [219]. A lack of trans-
port mechanisms explains why glutamate plus ammonia, aspartate, or asparagine cannot replace
glutamine [200]. As glutamate is negatively charged at neutral pH, it cannot use the same trans-
porter as glutamine. Only nucleotides and nucleosides can partially substitute for the glutamine
required for proliferation, in particular in combination with a-ketoglutarate [197, 220].

Glutamine transporters that have been shown to be required to import glutamine in acti-
vated lymphocytes are sodium-coupled neutral amino acid transporter 1 (SNAT1/SLC38A1) and
ASC-like sodium-dependent neutral amino acid transporter 2 (ASCT2/SLC1A5) that cotransport
glutamine along an inward sodium gradient [219, 221]. SNAT?2 expression is induced upon T-cell
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activation and is controlled by ERK in response to amino acid deprivation [219, 222]|. Besides
SNAT2, ASCT?2 is also required for activation-induced uptake of glutamine in T-cells [221]. More-
over, ASCT?2 is the only glutamine-responsive gene with a putative AARE in its promoter [223].

1.4.4 Glutamine in immune function

Despite the fact that glutamine is the most abundant amino acid in plasma (300 - 700 pM), it
becomes limiting to immune cells under conditions of metabolic stress. Glutamine-deprivation
results in inhibition of lymphocyte activation and proliferation [219]. Not only lymphocytes, but
also cells of the innate immune system, such as macrophages and neutrophils, depend on sufficient
glutamine supply to exert their phagocytic and secretory ability [204]. Interestingly, decreased
glutamine levels in response to severe injury and trauma are associated with increased susceptibility
to infections. Moreover, glutamine supplementation for critically ill patients is general practice
in intensive care units to support immune function [224]. Therefore, it has been proposed that
glutamine depletion results in immunosuppression. Indeed, oral glutamine supplementation has
beneficial effects regarding inflammation and pathology during H. pylori infection in rodents [225,
226]. Yet, it is not clear whether this is only beneficial for epithelial cells or whether immune cells
also profit from additional glutamine.

1.5 Hypothesis and Aims

Our understanding of how H. pylori gG'T interacts with the host’s immune system is still rudi-
mentary; even though its great importance in pathogenicity and for colonization has been clearly
demonstrated. The underlying mechanisms remain obscure, particularly in the in vivo situation.
Although effects on various cell types have been described, the role of H. pylori gGT during infec-
tion is still unknown. On the one hand, the bacteria may profit from production of ammonia and
glutamate. On the other hand, H. pylori gGT may harm the host through depletion of glutamine
and production of ammonia. Induction of inflammation due to damaged epithelial cells and im-
munomodulatory effects due to dampening of efficient T-cell responses may be the consequences.
Thus, H. pylori gGT may, in part, account for the lack of an adequate immune response towards
the bacterium.

The main aim of this thesis was to explore how H. pylori gG'T modifies T-cell responses and
interferes with T-cell functionality in vitro and in vivo.

The specific aims were:

To identify the molecular mechanisms by which H. pylori gGT inhibits T-cell proliferation.

To investigate how H. pylori gGT affects T-cell activation and effector cytokine production.

To identify signaling pathways in T-lymphocytes that were altered by H. pylori gGT.

To analyze contribution of gGT activity to immune modulation in vivo.

To assess whether inhibition of gGT activity or supplementation of glutamine enhance the
host’s protective immune response against H. pylori.



Chapter 2

Material and methods

2.1 Helicobacter strains and culture

2.1.1 Helicobacter media, plates, and supplements

For plating of H. pylori, Wilkins Chalgren (WC) blood agar plates were used. 43 g/l WC-agar
(Oxoid) and 0.8 g/l potassium nitrate (Merck) were dissolved in deionized water. WC-agar was
autoclaved and cooled down below 60 °C before 1 vial Dent supplement (Oxoid) and 10 % defib-
rinated horse blood (Oxoid) were added. Dent’s supplement is an antibiotic mixture comprised
of vancomycin, trimethoprim, cefsoludin and amphotericin B [227]. To prepare plates for plating
of stomach homogenates, 1 % (v/v) “Extra” supplement including further antibiotics (200 pg/ml
bacitracin, 10 pg/ml nalidixic acid, 3 pg/ml polymycin B) to select for H. pylori was added. Plates
were stored at 4 °C.

Brucella broth (BB) dent medium was used as liquid medium for H. pylori. 45 g/1 Brucella
broth (Oxoid) was dissolved in deionized water and autoclaved. After medium cooled down, 1 vial
Dent supplement and 10 % fetal calf serum (FCS, Sigma-Aldrich) were added. Medium was stored
at 4 °C.

2.1.2 H. pylor: strains

H. pylori “pre-mouse” Sydney strain 1 (PMSS1) was used in this thesis (kindly provided by Prof.
Anne Miiller, Institute of Molecular Cancer Research, University of Zurich). In contrast to the
commonly used mouse adapted SS1 strain, it is capable to translocate CagA into host cells [65].
Thus, PMSS1 possesses a higher virulent potential leading to more severe pathology. Additionally,
H. pylori PMSS1 AgGT, a gGT-deficient isogenic strain, was used (kindly provided by Raphaela
Semper [98]). The deletion mutant was created by insertion of a kanamycin resistance gene into
the gGT gene of the sequenced H. pylori strain G27 [163]. The competence of H. pylori to undergo
natural transformation was exploited to transfer the insertion into the PMSS1 background. 2 pg
DNA from G27 harboring the interrupted gene was mixed with H. pylori PMSS1. The mixture was
incubated for 30 min at 37 °C and plated on WC-dent plates that contained 50 pg/ml kanamycin
to select transformed bacteria. Several colonies were picked and expanded. Deletion of gGT was
confirmed by genotyping (Chapter 2.1.4) and a gGT activity assay (Chapter 2.3.1).

2.1.3 H. pylor: culture and stock preparation

H. pylori were plated on WC-dent agar and kept in a microaerophilic (5 % Oz, 10 % CO3) humid-
ified atmosphere at 37 °C. gGT-deficient H. pylori was cultivated on plates containing 50 pg/ml

34
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kanamycin as selective antibiotic. To minimize genetic variations, aliquots were prepared and
freshly thawed for each experiment. Bacteria (100 pl aliquots) were stored in freezing medium
(BB-dent, 20 % FCS, 20 % glycerol) at -80 °C. To obtain highly viable bacteria, H. pylori stocks
were plated on WC-dent blood agar plates, incubated overnight and then spread on further plates
to expand bacteria for two to three days. Viability and high proportion of spiral-shaped bacteria
was confirmed by microscopy.

2.1.4 Genotyping of H. pylor: strains
2.1.4.1 Isolation of bacterial DNA

Genomic DNA of H. pylori was isolated with the DNeasy Blood & Tissue Kit (Qiagen) following
manufacturer’s instruction. DNA concentration was determined by absorbance at 260 nm measured
with a spectrophotometer (NanoDrop ND-1000, Thermo Scientific). Absorption of 1 at 260 nm
corresponds to 50 pg/ml DNA.

2.1.4.2 Polymerase chain reaction

To amplify and determine the length of a desired DNA fragment, polymerase chain reaction (PCR)
was performed. PCR allows exponential amplification of DNA segments using specific complemen-
tary oligonucleotide primers.

A PCR mix was prepared and a PCR program was run in a T3000 Thermocycler (Biometra).

PCR Mix PCR Program

2x GoTaq Green Mastermix 10 pl Initial denaturation 95 °C, 2 min
forward primer 10 uM 1 pl Cycle (30x)

reverse primer 10 pM 1l Annealing 55 °C, 30 sec
DNA (20 - 100 ng) 1yl Elongation 72 °C, 1 min
nuclease free water 7l Denaturation 95 °C, 30 sec
by 20 ul Final extension 72 °C, 5 min

The 2x GoTaq Green Master Mix (Promega) contained Tag DNA polymerase, 3 mM MgCl,
400 pM dNTPs and a blue and yellow dye to monitor progress during gel electrophoresis. Following
primers were used to screen for insertion of the kanamycin resistance cassette in the H. pylori gG'T
gene: forward 5’- AAACGATTGGCTTGGGTGTGATAG -3’ and reverse 5’- GACCGGCTTAG-
TAACGATTTGATAG -3’.

2.1.4.3 Agarose gel electrophoresis

The size of amplified DNA fragments was determined by agarose gel electrophoresis. When DNA
is placed into agarose gel matrix, it can be separated by size in an electric field. This method is
based on the property of negatively charged DNA to migrate towards the positively charged anode.
To prepare agarose gels, 1 % agarose (w/v) were solved in TAE-buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA, pH 8.4) by heating and cooled below 60 °C before 5 pl Roti-GelStain (Roth)
were added to 100 ml agarose solution. Gel was cast in a gel tray before it was submerged in a
horizontal electrophoresis tank (Bio-Rad) containing TAE buffer. PCR samples (5 pl) were directly
loaded into gel pockets. A 1 kb GeneRuler DNA Ladder (Thermo Scientific) was loaded into the
first lane to estimate fragment size. Electrophoresis was performed at 100 V for about 30 min.
Gels were imaged under UV light using the ChemiDoc Imager (Bio-Rad).
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2.2 Expression of recombinant proteins

gGT from H. pylori, Campylobacter jejuni (C. jejuni) and horse (Equus caballus) were used in this
thesis. H. pylori gG'Ts were obtained as described below. Expression strains and C. jejuni gGT
were kindly provided by Dr. Christian Bolz. Equine gGT was purchased from Sigma-Aldrich.

2.2.1 Cultivation, induction, and harvesting

Recombinant H. pylori gGT (rgGT) and inactive S451/452A ¢GT mutant were recombinantly
expressed as previously described [163]. In short, 500 ml TBex medium (12 g/1 trypton (Oxoid),
24 g/1 yeast extract (BD), 0.4 % glycerol, 89 mM K-Pi, 2 mM MgSQOy, 100 pg/ml ampicillin, 0.2 g/1
polypropylene glycol 2000) per 2 1 shaking flasks were inoculated with E. coli expression strain and
incubated overnight in an orbital shaker (275 rpm, 30 °C). For recombinant protein expression,
bacteria were induced with 1 mM Isopropyl-g8-D-Thiogalaktopyranosid (IPTG) for 6 h at 25 °C.
Bacteria were harvested by centrifugation (5 000 g, 10 min, 4 °C). The pellet was resuspended in
10 volumes (w/v) cell disruption buffer (100 mM Tris pH 8.0, 500 mM NaCl, 150 U/g DNasel,
5 mM MgCly, 0.1 mM 4-(2-Aminoethyl)-benzolsulfonylfluorid) with an Ultra-Turrax T25 (IKA) and
disrupted by a high pressure homogenizer (GEA Niro Soavi) at 800 - 1 200 bar. The supernatant
was cleared by centrifugation (20 000 g, 30 min, 4 °C).

2.2.2 Purification by affinity, ion exchange, and size exclusion chromatography

Proteins were purified by a sequence of different chromatography steps performed using an Akta
avant 25 system (GE Healthcare). First, polyhistidine-tagged proteins were purified by immobilized
metal affinity chromatography (IMAC). Recombinant proteins were held back by Ni-ions immo-
bilized on a HisTrap FF crude 5 ml column (GE Healthcare). After contaminations were washed
out, the protein was eluted by an imidazole gradient. Therefore, the binding buffer (100 mM Tris,
500 mM NaCl, pH 8) was replaced by increasing amounts of the elution buffer (100 mM Tris,
500 mM NaCl, 500 mM Imidazole, pH 8.0). To remove salt from protein fractions, buffer was
changed by cross flow filtration or dialysis. Secondly, cation exchange (CEX) chromatography was
performed using a HiScreen SP FF column (GE Healthcare). Finally, polishing was achieved by
size exclusion chromatography (SEC) with HiLoad Superdex 200 column (GE Healthcare). Protein
was concentrated with 10 kDa Amicon Ultra 15 ml centrifugal filter devices (Merck Millipore) to
about 1 mg/ml, aliquoted, and stored at -80 °C.

2.2.3 Determination of protein quality and concentration

Sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS PAGE) (Chapter 2.6.3) was per-
formed with protein fractions from SEC and gels were stained with Coomassie brilliant blue to
confirm purity and auto processing of the enzymes. Furthermore, H. pylori gGT activity was
checked in the gGT activity assay (Chapter 2.3.1). After protein fractions were pooled, protein
concentration was determined either by Pierce BCA Protein Assay Kit (Thermo scientific) ac-
cording to the manufacturer’s instructions using a bovine serum albumin (BSA) standard or by
spectrophotometry at 280 nm using the NanoDrop ND-1000. The NanoDrop Software calculated
protein concentration (c) from absorption at 280 nm (A280), the molecular weight (MW), and
molar extinction coefficient (280) of the protein of interest by the following equation:

~ A280 x MW
N £280

For H. pylori gGT MW is 59.64 kDa and 280 49 280 M-! cm™.

C
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2.3 Assessment of gGT activity

2.3.1 gGT activity assay

To determine gGT activity in presence of various substrates or in preconditioned medium, a colori-
metric gGT activity assay was used. This assay is based on the transfer of a v-glutamyl group from
the donor substrate L-y-glutamyl-p-nitroanilide (gGpNA, Sigma-Aldrich) to glycyl-glycine (GlyGly,
Sigma-Aldrich) as acceptor dipeptide which results in the liberation of p-nitroaniline (yellow). The
assay was performed in a 96-well format in 200 pl reaction volume. 0.1 M Tris-HCI pH 8 was used as
reaction buffer and the reaction was started by addition of gGpNA (final concentration 0.5 mM, if
not stated differently) and GlyGly (final concentration 20 mM). Release of p-nitroaniline was mea-
sured at 405 nm by spectrophotometry (Mithras LB940 Multimode Microplate Reader, Berthold)
over 15 min at 37 °C.

2.3.2 Enzymatic glutamate assay

An enzymatic assay to determine the glutamate concentration in cell culture medium treated with
H. pylori gGT was conducted as described by Wickham et al. (2011) [228]. In principle, glutamate
is oxidized by glutamate dehydrogenase (GDH) while nicotinamide-adenine dinucleotide (NAD™)
is reduced to NADH. NADH, in turn, is oxidized by diaphorase, reducing iodonitrotetrazolium
(INT) to the colored product INT-formazan that can be detected at 490 nm. The amount of
INT-formazan formed is stoichiometric to the amount of L-glutamate. The assay was performed
in a 96-well format. A glutamate standard curve and sample medium was diluted in assay buffer
(100 mM NagHPOy, 3.2 mM KCl, 1.8 mM KHyPOy, 27.5 mM NaCl, pH 7.4) to a final volume of
100 pl. Then, 40 pl of reaction solution (238 mM triethanolamine, 30.1 mM KoHPOy, 1.5 % Triton
X-100, 0.013 % sodium azide, 3.85 mM NAD™, 275.1 mM INT, 25 mU diaphorase, 500 mU GDH,
pH 7.4) was added to initiate the reaction. The reaction was monitored continuously at 490 nm
in a Mithras Microplate Reader (Berthold) for 30 min at 37 °C. The glutamate concentration was
calculated from the absorption differences (AA=A ax-Amin) using a glutamate standard curve.

2.3.3 Quantitative liquid chromatography/mass spectrometry

Quantitative analysis of glutamine and glutamate was established by Max Koch (Chair of or-
ganic chemistry, Prof. Sieber, TUM) using liquid chromatography followed by mass spectrometry
(LC-MS). To measure glutamine and glutamate levels, preconditioned medium was shock frozen
at indicated times and filtered through 3 kDa centrifugal filter tubes at 4 °C. Stomach tissue was
homogenized in 500 pl 0.1 M Tris pH 8 and cleared by centrifugation (10 000 g, 15 min, 4 °C).
Then, supernatant was filtered through a 3 kDa centrifugal filter at 4 °C. Samples were stored at
-80 °C.

The samples were analyzed by LC-ESI-MS on a Thermo Finnigan LTQ FT-ICR and were
eluted by a Dionex UltiMate 3000 with a flow of 0.2 ml/min over a Phenomenex Luna aminopropyl
column (150 x 2.0 mM, 5.0 pm particle size) at 30 °C. Eluting buffers were 0.1 % formic acid in HoO
(pH 2.7) and 0.1 % formic acid in HyO/acetonitrile 10/90 (pH 2.9). The chromatographic eluent was
directly introduced into the ion source. All data acquisition and processing were controlled by LTQ
software (Xcalibur 2.1). Mass calibration curves of L-glutamine and L-glutamate were obtained at
six different concentration ratios. For absolute quantification the internal standards were added
to the samples and the areas of deuterated and undeuterated amino acid were determined. The
absolute concentrations were calculated from the obtained ratios and the linear equations of the
calibration curves.
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2.4 Cell culture based analyses

2.4.1 [Isolation and cultivation of primary lymphocytes and cell lines
2.4.1.1 Jurkat T cell line

The non-adherent leukemic T-cell line Jurkat [229] was obtained from the American Type Cul-
ture Collection (Number TIB-152). Cells were cultured in RPMI-1640 (Gibco, Life Technologies)
medium containing 2 mM L-glutamine supplemented with 1 % penicillin/streptomycin (Gibco, Life
Technologies) and 10 % FCS. Cell concentration was maintained between 5 x 104 to 1 x 10° cells/ml
at 37 °C in a 5 % CO2 atmosphere. Cells were split every three to four days. For the experiments,
Jurkat cells were diluted to 5 x 10% cells/ml. Prior to treatment with preconditioned medium, cells
were washed with phosphate buffered saline (PBS, Gibco, Life Technologies).

2.4.1.2 Isolation of PBMCs and T cells

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density
centrifugation using Biocoll (1.077 g/ml; Biochrom) after informed consent. In brief, heparinized
blood was diluted 1:1 with PBS, layered over an equal volume of Biocoll in 50 ml conical tubes and
centrifuged without brake at 400 g for 30 min. The mononuclear cell layer, found at the interface
between plasma and Biocoll, was carefully transferred into a new tube and washed twice with PBS
(300 g, 10 min). T-cells were purified from PBMCs using Pan T-cell Isolation Kit (Miltenyi Biotec)
with LS separation columns by negative selection with antibodies against CD14, CD15, CD16,
CD19, CD34, CD36, CD56, CD123, and CD235a according to manufacturer’s instructions. Cells
were incubated overnight at 1.25 to 2.5 x 10% cells/ml in glutamine-free RPMI-1640 (Gibco, Life
Technologies) medium supplemented with 1 % penicillin/streptomycin and 10 % FCS at 37 °C and
used for experiments the next day.

2.4.2 Preparation of preconditioned medium

Preconditioned media were prepared as follows: glutamine-free RPMI-1640 medium containing 10 %
FCS was used. 2 mM glutamine was added before preconditioning when indicated. Subsequently
medium was either treated with recombinant H. pylori gGT or live H. pylor: at a multiplicity
of infection (MOI) of 5. As a suspension with an optical density of 1 at 600 nm corresponded
to an inoculum of about 2 x 10® colony-forming units (CFU), the OD600 was adjusted to 0.03.
Then, the medium was incubated at 37 °C to allow enzymatic turnover of substrates for 24 h
or 72 h. To abrogate enzymatic activity before cells were placed into preconditioned medium, the
medium was subjected to heat-treatment (65 °C, 30 min). To confirm inactivation, 50 pl aliquots of
each preparation were subjected to the gGT activity assay (Chapter 2.3.1). Corresponding control
media leaving out glutamine and/or rgGT and/or H. pylori wt/AgGT and/or heat-treatment were
prepared in parallel. The experiment started when PBMCs were placed into preconditioned medium
and supplemented with glutamine or other factors.

2.4.3 Activation and H. pylor: gGT treatment of lymphocytes

Primary lymphocytes were either activated with mitogens, 20 ng/ml Phorbol-12-myristate-13-
acetate (PMA) and 500 ng/ml Ionomycin (Iono) obtained from Sigma-Aldrich, or TCR-dependently
stimulated with aCD3-, aCD2-, and aCD28-coated T-cell expansion beads (2:1 cell:bead ratio,
Miltenyi Biotec). For supplementation, substances such as L-glutamine (Applichem), D-glutamine
(Sigma-Aldrich), reduced glutathione (Applichem), dithiothreitol (Applichem), S-mercaptoethanol
(Sigma-Aldrich) and recombinant human IL-2 (eBioscience) were added at the time of stimulation.
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H. pylori gGT was either directly added to the cells or medium preconditioned with gGT was used
to expose cells to gGT effects. Cells were incubated at 37 °C in a 5 % COq atmosphere for different
times.

2.4.4 [*H]-thymidine incorporation assay

A thymidine incorporation assay was employed to analyze proliferation of lymphocytes. This assay
monitors DNA synthesis as the radiolabeled [*H]-thymidine is incorporated into new strands of
DNA. Thus, the amount of radioactivity measured as counts per minute (cpm) is proportional to
number of proliferating cells. Stimulated PBMCs (1.25 x 10° cells/well) or Jurkat cells (5 x 103
cells/well) were seeded in 96-well plates (100 ul/well) and treated for 72 hours. [*H]-thymidine
(1 pnCi/well) (Hartman Analytic) diluted in PBS was added (10 pl) 24 hours before termination
of cultivation using a multipette with sterile 0.5 ml Combitips (Eppendorf). After cultivation,
cells were quantitatively transferred onto glass fiber filters by a cell harvester (Molecular Devices).
Filters were air dried and radioactivity was measured by a [ scintillation counter (Packard Direct
Beta Counter Matrix TM 9600, Packard Instruments).

2.4.5 Viability assay

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to assess proliferation and
cytotoxicity. This assay generates a luminescent signal that is proportional to ATP released from
lysed cells. ATP, in turn, is proportional to number of metabolically active cells. Stimulated PBMCs
(1.25 x 10° cells/well) or Jurkat (5 x 103 cells/well) were seeded in 96-well plates (100 ul/well)
and treated for 72 hours. Then, an equal volume of CellTiter-Glo reagent was added to plates
that were equilibrated at room temperature for 30 min. Plates were shaken to promote cell lysis
for 1 min. Finally, 150 pl were transferred into white assay plates and incubated for 10 min at
room temperature before luminescence was recorded using a Mithras LB940 Multimode Microplate
Reader (Berthold).

2.4.6 Caspase-3/-7 activation assay

Induction of cell apoptosis was assessed using Caspase-Glo 3/7 assay (Promega) which measures
caspase-3 and -7 activities. These caspases play a central role during apoptosis of mammalian cells.
For this assay, PBMCs (2 x 10* cells/well) were seeded in a 96-well plate and treated with 1 pg/ml
of rgGT for different times. 5 pM staurosporine was added 1 h prior to analysis as a positive
control. After cultivation, 1 volume of Caspase-Glo reagent was added and plates were incubated
at room temperature for 30 min before luminescence was measured in a Mithras LB940 microplate
reader.

2.5 Murine infections

2.5.1 Mouse strains and housing

Six to eight-week old in-bred wild-type C57BL/6 mice (purchased from Harlan) or C57BL/6 Rag™”/~
mice (derived from in-house breeding) were housed in microisolator cages under specific pathogen
free conditions. If not stated differently, mice were fed standard mouse chow (Teklad, Harlan) and
water was provided ad libitum.
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2.5.2 Experimental infection with H. pylor:

Mice were fasted for four to six hours and then orogastrically inoculated with 10° CFU of H. py-
lori wt, AgGT, or a combination of both in 200 pl BB/10 %FCS. In most experiments, mice were
infected only once. When indicated, the infection was repeated twice in two day intervals. Af-
ter infection, bacterial suspensions used for inoculation were plated in serial dilutions to confirm
administration of equal numbers of viable bacteria cells and an equal proportion of wt and gGT-
deficient H. pylori. Groups of four to eight mice were used and sacrificed by isoflourane or COq
inhalation after different time points post infection.

2.5.2.1 Treatment with gGT inhibitor or recombinant protein

Mice infected with H. pylori wt were treated with gGT inhibitor Acivicin (a-amino-3-chloro-4,5-
dihydro-5-isoxazoleacetic acid, Sigma-Aldrich) (Figure 8). 40 pg Acivicin per mouse was intraperi-
toneally (i.p.) administered two days prior to infection, at infection day and the two consecutive
days. Infection status was determined after three days.
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Figure 8: Treatment of mice with acivicin during a short term H. pylori infection experiment.

Mice infected with H. pylori AgGT were treated with recombinant gGT to complement for
lack of gGT activity. Recombinant gGT was diluted in PBS and 200 pl were administered by oral
gavage at infection day and the two consecutive days (Figure 9). Infection status was determined
after three days of infection.
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Figure 9: Oral complementation of gGT-deficient H. pylori with recombinant gGT during experimen-
tal infection in mice.

2.5.2.2 CD4 cell transfer

To analyze the effect of the CD4 T-cell response on H. pylori gGT-proficient and -deficient bacteria,
Rag”/" mice (lacking mature B- and T-cells) were infected with H. pylori and CD4 T-cells were
adoptively transferred after the infection had been established (Figure 10A). Rag”/~ mice were
infected with H. pylori wt or AgGT three times within five days. In order to facilitate initial
infection of the H. pylori AgGT strain, 250 ng H. pylori gGT was added to the inoculum. One
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month after infection CD4 cells from C57/Bl6 donor mice were transferred. Therefore, spleens and
lymphnodes of donor mice were removed under sterile conditions and grinded through a 100 pm filter
to disintegrate tissue and obtain a single cell suspension. Erythrocytes were lysed with ammonium
chloride tris (ACT) solution (153 mM NH,Cl, 17 mM Tris-HCI, pH 7.2) for three minutes at room
temperature. Then, lymphocytes were washed and were resuspended in FACS buffer (0.5 % BSA
in PBS) at 10® cells/ml. Cells were stained with 0.5 pg/ml propidium iodide (PI, BD Pharmingen)
and a murine anti-CD4 antibody coupled to eF450 (1:100, eBioscience) for 20 min at 4 °C in the
dark. After staining, cells were washed twice with FACS buffer (300 g, 5 min) before CD4 cells
were sorted on a FACSAria cell sorter (BD Biosciences). Sorted CD4% cells were resuspended in
sterile PBS and 100 pl cell suspension corresponding to 300 000 cells were transferred into Rag™”/~
recipient mice by i.p. injection. After another month, the experiment was terminated. Blood and
stomach were obtained for further analysis. In a separate experiment Rag™/~ mice were infected with
H. pylori wt or AgGT for 1.5 month before 300 000 CD4%/CD44" cells/mouse were transferred
(Figure 10B). This experiment was performed as described above with the exceptions that no rgGT
was given at the time of infection and that cells were stained with an additional anti-CD44 antibody
coupled to FITC (1:100, eBioscience) before sorting. Analysis was performed three months post
infection.
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Figure 10: Adoptive transfer of CD4 cells into Rag-/- mice infected with H. pylori.

2.5.2.3 Oral supplementation of glutamine and glutamate

Excessive amounts of glutamine and glutamate were orally administered to mice infected with
H. pylori wt and AgGT to analyze their effect on infection status and immune response.

Monosodium glutamate (MSG, Sigma-Aldrich) was supplemented in drinking water prior (for
4 days) and/or during (for 3 days) a short term infection experiment (Figure 11A). Furthermore,
10 % (w/v) glutamate was administered in drinking water for three to four days in the beginning
or by the end of a one month infection period (Figure 11B).

Additionally, mice infected with H. pylori were fed a diet containing 10 % glutamate, 20 %
glutamine, or an isonitrogenous control diet (ssniff Spezialdifiten) for one month starting four days
prior to infection (Figure 12A) or when mice were already infected for one month (Figure 12B).

2.5.3 Harvesting of organs

After mice were sacrificed, blood, lymphoid organs, and stomach were removed.
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Figure 11: Administration of glutamate (MSG) in drinking water during infection with H. pylori wt
and AgGT.
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Figure 12: Glutamine- and glutamate-enriched diet during H. pylori infection.
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2.5.3.1 Collection of plasma and lymphocytes from blood

Blood was drawn from the heart with a heparinized syringe. For the collection of plasma, blood
was centrifuged at 2 000 g for 10 min. The plasma was placed in a fresh tube and stored at -20 °C.
For flow cytometry, 100 pl of blood were placed in 10 ml prewarmed ammonium chloride tris (ACT)
solution (153 mM NH4Cl, 17 mM Tris-HCl, pH 7.2). Erythrocytes were lysed at 37 °C for 10 min
before cells were harvested (300 g, 5 min) and washed with FACS buffer.

2.5.3.2 Preparation of single cell suspensions from lymphoid organs

Mesenteric lymphnodes, paragastric lymphnodes, spleen and peyer’s patches were quickly removed
and single cell suspensions were prepared by grinding and filtering through a 70 pm nylon mesh.
Erythrocytes from spleen were lysed with ACT solution for 10 min at room temperature. Cells
were washed twice with cell culture medium (300 g, 5 min). Viable cells were counted with a
hemocytometer after trypan blue exclusion stain. The isolated lymphocytes were analyzed by flow
cytometry (Chapter 2.6.2). Therefore, 10° cells/100 pl were either directly stained or cytokine
production was induced by 100 ng/ml PMA and 500 ng/ml ionomycin stimulation for 4 hours
before cells were stained.

2.5.3.3 Processing of stomach tissue

For evaluation of colonization and inflammation, glandular stomachs were retrieved, opened on the
longer curvature and washed in cold PBS. Longitudinal sections of gastric tissue were prepared
for analysis of bacterial load, histology, cytokine expression, infiltration of immune cells and glu-
tamine/glutamate content. Stomach pieces for quantitative LC-MS analysis (Chapter 2.3.3) were
shock frozen in liquid nitrogen and stored at -80 °C. For mRNA expression analysis (Chapter 2.6.6),
stomach strips were either immediately shock frozen and processed the next day or treated with
RNAlater (Qiagen) overnight at 4 °C and stored at -80 °C. For determination of infection status
(Chapter 2.5.4), one piece was placed into 1 ml BB-dent and kept at room temperature. For his-
tological evaluations (Chapter 2.7), a 2 mm wide stripe from the greater curvature was fixed in
3.5 - 3.7 % buffered formaldehyde solution (Fischar) on a piece of balsa wood. For flow cytome-
try (Chapter 2.6.2), stomach stripes were enzymatically processed using 1 mg/ml Collagenase IV
(Sigma-Aldrich) and 200 pg/ml DNase I (Roche Diagnostics) in 2 ml cell culture medium for 30 min
at 37 °C shaking at 200 rpm. Following digestion, gastric mucosa was carefully separated from the
muscular layer between two glass slides. The mucosal cells were passed through a 70 pm filter and
washed with FACS buffer.

2.5.4 Quantitative assessment of colonization

One stomach section of about 20 mg was used for quantitative bacterial colony count. Therefore,
gastric tissue samples were homogenized with an Ultra Turrax in 1 ml of BB containing 10 % FCS
and serial dilutions were plated on WC-dent extra plates: 1:10, 1:100, 1:500 (1:5 000 for Rag™/-
mice). Stomachs of mice infected with H. pylori AgGT were additionally plated on WC-dent extra
plates containing kanamycin (50 pg/ml). Plates were kept under microaerobic conditions for four
to six days before number of CFU per gram of stomach tissue was determined by colony count.
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2.6 Molecular biological techniques

2.6.1 Enzyme-linked immunosorbant assay
2.6.1.1 Cytokine secretion

Cytokine secretion by lymphocytes was determined in culture supernatants by enzyme-linked im-
munosorbant assay (ELISA). Ready-Set-Go! ELISA Kits to detect human TNFa, IFN~y, IL-17A,
and IL-2 were purchased from eBioscience and conducted as recommended by the supplier. In
brief, 96-well flat-bottom plates (Corning) were coated overnight at 4 °C with capture antibodies.
Plates were washed (0.05 % Tween 20 in PBS) and blocked for 1 h at room temperature. Diluted
samples and standards were added and incubated overnight at 4 °C. After washing, plates were
incubated with biotin-conjugated detection antibody for 1 h. Then, avidin-coupled horse radish
peroxidase (HRP) was added for 30 min. Plates were extensively washed (7 - 10 times) prior to
addition of tetrametylbenzidine (TMB) substrate. The reaction was stopped by 1 M H3PO4 and
absorbance was measured at 450 nm using a microplate reader (Sunrise, Tecan). Cytokine levels
were determined by a standard curve comprised of a serial dilution of known concentrations for
each cytokine.

2.6.1.2 HpaA antibody response

A non-commercial ELISA was used to detect antibodies against the H. pylor: surface antigen
H. pylori adhesin A (HpaA) that were induced upon infection. 96-well plates were coated with
100 pl recombinant HpaA (2 pg/ml in PBS) at 37 °C for 2 h. Plates were washed with 0.5 %
Tween 20 in PBS. Then, plates were blocked with 200 pl blocking buffer (1 % BSA in PBS) at
4 °C overnight. Murine plasma was diluted in blocking buffer. Plasma samples were applied and
incubated at 37 °C for 60 min. Plates were washed before 100 nl goat-anti-mouse IgG coupled to
HRP (STAR120P, AbD serotec) was added in a 1:10 000 dilution. Samples were incubated with
the detection antibody for 60 min at 37 °C before excessive antibody was washed away. Then,
100 pl of TMB substrate reagent (BD OptEIA) was added. Plates were kept for 15 min at room
temperature before reaction was stopped by adding 50 pl of 1 M H3PO4. Absorbance was measured
at 450 nm using a Sunrise microplate reader (Tecan).

2.6.2 Flow cytometry

Flow cytometry was used to analyze cell division, expression of activation markers and of intracellu-
lar cytokines and distribution of T-cell subsets. This technique allows characterization of multiple
properties on a single cell level. If not stated otherwise, antibodies and reagents for flow cytometry
were purchased from eBioscience. Staining protocols were conducted in 96-well plates as described
by the manufacturer. Sample materials for flow cytometry were single cell suspensions derived from
murine blood, lymphoid organs, stomach tissue or primary human lymphocyte cultures.

2.6.2.1 Labeling with proliferation dye 670

To analyze proliferation on a single cell level, cells were loaded with a proliferation dye that is equally
distributed between daughter cells when cells divide. Thus, a defined reduction in fluorescence
intensity indicates number of cell divisions. Cells were washed twice with PBS (300 g, 5 min) to
remove serum. To stain, cells were incubated in 5 pM Cell Proliferation Dye 670 (PD670) in PBS
for 10 min at 37 °C. Labeling was stopped by 4 volumes of cold cell culture medium. Excessive
dye was removed by washing with cell culture medium. Then, cells were seeded in 96-well plates,
stimulated, treated, and cultivated for the time indicated.
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2.6.2.2 Live/dead cell discrimination

For live/dead discrimination, cells were either stained with propidium iodide (PI) when cells were
analyzed directly or with ethidium monoazide bromide (EMA, MoBiTec) when cells were fixed
prior to analysis. PI selectively permeates into dead cells and interacts with DNA. PI (1:400)
was added shortly prior to flow cytometry when surface antigens were already stained. Cells were
stained with 0.2 pg/ml EMA in FACS buffer (0.5 % BSA in PBS) for 30 min on ice before surface
and intracellular antigens were stained. Like PI, EMA is generally excluded from viable cells.
Under light exposure, photolysed EMA is covalently bound to DNA thereby selectively labeling the
DNA of dead cells. Murine cells were simultaneously treated with anti-mouse CD16/CD32 (1:500,
eBioscience) to block any unspecific Fc receptor-mediated reactions.

2.6.2.3 Surface staining

After washing with FACS buffer (300 g, 5 min), fluorochrome-conjugated antibodies raised against
human CD3, CD4 (Invitrogen), CD25, CD137 or murine CD45, CD3, CD4, CD8«, CD25, CD44
were added to the cells in a 1:100 dilution (with exception of CD4; 1:50) as recommended by the
manufacturer. Cells were incubated with antibodies for 30 min on ice protected from light. Exces-
sive antibody was washed away and cells were resuspended in FACS buffer. After staining of surface
antigens, cells were either directly analyzed, fixed with an equal volume of 1 % paraformaledhyde
(PFA, Roth) in PBS or intracellular /intranuclear antigens were stained.

2.6.2.4 Intracellular cytokine staining

Prior to intracellular cytokine staining, cells were treated with Golgi Plug containing Brefeldin A
(1:500, Bekton Dickinson) to block cytokine secretion during PMA /Iono stimulation. After surface
staining, cells were fixed and permeabilized using Cytofix/Cytoperm Kit (Bekton Dickinson). Then,
cells were stained with fluorescent-coupled antibodies against human or murine IFN~ and TL-17A
(1:100) according to the recommendations of the supplier for 30 min on ice in the dark. Finally,
cells were fixed with 0.5 % PFA and analyzed the next day.

2.6.2.5 Intranuclear FoxP3 staining

Intranuclear expression of FoxP3 in CD4™ T cells was detected using an anti-murine flourochrome-
coupled FoxP3 antibody with the FoxP3/Transcription Factor Staining Buffer Set (eBioscience).
After surface antigen staining, cells were fixed and permeabilized according to the manufacturer’s
instructions for 30 min on ice in the dark. Then, cells were washed and stained in permeabilisation
buffer with FoxP3 antibody (1:100) for 30 min. Cells were washed and resuspended in 0.5 % PFA
in FACS buffer before they were analyzed by flow cytometry.

2.6.2.6 Data acquisition and analysis

Flow cytometry data was acquired by a CyAN ADP 9 color analyzer (Beckman Coulter). Un-
stained and single color controls were used for compensation purposes. Data were evaluated using
FlowJo Software (Treestar). In all flow cytometry analyses, cells were gated on lymphocytes (for-
ward /sideward scatter) and a live/dead discrimination was performed prior to downstream gating.

2.6.3 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis (SDS PAGE) leads separation of proteins by size through
a polyacrylamide mesh. Therefore, proteins are denatured and linear structure maintained by the
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anionic detergent SDS that supports migration of proteins in an electric field.

First, a separating gel was prepared using 40 % (w/v) acrylamide/bis 19:1 solution from Ambion
(Life technologies). Ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) were
added directly prior to gel cast as they initiate polymerization reaction. After the separating gel
had polymerized, the stacking gel was poured on top. Then, gels were placed into electrophoresis
chambers filled with running buffer (25 mM Tris, 200 mM glycin, 0.1 % SDS). Electrophoresis was
performed in the XCell SureLock mini-Cell Electrophoresis System (Life Technologies).

SDS gel Separating gel Stacking gel
Acrylamide 10 to 15 % 5%
Tris-HCI 375 mM pH 8.8 125 mM pH 6.8
SDS 0.1 % 0.1 %
APS 0.1 % 0.1 %
TEMED 0.1 % 0.1 %

To prepare samples for SDS-PAGE, cells were washed with PBS (300 g, 5 min), lysed in 100 pl
SDS lysis buffer (62.5 mM Tris pH 6.8, 2 % SDS, 10 % Glycerol, 50 mM DTT, 0.05 % Bromophenol
blue) and disrupted by sonication. Then, proteins were denatured at 95 °C for 5 min and 5 to 10 pl
sample were loaded into gel pockets. A prestained molecular weight marker (Peqlab) was used to
estimate protein size. SDS gels were either directly stained with filtered Coomassie Brilliant Blue
solution (50 % ethanol, 10 % acetic acid, 0.1 % Coomassie Brilliant Blue G250) or used for Western
blot analysis.

2.6.4 Western blot

Western blot analysis allows detection of individual proteins by a specific antibody. Therefore,
proteins separated by SDS-PAGE were transferred onto a Protan 0.45 pm nitrocellulose mem-
brane (Whatman). Before transfer, gels were equilibrated in transfer buffer (25 mM Tris, 200 mM
glycin, 20 % ethanol). The blot was performed in a Western Blot X cell blot module (Invitro-
gen, Life Technologies) at 230 mM for 2 h. After transfer of proteins, membranes were checked
by reversible stain with Ponceau S solution (0.5 % Ponceau S (Sigma-Aldrich), 1 % acetic acid).
After destaining with water, membranes were blocked in 5 % skimmed milk in TBS-T (50 mM
Tris-HC1 pH 7.5, 150 mM NaCl, 0.1 % Tween 20) for 1 h at room temperature. Then, primary
antibodies against human proteins diluted in 5 % BSA in TBS-T were applied overnight at 4 °C.
Following antibodies were obtained from Cell Signaling Technology and diluted as recommended by
the supplier: AMPKa, p-AMPKa (Thr308), 4E-BP1, p-4E-BP1(Thr37/46), cyclin D3, ERK1/2,
p-ERK1/2 (Thr202/Tyr204), IRF4, cMyc. p-p70S6Ka (Ser411), and p70S6K«a were purchased
from Santa Cruz. (-actin (Sigma-Aldrich) was used as loading control. After washing with TBS-
T, horseradish peroxidase-conjugated secondary anti-IgG antibodies (Promega) raised against the
appropriate species (mouse or rabbit) were diluted 1:3 000 in 5 % skimmed milk in TBS-T and
membranes were incubated for 1 h at room temperature. After extensive washing (6 times 10 min),
protein bands were detected using Pierce ECL Western Blotting substrate (Thermo scientific).
Quantification of bands was performed using ImageJ 1.48 (NIH) or Lablmage 1D (INTAS) soft-
ware.
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2.6.5 Two-dimensional gel electrophoresis/mass spectrometry

Two-dimensional gel electrophoresis (2DGE), an untargeted approach, was utilized to identify
proteins with altered expression level upon H. pylori gGT treatment. Whole protein extracts were
separated through isoelectric focusing in the first dimension and then by size in the second dimension
utilizing SDS-PAGE. Each gel represented one sample and proteins with altered expression were
identified by mass spectrometry.

2.6.5.1 Sample preparation and gel run

3 x 107 TCR stimulated PBMCs from six donors were cultivated in presence of 1 pg/ml active
(wild-type) or inactive (S451/452A) H. pylori gGT in 10 cm cell culture dishes (2.5 x 105 cells/ml)
at 37 °C for 24 hours. Cells were washed with PBS and lysed in 200 nl buffer comprised of 7 M
urea, 2 M thiourea, 4 % protease inhibitor (Roche Diagnostics), 2 % CHAPS, 2 % Pharmalyte
(Amersham Biosciences), and 1 % DTT. Protein concentration was determined using the Bio-Rad
Protein assay and a BSA standard curve.

For isoelectric focusing, immobilized pH-gradient strips (IPG, pH 3 - 10, 18 cm, GE Healthcare)
were rehydrated in rehydration buffer (8 M urea, 15 mM DTT 0.5 % CHAPS and, 0.5 % IPG).
Then, 250 pg protein was applied on strips and protein extracts were separated according to their
isoelectric point in the first dimension in an Ettan IPGphor 3 unit (GE Heathcare). Thereafter,
stripes were equilibrated for 15 min in an equilibration buffer (6 M urea, 1.5 M Tris-HCI pH 8.8, 2 %
SDS, 1 % DTT) and another 15 min in another equilibration buffer containing 4 % iodoacetamide
instead of 1 % DTT. Stripes were used to load proteins on 12.5 % SDS-Gels. SDS-PAGE was
performed in a PROTEAN plus Dodeca Cell (Bio-Rad) with 5 mA /gel for 2 h followed by 15 mA /gel
overnight. 2D-Gels were fixed in 40 % ethanol and 10 % acetic acid. Proteins were detected by
Coomassie staining in a solution containing 10 % ammonium sulphate, 1 % phosphoric acid, 25 %
methanol and 0.625 % Coomassie Brilliant blue G250. Gels were destained with until background
was clear (Figure 13).
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Figure 13: Protein profile in a 2D gel derived from PBMC cell lysates. 250 pg protein was loaded onto
IPG strips and separated by isoelectric focusing and in the second dimension by SDS electrophoresis. Circled spots
were marked for mass spectrometry. One representative gel of 12 samples (six in each group) is depicted.
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2.6.5.2 Identification of altered protein spots

Gels were scanned and analyzed using ProteomWeaver software (Definiens). Protein spots were
identified and matched. Furthermore, background subtraction and normalization was performed.
Then, relative protein abundance was determined. Spots representing proteins with altered expres-
sion with active gG'T compared to inactive gGT were selected, picked and destained by alternating
wash steps with acetonitrile and 50 mM NH,4HCOg3. Then, spots were digested overnight at 37 °C
by 0.1 pg Trypsin (Promega) in 50 mM NH4HCO3. An equal volume of 1 % trifluoroacetic acid
(TFA, Sigma-Aldrich) was added and ultrasound was used to extract digested peptides for 15 min
at room temperature. Tryptic digests were subjected to MALDI-TOF /TOF-MS analysis (Ultra-
fleXtreme, Bruker Daltonics) that was performed as suggested by the provider. Extracted peptides
(2 pl) mixed with an equal volume of 0.1 % TFA were spotted onto the thin-layer affinity HCCA
AnchorChip preparation (Bruker Daltonics). Proteins were identified from mass spectrum finger
prints using ProteinScape 2.1 (Bruker Daltonics).

2.6.6 Real-time PCR

Quantitative real-time PCR (RT-PCR) was employed to analyze cytokine expression in the stomach
mucosa upon H. pylori infection. In this way, information on relative quantity and quality of
inflammatory response was obtained.

2.6.6.1 RNA-extraction

Prior to RNA extraction, all surfaces were decontaminated with RNase away (Molecular BioProd-
ucts). 350 pl Qiagen Lysis Buffer RLT containing 1 % S-mercaptoethanol was added to frozen
stomach tissue and preparation was homogenized using an Ultra-Turrax (IKA). Total RNA was
purified with the RNeasy mini Kit (Qiagen) according to manufacturer’s instructions. On-column
DNase digestion with DNase I (Qiagen) was performed for 15 min at room temperature. RNA
was eluted in 35 pl nuclease-free water and stored at -80 °C. A 5 pl aliquot was used to assess
RNA quantity and quality. RNA was quantified using a spectrophotometer, NanoDrop ND-1000.
Absorption (A) of 1 at 260 nm corresponds to 40 pg/ml RNA. RNA was considered to be pure
when the A260/280 was between 1.8 and 2.1. Furthermore, RNA integrity was confirmed by 2 %
agarose gel electrophoresis (Chapter 2.1.4.3).

2.6.6.2 Reverse Transcription

RNA concentration was adjusted to 100 ng/ml before RNA was reversely transcribed into ¢cDNA.
150 ng random hexamer primer (Promega) were added to 1 pg RNA and incubated for 5 min at 70 °C
to dissolve secondary structure before mixture was cooled down on ice. cDNA was synthesized by
M-MLYV reverse transcriptase (Promega). Reverse transcription mix (14 pl) was added to template
RNA with annealed primers (11 pl) and incubated for 10 min at room temperature followed by
an extension period for 50 min at 42 °C and an inactivation step for 15 min at 70 °C. A reverse
transcriptase negative control was prepared in parallel for each sample . Finally, cDNA was diluted
(1:5) by addition of 100 pnl of nuclease-free HoO and stored at -20 °C.

Reverse transcription mix (per sample)

5x reaction buffer 5nl
10 mM dNTPs 1.25 nl
M-MLV 1 pl

nuclease-free HyO 6.75 nl
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2.6.6.3 RT-PCR run and evaluation

Quantitative real-time PCR analyses were performed using a two-step program in a CFX384 Touch
real-time PCR cycler (Bio-Rad). The reactions were run in 384-well plates with a reaction volume
of 10 pl. 2x KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) was used containing DNA
Polymerase, dNTPs, SYBR Green I dye, MgCls and reaction buffer. RT-PCR Primers used are

listed in Table 1. None template controls (water) were included for each primer pair.

Real-time PCR Mix

RT-PCR Program

2x qPCR Master Mix 5 pul Initial denaturation 95 °C, 3 min
forward primer 10 pM 0.5 nl Cycle (40x)

reverse primer 10 pM 0.5 ul Annealing and elongation 60 °C, 45 sec
sample (32 ng cDNA) 4 nl Denaturation 95 °C, 15 sec
by 10 nl Melt curve 65 to 95 °C

GAPDH was used as housekeeping gene for normalization and uninfected stomachs were set
as base line. The relative gene expression level was calculated by the comparative cycle threshold

(AACt) method [230].

Table 8: Oligonucleotides for RT-PCR

Target Species Forward primer 5’—3’ Reverse primer 5’—3’° Size

UreA H. pylori CGTGGCAAGCATGATCCAT GGGTATGCACGGTTACGAGTTT 77 bp
MIP-2 (CXCL2) mouse AGTGAACTGCGCTGTCAATGC AGGCAAACTTTTTGACCGCC 143 bp
1L-13 mouse CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA 152 bp
11-12 p40 mouse TGCCAGGAGGATGTCACCT GGCGGGTCTGGTTTGATGAT 137 bp
IL-6 mouse AGTTGCCTTCTTGGGACTGA CAGAATTGCCATTGCACAAC 191 bp
11-23 p19 mouse ATGCTGGATTGCAGAGCAGTA ACGGGGCACATTATTTTTAGTCT 213 bp
IFN~y mouse TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG 92 bp
TNF« mouse CGATGGGTTGTACCTTGTC CGGACTCCGCAAAGTCTAAG 284 bp
IL-17A mouse GCTCCAGAAGGCCCTCAGA AGCTTTCCCTCCGCATTGA 141 bp
FoxP3 mouse AGGAGCCGCAAGCTAAAAGC TGCCTTCGTGCCCACTGT 80 bp
1L-10 mouse CTAGAGCTGCGGACTGCCTTC CCTGCTCCACTGCCTTGCTCTTAT 301 bp
TGEp mouse ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC 167 bp
IRF4 mouse GGAAACTCCTCACCAAAGCA GGCCCAACAAGCTAGAAAGA 139 bp
cMyc mouse TTCTCTTCCTCGTCGCAGAT TGAAGGCTGGATTTCCTTTG 127 bp
LIX (CXCL5) mouse GGTCCACAGTGCCCTACG GCGAGTGCATTCCGCTTA 131 bp
RANTES (CCL5) mouse CACCACTCCCTGCTGCTT ACACTTGGCGGTTCCTTC 131 bp
GAPDH mouse GCCTTCTCCATGGTGGTGAA GCACAGTCAAGGCCGAGAAT 151 bp

2.7 Histological techniques

2.7.1 Human and murine stomach tissue

Human and murine gastric biopsies were evaluated regarding pathological changes. Tissue sam-
ples from H. pylori-induced and non-H. pylori-related gastritis were obtained from the paraffin-
embedded tissue bank of the Institut fiir Pathologie, Klinikum Bayreuth (Bayreuth, Germany)
after approval of the local ethics committee. Formalin-fixed murine stomach samples from infec-
tion experiments were dehydrated and embedded into paraffin. Then, 4 pm sections were prepared
for staining.

To allow penetration of aqueous solution, paraffin sections were dewaxed by treatment with
xylene (2 times 10 min) before staining. Xylene was removed by a descending alcohol series and
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slides washed with deionized water.

2.7.2 Hematoxylin/Eosin and Warthin-Starry silver stain

Sections were stained with hematoxylin and eosin to assess histopathological changes. Hematoxylin
stains negatively charged cellular compounds, in particular the phosphate backbone of DNA, while
eosin forms salts with positively charged compounds such as several amino acids and is used to
counterstain the cytosol. Slides were treated with Mayer’s hematoxilin for 6 min and washed with
tap water. Then, the sections were counterstained by 1 % eosin for another 6 min and slides rinsed
with tap water.

For microscopic detection of H. pylori, Warthin Starry silver staining was employed. Sections
were covered with a prewarmed (57 °C) acidic staining solution (pH 4) that is comprised of 0.4 %
silver nitrate, 2.6 % gelatin and 0.4 % hydroquinone. Slides were washed with water. To reduce
background staining, sections were treated with 5 % sodium thiosulfate.

Finally, HE and WS-stained slides were dehydrated by a graded series of alcohol with increasing
percentage before they were mounted.

2.7.3 Immunohistochemical staining

Heat-induced antigen retrieval was performed in 0.01 M sodium citrate pH 6 and slides were
blocked in TBS containing 1 % Tween 20 and 5 % goat serum for 1 h at room temperature.
Then, sections were incubated with anti-IRF4 (Cell Signaling) or anti-CD3 (Neomarkers LabVision
Corperation) antibodies overnight at 4 °C according to manufacturer’s instructions. Sections were
developed using SignalStain DAB substrate (Cell Signaling). Finally, samples were counterstained
with hematoxylin (Morphisto).

2.7.4 Histological evaluation

Histological evaluation was performed by Prof. Dr. Michael Vieth (Bayreuth) according to the
Updated Sydney System for the classification of gastritis [68]. Hematoxylin/Eosin stained sections
were scored for chronicity (defined by density of lymphocyte and plasma cell infiltration) and
activity (characterized by density of neutrophil granulocytes). A semiquantitative score of 0 (none),
1 (mild), 2 (moderate), and 3 (marked/severe) was given for chronicity and activity in the antrum
and corpus. Therefore, the overall gastritis score could range from 0-12. For automated image
acquisition, an Olympus Virtual Slide System VS120 (Olympus) was used.

2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software. Effects of gGT treatment on
PBMCs and T-cells were assessed by Students t-test. A paired t-test was used to account for donor
dependent levels of cytokine release. More than two groups were compared by ANOVA with post
hoc Bonferroni test.

Colonization status of mice was compared using the non-parametric Mann-Whitney U test.
Kruskal-Wallis test with Dunn’s multiple comparison was used to establish differences in histological
and mRNA expression analyses. Other comparisons among mouse groups were done using one-way
ANOVA followed by a Bonferroni post hoc test, as indicated in the figure legends. Significantly
different results from uninfected control group are indicated by asterisks on top of the treatment
groups. Differences among other groups are indicated by a connecting bar with asterisks showing
the level of significance on top.



Chapter 3

Results

3.1 Effect of H. pylori gGT on human T-lymphocytes

In a previous study from our group, H. pylori gG'T was identified as a virulence factor inhibiting
T-cell activation and proliferation [163]. However, the mechanisms behind this observation was
not clear. Therefore, one of the main objectives of this thesis was to elucidate how this effect is
mediated and how T-cell functionality was affected.

3.1.1 Enzymatic activity of H. pylori gGT induces inhibition of T-cell prolif-
eration without inducing apoptosis

H. pylori gGT was expressed in E. coli and purified using affinity and size exclusion chromatog-
raphy in its wild-type and its enzymatically inactive S451/452A form. Correctly processed highly
pure proteins comprised of two subunits were obtained (Figure 14A/B). Enzymatic activity was
confirmed for the wild-type form with a gGT activity assay and shown to be absent for the mutant
gGT (Figure 14C).

When recombinant H. pylori gGT (rgGT) was added to TCR-activated PBMCs, it a dose-
dependently inhibited T-cell proliferation (Figure 15A). Enzymatic activity of this virulence factor
was absolutely required to block proliferation, since increasing gGT concentration resulted in de-
creasing proliferation while enzymatically inactive S451/452A rgGT had no effect. Studies with
intestinal cell lines suggested that H. pylori gGT may induce apoptosis [190]. Yet, neither were un-
stimulated T-cells affected by H. pylori gGT indicated by live/dead staining after 72 h incubation,
nor did activated cells incubated with H. pylori gGT display any signs of cell death (Figure 15B).
Additionally, activated PBMCs treated with gGT were not apoptotic as shown by monitoring of
caspase-3/7 activation for up to 48 h (Figure 15C). Upon T-cell stimulation, early activation mark-
ers, such as CD69 and 41BB/CD137, were up-regulated also in presence of gGT, albeit cells did not
proliferate in contrast to cells that were untreated or incubated with inactive gGT (Figure 15B).
After 48 h, stimulated cells had expanded in cell size and undergone one cell division when ac-
tive H. pylori gGT was absent (Figure 15B). Effects of H. pylori gGT on proliferation could only
be monitored after 48 h, since then the first cell division had taken place. Changes of activa-
tion markers or cytokines expression were expected to precede cell division. Indeed, secretion of
pro-proliferative and pro-inflammatory cytokines IL-2, IFN~, and IL-17, measured after 24 h, was
suppressed by H. pylori gGT activity (Figure 15D). Effects on proliferation and cytokine secretion
were clearly dependent on enzymatic activity, which might either act directly on the cells or on the
composition of the cell culture medium.

H. pylori gGT exerted a stronger effect on proliferation when it was already added to the
medium overnight prior to activation (Figure 16A). Moreover, when gGT was added to cells

o1
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Figure 14: Purification of recombinant H. pylori gGT. Expression of recombinant H. pylori gGT from E. coli
was induced by IPTG. Several steps of purification of H. pylori gGT wt (A) and S451/452A (B) are shown on a
Coomassie-stained poly acrylamide gel. (C) Enzymatic gGT activity of recombinant proteins measured in 0.1 M Tris
pH 8 at 37 °C with 0.5 mM gGpNA as substrate in the presence of 20 mM glycyl-glycine as acceptor. Data from one
run performed in duplicate is shown.

overnight and medium was replaced before the cells were stimulated, cells proliferated to the same
extent as untreated cells (Figure 16B), excluding that gGT irreversibly modifies the cells or has
direct toxic effects. When gGT was added to cells that were already activated and proliferating
one or two days after stimulation, it still exerted an anti-proliferative effect which was only delayed
(Figure 16C/D). These results strongly suggested that gGT modifies the cell culture medium in a
way that it cannot support proper lymphocyte function anymore.

To gain some insight in the sequence of events, expression of cell cycle related proteins such as
cyclin D3 and p27 was monitored over time (Figure 16E). In the course of stimulation, expression
of cell cycle inhibiting factor p27 was reduced independently of H. pylori gGT. On the contrary,
cyclin D3 required for cell cycle G1/S transition was induced upon stimulation and much more
strongly expressed in absence of gGT. However, this was only observed after 24 h and 48 h. Addi-
tionally, protein expression of activation-induced factors such as cRaf and cMyc initially followed
the pattern of activated cells in presence of H. pylori gG'T while changes in response to gGT treat-
ment could only be observed after 24 h and 48 h (Figure 16E). Therefore, it remained unclear at
which time point gGT activity came into play and what signaling pathways were mediating the
gGT-dependent effect. Thus, enzymatic activity of H. pylori gGT was analyzed in more detail.
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Figure 15: H. pylori gGT-induced effects on activated human lymphocytes. (A) TCR-dependent stimula-
tion of human PBMCs treated with different amounts of recombinant gGT (rgGT) or the inactive S451/452A mutant
gGT for 72 h. Cell proliferation was measured in triplicates as increase in radioactively labeled [*H]-thymidine in-
corporation during the last 24 h of a 72 h incubation period. Cpm, counts per minute. Results are presented as
mean + SD from three independent donors (*** p < 0.001). (B) T-cells isolated from PBMCs were stimulated with
aCD3/aCD2/aCD28-coated beads, treated with 1 pg/ml of active (wt) or inactive (S451/452A) rgGT. Cells were
preloaded with proliferation dye 670 and incubated for 48 h hours. At the time of analysis cells were stained for
CD69, CD137 and with PI for live/dead discrimination. (C) PBMCs stimulated with PMA /Ionomycin were incu-
bated with rgGT (1 pg/ml). Induction of apoptosis was measured by Caspase-3/-7 activation at times indicated.
10 1M staurosporine were added as positive control. AU, arbitrary units. Results are presented as mean £+ SD from
a triplicate measurement. (D) T-cells isolated from PBMCs were stimulated with «CD3/aCD2/aCD28-coated beads
and treated with 1 pg/ml of active (wt) or inactive (S451/452A) rgGT. Cytokine secretion into medium was measured
by ELISA after 24 h. Results are presented as mean + SD from twelve donor preparations (* p < 0.05;*** p < 0.001).
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Figure 16: Time dependency of H. pylori gGT-mediated effects on proliferation. (A-D) PBMCs were
loaded with proliferation dye prior to cultivations and cell divisions were analyzed by flow cytometry. (A+B) PBMCs
incubated with rgGT (1 pg/ml) prior and/or after stimulation with PMA /Ionomycin analyzed on day five (A) or
four (B). (C4+D) PBMCs activated with «CD3/CD2/CD28-coated beads were incubated with rgGT (1 pg/ml) added
at the time of stimulation or at times indicated. Cells were analyzed by flow cytometry after 24 h, 48 h, and 72 h.
(C) Proliferation of live CD3" T-cells of one representative experiment is shown. (D) Proportion T-cells that had
undergone cell division from three donors are summarized in this graph. Results are presented as mean + SD. (E)
PBMCs stimulated with PMA /Ionomycin and treated with 1 pg/ml rgGT for the times indicated were subjected to
Western blot analysis. [-actin was used as loading control.
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3.1.2 Turnover of y-glutamyl substrates by H. pylori gGT

As glutamine and reduced glutathione are proposed physiological substrates of H. pylori gGT
[175], these substances were introduced into a competition assay with gGpNA, an artificial gGT
substrate. Increasing glutamine and glutathione concentrations were able to displace gGpNA from
H. pylori gGT resulting in slower p-nitroaniline release (Figure 17A). Interestingly, L-glutamine in-
teracted with the enzyme more efficiently than glutathione, since lower concentrations were needed
to compete with gGpNA. Half maximal inhibitory concentration value (IC50) for L-glutamine was
14.4 uM, for glutathione 36.5 uM, for L-glutamate 59.7 pM, and for D-glutamine 1043 pM. These
results suggest that L-glutamine (hereafter referred to as glutamine) is the preferred substrate of
H. pylori gGT and therefore might be the most relevant substrate under physiological conditions,
whereas D-glutamine hardly interacted with gG'T. Conversely, L-glutamate might show inhibitory
effects due to product inhibition. When IC50 values for glutamine were compared between gGT's of
different species, Campylobacter gGT, which is very similar to H. pylori gGT, showed a comparable
1C50 value of 28.1 pM, while equine gGT, a commercially available representative of mammalian
gGTs, had a much higher IC50 value above 4 mM (Figure 17B). As the gGpNA assay monitors
transpeptidation reaction in a Tris-buffered system, an enzymatic glutamate assay was established
to analyze hydrolysis of glutamine and glutathione in cell culture medium. Therefore, glutamine
and glutathione were titrated into glutamine-free RPMI cell culture medium containing H. pylori
gGT and incubated at 37 °C. Release of glutamate correlated to the amount of substrate intro-
duced into the medium, which demonstrated that glutamine as well as glutathione were hydrolyzed
by H. pylori gGT (Figure 17C). A time course experiment revealed that an equimolar amount
of glutamate was produced with different concentrations of H. pylori gGT by the end of a 48 h
incubation period when 2 mM of glutamine were initially present in the medium (Figure 17D). To
confirm that glutamine is quantitatively hydrolyzed to glutamate by H. pylori gGT, glutamine and
glutamate levels in cell culture medium were monitored by quantitative LC-MS. Indeed, glutamine
was almost completely hydrolyzed to glutamate within 24 h and completely depleted after 48 h
(Figure 17E).

3.1.3 H. pylori gGT blocks expansion of activated T-lymphocytes via glu-
tamine deprivation

Considering the facts that H. pylori gGT has strong glutaminase activity and that T-cells absolutely
require glutamine for proliferation, glutamine deprivation due to glutamine hydrolysis by gGT
could be responsible for inhibition of T-cell proliferation. Thus, glutamine was supplemented to
cells treated with H. pylori gGT to overcome gGT induced effects. As glutamine is not stable
in aqueous solutions for long term, glutamine-free RPMI cell culture medium supplemented with
10 % FCS was used and glutamine was added prior to experiments when required. To study the
effect of glutamine supplementation, human PBMCs were stimulated in a TCR-dependent manner,
treated with gGT, and incubated in cell culture medium containing increasing concentrations of
glutamine. It has to be noted that glutamine is present in serum at high levels. Thus, cell culture
medium contained 0.07 mM glutamine from FCS even without addition of glutamine. Proliferation
was either measured by tritium incorporation, determined as percentage of dye-loaded cells that
had undergone cell division, or assessed by a viability assay. Indeed, addition of glutamine to
H. pylori gGT-treated cells restored proliferation of T-lymphocytes in a dose-dependent manner
(Figure 18A/B). Conversely, increasing gGT concentration lowered proliferation rate presumably
through hydrolysis of supplemented glutamine. Not only proliferation of primary lymphocytes was
affected by H. pylori gGT, but also proliferation of the transformed Jurkat T-cell line (Figure 18C).
Although Jurkat cells divide independently of TCR stimulation, glutamine supplementation could
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Figure 17: Enzymatic activity of H. pylori gGT metabolizes glutamine and glutathione.

(A) H. pylori gGT substrates were titrated in a gGT activity assay to compete for an artificial substrate. Increasing
concentration of L-glutamine (L-Gln), glutathione (GSH), D-glutamine (D-Gln), and L-glutamate (L-Glu) were
introduced. Enzyme kinetics were measured in 0.1 M Tris pH 8 at 37 °C with 48 pnM gGpNA as colorimetric substrate
in presence of 20 mM glycyl-glycine as acceptor. Data £ SD from four runs performed in duplicates are shown.
Vo, initial velocity. (B) Competition between glutamine and the artificial gGT substrate gGpNA for gGTs from
different species was analyzed. For direct comparison, the amount of gGT introduced was adjusted to comparable
Vmax and concentration of gGpNA was adjusted to the Ky, value of each gGT species. Thus, 50 ng H. pylori gGT,
100 ng C. jejuni gGT, and 250 ng equine gGT were used with 48 pM, 34 pM, and 768 pM gGpNA, respectively.
Enzyme kinetics were measured in 0.1 M Tris pH 8 at 37 °C in the presence of 20 mM glycyl-glycine as acceptor.
Vo, initial velocity; Vmax, maximal velocity. (C+D) Production of glutamate in cell culture medium due to H. pylori
gGT enzymatic activity was measured using an enzymatic glutamate assay. (C) Different amounts of glutamine
or glutathione were added to Gln-free RPMI/10%FCS and incubated with H. pylori gGT (2.5 pg/ml) for 20 h at
37°C. (D) Cell culture medium (RPMI/10%FCS) containing 2 mM glutamine was incubated with different amounts
of H. pylori gGT for various times as indicated. (E) H. pylori gGT glutaminase activity analyzed by LC-MS. Cell
culture medium (RPMI/10% FCS/2 mM Gln) was incubated with or without rgGT (2.5 pg/ml) at 37 °C. The amount
of glutamine and glutamate was determined by quantitative LC-MS analysis at times indicated. Data £ SD from
three independent experiments are shown.
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restore proliferation of these cells.

To further substantiate that glutamine deprivation is responsible for inhibition of T-cell pro-
liferation induced by gGT, cell culture medium was preconditioned with recombinant H. pylori
gGT and proliferation of CD3% T-cells was studied by flow cytometry after 72 h incubation. In
glutamine-free medium containing only low amounts of glutamine from FCS, few CD3™" T-cells were
able to divide once, while medium containing 2 mM glutamine was optimal for T-cell proliferation
(Figure 19A/B). H. pylori gGT-treated medium inhibited cell division, even when glutamine was
supplemented, since the enzyme was still active, thus, consuming the additional glutamine during
the 72 hour cultivation period. In order to clearly discriminate between the effects of enzymatic
activity of gGT during pretreatment of the medium and after supplementation of glutamine, the
enzymatic activity was abolished by heat-inactivation of the preconditioned medium (Figure 20).
In this way, the cells did not encounter active gGT but only modified cell culture medium. After
inactivation of H. pylori gGT, glutamine supplementation completely restored cell division rate
irrespectively of glutamine level during the preconditioning phase (Figure 19A/B). The presence of
glutamine as a y-glutamyl donor during conditioning phase excluded the possibility of a dominant
toxic effect by a v-glutamyl compound formed due to gGT activity, as reconstitution of medium
with glutamine completely restored proliferation. The same results regarding proliferation were
obtained with Jurkat cells incubated in preconditioned medium and supplementation of glutamine,
with the exception that no TCR-dependent stimulation was required (Figure 19C).

Further parameters that were related to proliferation such as cyclin D3 expression and size
of activation-induced lymphocyte aggregates were analyzed. These parameters were also clearly
inhibited by H. pylori gGT in a glutamine-dependent manner in TCR-activated PBMCs analyzed
after 24 h and 48 h, respectively (Figure 21A/B and Figure 22).

Whole bacteria were used to study the effects of H. pylori gGT in a more physiological context.
To show that gGT expression by whole bacteria is sufficient to block T-cells proliferation, medium
was preconditioned with H. pylori PMSS1 (MOI 5), which was sufficient (wt) or deficient (AgGT)
in gGT. Recombinant gGT was taken along as a control. Proliferation of TCR-stimulated human
PBMCs was significantly inhibited when cells were incubated in medium pretreated with H. pylori
wt or with rgGT alone, while cells incorporated thymidine in absence of active gGT (Figure 23).
Glutamine could also overcome the inhibitory effect of gG'T' on proliferation under these conditions.

These data indicate that inhibition of proliferation of T-lymphocytes by H. pylori gGT is due
to glutamine deprivation, which is dependent on the level of glutamine, gGT concentration, and
incubation time.

3.1.4 H. pylori gGT inhibits T-lymphocyte activation in a glutamine-dependent
manner

Promotion of T-cell proliferation requires paracrine and autocrine IL-2 signaling. Therefore, the
effect of gGT on the expression of the a-chain of IL-2R, CD25, was analyzed. This early activation
marker was up-regulated upon TCR-dependent stimulation in presence of glutamine (Figure 24A /B
and Figure 19C). Only complete glutamine depletion in medium preconditioned with gGT abolished
the expression of CD25. As only CD25-positive T-cells were capable to divide, no cell prolifera-
tion occurred with active gGT (Figure 24A and Figure 25). Glutamine supplementation induced
CD25 expression, but still did not allow proliferation when gGT was active. CD25 up-regulation
and consecutive proliferation in gGT-conditioned medium was only observed when gGT enzymatic
activity was abrogated. Under these conditions, glutamine was available during the complete cul-
tivation period. To demonstrate that CD25 up-regulation precedes proliferation, CD25 expression
of CD4% T-cells was analyzed after 24 h. Up-regulation of CD25 was inhibited in presence of
active gGT in preconditioned medium and expression could be restored by addition of glutamine
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Figure 18: Glutamine supplementation restores proliferation of gGT-treated lymphocytes. Cells were
incubated in glutamine-free RPMI medium containing 10 % FCS which was supplemented with glutamine as indicated.
(A/B) Human PMBCs were stimulated with aCD3/CD2/CD28-coated beads and treated with rgGT. (A) Prolifer-
ation of cells treated with 0, 1 or 2.5 ng/ml rgGT was measured in triplicates as increase in radioactively labeled
[3H]-thymidine incorporation during the last 24 h of a 72 h incubation period. Cpm, counts per minute. Results are
presented as mean £ SD from three independent donors. (B) To determine percentage of cells that had undergone
cell division, PBMCs were loaded with a proliferation dye prior to the 72 h incubation period. Proliferation was
assessed by flow cytometry. Results are presented as mean £ SD from six donors. (C) Jurkat cells were incubated
with rgGT (1 pg/ml) for 48 h. Proliferation was measured by a viability assay. Values are represented as mean =+
SD from four experiments measured in triplicates (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 19: Glutamine supplementation restores proliferation impaired by H. pylori gGT only when
enzymatic activity is abrogated.

(A+B) aCD3/CD2/CD28-stimulated human PBMCs were loaded with a proliferation dye and incubated with
glutamine-free or glutamine sufficient (2 mM) medium preconditioned with 2.5 png/ml H. pylori rgGT for 24 h.
Inactivation of preconditioned medium was performed by heat treatment (65 °C, 30 min). Glutamine was supple-
mented as indicated when the cells were stimulated. FACS analysis for proliferation dye in CD3™" cells was performed
after a 72 h cultivation period. (A) Proliferation of one representative donor is shown. (B) Bars represent mean =+
SD of divided CD3" cells from eleven donors. (C) Jurkat cells were cultivated for 48 h in medium preconditioned
as described above. To assess proliferation a viability assay was performed in triplicate. Results are represented as
mean £ SD (* p < 0.05; *** p < 0.001).
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Figure 20: Enzymatic activity of gGT in preconditioned cell culture medium. H. pylori gGT activity was
measured in cell culture medium preincubated with 2.5 ng/ml rgGT before and after heat-inactivation at 65 °C for
30 min. Results (mean £ SD) of three independent experiments are shown.
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Figure 21: Cyclin D3 expression restored by glutamine when gGT is inactivated. PBMCs were TCR-
stimulated and cultivated in cell culture medium (-/+ glutamine) that was preconditioned with 2.5 png/ml rgGT for
24 h. H. pylori gGT in preconditioned medium was inactivated by heat-treatment when indicated. Glutamine was
supplemented at the beginning of the cultivation period. For determination of cyclin D3 expression, cells were lysed
after 24 hours and subjected to Western blot analysis. (A) Representative cyclin D3 blot with S-actin as loading
control. (B) Band densities from three different donors were combined in relation to S-actin expression. Results are
represented as mean £+ SD (* p < 0.05; ** p < 0.01).
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Figure 22: Aggregate size of activated PBMCs is decreased by H. pylori gGT activity.
aCD3/CD2/CD28-stimulated PBMCs were cultivated in glutamine-free cell culture medium that was supplemented
with glutamine before or after preconditioning with 2.5 pg/ml H. pylori gGT for 24 h, as indicated. Thus, glutamine
was present during preconditioning (precond.) phase and/or supplemented (suppl.) to the cells at the time of stimu-
lation. H. pylori gGT was inactivated in preconditioned medium by heat-treatment. Light microscopy images of cell
aggregate formation of PBMCs cultivated for 48 h are shown. unstim, unstimulated control
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Figure 23: H. pylori wt impairs proliferation of T-cells by gGT-dependent glutamine deprivation. TCR-
stimulated PBMCs were incubated in cell culture medium (RPMI/2 mM glutamine) that had been preconditioned
by adding H. pylori PMSS1 (MOI 5) or rgGT (1 pg/ml) for 72 h. 2 mM glutamine was supplemented when cells
were stimulated as indicated. Cell proliferation was measured in triplicates as increase in radioactively labeled [3H]-
thymidine incorporation during the last 24 h of a 72 h incubation period. Cpm, counts per minute. Results are
presented as mean £ SD from three independent donors (*** p < 0.001, ** p < 0.01)



62 CHAPTER 3. RESULTS

(Figure 24A). This effect was also seen when medium was preconditioned with H. pylori wt, while
the gGT-deficient mutant impaired CD25 expression only when complemented with rgGT (Figure
24B).
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Figure 24: H. pylori gGT-induced glutamine deprivation impairs activation of CD4%" T-cells.
aCD3/CD2/CD28-stimulated PBMCs were incubated with cell culture medium which had been preconditioned
with 1 pg/ml rgGT (left) or H. pylori PMSS1 (MOI 5) (right) for 72 h. Inactivated (inact) gGT and gGT-deficient
H. pylori (AgGT) were used as controls. Glutamine was supplemented at the time of stimulation when indicated.
FACS analysis was performed after 24 h of cultivation. Cells were stained with fluorophore-coupled antibodies for the
surface markers CD3, CD4 and CD25. (A) Histogram of CD25 expression is shown from one representative donor.
(B) CD4"/CD3™" cells expressing CD25 from ten donors are displayed as mean + SEM (¥** p < 0.001; ** p < 0.01).
Unst, unstimulated cells.

Furthermore, it was analyzed whether H. pylori gGT affects IL-2 secretion. Indeed, gGT
treatment resulted in decreased levels of IL-2 released from activated T-lymphocytes after 24 hours
(Figure 26A). Interestingly, supplementation of glutamine could rescue IL-2 secretion even in the
presence of active gGT (24 hours) while proliferation (72 hours) was still inhibited. As CD25 is
also up-regulated under these conditions (24 hours), this indicates that impaired IL-2 signaling
is not responsible for the inhibitory effect of H. pylori gGT on T-cell proliferation. To confirm
this, cells were supplemented with recombinant I1.-2. As expected, addition of recombinant 1L-2
did not promote proliferation in the presence of gGT (Figure 27). Taken together, these results
demonstrate that CD25 expression and IL-2 release are early events promoting proliferation that
are suppressed by H. pylori gGT in a glutamine-dependent manner. Nevertheless, they are not the
central limiting factors for the inhibition of cell division in activated T-lymphocytes observed in
the presence of the enzyme.

As the adaptive immune response towards H. pylori is dominated by a Th1/Th17 phenotype,
the effect of glutamine deprivation induced by H. pylori gGT on IFN~ and IL-17 cytokine ex-
pression was analyzed by ELISA and flow cytometry. IFN~ secretion as well as percentage of
IFN~v-expressing CD4™ T-cells were significantly reduced in the presence of active gGT in stimu-
lated PBMCs, while inactivation or depletion of gGT as well as glutamine supplementation allowed
increased cytokine production (Figure 28A and Figure 29A). IFN~ secretion, like IL-2 release,
could be induced by glutamine supplementation when active gG'T was present, indicating that it is
a rather early event (Figure 28A). In contrast to IL-2 and IFN~ release, secretion of TNFa was not
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Figure 25: H. pylori gGT impairs upregulation of CD25, a prerequisite for proliferation.
aCD3/CD2/CD28-stimulated human PBMCs were loaded with a proliferation dye and incubated with glutamine-
free or glutamine sufficient (2 mM) medium preconditioned with 2.5 pg/ml H. pylori rgGT for 24 h. Inactivation of
preconditioned medium was performed by heat treatment (65 °C, 30 min). Glutamine was supplemented as indicated
when the cells were stimulated. FACS analysis for CD25 and proliferation dye in CD3™ cells was performed after a
72 h cultivation period. CD25 expression together with cell proliferation is displayed for one representative donor.
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Figure 26: Supplementation of glutamine restores IL-2 secretion from PBMCs treated with H. pylori
gGT preconditioned medium. aCD3/CD2/CD28-stimulated human PBMCs were incubated with cell culture
medium (Gln-free/10 % FCS) which was preconditioned with 2.5 ng/ml H. pylori rgGT for 24 h. Glutamine was added
during the preconditioning and/or cultivation period, as indicated. Inactivation of H. pylori gGT was performed prior
to incubation period by heat-inactivation of preconditioned medium (65 °C, 30 min). IL-2 secretion was measured
by ELISA in supernatants that were collected after 24 h of cultivation. Bars represent mean = SD from nine/three
donors/independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 27: rIL-2 cannot restore proliferation of H. pylori gGT-treated PBMCs. aCD3/CD2/CD28-
stimulated human PBMCs cultivated in medium preconditioned with 1 pg/ml H. pylori gGT for 72 h and supple-
mented with 10 mM glutamine (Gln) or 50 U/ml rIL-2 at the time of stimulation. Cell proliferation was measured as
radioactively labeled [3H]-thymidine incorporation during the last 24 h of a 72 h incubation period. Results (mean
+ SD) from two independent experiments conducted in duplicates are shown. Cpm, counts per minute.
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reduced by H. pylori gGT but rather induced (Figure 28B), which shows that cytokine secretion
was not affected in general. Increased TNFa secretion from activated PBMCs in presence of rgGT
was most likely due to residual E. coli LPS from the protein purification process. 1L-17 expression
was also down-regulated by gGT-dependent glutamine deprivation (Figure 29B), albeit to a lesser
extent than IFN~. This might be due to the fact that a«CD3/CD28-stimulation induced IL-17A
expression in only a small percentage of CD4" T-cells since no TGF3 was added in this experiment.
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Figure 28: Supplementation of glutamine restores effector cytokine secretion from PBMCs treated
with H. pylori gGT preconditioned medium. «CD3/CD2/CD28-stimulated human PBMCs were incubated
with cell culture medium (Gln-free/10 % FCS) which was preconditioned with 2.5 nug/ml H. pylori rgGT for 24 h.
Glutamine was added during the preconditioning and/or cultivation period, as indicated. Inactivation of H. pylori
gGT was performed prior to incubation period by heat-inactivation of preconditioned medium (65 °C, 30 min). ITFN~y
(A) and TNF« (B) secretion was measured by ELISA in supernatants that were collected after 24 h of cultivation. Bars
represent mean + SD from nine/three (A) or six/two (B) donors/independent experiments (* p < 0.05; ** p < 0.01;
K p < 0.001).

Collectively, these results show that H. pylori gGT inhibits activation and expression of effector
cytokines by depriving T-lymphocytes of glutamine.

3.1.5 Glutathione degradation-dependent effects of H. pylori gGT on T-cells

As demonstrated before, glutathione seems to be a substrate that is degraded by gGT to a similar
extent as glutamine. It has been suggested that hydrolysis of glutathione by gGT might harm
lymphocytes through production of pro-oxidant products [231]. Therefore, a viability assay was
performed with stimulated lymphocytes in presence of glutathione. In presence of glutathione, sim-
ilar number of viable cells were detected after gGT treatment as without glutathione (Figure 30A).
Thus, no harmful effect of glutathione degradation was observed. In contrast to glutamine supple-
mentation, increasing concentration of glutathione or other reducing agents such as dithiothreitol
and [-mercaptoethanol could not restore proliferation in the presence of gGT (Figure 30A-C).
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Figure 29: H. pylori gGT-induced glutamine deprivation impairs activation and effector cytokine
secretion of CD41 T-cells. aCD3/CD2/CD28-stimulated PBMCs were incubated with cell culture medium
which had been preconditioned with 1 pg/ml rgGT (left) or H. pylori PMSS1 (MOI 5) (right) for 72 h. Inactivated
(inact) gGT and gGT-deficient H. pylori (AgGT) were used as controls. Glutamine was supplemented at the time
of stimulation when indicated. FACS analysis was performed after 24 h of cultivation. Cells were stained with
fluorophore-coupled antibodies for the surface markers CD3 and CD4. Intracellular cytokine stain of (A) INF~y (n=8)
and (B) IL-17A (n=6) in CD4" cells is shown as mean & SEM (*** p < 0.001; * p < 0.05). Unst, unstimulated cells.
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When gGT was absent, an optimal level of reducing agents was observed, which slightly promoted
proliferation. Administration of glutathione did not rescue gGT induced inhibition of proliferation
in presence of rgGT or H. pylori wt (Figure 31A). Interestingly, a synergistic effect of glutathione
on promotion of proliferation was observed when glutamine was supplemented but limited due to
presence of active gGT (Figure 31A). Thus, glutathione-dependent effects of H. pylori gGT on
T-lymphocyte proliferation were only minor but beneficial. CD25 expression on CD4 T-cells was
not further induced by glutathione supplementation since cells were already fully activated through
addition of glutamine (Figure 31B).
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Figure 30: Supplementation of reducing agents to «CD3/CD2/CD28-stimulated PBMCs that were
treated with H. pylori gGT. Increasing concentration of glutathione (GSH) (A), dithiothreitol (DTT) (B) and
B-mercaptoethanol (C) were added to activated PBMCs treated with 1 pg/ml rgGT and incubated in cell culture
medium (2 mM Gln) for 72 h. Relative cell numbers were assessed by a viability assay normalized to stimulated but
otherwise untreated cells. Results represent mean £ SD from six donors of two independent experiments measured
in duplicates.
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Figure 31: Supportive effect of glutathione only on H. pylori gGT-treated PBMCs supplemented
with glutamine. PBMCs stimulated with aCD3/CD2/CD28-coated beads were incubated with cell culture medium
(2 mM Gln) preconditioned with 1 pg/ml rgGT and/or H. pylori (MOLI 5) sufficient (wt) or deficient (AgGT) in gGT
for 72 h. Glutamine (Gln) and/or glutathione (GSH) were supplemented when cells were stimulated and incubated
in preconditioned medium. (A) Proliferation of lymphocytes was measured by tritium incorporation within 24 h of a
72 h cultivation period. (B) Cells surface-stained with aCD4 and aCD25 were analyzed after 24 hours. Results are
shown as mean + SD from ten donors. (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.1.6 Activation-induced signaling pathways in T-cells affected by H. pylor:
gGT

The results presented above demonstrate that H. pylori gGT compromises T-lymphocyte function
in a glutamine-dependent manner. To further assess how glutamine deprivation is sensed and
mediates H. pylori gGT effects on T-lymphocytes, pathways that have been associated with sensing
and adaptation to nutrient availability in lymphocytes, such as mTOR, were analyzed. Active
mTOR signaling translates into phosphorylation of eukaryotic initiation factor 4E-binding protein 1
(4E-BP1) and ribosomal protein S6 kinase (p70S6K). Glutamine limiting conditions, caused by
H. pylori gGT, decreased the levels of phosphorylated and total 4E-BP1 as well as decreased
phosphorylation of p70S6K in TCR-stimulated PBMCs after 24 hours (Figure 32).

Upstream pathways that control mTOR activity, such as PI3K/AKT pathway or AMP-activated
protein kinase (AMPK), might be modified by glutamine limiting conditions. AKT is strongly
activated in T lymphocytes by co-ligation of TCR and CD28 and is thought to regulate glucose
but not glutamine metabolism [232]. As glutamine is the preferred energy substrate of activated
lymphocytes, energy sensing AMPK protein and phosphorylation level were analyzed upon H. pylori
gGT treatment and low glutamine levels. Yet, AMPK was not activated by glutamine deprivation
(Figure 32). On the contrary, increased overall AMPK and phosphorylation levels were observed
under glutamine sufficient conditions after 24 h, stressing the great energy demand when cells are
fully activated.

Furthermore, expression of the mTOR downstream targets cyclin D3 and cMyc were analyzed.
Up-regulation of cyclin D3 was observed upon TCR-dependent stimulation of PBMCs after 8 hours
that peaked at 24 hours (Figure 33). gGT treatment compromised cyclin D3 expression, as pre-
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Figure 32: Expression of mTOR up- and downstream targets in H. pylori gGT-treated PMBCs. TCR-
stimulated PBMCs were cultivated in medium preconditioned with or without rgGT (2.5 pg/ml). 2 mM glutamine
was present during the incubation period when indicated. Additionally, 2 mM glutamine was supplemented at the
time of stimulation to complement medium after exposure to gGT activity. Cells were lysed at several time points.
Phosphorylation and total level of mTOR upstream target AMPKa and downstream targets 4E-BP1 and p70S6K
were analyzed by Western blot. One representative experiment of three is shown. [-actin was used as loading control.

viously reported by our group [163], while glutamine supplementation rescued the protein levels.
This observation directly links H. pylori gGT-induced glutamine deprivation to the inhibition of
cell cycle progression. Protein level of cMyc was repressed in TCR-stimulated PBMCs cultivated
in glutamine-free or H. pylori gGT-treated medium as early as after 2 hours (Figure 33). Since
inhibition of the mTOR pathway was observed at a later time point (Figure 32), these results
indicate that cyclin D3 and cMyc expression is down-regulated by H. pylori gG'T prior to changes
in mTOR signaling.

cMyc expression has been recently reported to be down-regulated by inhibition of MAPK/ERK
signaling in T lymphocytes [197], which regulates proliferation and cell survival. Therefore, it
was analyzed whether H. pylori gGT influenced the expression and activation levels of ERK and
p38. Phosphorylation of ERK was rapidly induced upon TCR stimulation and decreased over
time; however, it decreased faster in the absence of gGT or when glutamine was supplemented
(Figure 34). Notably, no changes in p38 were observed after incubation of cells with recombinant
gGT. These results indicate that MAPK/ERK signaling inhibition is not an upstream event to
cMyc down-regulation induced by H. pylori gGT.

3.1.7 Untargeted approach to identify H. pylori gGT regulated proteins

To identify further pathways or transcription factors altered by H. pylori gGT in activated lympho-
cytes, expression patterns of proteins from TCR-stimulated PBMCs treated either with enzymati-
cally inactive or active gGT for 24 hours were compared. By two-dimensional gel electrophoresis,
a number of proteins were found to be differentially expressed (Table 9). However, only few had a
functional relevance that could be linked to T-cell activation and proliferation; of those eukaryotic
elongation factor 2 (eEF2), Chaperonin containing TCP1 gamma subunit (CCT3), F506-binding
protein 4 (FKBP4) and interferon regulatory factor 4 (IRF4) were reduced in presence of active
gGT (Figure 35 and Figure 36A).
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Table 9: H. pylori gGT regulates protein expression in activated PBMCs Differentially expressed proteins
identified by 2DGE with lysates from aCD3/CD2/CD28-stimulated PBMCs from six donors cultured either with
1 pg/ml wt or S451/452A rgGT for 24 h. The table includes assigned proteins with a regulation factor (RF) below
0.7 or above 1.3 and a p-value < 0.1 when wt was compared to inactive rgGT.

Protein | RF | P
MX1 Highly similar to Homo sapiens myxovirus (influenza virus) resistance 1 | 0.42 | 0.03
Serine/threonine-protein phosphatase 0.63 | 0.00
IDH3A Isocitrate dehydrogenase 3 (NAD+) alpha, isoform CRA_a 0.64 | 0.04
VDAC1 Voltage-dependent anion-selective channel protein 1 0.64 | 0.03
eEF2 Highly similar to Elongation factor 2 0.64 | 0.06
FKBP4  Peptidyl-prolyl cis-trans isomerase FKBP4 0.65 | 0.01
Proteasome 26S non-ATPase subunit 11 variant (fragment) 0.65 | 0.03
elF3H Eukaryotic translation initiation factor 3 subunit H 0.67 | 0.00
CCT3 T-complex protein 1 subunit gamma 0.68 | 0.02
Highly similar to tubulin alpha-ubiquitous chain 0.69 | 0.08
IRF4 Isoform 2 of Interferon regulatory factor 4 0.69 | 0.05
DLST DLST protein 1.42 | 0.03
SOD Superoxide dismutase 1.42 | 0.08
GDH1 Highly similar to Glutamate dehydrogenase 1, mitochondrial 1.44 | 0.06
SAMHD1 SAM domain and HD domain-containing protein 1 1.48 | 0.01
ALDH9A1Highly similar to 4-trimethylaminobutyraldehyde dehydrogenase 1.49 | 0.01
CAPG Capping protein (actin filament), gelsolin-like, isoform CRA _a 1.76 | 0.02

eEF2 is a downstream target of mTOR and promotes protein biosynthesis when de-phospho-
rylated. CCT is an ATP-dependent chaperon highly expressed in proliferating cells, facilitating
correct folding of newly synthetized proteins. RNAi-silencing of CCT results in cell cycle arrest
and apoptosis in mammalian cells [233]. In addition to actin and tubulin, cyclin E, cRaf and cMyc
were found to interact with this protein [234, 235, 236]. FKBP4 contains a peptidyl-prolyl isomerase
domain that converts cis-bonds to their energy favorable trans-form. Collectively these proteins are
involved in translation and correct folding of proteins. As protein biosynthesis is strongly induced
upon activation of T-cells, this indicates that H. pylori gGT interferes with this important anabolic
process although the results did not point to a common upstream pathway that would explain these
alterations.

3.1.8 H. pylori gGT-induced glutamine deprivation down-regulates IRF4 ex-
pression

Interestingly, the protein level of the transcription factor IRF4, which has been recently reported
to mediate metabolic reprograming upon TCR stimulation in CD8" T-cells [209], was found to
be reduced by a factor of 0.67 (p = 0.05) in the presence of the active enzyme (Figure 36B and
Table 9). This result was corroborated by Western blot analysis (Figure 36C). IRF4 expression was
strongly down-regulated by active H. pylori gGT like other factors that had been shown before to be
regulated by H. pylori gG'T, such as cRaf and cyclin D3, while the cell cycle inhibitor p27 was down
regulated also in presence of gGT. In a time course experiment, it was shown that IRF4 expression
was induced within 8 hours after TCR stimulation under normal conditions, and that the lack of
induction in presence of H. pylori gGT was glutamine-dependent (Figure 37). To determine whether
IRF4 expression in T-cells is altered during H. pylori infection in vivo, human stomach samples
showing H. pylori-dependent or -independent gastritis were analyzed. Indeed, CD3" infiltrates
at the site of infection displayed much lower IRF4 expression than infiltrating lymphocytes of
H. pylori-negative patients (Figure 37), indicating that the presence of the bacterium in the stomach
mucosa down-regulates IRF4 expression possibly in a gGT-dependent manner.
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Figure 33: Protein level of Cyclin D3 and cMyc in H. pylori gGT-treated PMBCs. TCR-stimulated
PBMCs were cultivated in medium preconditioned with or without rgGT (2.5 ng/ml). 2 mM glutamine was present
during the incubation period when indicated. Additionally, 2 mM glutamine was supplemented at the time of
stimulation to complement medium after exposure to gGT activity. Cells were lysed at several time points and
protein expression level of Cyclin D3 and cMyc were analyzed by Western blot. S-actin was used as protein loading
control. One representative experiment of three is shown. Expression levels were quantified and subjected to statistical

analysis (* p < 0.05).
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Figure 34: Phosphorylation and expression of MAP kinases ERK and p38. TCR-stimulated PBMCs were
cultivated in medium preconditioned with or without rgGT (2.5 pg/ml). 2 mM glutamine was present during the
incubation period when indicated. Additionally, 2 mM glutamine was supplemented at the time of stimulation to
complement medium after exposure to gGT activity. Cells were lysed at several time points. Phosphorylation and
protein expression level of ERK and p38 were analyzed by Western blot. One representative experiment of three is

shown.
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Figure 35: Exemplary protein spots that were differentially regulated by active H. pylori gGT.
aCD3/CD2/CD28-stimulated PBMCs from six donors were cultured in the presence of 1 pg/ml wt or S451/452
mutant rgGT and lysed after 24 h. Representative spots in Coomassie-stained 2DGE gels assigned and evaluated by
ProteomWeaver are shown.
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Figure 36: IRF4 expression in stimulated PBMCs is altered by H. pylori gGT activity. (A+B)
aCD3/CD2/CD28 stimulated PBMCs from six donors were cultured in the presence of 1 pg/ml wt or S451/452
mutant rgGT and lysed after 24 h. (A) IRF4 spots in Coomassie-stained 2DGE gels loaded with samples from six
donors. * spot not identified. (B) Statistical evaluation of IRF4 expression level. Data is shown as mean £ SD
(* p < 0.05). (C) Representative blots of one out of three donors are shown.
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Figure 37: Down-regulation of IRF4 by H. pylori gGT is reversed by glutamine supplementation. TCR-
stimulated PBMCs were cultivated in medium preconditioned with or without rgGT (2.5 pg/ml). 2 mM glutamine
was present during the incubation period when indicated. Additionally, 2 mM glutamine was supplemented at the
time of stimulation to complement medium after exposure to gGT activity. Cells were lysed at several time points.
Relative IRF4 expression was quantified from three donors at 24 h (* p < 0.05).
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Figure 38: IRF4 and CD3 expression in the gastric mucosa of H. pylori-infected individuals. Stomach
sections from H. pylori-positive (Hp+) and -negative (Hp-) patients with gastritis were subjected to immunohisto-
chemistry. IRF4 expression in CD3™" lymphocytes in the gastric mucosa was compared. Samples were stained with
Warthin-Starry stain to identify H. pylori and confirm infection status. Arrows indicate location of H. pylori. One
representative staining from five individuals for each condition is shown (Scale bars, 50 pm in the overview pictures
and 20 pm in insets as well as in the Warthin-Starry pictures).
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3.2 Role of H. pylori gGT during experimental infection

The glutaminase activity of H. pylori gGT is well characterized and results from in vitro exper-
iments suggest that gGT is able to manipulate T-cell responses. Yet, very little is known about
the physiological role of H. pylori gGT during infection. Although it has been demonstrated that
H. pylori gGT is required for effective colonization in mice, the effect on the infection rate and
level of bacterial burden was controversial [62, 187, 98]. In previous reports, it remained unclear
whether gGT-deficient H. pylori has a general defect that does not allow colonization or whether
it is cleared by the immune response of the host. Therefore, the contribution of H. pylori gGT
to initial colonization, to persistence of infection, and to induction of gastric inflammation was
investigated using a murine model of infection.

3.2.1 H. pylori gGT contributes to initial colonization and determines bacterial
burden

To establish the role of H. pylori gGT in terms of colonization and immunogenicity C57Bl/6 mice
were orogastrically inoculated with 10 CFU H. pylori PMSS1 wt or an isogenic gGT-deficient strain
(AgGT) and analyzed at different time points post infection. At the time of analysis, bacterial
load was assessed by plating serial dilutions of stomach homogenates.

H. pylori PMSS1 wt did efficiently and highly reproducibly infect mice after one inoculation of
bacterial suspension (Figure 39A/B). The colonization was stable and persistent as the bacterial
burden remained constant over a six months period. Bacterial load of H. pylori PMSS1 was
comparable to published data [98].

Conversely, H. pylori PMSS1 AgGT colonized at a much lower rate than the wt strain (Fig-
ure 39A). Notably, bacteria could no longer be recovered in about half of the mice that had been
inoculated with H. pylori AgGT as early as on day three. The high percentage of mice that were
not colonized after 3 days showed that H. pylori AgGT had a defective colonization capacity that
was independent from the adaptive immune response. In those mice that were colonized with the
gGT-deficient H. pylori strain, colonization level was decreased compared to H. pylori wt infec-
tion, indicating that gGT activity was advantageous to the bacteria in establishing a persistent
infection. The bacterial load in mice colonized with gGT-deficient H. pylori was 169-fold (day 3),
3-fold (one month, not significant) and 47-fold (three months) lower than in mice colonized with
H. pylori wt for the same time period (Figure 39A). Besides displaying an overall lower bacterial
burden, mice colonized with H. pylori AgGT showed a greater variability of bacterial load than
mice colonized with H. pylori wt. Remarkably, H. pylori AgGT was able to infect at wt levels in
some mice. Not only the level of infection but also the colonization rate was more variable in mice
colonized with gGT-deficient H. pylori compared to mice colonized with H. pylori wt (Figure 39B).
Independent inoculations with H. pylori AgGT showed varying colonization rates in contrast to
H. pylori wt. At six months post infection, bacterial burden in presence and absence of gGT
was similar and a higher percentage of mice was colonized with the AgGT strain than at earlier
time points (Figure 39A). However, in contrast to data from earlier time points that had been
derived from at least three independent experiments, six months data were derived from only one
experiment. Considering the great variability of colonization rates for H. pylori AgGT, the overall
colonization rates may assimilate to the same level by additional experiments. Nevertheless, the ob-
servation that mice were still infected with the gGT-deficient strain after six months demonstrates
that H. pylori AgGT was able to colonize persistently once it had established an infection.
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Figure 39: Influence of H. pylori gGT on gastric colonization during the course of infection. Adult
C57B1/6 mice were orogastrically infected with 10° H. pylori PMSS1 wt or AgGT for the time indicated. (A) Colo-
nization levels were determined by plating serial dilutions of stomach homogenates. Colony forming units (CFU)/mg
stomach are shown. Each symbol represents one mouse. Horizontal lines indicate the median for each group. Black
medians include all mice, while medians in red only include those that were colonized at the time of analysis. For
those mice also the interquartile range is depicted. Values on the base line are below the detection limit. The table
below summarizes percentage of non-colonized mice (% noCFU), number of mice (n), and number of experiments
(exp). *** p < 0.001 (Mann-Whitney) (B) Colonization rates of independent inoculations are shown. Each symbol
represents the colonization rate of one experiment. Horizontal lines indicate the median.
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3.2.1.1 Enzymatic activity of H. pylori gGT supports initial colonization

To further elucidate in what way gGT supported initial colonization, immune cell infiltration was
monitored and availability of gG'T activity was modified by administration of rgGT together with
the gGT-deficient H. pylori strain or co-infection of H. pylori wt and AgGT.

It had been reported that high numbers of neutrophils and macrophages enter the site of
infection within 2 days in FVB/N mice receiving orogastric infection with H. pylori SS1 [237].
Concerning colonization data, this might suggest that H. pylori AgGT copes less well with innate
immunity during this early phase of infection compared to H. pylori wt. However, no infiltration of
immune cells in the gastric mucosa of either H. pylori wt- or AgGT-infected mice could be detected
at day three (Figure 40A). In particular, presence of macrophages or neutrophil granulocytes was
not increased in mice infected with either H. pylori strain as hardly any chloroacetate esterase
(CAE) positive cells were present in the gastric mucosa (Figure 40A). As expected, T-lymphocyte
infiltration was not observed at this early time point. To analyze lymphocyte migration in draining
lymph nodes of the stomach and intestinal tract, absolute cell counts from gastric lymph node
(gLN), peyer’s patches (PP), mesenteric lymph nodes (MLN) as well as spleen (SPL) were deter-
mined. There was a slight trend towards lower cell numbers in gLN and higher cell numbers in
PP and MLN in mice infected with either H. pylori wt or AgGT compared to uninfected mice
(Figure 40B). This might indicate recognition of H. pylori by the immune system with migration
towards priming organs. Yet, these effects were only minor and independent of gGT. Thus, no
evidence was found that could support the hypothesis that H. pylori AgGT was cleared by the
immune system within the first three days.

The incapability of H. pylori AgGT strain to colonize might be due to the lack of enzymatic ac-
tivity acting on the environment encountered in the stomach. H. pylori gG'T may modify availabil-
ity of amino acids, produce ammonia, or exert oxidative stress; thereby profiting itself or harming
the host. To assess the importance of gGT activity for initial colonization, recombinant H. pylor:
gGT was externally complemented by oral administration together with the gGT-deficient H. py-
lori strain. Indeed, rgGT was able to complement the gGT-deficient strain to some extent and
allowed infection of a higher percentage of mice (Figure 41A). Increasing the dose (50 or 250 pg)
and frequency of application (1 or 3 doses) of the recombinant enzyme increased infection rate
with H. pylori AgGT. Conversely, inhibition of gGT-activity in mice infected with H. pylori wt by
i.p. administration of acivicin reduced infection rate (Figure 41B). As rgGT was able to comple-
ment H. pylori AgGT to some extent, it was investigated whether co-infection with gGT-sufficient
H. pylori wt strain would be able to support colonization with H. pylori AgGT. Mice were in-
fected with either H. pylori wt, AgGT, or a combination of both and analyzed after one month.
Interestingly, gGT-expressed by H. pylori wt did not compensate for gGT-deficiency of H. pylori
AgGT as no kanamycin resistant bacteria could be detected in mice that were inoculated with a
mixture of H. pylori wt and AgGT at one month post infection (Figure 41C). On the contrary,
H. pylori wt outcompeted the AgGT strain which was unable to colonize at all when the wt strain
was present in the stomach. When H. pylori AgGT was inoculated alone, 42.9 % of mice were
colonized. This indicates that those AgGT bacteria that would have been able to colonize were
displaced by wild-type bacteria.

These observations demonstrate that H. pylori gGT is an important bacterial colonization
factor. Taking into account the data presented above, it seems likely that mice inoculated with
H. pylori AgGT that displayed no CFU after three days had not been able to colonize at all.
However, adaptations by the host or the bacteria seem to facilitate colonization in mice even in
absence of gGT activity once an initial hurdle has been overcome. Thus, gGT-activity provides an
advantage to the bacterium but is not an absolutely essential prerequisite for colonization in mice.
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Figure 40: Gastric inflammation and infiltration of immune cells in stomach mucosa or related lym-
phoid tissue after three days of H. pylori infection. C57Bl/6 mice were orogastrically infected with 10°
H. pylori PMSS1 wt or AgGT for 3 days. (A) Tissue sections from stomachs were stained with H&E for gastritis
score (data from two independent experiments), for chloroacetate esterase (CAE, data from one experiment) and
for T-cells (CD3, data from one experiment). Horizontal lines represent median. Number of cells per high power
field (HPF). (B) Leucocyte cell count from immune organs three days post infection. Single cell suspensions were
prepared and leucocytes counted with a hemocytometer after trypan blue exclusion stain. Horizontal lines represent
mean (data from one experiment).

3.2.1.2 Alternative methods for assessing colonization status

To make sure that data derived from plating were truly representing colonization levels in mice,
other means of determining colonization were employed.

Besides plating on selective agar and colony counting, there are other parameters that correlate
with colonization, such as UreA expression. UreA is particularly suitable for infection analysis, since
it is stably expressed during the course of infection [238]. The colonization level assessed by colony
counting of serial dilutions from mice infected for one month correlated well with the expression
levels of UreA, in particular for the H. pylori wt infection (Figure 42A). Furthermore, all mice
that were colonized with H. pylori wt according to CFU determination were also tested positive for
UreA expression. However, two gastric homogenates of H. pylori wt- and two AgGT-infected mice
where bacteria could be reisolated from the stomach were negative for UreA expression analysis.
For H. pylori AgGT, four outliers displayed high UreA expression but low CFU had been observed
in these mice. This suggests an up-regulation of UreA mRNA expression, possibly to compensate
for a lack of gGT activity. Additionally, three mice inoculated with the gGT-deficient strain showed
UreA expression but no bacterial load.

The antigen response against highly abundant H. pylori surface proteins is another parameter
linked to the colonization status that is determined by the host’s immune system. The IgG serum
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Figure 41: Colonization of mice upon manipulation of H. pylori gGT by inhibition and complementa-
tion. C57Bl/6 mice were orogastrically infected with 10° H. pylori PMSS1 wt or PMSS1 AgGT for 3 days (A+B) or
one month (C). (A) Colonization of C57B1/6 mice that were orally infected once with 10° H. pylori PMSS1 AgGT.
50 or 250 ng rgGT were given orally at the time of infection and at day one and two after infection (3x) as indicated.
Horizontal lines represent median. * p < 0.05 (Mann-Whitney) (B) Colonization of C57Bl/6 mice that were orally
infected once with 10° H. pylori PMSS1 wt. 40 pg Acivicin was administered intraperitoneally (i.p.) four times
d-2/d0/d1/d2). (C) C57B1/6 mice were infected with 10° H. pylori PMSS1 wt, AgGT, or a 1:1-mixture. Horizontal
lines represent median. Tables below figures summarize percentage of non-colonized mice (% noCFU), number of
mice (n), and number of experiments (exp).
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Figure 42: Determination and confirmation of gastric colonization status. (A) Real-time PCR for UreA
from stomachs of mice infected with H. pylori PMSS1 wt or AgGT for one month. Data was normalized to GAPDH.
Nonlinear regression analysis was performed and the coefficient of determination (R?) was determined (wt (n=18)
AgGT (n=13, 4 outliers (A) were excluded from the analysis)). Table below shows correlation of positive and negative
results from CFU determination and UreA expression for individual mice from four independent experiments. (B)
IgG levels towards H. pylori HpaA from serum of mice infected for one month were determined by ELISA. Means
are indicated by horizontal lines; each symbol represents one mouse. Data in this figure are pooled from three
experiments. ** p < 0.01, * p < 0.05 (ANOVA).
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antibody response of infected mice against the highly abundant surface-expressed lipoprotein HpaA
was analyzed by ELISA. One month post infection, mice infected with H. pylori wt or AgGT showed
a significantly enhanced IgG response against HpaA (Figure 42B). However, the HpaA-specific
response did not correlate with bacterial burden and was only pronounced in half of the H. pylori
wt-infected mice. In mice infected with H. pylori AgGT, even less mice showed an antibody
response against HpaA. Thus, antibodies against HpaA were induced by H. pylori wt and AgGT
infection but did not correlate well with colonization status at one month post infection.

These results demonstrate that determination of CFU was the most sensitive and reliable
method to monitor colonization status of H. pylori wt and AgGT.

3.2.1.3 Characterization of gGT-deficient H. pylori that were able to colonize

To check whether H. pylori AgGT that were able to colonize still contained the interrupting re-
sistance cassette and were therefore not expressing gG'T, stomach homogenates of mice inoculated
with the gGT-deficient strain were always plated with and without kanamycin. Numbers of bacte-
ria on both plates were comparable (no significant differences according to Wilcoxon matched pairs
test) indicating that the kanamycin resistance was still present (Figure 43A). To further charac-
terize H. pylori AgGT isolated from mice that were persistently infected, a subset of isolates were
analyzed in more detail. Thus, gGT-specific PCR was performed on infection strains and isolates
from stomachs of mice colonized with H. pylori AgGT to confirm that the kanamycin resistance
cassette was still in place (Figure 43B). Furthermore, absence of gGT activity from H. pylori AgGT
infection strain and isolated bacteria was confirmed using the gGT activity assay (Figure 43C).
These data clearly demonstrate that some bacteria were able to colonize persistently despite lack-
ing gGT-activity. However, it was unclear whether this was due to adaptations of the bacterium
or differences encountered in the stomach of individual mice. To assess this, H. pylori AgGT
reisolated at different days post infection and different colonization levels were used for infection
experiments. Remarkably, all reisolates were able to persistently and stably colonize the gastric
mucosa as H. pylori AgGT was recovered from all mice one month post infection (Figure 43D).
This indicates that the colonizing gGT-deficient bacteria have adapted and acquired the ability to
persistently infect mice in absence of gG'T' activity.

3.2.2 gGT-dependent differences in the adaptive immune response towards
H. pylor:

Mice persistently infected with H. pylori AgGT and colonized at the same level as with H. pylori
wt represented an exceptional opportunity to study the immune response in presence and absence
of gGT activity. Changes observed between the two groups could be attributed to gG'T activity.
The adaptive immune response towards H. pylori wt and AgGT was investigated in detail, as an
immune regulatory role for H. pylori gGT during infection involving tolerogenic DCs and T-cells
had been suggested [98, 163].

3.2.2.1 T-cell differentiation and cytokine profile in peripheral lymphoid organs after
infection with H. pylori wt or AgGT

T-cell subsets and their cytokine profile were characterized in lymphoid organs of mice infected
with H. pylori wt or AgGT for one month. Therefore, lymphocytes from peripheral immune
organs linked to the gastrointestinal tract such as gastric lymph nodes (gL.N), peyer’s patches (PP),
mesenteric lymph nodes (MLN), and spleen (SPL) as systemic control were isolated, restimulated,
and subjected to flow cytometry. There was a trend towards increased infiltration of leucocytes
into gLN and PP upon infection with H. pylori wt as well as AgGT (Figure 44A). However, the
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Figure 43: Adaptation of bacteria may allow persistent infection in mice colonized with H. pylori
AgGT. H. pylori AgGT-infected stomach homogenates were plated in parallel on selective WC-dent special agar
plates without (-) and with (4) kanamycin (kana). Data shown in this figure were pooled from nine independent
experiments. (B) DNA was extracted from H. pylori infection strains and reisolates from stomachs of colonized
mice and PCR analysis was performed. Bands increased in size show disruption of the gGT-gene due to a kana
resistance cassette. (C) Infection strains and reisolated bacteria were resuspended in PBS and incubated for 6 h at
37 °C. Supernatant was subjected to the gGT activity assay performed in duplicates. (D) Colonization level of mice
infected with bacterial isolates from mice that were colonized with H. pylori AgGT. Reisolates from different times
of analysis (day 10 , one month) and different infection levels (low, high) were used. Colonization was assessed after
one month of infection. Medians are indicated by horizontal lines; each symbol represents one mouse.
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percentage of CD3T T-cells, CD4" T-cells or regulatory T-cells (FoxP3"/CD4" cells) was not
changed (Figure 44B). Surprisingly, an increased proportion of CD44-expressing CD4 cells was
observed in PPs of mice inoculated with H. pylori AgGT (Figure 44C), which indicates that an
increased proportion of cells had an antigen experienced phenotype. Stimulation with PMA /Tono
of lymphocytes isolated from these immune organs did not show a differential cytokine profile for
the Thl cytokine, IFN~, or the Th17 cytokine, IL-17A (Figure 44D). IL-17A-expressing CD4™ cells
were only detected in the PPs.

In peripheral immune organs, no significant changes in T-cell subtypes or cytokine profile were
observed due to infection. Consequently, no differences between infection in presence or absence of
gGT were detectable. However, cytokine restimulation was not H. pylori-specific; therefore, subtle
changes might not have been detectable.

3.2.2.2 T-cell response in the gastric mucosa

Although hardly any signs of inflammation were observed in peripheral immune compartments,
infiltration of immune cells and expression of cytokines were expected at the site of infection.
Therefore, the adaptive immune response in the gastric mucosa of mice infected for at least one
month was analyzed. As the role of gGT-activity in immunopathology can be assessed best when
comparing mice persistently infected with H. pylori wt to those colonized with AgGT at similar
levels, non-colonized mice inoculated with H. pylori AgGT are displayed in a separate group
(noCFU AgGT).

Presence of H. pylori gGT induced T-cell infiltration, whereas PMNs were unaffected.
Histopathological evaluation of gastric tissue revealed that H. pylori wt and colonizing AgGT
caused a similar level of active gastritis characterized by infiltration of PMNs (Figure 45A/B).
Overall the histopathology was rather mild with a median pathology of 2 and 2.5 (on a scale to 12)
for H. pylori wt and AgGT infected mice, respectively. 35 % of the H. pylori wt-infected mice did
not display histopathology at all like 29 % of mice colonized with H. pylori AgGT.

Infiltration of CD3™ cells in mice colonized with H. pylori wt was only significantly different from
uninfected controls (Figure 45A /B). Mice colonized with H. pylori AgGT also displayed infiltration
of CD3™ cells, albeit to a lesser extent than those colonized with H. pylori wt. Mice inoculated
with H. pylori AgGT that did not show colonization did also not display any signs of pathology
or lymphocyte infiltration in histological analysis, indicating that they were not colonized from the
beginning. Only one mouse inoculated with H. pylori AgGT that was not colonized according to
CFU assessment showed high gastritis scores and infiltration of T-cells in the aCD3 stain. It seems
likely that this particular mouse had been colonized but that the infection was cleared.

From histological data, it can be concluded that attraction of T-cells partially depends on
presence of gGT activity, whereas infiltration of PMNs depends on bacterial load in general.

gGT dependent infiltration of CD8 cells in the gastric mucosa of H. pylori-infected
mice. In accordance with histopathology, an increased infiltration of CD45" leucocytes and in
particular of CD3™ T lymphocytes into the gastric mucosa upon infection with H. pylori wt was
observed by flow cytometry (Figure 46A/B).

In mice colonized with H. pylori AgGT, the overall count of live CD45% leucocytes infiltrating
into the gastric mucosa was lower than wt (Figure 46A/B). The proportion of CD3" cells was
also increased in the stomachs of mice colonized with H. pylori AgGT, although not to the same
extent as in presence of gGT. Non-colonized mice that were inoculated with H. pylori AgGT
did not display infiltration of T-cells; with the exception of one mouse that had also displayed
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Figure 44: Characterization of Th-cell profile in peripheral immune organs induced by H. pylori wt
and AgGT infection. Single cell suspensions of lymphocytes were prepared from gastric lymph nodes (gLN),
peyer’s patches (PP), mesenteric lymph nodes (MLN), and spleen (SPL) of H. pylori PMSS1 wt- or AgGT-infected
C57Bl/6 mice one month post infection as well as uninfected control mice. (A) Absolute cell numbers of cells were
determined by a hemocytometer after trypan blue exclusion stain (n=4). (B+D) Th-lymphocytes subsets were
characterized by flow cytometry. Data for gLN, MLN, and SPL from 2 independent experiments and for PP from 3
independent experiments are shown. (B) Cells were directly stained ez vivo for CD45, CD3, CD4 and FoxP3. (C)
For one experiment cells were additionally stained for CD44. (D) Cytokine profile was analyzed after stimulation
of single cell suspensions with PMA /Ionomycin in presence of Brefeldin A for 3 h at 37 °C. Then cells were surface
stained for CD45 and CD4 and intracellular cytokine staining for IL17A and IFN~ was performed.
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Figure 45: H. pylori-induced gastritis and T-cell infiltration in mice colonized with H. pylori wt or
AgGT for one month. C57Bl/6 mice were infected with H. pylori wt or AgGT for one month before stomachs
were subjected to histological analysis. (A) Representative H&E stain (upper panel) for histopathology and aCD3
stain (lower panel) for infiltrating T-lymphocytes from one mouse of each group. (B) Histological scores of gastritis
and CD3 cell count/high power field at 20-fold magnification (CD3/HPF) were assessed after one month. Data in
the figure is pooled from three to four independent experiments (exp) with groups of 4 to 8 mice (n). Horizontal lines
represent median. Kruskal-Wallis test with Dunn’s multiple comparison was used to establish statistical significance;
*k p < 0.01, * p < 0.05. % gastritis defined as gastritis score > 0, % CD3" > 5 (highest score of uninf).
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Figure 46: Immunophenotyping of T-cell subsets in stomachs infected with H. pylori wt and AgGT
for one month. Collagenase/DNase digests of gastric tissue stained for CD45, CD3, CD4. (A) Scatter blot depicts
the CD3/CD4 stain of live CD45" cells. A representative mouse from each group is shown. (B) Characterization of
lymphocyte populations. Data in these figures were pooled from 3 independent experiments. (C/D) Additionally,
CD4 T-cells were stained for CD8« in one experiment. (C) Scatter blot of live CD3/CD45 cells. (D) Proportion of
infiltrating CD8« T-cells. Horizontal lines represent mean. *** p < 0.001, ** p < 0.01, * p < 0.05 (ANOVA).
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immunopathology. This suggests that the infection had been cleared in this mouse, while other
mice had not been colonized.

Strikingly, mice colonized with H. pylori AgGT displayed a similar proportion of CD4™ T-cells
regarding the leukocyte population as those infected with H. pylori wt (Figure 46A/B). However,
the proportion of CD4 cells within the T-cell population was decreased in mice colonized with
H. pylori wt compared to AgGT. Supposedly, this was due to an increase of another cell population.
Indeed, when T-cells were stained for CD4 and CD8¢, it could be shown that H. pylori wt induced
much stronger infiltration of CD8a™ cells compared to H. pylori AgGT, while infiltration of CD4™
cells was similar (Figure 46C/D).

After three month, lymphocytes infiltrating into the stomach of H. pylori-infected mice dis-
played a very similar pattern compared to one month infection. The strong T-cell infiltration upon
infection was even less dependent on presence of gGT than after one month for those mice that were
persistently colonized (Figure 47A /B). The shift towards a higher proportion of CD8a™ T-cells over
CD4™" T-cells infiltrating into stomachs infected with H. pylori wt was maintained (Figure 47A/B).

As regulatory T-cell responses may impact expansion of T helper (CD4) and cytotoxic (CDS)
T-cells, CD4 cells in the gastric mucosa of infected mice were further characterized and stained
for FoxP3 expression. An additional stain for CD44 showed that all CD4" cells infiltrating upon
infections displayed a phenotype of antigen experience cells independent of whether the H. pylori
strain contained gGT (Figure 48A). Infiltration of regulatory FoxP3*/CD4" T-cells was slightly,
yet not significantly, induced upon infection with H. pylori wt as well as AgGT (Figure 48B/C).
Interestingly, the proportion of regulatory T-cells within the CD4" cell subpopulation correlated
positively with the bacterial load irrespective of gGT status (Figure 48D). This indicates that
regulatory T cell response is actively induced by H. pylori but that is independent of gG'T activity.
FoxP3-expressing CD4™ T-cells were also positively correlated to colonization level after three
month (Figure 48E), but due to different colonization levels, the proportion of FoxP3-expressing
cells within the CD4 cell population was higher in mice infected with H. pylori wt and compared
to AgGT.

gGT-deficient H. pylori induced a less pro-inflammatory chemokine and cytokine pro-
file in the gastric tissue. To further characterize gGT-related differences in the immune re-
sponse, expression of cytokines and chemokines in the gastric mucosa of mice colonized with H. py-
lori wt or AgGT were assessed.

First, expression of cytokines and chemokines that attract neutrophils and macrophages and
drive differentiation of the T-cell response. They were analyzed in the gastric mucosa of mice
infected for one month. These factors are mainly produced by innate immune and epithelial cells
in chronically inflamed gastric tissues.

LIX (CXCL5), a neutrophil attracting chemokine that is expressed by epithelial cells and
macrophages, and RANTES (CCL5), another potent chemoattractant for lymphocytes and mono-
cytes, have been shown to be induced in the gastric mucosa upon H. pylori infection [239, 240).
Expression of LIX was induced 11.3-fold and expression of RANTES 9.8-fold upon colonization
with H. pylori wt compared to uninfected and non-colonized mice, while colonization with H. py-
lori AgGT did not induce expression of these chemokines (Figure 49A). Since bacterial burden
was similar, this induction can be attributed to presence of gGT. The murine IL-8 homologue,
MIP-2, attracting neutrophils to the site of infection, and IL-153, responsible for neutrophil and
macrophage recruitment, showed a similar pattern of expression in stomachs one month post infec-
tion (Figure 49B). Expression levels of MIP-2 and IL-15 were 2.9- and 2.8-fold higher in H. pylori
wt-infected mice than in non-infected mice. In mice colonized with gGT-deficient H. pylori strain,
expression levels of MIP-2 and IL-18 were only slightly elevated, while non-colonized mice infected
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Figure 47: Immunophenotyping of T-cell subsets in stomachs infected with H. pylori wt and AgGT
for three months Collagenase/DNase digests of gastric tissue stained for CD45, CD3, CD4, CD8« and FoxP3 were
analyzed by flow cytometry. (A) CD4 and CD8« expression of live CD3" /CD45™ cells of one representative mouse
from each group (B) Data in this figure were pooled from 2 independent experiments. Horizontal lines represent
mean. *** p < 0.001, ** p < 0.01, * p < 0.05 (ANOVA)
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Figure 48: Characterization of CD4 T-cells infiltrating into gastric mucosa of mice infected with
H. pylori wt and AgGT for one month. Collagenase/DNase digests of gastric tissue stained for CD45, CD3,
CD4, CD44 and FoxP3 were analyzed by flow cytometry. (A) CD44 expression was analyzed in two experiments.
Horizontal lines represent mean. *** p < 0.001, ** p < 0.01 (ANOVA). (B) Proportion of FoxP3-expressing CD4™"
cells within the CD3% cell population depicted from a representative mouse of each group. (C) Regulatory T-cells
within leucocyte population. Nonlinear regression analysis was performed to describe the relationship between FoxP3-
expressing T-helper cells and colonization level from cells isolated after 1 month (D) and 3 months (E). Data in figure
C and D were pooled from 3 independent experiments and in figure E from 2 independent experiments.
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with H. pylori AgGT were indistinguishable from uninfected mice. Thus, H. pylori AgGT triggered
a much less pro-inflammatory environment in the gastric tissue than H. pylori wt at comparable
colonization levels. As H. pylori infection is associated with cytokine expression inducing Thl and
Th17 differentiation, expression levels of IL-12 p40 and IL-23 p19 mRNA were analyzed. IL-12
p40 expression was induced (1.9-fold) by H. pylori wt infection, while colonization with AgGT
strain did not induce expression of IL-12 (Figure 49C). IL-23 pl9, required for maintenance of
Th17 T-cells, was expressed at very low levels in the murine stomachs even after infection levels
remained low and no differential expression was observed.

Second, mRNA expression of factors characterizing Thl, Thl7, and Treg responses in the
gastric mucosa was evaluated. As expected from increased level of IL-12 expression, infection with
H. pylori wt strongly induced expression of the Thl-type cytokines IFN+ and TNF« 13.1- and
5.7-fold, respectively (Figure 50A). In mice inoculated with H. pylori AgGT expression of these
cytokines were comparable to uninfected mice irrespective of colonization status (colonized vs. non-
colonized). Taking a closer look revealed that IFN~, but not TNFa, seemingly correlated negatively
with bacterial load in H. pylori wt- as well as AgGT-infected stomachs, albeit at a different level
(Figure 50B). Thus, the shift in IFN~ level was clearly gGT-dependent and might be caused by
absence of an IFN~-expressing cell type, such as CDS8 cells, whereas a negative correlation of IFN~
with CFU might be due to suppression of IFN~-producing cells by regulatory T-cells that correlate
positively with bacterial load, as described earlier. Expression of I1-17A was increased 2.2-fold
in mice infected with H. pylori wt compared to uninfected controls (Figure 50A). Induction of
expression of the Th17 cytokine IL-17A in H. pylori wt-infected mice was less pronounced compared
to Thl cytokines. This is in line with low I1-23 expression observed in the stomach of H. pylori-
infected mice. Expression of IL-17A was only slightly increased in mice colonized with H. pylori
AgGT. Expression of factors determining a regulatory T-cell response, such as FoxP3, I1.-10 and
TGFp was induced in H. pylori wt- as well as AgGT-infected mice (Figure 50C) indicating that
a regulatory T-cell response was induced due to H. pylori colonization independently of gGT.
This was in accordance with flow cytometry data. Thus, colonization with gGT-deficient H. pylori
resulted in much lower effector cytokine expression but a similar expression of factors reflecting a
regulatory T-cell response compared to infection with H. pylori wt.

Collectively, data from mice that were colonized with H. pylori AgGT compared to those
infected with H. pylori wt demonstrate that, in presence of gGT, a stronger proinflammatory
environment accompanied by a stronger adaptive immune response was evoked, whereas PMN
infiltration did only depend on colonization. Colonization with H. pylori wt attracted leucocytes
and in particular T-cells to the stomach mucosa. Remarkably, the proportion of infiltrating CD8«a"
T-cells was even higher than the proportion of infiltrating CD4™ T-cells upon H. pylori wt infection.
Thus, a CD8a™ dominant T-cell phenotype was observed in the gastric mucosa. In H. pylori AgGT-
infected mice a similar proportion of CD4 cells was infiltrating in the stomach mucosa, yet hardly
any influx of CD8 cells was observed in contrast to H. pylori wt-infected mice. Concerning effector
cytokines, colonizing H. pylori AgGT did not induce the typical expression patterns related to wt
H. pylori-associated gastritis, characterized by a Thl/Th17-biased immune response, but a similar
regulatory response compared to the H. pylori infection. Regarding to T-cell responses, mice
inoculated with H. pylori AgGT that were not colonized were indistinguishable from uninfected
mice.

3.2.3 Infection of lymphocyte-deficient Rag/~ mice with H. pylori wt and
AgGT

To further dissect a role of gGT for the bacterial metabolism from an immunoregulatory role,
colonization of lymphocyte-deficient Rag”/~ mice with H. pylori wt and AgGT was analyzed. In-
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Figure 49: Expression of cytokines and chemokines driving inflammation and Th1/Th17 differentiation
in stomach tissues. For RT-PCR analysis, total RNA was extracted from stomachs of H. pylori wt- and AgGT-
infected mice one month post infection. Expression of proinflammatory chemokines and cytokines LIX and RANTES
(A), MIP-2 and IL-18 (B), IL-12 and IL-23 (C). GAPDH served as house-keeping gene and uninfected controls
were used to establish baseline. Data, expressed as fold change were calculated by AACt method; horizontal lines
represent median. *** p < 0.001, ** p < 0.01, * p < 0.05 (Kruskal-Wallis). Each symbol represents one mouse. Data
were summarized from 6 independent experiments for MIP-2, IL-13, IL12, from 5 for 1L23 and from 4 for LIX and

RANTES.
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Figure 50: Expression of Thl/Thl7 cytokines and of immunoregulatory factors in stomach tissues.
Total RNA was extracted from stomachs of H. pylori wt- and AgGT-infected mice one month post infection. (A)
Levels of IFNT', TNF« and IL-17A were detected by RT-PCR. (B) IFNI" expression was correlated to the colonization
level by regression analysis. (C) Levels of FoxP3, 1L-10, and TGFf expression assessed by RT-PCR. GAPDH served
as house-keeping gene and uninfected controls were used to establish baseline. Data, expressed as fold change were
calculated by AACt method. Horizontal lines represent median. *** p < 0.001, ** p < 0.01, * p < 0.05 (Kruskal-
Wallis). Each symbol represents one mouse. Data were summarized from 6 independent experiments (except for
IL-10: 5 experiments).



92 CHAPTER 3. RESULTS

fection of Rag”/~ mice with H. pylori wt resulted in a 120-fold and 49-fold increase of bacterial load
compared to C57B1/6 mice after one and three months of infection, respectively (Figure 51A and
Figure 39A). Increased bacterial expansion together with absence of Helicobacter-induced gastritis
had been observed in lymphocyte-deficient mice before [69, 116]. Therefore, it was interesting to
explore how H. pylori AgGT would behave in absence of lymphocytes and a lack of post-infection
gastritis. The colonization levels of Rag”/~ mice inoculated with H. pylori AgGT, separated into
two distinct groups at one as well as at three months post infection (Figure 51A). Like in C57Bl/6
mice, one group of mice inoculated with gGT-deficient H. pylori was not colonized. The other
group represented lymphocyte-deficient mice infected with H. pylori AgGT that displayed very
high bacterial burden with low variability (Figure 51A). Those gGT-deficient bacteria that man-
aged to colonize Rag”/~ mice did so at an about 100-fold higher level compared to those colonizing
immunocompetent mice with much less variability. Nevertheless, colonizing H. pylori AgGT still
displayed one log lower bacterial load than the H. pylori wt indicating that gGT activity confers
some advantage to colonization irrespective of the adaptive immune response. Like in C57Bl/6
mice, the colonization rate of H. pylori AgGT in Rag”/" mice varied greatly from experiment to
experiment in contrast to H. pylori wt (Figure 51B).
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Figure 51: Colonization of lymphocyte-deficient mice with H. pylori AgGT. Rag’/’ mice were orogastrically
infected with 10° H. pylori PMSS1 wt or PMSS1 AgGT for the time indicated. (A) Colony forming units (CFU)
/mg stomach are shown. Each symbol represents one mouse. Values on the base line are below the detection limit.
Horizontal lines indicate the median for each group. Black median includes all mice, while red only includes those
that were colonized at the time of analysis. For those mice also the interquartile range is depicted. Table below
summarizes percentage of non-colonized mice (% noCFU), number of mice (n), and number of experiments with 4
to 7 mice in each group (exp). *** p < 0.001 (Mann-Whitney). (B) Colonization rates for independent experiments
are shown. Each symbol represents the colonization rate of one inoculation. Horizontal lines indicate the median.

Collectively, these results suggest that, in absence of an adaptive immune response, gGT activity
was required to overcome an initial hurdle or limitation before the bacteria could colonize the murine
stomach. Once colonization was established, the gGT-deficient bacteria profited from the absence
of an inflammatory response as they reached a very high level of colonization; although it was still
lower than bacterial burden of H. pylori wt probably due to a defective bacterial metabolism.

3.2.4 CD4t T-cell reconstitution of H. pylori wt- or AgGT-infected Rag™”/~ mice

Several studies report that CD4™ T-cells are responsible for H. pylori-induced gastric inflammation
and suppression of bacterial burden [73, 116, 118, 137]. Since Rag™/~ mice were colonized at high
levels with H. pylori wt and AgGT, CD4" cells were transferred into infected Rag”/~ to study the
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effect on bacterial burden in dependence of gGT activity. Thus, Rag”/~ mice were infected with
H. pylori wt or AgGT and left untreated for one month to establish a stable infection To increase
the probability that H. pylori AgGT would be able to colonize, H. pylori AgGT was inoculated
together with 250 ng rgGT (comparable to Chapter 3.2.1.1). One month post infection, mice were
reconstituted with CD4™ cells (300 000 cells/mouse) isolated from spleen and lymph nodes of naive
mice.

The effect of transferred CD4™T cells on colonization level of mice that had already been infected
for one month was analyzed one month after transfer. Control mice were stably infected with
H. pylori wt after two months (Figure 52A). The level of infection with H. pylori wt was comparable
to mice infected for three months (Figure 51A). Interestingly, all H. pylori AgGT-infected mice were
colonized at high levels (Figure 52A). Thus, oral treatment with rgGT had effectively complemented
the gGT-deficiency during the early phase of infection. Colonizing H. pylori AgGT displayed the
same bacterial load after two month of infection as after three months without rgGT treatment
(Figure 52A and Figure 51A). These control groups indicate that all mice had been colonized
when CD4" cells were transferred. Surprisingly, almost all mice infected with H. pylori wt had
cleared the infection one month after CD4 cell transfer, while the colonization of mice infected with
H. pylori AgGT was only slightly reduced. Therefore, transferred CD4 cells seemed to be more
effective in controlling bacterial load of H. pylori wt than of H. pylori AgGT. To analyze whether
a different level of gastric inflammation could be observed, histology for infiltrating immune cells
was performed. Mice infected with H. pylori wt or AgGT developed similar levels of gastritis
upon transfer of CD4 cells (Figure 52B), but the quality of the response differed at least in blood.
Adopted CD4 cells from blood were characterized by flow cytometry. Reconstituted mice contained
about 10 - 20 % CD41/CD3™ cells in blood irrespective of H. pylori treatment one month after
transfer (Figure 52C/D). This demonstrates that transferred cells had expanded well. Only three
mice (1 wt, 2 AgGT) failed to adopt CD4™ cell to the same extend and displayed a population of
CD41/CD3* cells below 1 %. The three mice (1 wt, 2 AgGT) that had not adopted the CD4*
cells were those with the highest bacterial load and displayed only a low level of gastritis (wt) or
no gastritis at all (2 AgGT). The CD41 T-cells in H. pylori wt-infected mice had a more activated
(CD25" /Foxp3™) and less regulatory phenotype (Foxp3™/CD25%) compared to mice inoculated
with H. pylori AgGT (Figure 52C/D). Thus H. pylori AgGT seemed to elicit less inflammation
and more regulatory CD4™ cells in this setting, with the limitation that this data is derived from
blood.

These data suggest that when the T-cell population is only comprised of CD4 cells, H. pylori
AgGT might induce an inflammatory response, which might be characterized by a more regulatory
phenotype and results in a less vigorous immune response that only reduces bacterial load, while
H. pylori wt was cleared.

3.2.5 Adoptive transfer of CD4"/CD44" cells in H. pylori wt- or AgGT-infected
Rag/~ mice

In a further experiment, CD4" cells were depleted from CD44% cells before transfer. As CD47"/
CD447 cells do not only include antigen experienced cells, but also a high proportion of FoxP3-
expressing regulatory T-cells, the sorted cells were enriched in effector T-cells (Figure 53A). CD4™/
CD44" cells isolated from spleen and lymph nodes of naive mice were transferred into Rag”/ mice
(300 000 cells/mouse) that were infected with H. pylori wt or AgGT for 1.5 months and analyzed
three month post infection. In this setting, not only mice inoculated with H. pylori wt but also with
H. pylori AgGT cleared the infection after transfer of CD4"/CD44" cells (Figure 53B). Stomachs
were macroscopically swollen and a strong infiltration of CD45 cells into stomach mucosa was ob-
served (Figure 53C). Almost 90 % of CD45™ cells were CD4™ T-cells in transferred mice containing
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Figure 52: Transfer of CD4% cells in H. pylori wt- and AgGT-infected Rag/~ mice. Rag”/~ mice were
infected three times with H. pylori wt or AgGT. Mice inoculated with H. pylori AgGT were orally administered 250
ng rgGT at time of infection to support initial colonization. One month post infection, CD4" cells (300 000 i.p.)
isolated from spleen and lymph nodes of naive mice were transferred into Rag”/~. Mice were analyzed one month
after transfer. Data from one experiment are shown. (A) Colonization level of Rag”/~ mice with and without transfer
of CD4 cells is depicted. Horizontal lines represent median. * p < 0.05, *** p < 0.001 (Mann-Whitney). (B) Level
of gastritis assessed by histology. Horizontal lines represent median. (C/D) Flow cytometry analysis from blood
was performed after stain for CD3, CD4, CD25 and FoxP3 (C) Representative FACS blots from one mouse of each
group are depicted. In the upper panel proportion of CD41/CD3" cells of live lymphocytes is displayed, while the
lower panel shows CD25 and FoxP3 status of CD4/CD3 cells. (D) Adopted CD4/CD3 cells in blood: proportion of
regulatory (FoxP3"/CD25%) cells and effector (CD25% /FoxP3") cells. *p < 0.05 (ANOVA).
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only a very low proportion of cells displaying Treg phenotype. Thus, the immune response elicited
by transfer of CD41/CD44" cells against H. pylori wt and AgGT seemed to be the same with an
identical outcome. These results suggest that stomach infiltrating CD4 cells that were partially
depleted from Tregs were effectively clearing H. pylori irrespective of gGT in contrast to CD4 cell
transfer, where only H. pylori wt was eradicated.
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Figure 53: Transfer of CD4+/CD44' cells in H. pylori wt- and AgGT-infected Rag'/' mice. Rag'/'
mice were infected with H. pylori wt or AgGT. 1.5 months post infection, CD4" /CD44 cells (300 000 i.p.) isolated
from spleen and lymph nodes of naive mice were transferred into these mice. Mice were analyzed after another 1.5
months after transfer. Data from one experiment are shown. (A) Splenocytes of a nalve mouse stained for CD3, CD4,
CD44 and FoxP3 were analyzed by flow cytometry. (B) Colonization level of Rag”/~ mice with and without transfer
of CD41 /CD44 cells is depicted. Horizontal lines represent median. (C) Stomach collagenase/DNase digests from
infected C57Bl/6 wt and Rag”/~ mice that received CD4" /CD44 cells stained for CD45, CD3, CD4 and FoxP3 were
analyzed by flow cytometry.

3.3 Effects of H. pylor: gGT glutaminase activity during infection

H. pylori gGT exerts strong glutaminase activity; yet, it is not known whether this changes the
gastric microenvironment and the overall glutamine concentration in the gastric mucosa during
infection. To check whether glutamine was depleted from the gastric mucosa and associated im-
mune cells, excessive glutamine was administered to counteract effects induced by gGT-dependent
glutamine deprivation.
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3.3.1 Glutamine level and transcriptional regulation during H. pylor: infection

Preliminary data from stomach homogenates of mice infected with H. pylori wt or AgGT for
one month suggested that glutamine and glutamate concentration were indeed inversely related in
presence but not absence of gGT-activity (Figure 54A). However, the changes were only minor.
Epithelial cell disruption due to tissue homogenization might mask local effects at the site of
infection. Nevertheless, this suggested that glutaminase activity of H. pylori gGT contributes to a
change in the microenvironment of the bacterium which might also affect the host cells.
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Figure 54: Glutamine level and expression of glutamine-dependent transcription factors in H. pylori-
infected stomachs. (A) Glutamine and glutamate levels were determined by LC-MS homogenates of stomachs
infected for one month with H. pylori wt, AgGT or uninfected controls. Data from one experiment are shown.
(B) Expression of IRF4 and cMyc in murine stomach were analyzed by RT-PCR. Total RNA was extracted from
stomachs of H. pylori wt- and AgGT- infected mice one month post infection. GAPDH served as house-keeping gene
and uninfected controls were used to establish baseline. Data, expressed as fold change were calculated by AACt
method. Data were summarized from 5 independent experiments. Each symbol represents one mouse. Horizontal
bars show median. *** p < 0.001, ** p < 0.01, * p < 0.05 (Kruskal-Wallis)

Expression of transcription factors identified to be also sensitive to H. pylori gGT-induced
glutamine deprivation in lymphocytes, IRF4 and cMyc, was investigated. IRF4 expression was
found to be 2.8-fold induced upon H. pylori wt but not AgGT infection (Figure 54B). However,
expression of these transcriptions factors in the stomach mucosa could not be directly linked to
glutaminase activity of gGT during infection. The expression pattern of IRF4 was very similar
to that of effector cytokines, in particular to IFN~. This suggests that IRF4 is mainly expressed
by infiltrating lymphocytes. CD8T T-cells which were more prominent in H. pylori wt-infected
stomachs might be the main source. Expression of cMyc was only slightly induced in infected mice.
One mouse in the non-colonizing AgGT group also displayed high IRF4 and cMyc expression.



3.3. EFFECTS OF H. PYLORI GGT GLUTAMINASE ACTIVITY DURING INFECTION 97

This particular mouse had also highest gastritis score as well as strongest infiltration of CD3 and
CD4/CD3 cells in histological analysis and FACS, respectively, as well as strongest expression of
MIP-2, IL-13, IL-23, IFN~, TNF«, FoxP3, IL-10 in this group. In all of these parameters this
exemplary mouse was more similar to H. pylori wt or AgGT mice that were colonized which
indicated that the infection had been cleared in this mouse.

3.3.2 Supplementation of glutamate and glutamine during H. pylori infection

The next step to overcome gGT-induced effects during infection was to manipulate the extracellu-
lar glutamine and glutamate concentration in the stomach during H. pylori infection. Glutamate
provided by glutaminase activity of gGT was reported to support the metabolism of the bacterium
[175]. Thus, glutamate, derived from glutamine through gGT activity, might be needed as carbon
source and for nitrogen metabolism facilitating survival of H. pylori in vivo. Instead of comple-
menting the enzyme deaminating glutamine to produce glutamate and ammonia, supplementation
of glutamate may be sufficient to support colonization of H. pylori AgGT. Addition of glutamate
may circumvent the need of gGT activity. Conversely, supplementation of glutamine is known to
support the epithelial cell integrity and immune cell function as well as replenishing intracellular
glutathione [226, 241]. Therefore, provision of excessive glutamine may support the immune cells
during infection with H. pylori wt and revert gGT-induced effects.

3.3.2.1 Glutamate supplementation in drinking water during initial colonization and
persistent infection

10 % Glutamate was given orally via drinking water prior (pre) to inoculation of H. pylori wt or
AgGT for a 4 day period and from inoculation until 3 days after (post) infection. Surprisingly,
instead of supporting colonization of H. pylori AgGT, glutamate administration did almost com-
pletely clear H. pylori wt as well as AgGT infection (Figure 55A). To evaluate during which phase
glutamate affects bacterial load, glutamate was administered either for 4 days before or for 3 days
after inoculation of H. pylori wt. Glutamate administration affected colonization only when it was
administered after inoculation. This suggested a direct effect of glutamate on the bacteria. There-
fore, H. pylori wt and AgGT were incubated with increasing amounts of glutamate in brucella
broth/ 10 % FCS for 5 h at 37 °C. Glutamate was tolerated well, as no decrease in number of
viable bacteria was observed with up to 5 % glutamate (Figure 55B). At 10 % glutamate, a similar
reduction in bacterial number was observed for H. pylori wt and AgGT. Therefore, a lower gluta-
mate concentration (2.5 %) was given post inoculation and 10 % glutamate prior to inoculation.
Under these conditions, H. pylori wt was able to colonize with reduced bacterial load (Figure 55A).
However, in absence of gGT activity, bacteria were still not able to colonize at all. These results
demonstrate that extracellular glutamate was not able to support H. pylori AgGT, but even pre-
vents H. pylori wt from colonizing. Yet, these were only short term experiments monitoring the
effect of glutamate during the initial phase of colonization. To analyze whether glutamate is able
to inhibit and even clear a chronic infection, glutamate was administered either 3 days after inoc-
ulation or 3 days prior to analysis, which was performed after one month. Indeed, all mice even
those persistently colonized were cured from infection (Figure 55C).

3.3.2.2 Dietary glutamate and glutamine supplementation during H. pylori infection.

Since compounds provided in food have a prolonged gastric retention time compared to liquid
solutions, diets enriched with 10 % glutamate, 20 % glutamine or isonitrous control diet were fed
to mice infected with H. pylori wt or AgGT.
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Figure 55: Effect of glutamate administration via drinking water on H. pylori colonization. (A+C)
C57B1/6 mice were inoculated with 10° CFU H. pylori wt or AgGT and subjected to different experimental schemes
of glutamate-treatment. For glutamate administration, 10 or 2.5 % monosodium glutamate (MSG, neutral pH) was
dissolved in deionized water and filter-sterilized. (A) Mice were given glutamate for either 4 days prior to infection
(pre) and/or for 3 days after infection (post). Colonization levels were assessed 3 days after inoculation. (B) H.
pylori PMSS1 was incubated in Brucella broth containing 10 % FCS with various concentrations of glutamate for 6 h
at 37 °C. Thereafter, concentration of live bacteria was assessed by plating of serial dilutions. (C) Mice were given
10 % glutamate in drinking water for either 3 days after inoculation (post) or 4 days prior to analysis of colonization
levels which were assessed one month after inoculation of H. pylori wt.
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Colonization level of H. pylori wt-infected mice was not altered when fed a glutamine-enriched
diet compared to mice fed the control diet (Figure 56A). Glutamate enrichment, however, strongly
reduced bacterial load. This confirmed results from supplementation of glutamate with drinking
water. Colonization of gGT-deficient H. pylori was completely inhibited by either of the two en-
riched diets, even though 60 % of mice receiving the control food were colonized. Histological scores
were rather low and not all colonized mice displayed gastritis (Figure 56B). Therefore, analysis of
infiltrates by flow cytometry was performed. Acute gastritis is characterized by infiltration of poly-
morphonuclear cells, such as neutrophils. For H. pylori wt, bacterial colonization was reflected
by infiltration of Ly6G*/CD11b* neutrophils. Thus, strong infiltration of neutrophils into gastric
mucosa was observed with the glutamine-enriched and the control diet (Figure 56C). In addition
to neutrophils, T-cells were infiltrating into the gastric mucosa. The proportion of CD3™ cells
was increased in mice inoculated with H. pylori wt irrespective of a specific diet (Figure 56D).
Like in previous experiments, the majority of these infiltrating lymphocytes were CD8at and not
CD4* (Figure 56D). Glutamine-enriched diet resulted in a lower level of CD3*1 and in particular
CD8a™ cells compared to control diet in mice colonized with H. pylori wt indicating that gGT
induced effects are counteracted. The stomach of some mice inoculated with H. pylori wt receiving
glutamate-enriched diet was infiltrated with CD8a™' T-cells, which suggests that they may have
been infected, since chronicity (T-cell infiltration) is longer present than activity (PMN infiltration)
after the infection has been cleared. In contrast to H. pylori wt-infected mice, mice inoculated with
gGT-deficient H. pylori did not display infiltration of T-cells irrespective of diet or colonization
status.

Expression of chemokines attracting immune cells to the site of infection (LIX, MIP-2, KC,
MCP-1, RANTES) and cytokines (TNF«, IFN~) was induced upon H. pylori wt infection, while
supplementation of glutamine attenuated expression of these proinflammatory factors (Figure
57A/B). Different diets and infections did not alter FoxP3 and IL-10 expression (Figure 57C).
Thus, glutamine supplementation during H. pylori wt infection phenocopied H. pylori AgGT col-
onization, since stomach of mice were displaying much less proinflammatory cytokines and hardly
any infiltration of CD8™ cells.

When a persistent infection had already been established before feeding with glutamine- or
glutamine-enriched diet started, H. pylori wt colonization density was not affected (Figure 58).
Under these conditions H. pylori wt also tolerated glutamate from food. Colonization of H. pylori
AgGT was reduced with glutamine-enriched diet and absent when a glutamate-enriched diet was
administered. H. pylori AgGT did not profit from external glutamate but was even stronger
affected by excessive glutamate than the wild-type bacteria.

Collectively, data on oral administration of the proposed H. pylori gG'T substrate, glutamine,
and its product, glutamate, during infection showed that release of glutamate does not seem to
be limiting for colonization of H. pylori AgGT, whereas glutamine seems to be deprived from the
stomach mucosa by H. pylori wt. Remarkably, glutamine supplementation reverted gGT-induced
effects and attenuated gastric inflammation.
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Figure 56: Effects of dietary glutamine and glutamate supplementation on colonization and gastric
inflammation during H. pylori wt and AgGT infection of mice. C57B1/6 mice were infected with 10° H. pylori
PMSS1 wt or AgGT for one month and received a glutamine- (20 %) or a glutamate- (10 %) enriched diet for the
infection period. (A) Gastric colonization was assessed by colony count. Horizontal lines represent median (Mann-
Whitney). (B) Gastritis score determined from HE-stained slides of paraffin embedded stomach tissue. Horizontal
lines represent median (Kruskal-Wallis). (C/D) Flow-cytometry of cells from digested stomach tissue. Horizontal
lines represent mean (ANOVA). Data for CFU and FACS analysis is derived from two experiments and gastritis score
from one experiment with 5 mice per group. Statistical analyzes indicated in red show differences between H. pylori
wt-infected mice receiving a control versus a glutamine-enriched diet (Student’s t-test). *** p < 0.001, ** p < 0.01,

*p < 0.05
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Figure 57: Transcriptional changes of cytokines and chemokines in the gastric mucosa of H. pylori
wt- and AgGT-infected mice fed a glutamine- or glutamate-enriched diet. Total RNA was extracted from
stomachs of H. pylori wt- and AgGT-infected mice one month post infection that received glutamine- (20 %) or
glutamate- (10 %) enriched diets. RT-PCR analysis was performed for (A) LIX and MIP-2, (B) KC, MCP-1 and
RANTES, (C) TNF« and IFNT', (D) FoxP3 and IL-10. GAPDH served as house-keeping gene and uninfected controls
were used to establish baseline. Data, expressed as fold change were calculated by AACt method. Horizontal lines
represent mean (ANOVA). Data from one experiment with 5 mice per group. Statistical analyzes indicated in red
show differences between H. pylori wt-infected mice receiving a control versus a glutamine-enriched diet (Student’s
t-test). *** p < 0.001, ** p < 0.01, * p < 0.05.
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Figure 58: Administration of a glutamine- and glutamate-enriched diet to mice persistently infected
with H. pylori wt and AgGT. C57Bl/6 mice were infected with 10° H. pylori PMSS1 wt or AgGT for one
month when a glutamine- (20 %) or a glutamate- (10 %) enriched diet was administered for another month. Gastric
colonization was assessed by colony count. Horizontal lines represent median. ** p < 0.01, * p < 0.05 (Mann-
Whitney). Data from one experiment with 5 mice per group are shown.



Chapter 4

Discussion

Accumulating evidence suggests that H. pylori gGT is not only an essential virulence factor required
by the bacterium for colonization of the gastric mucosa but that it also contributes to the induction
of inflammation and shapes the host’s immune response. An earlier study performed by our group
demonstrated a direct inhibitory effect of H. pylori gGT on T-cells which suggested a role in immune
evasion [163]. However, the molecular mechanisms mediating this effect and the contribution to
persistent colonization were still unknown. Therefore, the main goal of this thesis was to establish
in which way H. pylori gGT interferes with T-cell responses and how this may provide an advantage
to the bacterium in the stomach mucosa.

4.1 Effect of H. pylori gGT-induced glutamine deprivation on
T-cells

The results clearly demonstrate that the enzymatic activity of H. pylori gGT can lead to impaired
T-cell function by depriving activated lymphocytes from glutamine. The microenvironment that
might be created in the gastric mucosa by this enzyme was simulated through pretreatment of
cell culture medium with H. pylori rgGT or whole bacterium producing gGT. Proliferation of
activated T-lymphocytes was inhibited when they were incubated in preconditioned medium treated
with gGT due to glutamine deprivation. Likewise, glutaminase activity of E. coli gGT inhibits
lymphocyte proliferation and a consecutive immunosuppressive role has been been suggested [242].

4.1.1 H. pylori gGT acts on T-cells independently of glutathione degradation
products

Besides glutamine, glutathione is another proven H. pylori gGT substrate, which is converted to
glutamate and cysteinylglycine [175]. It has been proposed that not only glutamine deprivation but
also oxidative products resulting from gGT-dependent glutathione degradation can harm host cells;
intestinal epithelial cells in particular [191]. Yet, another study reported that supplementation of
glutathione to AGS cells reduced IL-8 production indicating that it rather attenuates oxidative
stress [188]. In line with this, viability and activation was not affected when T-cells were exposed
to increasing amounts of glutathione in presence of H. pylori gGT activity. Conversely, glutathione
supported proliferation when glutamine levels were inadequate due to active gGT. This might be
due to the fact that reduced glutathione could provide these cells with cysteine, which promotes
T-cell proliferation [243].

Nevertheless, glutamine and glutathione levels are tightly linked, since glutamine is an im-
portant precursor for glutathione, particularly in cells that cannot import glutamate as a substi-
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tute [206, 219]. Thus, glutamine deprivation may subsequently result in decreased intracellular
glutathione levels in lymphocytes [244]. Interestingly, decreased levels of glutathione have been
measured in gastric mucosa of H. pylori-infected individuals [245]. Upon eradication of infection
glutathione levels normalize [246].

4.1.2 T-cell functionality is affected by gGT-dependent changes in glutamine
level

Inadequate glutamine supply has been shown to inhibit T-lymphocyte proliferation [200, 207, 219],
impair expression of activation markers (CD25, CD45R0O, CD71), and compromise secretion of
inflammatory cytokines (IL-2 and IFN~) [219, 247]. Results presented in this thesis demonstrate
that 1L-2, CD25, and effector cytokine expression correlated directly with the presence of active
H. pylori gGT and glutamine availability. In this way, besides being advantageous to the bacteria,
H. pylori gG'T may suppress the T-helper lymphocyte response by turning over glutamine, which
is conditionally essential for lymphocytes to become fully activated. The enzymatic activity of
H. pylori gGT may by be sufficient to hinder the effector immune response towards the bacterium
and contribute to its persistence.

4.1.3 H. pylori gGT manipulates expression of transcription factors required
for metabolic reprogramming of activated T-cells

To get a better understanding on how H. pylori may interfere with T-cell functionality, the effect
of H. pylori gGT on lymphocyte metabolism was analyzed. TCR-dependent stimulation imposes
a great metabolic demand on T-lymphocytes which requires great enhancement of biosynthetic
pathways as well as sufficient energy supply. Hypoxia-inducible factor la (HIF1la) and c¢cMyc
have been demonstrated to be important transcription factors in metabolic regulation of T-cells
[197, 248]. While HIF1a mainly induces glycolysis, cMyec is responsible for expression of enzymes
required for glutaminolysis and increased glutamine uptake in activated T-cells [197].

Upon T-cell stimulation, cMyc induction was severely compromised in presence of H. pylori
gGT. It was found that cMyc expression in lymphocytes is highly sensitive to extracellular glu-
tamine levels, as H. pylori gGT treatment impaired cMyc expression already two hours post TCR-
stimulation. However, upstream events regulating cMyc expression remain unclear, since pathways
that have been suggested to determine cMyc level in T-lymphocytes such as mMTOR or MAPK were
not changed at these early time points. Nevertheless, it was observed that H. pylori gGT reduced
phosphorylation of the mTOR targets p70S6K and 4E-BP1 in a glutamine-dependent manner at
later time points. Inhibition of mTOR has been reported to drive T-cells into a regulatory phe-
notype even in presence of co-stimulation [211, 249, 250, 251]. Thus it could can be speculated
that inhibition of mTOR signaling by H. pylori gGT in T-cells may promote T-cell tolerance.
Additionally, regulatory T-lymphocytes are much less dependent on glutamine and glucose supply
compared to effector T-cells since they are able to perform S-oxidation of fatty acids [252].

To identify further pathways modified by H. pylori gGT in activated lymphocytes, expression
patterns of proteins from TCR-dependently stimulated cells treated with active or inactive gGT
were compared. Using a proteome analysis, the transcription factor IRF4 was found to be reduced
in presence of active gGT. IRF4 expression was recently reported to require high-affinity TCR-
stimulation, to be essential for differentiation and expansion of T-cells, and to sustain CD8" T-cells
in vivo [209, 253]. The data presented here show that IRF4 expression in activated lymphocytes
strongly depends on the extracellular glutamine level. Thus, it can be speculated that local glu-
tamine deprivation by H. pylori gGT may suppress expression of IRF4 in T-lymphocytes during
infection. Thus, IRF4 expression in T-lymphocytes infiltrating the gastric mucosa from H. pylori-
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dependent and -independent gastritis was analyzed. Remarkably, IRF4 expression of T-cells was
reduced in the gastric mucosa of H. pylori-infected subjects compared to T-cells in the control
group. This indicates that H. pylori may also interfere with metabolic adaptation of T-cells during
infection, even though it could not be demonstrated that this was due to gGT activity by this
approach. By reducing glutamine levels in the stomach, H. pylori might induce changes in the
expression levels of transcription factors important for T-cell metabolic reprogramming, such as
cMyc or IRF4, and signaling cascades like mTOR. This would not only affect T-cell function but
might also shape the type of immune response elicited.

In conclusion, the results presented here indicate that H. pylori gGT may induce changes in the
extracellular milieu that can translate into glutamine limiting conditions for T-cells at the site of
infection. H. pylori gGT-induced glutamine deprivation might be one of the molecular mechanisms
important for bacterial immune evasion and persistence in the gastric mucosa. This hypothesis was
further explored in a H. pylori infection model.

4.2 Role of H. pylori gGT during establishment of infection and
effects on gastric immune response

Presence of gGT is a major advantage for H. pylori during infection [62, 98, 187]. This is stressed
by the fact that it is present in all clinical isolates characterized so far. Yet, the main functional
role of H. pylori gGT during infection remained to be established.

On the one hand, the bacteria itself may profit from gGT activity, which provides glutamate
as nitrogen/carbon source and substrate for nitrogen assimilation as well as neutralizing the acidic
environment through release of ammonia in the periplasm. On the other hand, gGT activity may
induce changes in the stomach environment directly and indirectly affecting host cells. As T-cells
are particularly sensitive to changes in the extracellular glutamine concentration and were shown
to be affected by gGT activity in vitro, these cells were in the focus of the analysis. If results from
the in vitro study were to be directly translated into the in vivo situation, one might expect that
H. pylori lacking gGT activity might be able to colonize, but would be cleared over time due to a
limited capability to restrict the adaptive immune response.

To study the physiological role of H. pylori gGT during infection, a gGT-deficient H. pylori
strain was used. Upon inoculation of mice with the gGT-deficient H. pylori strain, mice could be
grouped into two categories with respect to whether the bacterium was able to establish colonization
or not. This outcome was advantageous for studying the role of gG'T during infection, since mice
where the gGT-deficient H. pylori was able to colonize could be compared to mice infected with the
wild-type strain with regard to induction of inflammation. Additionally, multiple manipulations
were employed such as complementation of recombinant gGT, co-infection of gGT-proficient and
-deficient H. pylori, infection in absence of adaptive immune cells, or external provision of exces-
sive amounts of the proposed gGT substrate (glutamine) or product (glutamate); thereby further
establishing the mode of action of this enzyme during infection.

4.2.1 H. pylori gGT activity promotes ability to establish infection

H. pylori AgGT failed to establish an infection in about 50 % of the mice. These mice were
indistinguishable from uninfected mice regarding signs of acute and chronic gastric inflammation.
This indicates that most of the inoculated bacteria passage through the gastrointestinal tract
without inducing an immune response. H. pylori AgGT seemed to face the same initial hurdle
in Rag”/~ mice resulting in a low colonization rate, which confirms that the failure to establish an
infection is independent of the immune response.
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The notion that H. pylori gG'T is important for initial colonization is in accordance with previous
studies that observed low infection rate with H. pylori lacking gGT from the very beginning [62,
187]. Even though gGT activity is not essential in vitro, it seems to be conditionally essential or
at least strongly advantageous for H. pylori during initial establishment of infection. Yet, it is not
clear how the absence of gG'T activity is limiting the capacity of H. pylori to establish an infection.

In wvitro studies of the bacterium suggest that H. pylori gGT is contributes to carbon and ni-
trogen metabolism as well as acid resistance. Shibayama et al. (2007) found that H. pylori gGT
makes extracellular glutamine available for the bacterium, since it cannot be taken up directly
[189]. H. pylori gGT converts glutamine to glutamate, which is subsequently transported into the
bacterium where it is introduced into catabolic and biosynthetic pathways via glutamate deyhdro-
genase or intracellular conversion to glutamine. This has been confirmed by Leduc et al. (2010),
who demonstrated that glutamine can only be taken up when it is deaminated by gGT [165]. Using
deletion mutants and radioactively labeled amino acids, they found that ¢ltS encodes for the only
glutamate transporter in H. pylori that could import the deaminated amino acid. Glutamate might
required as a carbon and nitrogen source in vivo as gltS-deficient H. pylori failed to colonize Mon-
golian gerbils [254]. Furthermore, ammonium produced by deamination of glutamine contributes
to maintain an acceptable periplasmic pH [179]. Therefore, absence of gGT might make H. pylori
more susceptible to acid stress and limit bacterial expansion due to a defective metabolism.

Concerning the observations that H. pylori gGT seems to be dispensable in wvitro and that
some bacteria seem to adapt in a way that they can colonize even in absence of gG'T activity, this
indicates that gGT activity is not absolutely required for the energy, amino acid, and nitrogen
metabolism but that its necessity depends also on environmental conditions. The observation that
H. pylori AgGT has to overcome an initial hurdle before some bacteria are able to infect suggests
that some kind of adaptation takes place, or that only those bacteria that reach a particular niche
can survive. The hypothesis that the bacterium can adapt to compensate for lack of gGT activity
is supported by the fact that reinfection of mice with isolates from mice that were colonized with
gGT-deficient H. pylori resulted in colonization of all mice inoculated.

The finding of this thesis that reconstitution of gGT-deficient bacteria with an extracellular
supply of rgGT during inoculation supports colonization indicates that the gGT acts on the external
environment, which may allow the bacterium to penetrate the mucus layer, for example. There,
it may find a more habitable environment where it can survive even in absence of gGT. Assuming
that H. pylori gGT makes a major contribution to acid resistance due to production of ammonia
in the periplasm, gGT-deficient H. pylori might be more sensitive to acidic pH in the lumen, but
able to reside in the mucus close to epithelial cell layer where the pH is higher. This initial hurdle
might be even higher in humans (lower pH compared to mice), as no clinical isolates lacking gGT
activity have been found so far.

The fact that complementation of gGT by co-infection failed and that H. pylori wt outcompeted
gGT-deficient bacteria indicates that the periplasmic gGT provides a strong advantage to the
individual bacterium, which is stronger than the effect on the environment. This suggests that
H. pylori AgGT has a more general defect. Additionally, bacteria may compete for other resources,
such as urea or glutamate.

4.2.2 Supplementation of glutamate cannot support H. pylori AgGT

Even though glutamate can be produced from a-ketoglutarate through assimilation of ammonium
by glutamate dehydrogenase, H. pylori depends on glutamate from external sources. Glutamate
imported through the glutamate permease was found in several pathways of carbon and nitrogen
metabolism [175]. Glutamate can act as a nitrogen donor via glutamate dehydrogenase or alanine-
aminotransferase or can be used to assimilate ammonia via glutamine synthetase. Ammonia from



4.2. ROLE OF H. PYLORI GGT DURING INFECTION 107

glutamate is used to convert '3C-pyruvate to alanine to a similar extent as addition of urea [177].
If the main function of H. pylori gGT glutaminase activity were to provide glutamate as carbon
and nitrogen source to H. pylori, additional glutamate would be expected to support the gGT-
deficient H. pylori strain in vivo. However, instead of supporting colonization of H. pylori AgGT,
oral supplementation of glutamate interfered with colonization of H. pylori wt as well as H. pylori
AgGT. Glutamate concentration that still allowed colonization of H. pylori wt did not support
H. pylori AgGT. On the contrary, H. pylori AgGT was even more sensitive to administration of
glutamate. Glutamate exerted harmful effects on the bacteria when it was administered during and
shortly after bacterial inoculation. Administration of glutamate on the established H. pylori wt
infection was only effective when given by drinking water while persistent infection with H. pylori
AgGT was also cleared by glutamate-enriched food.

Supplemented glutamate may make the gastric mucosa more resistant to colonization by in-
creasing epithelial barrier function. Epithelial cells of the gastrointestinal tract rapidly metabolize
glutamate. Chronic supplementation with 2.5 % glutamate promoted glutamine synthesis yet had
little effect on physiological stomach functions in rats [255]. Luminal perfusion with glutamate pro-
tected duodenal mucosa from acid induced injury [256]. Furthermore, glutamate has been shown
to increase mucus secretion [256], which may complicate colonization. But as glutamate given prior
to infection had no effect, a direct adverse effect on the bacteria seems also likely. However, glu-
tamate was tolerated well by H. pylori wt and AgGT when incubated in the inoculation medium
(BB/10 % FCS) containing up to 10 % glutamate at neutral pH. At acidic pH, citrate is toxic in
presence of urea due to depletion of a-ketoglutarate and intracellular accumulation of ammonia
[257]. In a similar manner, increased glutamate may interfere with detoxification of intracellular
ammonia accomplished by conversion of a-ketoglutarate and urease-dependently produced ammo-
nia to glutamate via glutamate dehydrogenase. The alternative pathway for ammonia assimilation
through glutaminase activity may require too much energy as it is ATP-dependent. Thus, excessive
glutamate might have only toxic effects under acidic conditions encountered in the stomach, when
intracellular ammonia concentration rises due to urease activity, but not at neutral pH.

4.2.3 H. pylori gGT contributes to a higher colonization density

Assuming that H. pylori gGT interferes with effector T-cell responses, one might expect that
lymphocyte-deficient Rag”/~ mice are colonized by gGT-deficient strain to a similar extent as mice
infected with H. pylori wt. In those Rag”/~ mice that were colonized with H. pylori AgGT a
100-fold higher bacterial load was detected, which indicated that H. pylori profits from absence of
inflammation and is able to expand well irrespective of a lack of gG'T activity. In accordance with
previous studies, absence of inflammatory B- and T-cells allowed a higher level of colonization for
H. pylori wt without any signs of gastritis or T-cell infiltration [118]. Nevertheless, the bacterial
load was about 10-fold lower in Rag”/~ mice colonized with H. pylori AgGT compared to mice
colonized with H. pylori wt. As gastritis is absent in these mice, this difference in colonization
density seems to be due to a metabolic deficiency of the H. pylori AgGT. Thus, the enzyme has
an advantageous effect on the wild-type strain, equipping it with a higher colonization capacity
irrespective of gastric inflammation.

Likewise, a substantial number of C57B1/6 wild-type mice got infected with H. pylori deficient
in gGT. Once it had successfully colonized, gGT-deficient H. pylori was able to establish a stable
infection for up to six months. There was an overall trend towards lower colonization in particular
at day three and three months, but similar levels at one and six months. These results are in line
with the observation from McGovern et al. (2001) who found reduced colonization of gGT-deficient
H. pylori KE26695 at day six but similar levels after 20 days compared to H. pylori wt control
group in piglets [187]. Yet, Oertli et al. (2013) observed that the very same gGT-deficient H. pylori
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stain as used in this thesis colonized all mice at one month but only a small fraction at two months
[98]. They suggest that their observation is due to clearance of gGT-deficient H. pylori by the
adaptive immune response. In contrast, no signs of inflammation were observed in mice that were
inoculated with H. pylori AgGT but not colonized in this thesis.

Taken together, these data suggest that presence of gGT equips the bacterium with the capacity
to establish a higher bacterial burden in absence of gastritis. In mice with a functional adaptive
immune response, colonization density of wild-type bacteria might be controlled by an increased
gastric inflammation, which results in a similar bacterial burden compared to gGT-deficient H. py-
lori. Conversely, H. pylori AgGT seem to have an intrinsic limitation to establish a higher bacterial
load despite not eliciting such a strong adaptive immune response.

4.2.4 H. pylori with gGT activity induces stronger gastric inflammation

Mice colonized with H. pylori AgGT provided an exceptional tool to check for the influence of
gGT on the adaptive immune response. As mice colonized with H. pylori wt or AgGT displayed
a similar bacterial load after one month, this time point was chosen to evaluate gGT-dependent
effects on the level and quality of immune parameters. Under these conditions, it is expected that
other virulence factors shaping the immune response are present at similar levels. Histology, flow
cytometry, and transcriptional analysis were used to the assess the inflammatory response in the
stomach mucosa.

4.2.4.1 Less proinflammatory environment in the gastric mucosa in absence of gGT

H. pylori infection induces secretion of the proinflammatory chemokines, such as IL-8 and ENA-78,
from gastric epithelial cells [239]. LIX, KC, and MIP-2 are the predominant (ENA-78-, IL-8-like)
neutrophil activating factors in mice. The data presented suggest that H. pylori gGT is strongly
involved in induction of LIX/CXCL5 expression and to a lesser extent in induction of KC and
MIP-2. In contrast to mice colonized in H. pylori wt, LIX was hardly expressed in mice colonized
with gGT-deficient H. pylori. The human CXCL5 homologue, ENA-78, is among the genes that
are most strongly induced upon H. pylori infection in the gastric mucosa of humans [239]. ENA-78
is mainly produced by epithelial cells and to a lesser extent by monocytes as shown by immunofluo-
rescence of antral biopsies from H. pylori-infected individuals [258]. Induction of ENA-78/CXCL5
expression was also observed in H. pylori-infected AGS cells [259]. During infection ENA-78 ex-
pression did not correlate with CagA status [258], in contrast to IL-8. Interestingly, induction of
IL-8 in gastric epithelial cells has been suggested to be partially dependent on gGT-dependent
glutaminase activity, as H. pylori AgGT or glutamine supplementation to H. pylori wt reduced
IL-8 release [188]. Toxic effects due to production of ammonia were excluded as addition of glu-
tamine resulted in higher levels of ammonia but still reduced IL-8 release. In this light, it would
be interesting whether KC and MIP-2 expression in gastric epithelial cells would also respond to
addition of glutamine and whether CXCLS5 is responsive to glutamine in humans (ENA-78) and
mice (LIX). This would support the hypothesis that H. pylori damages the epithelial cell layer due
to glutamine deprivation.

Also, induction of other proinflammatory cytokines that are mainly produced by innate immune
cells and create a proinflammatory environment recruiting lymphocytes to the site of infection, such
as IL-1p, IL-12, and CCL5/RANTES, were associated with presence of gGT. Expression of 1L-1/,
1L-12, and RANTES were strongly induced upon H. pylori wt but not AgGT infection.

Even though expression of chemokines and cytokines related to epithelial cell damage and innate
immune response were strongly decreased in absence of gGT, infiltration of polymorphonuclear cells
were not affected by gGT activity as their level was increased in presence of colonization with either
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H. pylori wt or AgGT. Still, other immune cells did infiltrate to a greater extent into the stomach
mucosa infected with H. pylori wt compared to AgGT

4.2.4.2 Shift in influx of T-helper and cytotoxic T-cells in absence of gGT

Upon infection with H. pylori a strong influx of immune cells, in particular T-cells, into the gastric
mucosa was observed. A significantly induced influx of CD3™ cells was seen in mice colonized
with H. pylori AgGT albeit to a lesser extent than in mice colonized with H. pylori wt. Besides
an overall lower level of T-cell infiltration, a shift in the CD4/CDS8 ratio was the main difference
compared to control group when gGT was absent. H. pylori wt infection induced a stronger influx
of cytotoxic (CD8) T-cells than influx of T-helper (CD4) cells. Infiltration of CD8" cells was much
less prominent in mice colonized with H. pylori AgGT, yet, the proportion of CD4 cells with respect
to all infiltrating immune cells (CD45%) was similar.

H. pylori wt and AgGT, that had established an infection, induced comparable T-helper cell
responses regarding proportion of CD4 cells and the recruitment of regulatory FoxP3-expressing
CD4 cells. As differences in CD4 cell infiltration were not so profound, this indicated that other
sources than CD4 cells contribute to strong increase of IFN~y and TNF«a expression observed during
H. pylori wt infection in contrast to colonization with H. pylori AgGT.

Expression of the TH17 cytokine IL-17A was induced in mice infected with H. pylori wt com-
pared to uninfected mice. However, expression levels for IL-17A were very low and are thus not
considered as major driver of the inflammatory response. C57B1/6 mice are known for a lower
production of IL-17 than Balb/c mice in general, and in the context of Helicobacter infection in
particular [191]. Furthermore, CagA-expressing H. pylori PMSS1 strain selectively represses IL-17
in C57B1/6 mice in contrast to the SS1 strain [260]. Therefore, Th17 cells may not play a major
role in control of bacterial infection in this setting.

The effect of H. pylori gG'T on regulatory T-cell response in an in vivo setting was of particular
interest as it had been reported that H. pylori gGT drives a tolerogenic program in dendritic cells
[98]. These tolerogenic dendritic cells induce a regulatory T-cell response ex vivo that is lower
in absence of gGT activity [98]. However, results presented here show that the regulatory T-cell
response in the gastric mucosa that was characterized by infiltration of FoxP3™ CD4 cells and
the expression of FoxP3, TGFS, and IL-10 was induced by colonization with H. pylori, but was
irrespective of gGT status. IL-10 expression was significantly increased with H. pylori wt and
AgGT colonization, the same trend was observed for FoxP3 and TGFf expression. This indicates
that other bacterial factors play a more important role in inducing tolerance. This is supported by
the fact that percentage of FoxP3™ cells within the CD4 cell population increased with bacterial
load. This may also explain differences to recently published data reporting a reduced proportion
or FoxP3™ cells of CD4 cells in mice colonized with H. pylori AgGT [98]. Yet, these mice were
also colonized with H. pylori AgGT at a significantly lower level compared to those colonized with
H. pylori wt, as seen here after three months. This makes it impossible to disentangle the effect of
bacterial burden and gGT.

Collectively, the results presented here suggest that H. pylori AgGT induces a similar level of
effector T-cells as well as Treg mediated tolerance compared to H. pylori wt.

Surprisingly, when CD4 cells were transferred into mice colonized with either H. pylori wt
or AgGT, the infection with the gGT-deficient bacteria persisted while the wild-type bacteria
were cleared. Infiltration of lymphocytes into the stomach mucosa was observed in all infected
mice that effectively adopted the transferred cells. Yet, a higher proportion of effector T-cells
and a lower proportion of Tregs was found in blood from mice colonized with gGT-proficient
H. pylori compared to those colonized with gGT-deficient bacteria. This may suggest that gGT
contributed to a stronger effector T-cell response. When CD4™" cells that were enriched for effector
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cells were transferred, a strong gastritis was induced effectively clearing all mice from H. pylori
irrespective of the presence of gGT. This is in line with previous studies that demonstrated that
during adoptive transfer of CD4 cells into H. pylori-infected immunodeficient mice proportion of
effector and regulatory T-cells play an important role for the development of gastric inflammation
and control of bacterial load [73, 118, 137]. The results obtained from infection of lymphocyte-
deficient mice in this thesis indicate that gGT is involved in induction rather than repression of an
effector T-cell response.

As mentioned before, infiltration of cytotoxic T-cells (CD8a) into gastric mucosa of H. py-
lori-infected mice was observed that was related to gGT activity.

Data on the CD4/CDS8 cell ratio in the H. pylori-infected gastric mucosa are conflicting. The
observation from this study, that CD8 T-cell infiltration is dominating over CD4 cell influx, is in
accordance with data from Ruiz et al. (2012) who observed that accumulation of gastric CD8"
lymphocytes in H. pylori-infected mice was more prominent than infiltration of CD4™ cells [261].
In contrast, Algood et al. (2007) observed that the number of CD4 T-cells were strongly increasing
in the gastric mucosa of H. pylori-infected mice, while number of CD8 lymphocytes remained low
[237]. Yet, the significance of CD8 cell is stressed by the observation that CD8 cells dominate over
CD4 lymphocytes in the stomachs of H. pylori- positive adults and children [131, 262].

Not much is known about the contribution of CD8 T-cells to gastric pathology and control of
bacteria load. It has been shown that CD8 cells contribute to H. pylori associated gastritis, as mice
lacking CD4™ T-cells still develop severe gastritis dominated by CD8 T-cells [135]. This suggested
that the regulatory T-cell response is also important for repressing CD8 cell responses. Another
study showed that absence of either MHCII or MHCI, which resembles a defect in CD4 cell or CD8
cell response, respectively, result in an increase of bacterial load [134]. This indicates that CD8
and CD4 cells contribute to control of bacterial load during infection.

Remarkably, IFN+ is the major effector cytokine of cytotoxic T-cells. Therefore, the majority
of IFN~ might be produced by CD8 cells rather than CD4 cells. This is supported by the fact that
CD8 cells produce larger amounts of IFN~ than CD4 cells on a per cell basis. Also in humans it
has been reported that the majority of IFN~ is produced by CD8 and not CD4 T-cells infiltrating
the H. pylori-infected gastric mucosa [132, 133, 139].

One reason why T-helper cell responses had attracted so much attention, in contrast to cytotoxic
T-cells, might be due to vaccination studies. In fact, the adjuvant cholera toxin may transiently
deplete CD8 cells and select for H. pylori specific CD4 cells, which seem to be very effective in
controlling bacterial load during challenge [263, 264]. IFN~-deficient mice have been used to assess
the role of IFN+~ during H. pylori infection. The conclusions drawn from many of these studies have
been based on the presumption that IFN~ is produced by CD4 cells. Thus, the contribution of CD4
cells to actively control of bacterial density might be overestimated during the natural infection.

Expression of IFN~ was much stronger induced during colonization with gGT-expressing strain
compared to gGT-deficient H. pylori. This was accompanied by a greater influx of CD8 cells and
similar levels of CD4 cells in H. pylori wt compared to AgGT-infected mice. Consequently, the
increase of IFN~ expression reported here may rather reflect a cytotoxic CD8 T-cell response than
a Thl response. Therefore, IFN~y from non-CD4 T-cells seem to play an important role in the
inflammatory response against H. pylori infection when gGT is present.

The immune response towards H. pylori is characterized by high levels of IFN~, which is an
important activator of macrophages and inducer of MHCII expression. Furthermore, it has been
demonstrated that IFN+ induces MIP-2 expression in gastric epithelial cells [142]. During H. pylori
infection, IFN+ has been shown to drive gastritis, as IFN~-deficient mice do not develop gastric
inflammation upon Helicobacter infection [73, 75, 76, 77, 115, 137, 141]. Additionally, presence
of IFN~ has been related to lower bacterial load [75, 77, 141]. Correspondingly, results from
this thesis indicate that IFN+y expression is inversely correlated to CFU. This suggests that either
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H. pylori dose-dependently suppressed IFN~v expression or that increased IFN+v levels reduced
bacterial burden. In mice colonized with H. pylori AgGT much less IFN~ expression was induced
even though a similar correlation of IFNv with CFU was detected. This indicates that gGT-
activity induces IFN+ expression while there may be other bacteria derived factors that suppress
IFN~ expression or recruitment of IFN~-producing cells.

Collectively, the main effect of H. pylori gGT on host cells during experimental infection was
an increased inflammation characterized by epithelial stress/damage and a CD8 T-cell-dominated
gastritis; which was absent in mice colonized with H. pylori AgGT at a similar bacterial load.
Overall T-cell responses were rather induced than repressed in presence of H. pylori gGT. This
suggests that the gGT primarily harms epithelial cells which contributes to a proinflammatory
environment while it subsequently affects immune cells migrating to the site of infection. The
detrimental effect of H. pylori gGT on epithelial cells might be mediated through depletion of
glutamine or production of toxic ammonia. Several studies have highlighted the toxic effects of
ammonia produced by H. pylori on gastric epithelial cells [265, 266]. Yet, deprivation of glutamine
might equally contribute to mediate gG'T-induced effects.

4.2.5 Supplementation of glutamine suppresses gGT-induced gastric inflamma-
tion

H. pylori gG'T may affect host cells due to glutamine-deprivation at site of infection; therefore, glu-
tamine levels were manipulated. Indeed, glutamine supplementation reversed gGT-induced effects
on gastric inflammation without affecting bacterial burden. In particular, administered glutamine
reduced the expression of proinflammatory cytokines, influx of CD8 T-cells, and expression of IFN~.
Thus, glutamine depletion seems to be responsible for these changes during infection with H. pylori.

The results presented indicate that glutamine is the most important substrate of H. pylori
gGT. Yet, it is not clear how much glutamine is available to the bacterium in the stomach lumen
and at the gastric mucosa. Free amino acid concentration in gastric content might be limited.
However, pepsin activity and acidic pH contribute to break-down of proteins and peptides from
nutritional intake or from epithelial cells secretions. Even though the glutamine concentration in
the stomach (0.9 mmol/kg) is similar to the rest of the gastrointestinal tract, the lower stomach
has a very strong glutamine synthesizing capacity with high activity of glutamine synthetase that
is hardly detectable in the rest of the gastrointestinal tract [267, 268, 269]. This indicates that
glutamine in the stomach is derived from bio-synthesis rather than from uptake. Furthermore,
glutamine synthesis contributes to detoxify ammonia. Glutamine is rapidly used or exported by
gastric epithelial cells, which might be available to the bacterium. Additionally, once H. pylori has
established the infection adjacent to the epithelial layer it may induce leakage of amino acids from
apoptotic cells and the interstitial space towards the luminal side.

Results presented here suggest that gGT decreases the glutamine level in the H. pylori infected
stomach tissue while it increases the glutamate level. Yet, the overall expression of IRF4 and
cMyec, transcription factors that were shown to be glutamine sensitive in T-cells, was not reduced
by gGT. On the contrary, IRF4 was induced in the stomach only upon H. pylori wt infection
while its expression was low during colonization with H. pylori AgGT. As IRF4 is required for
CD8 cells persistence [209], increased expression may reflect infiltration of CD8 cells as observed
by flow cytometry. Even though IRF4 mRNA expression might be induced due to infiltrating
T-lymphocytes in mice infected with H. pylori wt, IRF4 might be down-regulated in T-cells on a
post transcriptional level at the site of infection, as observed in H. pylori associated gastritis in
humans.

Glutaminase activity and low levels of plasma glutamine have been linked to immunosuppression
under various conditions. Conversely, oral as well as parenteral supplementation of glutamine were



112 CHAPTER 4. DISCUSSION

shown to attenuate detrimental consequences. On the one hand, decreased glutamine serum levels
in response to severe injury and trauma, for example, are associated with increased susceptibility
to infections [270]. Furthermore, asparaginase and glutaminase activity from E. coli asparaginase
has been shown to deplete plasma glutamine levels and induce severe immunosuppression [271]. It
has been found that asparaginase from Vibrio succinogenes can be used as a cytostaticum against
acute lymphocytic leukemia [271]. In contrast to other bacterial asparaginases, Vibrio succinogenes
asparaginase does not show glutaminase activity but is only depleting asparaginase, therefore not
causing detrimental effects on the immune system [271]. On the other hand, glutamine supple-
mentation for critically ill patients is general practice in intensive care units to support immune
function [224, 272]. In mice, dietary glutamine supplementation enhances mitogenic responsiveness
of T-lymphocytes promoting proliferation, activation and cytokine production [273].

In the context of H. pylori infection, H. pylori gGT activity may deprive epithelial as well as
immune cells from glutamine at the site of infection. Therefore, glutamine was supplemented to
mice infected with gGT-proficient H. pylori to counteract effects of glutamine deprivation. As glu-
tamine may enhance immune function, a lower level of colonization might be expected. However,
bacterial burden of mice colonized with H. pylori wt that were receiving a glutamine enriched diet
was similar as in mice receiving the control diet. On the contrary, level of gastritis, infiltration of
T-cells and expression of inflammatory cytokines was rather reduced in presence of glutamine. This
might be due to the fact that glutamine augmented the barrier function of the gastric epithelium.
It has been shown that glutamine supplementation preserves epithelial integrity, for example, by
strengthening intestinal epithelial tight junction [274]. In non-H. pylori induced gastric ulcers, glu-
tamine treatment had promising effects, curing epithelial injury and protect it from ulceration [275].
Therefore, the protective effect of glutamine on epithelial integrity may inhibit the inflammatory
cascade at the very beginning.

Previous studies on glutamine supplementation during H. pylori infection in rodents performed
to ameliorate the harmful effects of ammonia produced by urease, demonstrate enhanced immune
function and reduced H. pylori-induced pathology [225, 226]. Even though an increase in inflam-
mation due to glutamine-enriched diet was observed in one of these studies (at 6 weeks), that has
been attributed to increased ammonia production due to H. pylori glutaminase activity. Yet, the
results presented here indicate that the protective effects of glutamine were more pronounced than
the toxicity of ammonia that may have been produced from additional glutamine.

Even though a glutamine-enriched diet did not affect the bacterial load of H. pylori wt, gGT-
deficient H. pylori was unable establish an infection in presence of additional glutamine. H. pylori
AgGT failed to colonize mice that received glutamine-enriched food in contrast to mice receiving
control diet, where more than half of the mice were bearing bacteria. However, reduced bacterial
burden was not associated to a higher inflammatory response. These results indicate that rather
the host epithelial cells profit from dietary glutamine while no benefit to the bacterium could be
observed.
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Conclusion

The results from this thesis demonstrate that the effect of H. pylori gGT on activation, cytokine
expression, and proliferation of T-cells was glutamine-dependent. Furthermore, cMyc and IRF4
were identified as glutamine-regulated transcription factors involved in metabolic reprogramming
of activated T-cells that were affected by H. pylori gGT. This is the first time that IRF4 is de-
scribed to be controlled by extracellular glutamine levels and, more importantly, to be reduced in
T-lymphocytes infiltrating the gastric mucosa of H. pylori-infected subjects. While results from
the n wvitro study support the hypothesis that H. pylori gGT constrains effector T-cell responses,
results from murine infection experiments question a dominant effect of H. pylori gGT on T-cells in
the stomach. Regarding the host response, the overall effect of H. pylori gGT was rather inducing
than repressing the inflammatory response. H. pylori AgGT infection resulted in lower levels of
neutrophil- and macrophage-attracting chemokines and less effector cytokines in the murine stom-
ach. During infection H. pylori gGT induced a CD8-dominant inflammatory response together
with high levels of IFN~. Glutamine supplementation of mice attenuated H. pylori induced inflam-
mation, which indicates that glutamine might be indeed locally depleted in the gastric mucosa.

e H. pylori gGT affects T-cells in vitro and in vivo due to their high sensitivity to extracellular
glutamine.

e A dual role of H. pylori gG'T was established: contribution to colonization capacity as well as
to maintenance of high levels of bacterial density. H. pylori gGT seems to provide a metabolic
advantage during establishment and persistence of infection at the expense of an increased
inflammatory response.

e Glutamine had an important role in overcoming gGT-induced effects: In witro, supplementa-
tion could restore metabolic adaptation, activation, and proliferation of T-cells; whereas the
overall inflammatory response was dampened by a glutamine-enriched diet during infection.
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I micro
4F2hc 4F2 heavy chain
Ac-CoA  acetyl-CoA

ACT ammonium chloride tris

amp ampicilin

AMP adenosine monophosphate

AMPK AMP-activated protein kinase

APS ammonium persulfate

AARE amino acid response elements
ASCT2 alanine serine cysteine transporter 2
ATF4 activating transcription factor 4
ATP adenosine triphosphate

BB brucella broth

BSA bovine serum albumin

C. jejuni  Campylobacter jejuni

CAE chloroacetate esterase

CagA Cytotoxin-associated gene A

CCL C-C motive ligand

CD cluster of differentiation

CEX cation exchange

CFU colony forming unit

cpm counts per minute

CXCL C-X-C motive ligand

d day

DNA deoxyribonucleic acid

DTT dithiothreitol

ELISA enzyme-linked immunosorbant assay
ENA-78 epithelial-derived neutrophil-activating peptide 78
ERK extracellular-signal-regulated kinase
ETC electron transport chain

exp experiment

FCS fetal calf serum

g gram

GDH glutamate dehydrogenase

gGpNA L-y-glutamyl-p-nitroanilide

gGT y-glutamyltransferase

Gln glutamine

Glu glutamate

GLUT1 glucose transporter type 1
GlyGly glycyl-glycine

GSH glutathione

h hour

H. pylori  Helicobacter pylori

HIFla Hypoxia-inducible factor la

HpaA H. pylori adhesin A
HPF high power field

HRP horse radish peroxidase
i.p. intraperitoneal
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IEL intraepithelial lymphocytes

IFN~y interferon gamma

IMAC immobilized metal affinity chromatography
Tono ionomycin

JNK c-Jun N-terminal kinase

kana kanamycin

kb kilobases

KC keratinocyte chemoattractant

kDa kilo Dalton

1 liter

LAT1 L-amino acid transporter type 1

LC-MS liquid chromatography—mass spectrometry
LDH lactate dehydrogenase

LIX lipopolysaccharide-induced CXC chemokine
m mili

M mol/1

MALDI  matrix-assisted laser desorption/ionization
MCP-1 monocyte chemoattractant protein-1
MCT1 monocarboxylate transporter 1

min minute

MIP-2 macrophage inflammatory protein-2

mo month

mRNA messenger RNA

MS mass spectrometry

mTOR mammalian/mechanistic target of rapamycin
n nano

NK cells  natural killer cells

nm nanometer

OD optical density

PAGE polyacrylamide gel electrophoresis
PBMC peripheral blood mononuclear cell

PBS phosphate buffered saline
PI3K phosphoinositide 3-kinase
PMN polymorphonuclear cell
PMSS1 pre-mouse Sydney strain 1
PPP pentose phosphate pathway
RNA ribonucleic acid

rpm rounds per minute

SD standard deviation

SDS sodium dodecyl sulfate
SEC size exclusion chromatography
sec second

SEM standard error of mean
SLC solute carrier

SNAT1 sodium-coupled neutral amino acid transporter type 1
TB terrific broth

TCA tricarboxylic acid

TEMED  tetramethylethylenediamine
TMB tetrametylbenzidine

TNF« tumor necrosis factor alpha
TOF time-of-flight

uninf uninfected

unstim unstimulated

Vo inital velocity

VacA vacuolating toxin A

Vimax maximal velocity

WC Wilkins Chalgren

wk week

wt wild-type

aKG alpha-ketoglutarate
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