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2 SUMMARY 
 

Lipopolysaccharide (LPS) inner core heptose metabolites, including ADP-heptose, play an 

essential role in the activation of cell-autonomous innate immune responses in eukaryotic cells 

via the ALPK1-TIFA-NF-NB signaling pathway, as demonstrated for several pathogenic 

bacteria. The important role of LPS heptose metabolites in the pro-inflammatory activation of 

gastric epithelial cells during an infection with the pathogenic bacterium Helicobacter pylori (H. 

pylori) was demonstrated before, in studies by our group and other scientists. The human 

pathogen H. pylori colonizes more than half of the world’s population, causing chronically 

active gastritis and ulcers, and long-term infection can lead to gastric cancer. Disease 

progression and severity depend on virulence factors of the pathogen, such as the Cag type 4 

secretion system (T4SS) that enables active transport of proteins and metabolites into host 

cells.  

The impact of heptose metabolites and pure ADP-heptose on human myeloid cells was not 

yet investigated. Therefore, in my project, we aimed to gain a better understanding of the 

activation and modulation potential of bacterial heptose metabolites on human macrophages 

and neutrophils. For this purpose, we used pure heptose metabolites and, as a bacterial model, 

H. pylori, which appears to transport heptose metabolites into the human host cell, most 

probably via its T4SS. Main questions of my thesis were how bacterial heptose metabolites 

affect the pro-inflammatory activation and maturation, alone and in the bacterial context, of 

human macrophages and neutrophils. In addition, we wanted to characterize the effect of 

heptose metabolites on macrophage functions including phagocytosis and antigen 

presentation. 

The main findings of my project were that human macrophages and neutrophils respond with 

high sensitivity to pure heptose metabolites in cell culture and primary cell models (manuscript 

I and III). In addition, we discovered that activation of these cells with pure ADP-heptose was 

dependent on active cellular uptake. Our results are based on pro-inflammatory cytokine 

production and transcriptional upregulation of pro-inflammatory genes (IL-8) and the 

transcription factor NF-NB after exposure to ADP-heptose. When comparing different cell 

types, we found that transcriptional changes after co-incubation with pure ADP-heptose were 

very similar in human gastric epithelial cells, monocyte/macrophage-like cells, and neutrophil-

like cells (manuscript III). Using knock-down experiments, I demonstrated that ADP-heptose 

signaling in monocyte/macrophage-like cells is dependent on TIFA (manuscript I). Moreover, 

we discovered that stimulation with pure ADP-heptose polarized monocytes into macrophages 

of predominantly pro-inflammatory type M1 and pre-mature neutrophil-like cells rather into the 

pro-inflammatory type N1 (manuscript I and III). Furthermore, I found that activation of human 
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macrophages and neutrophils by live H. pylori is strongly influenced by the presence of LPS 

heptose metabolites and the functionality of its T4SS. In addition, we showed the ability of 

macrophages to phagocytose does not appear to be affected by heptose metabolites, but 

ADP-heptose is the decisive factor to reduce antigen presentation by macrophages upon 

heptose- or bacteria-exposure, due to upregulation of miRNA146b (manuscript I and II). 

In summary, my work contributed significantly to our new findings that specific heptose 

metabolites or bacteria producing heptose metabolites elicit a strong activity and modulation 

of cell-autonomous innate immune responses and cellular functions of human macrophages 

and neutrophils.
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3 ZUSAMMENFASSUNG  
 

Die Heptose-Metaboliten des inneren Kerns von Lipopolysacchariden (LPS), einschließlich 

ADP-Heptose, spielen eine wesentliche Rolle bei der Aktivierung von zellautonomen 

angeborenen Immunreaktionen in eukaryotischen Zellen über den ALPK1-TIFA-NF-NB 

Signalweg, wie schon für mehrere pathogene Bakterien gezeigt wurde. Die wichtige Rolle von 

LPS-Heptose-Metaboliten bei der pro-inflammatorischen Aktivierung von Magenepithelzellen 

während einer Infektion mit dem pathogenen Bakterium Helicobacter pylori (H. pylori) wurde 

bereits, in Forschungsarbeiten unserer Arbeitsgruppe und von anderen 

Wissenschaftler*innen, nachgewiesen. Das humanpathogene Bakterium H. pylori besiedelt 

mehr als die Hälfte der Weltbevölkerung und verursacht eine chronisch aktive Gastritis und 

Magengeschwüre, und eine langfristige Infektion kann zu Magenkrebs führen. 

Krankheitsverlauf und Schweregrad hängen von Virulenzfaktoren des Erregers ab, wie z. B. 

dem Cag Typ-4-Sekretionssystem (T4SS), das den aktiven Transport von Proteinen und 

Metaboliten in Wirtszellen ermöglicht.  

Die Auswirkungen von Heptose-Metaboliten und reiner ADP-Heptose auf menschliche 

myeloide Zellen wurden bisher nicht untersucht. Deshalb haben wir in meinem Projekt 

versucht, das Aktivierungs- und Modulationspotenzial von bakteriellen Heptose-Metaboliten 

auf menschliche Makrophagen und Neutrophile besser zu verstehen. Zu diesem Zweck 

verwendeten wir reine Heptose-Metaboliten und, als bakterielles Modell, H. pylori, welcher 

Heptose-Metaboliten, höchstwahrscheinlich über sein T4SS, in menschliche Wirtszellen 

transportieren kann. Die Hauptfragen meines Projekts waren, wie bakterielle Heptose-

Metaboliten die pro-inflammatorische Aktivierung und Reifung von menschlichen 

Makrophagen und Neutrophilen, allein und im bakteriellen Kontext, beeinflussen. Darüber 

hinaus wollten wir die Wirkung von Heptose-Metaboliten auf verschiedene Funktionen von 

Makrophagen, wie Phagozytose und Antigenpräsentation, charakterisieren. 

Die wichtigsten Ergebnisse meines Projekts waren, dass menschliche Makrophagen und 

Neutrophile, in Zellkultur-Zellen und Primärzellen, mit hoher Empfindlichkeit auf reine Heptose-

Metaboliten reagieren (Manuskript I und III). Darüber hinaus entdeckten wir, dass die 

Aktivierung dieser Zellen mit reiner ADP-Heptose von einer aktiven zellulären Aufnahme 

abhängig ist. Unsere Ergebnisse beruhen auf der Produktion pro-inflammatorischer Zytokine 

und der transkriptionellen Hochregulierung pro-inflammatorischer Gene (IL-8) und des 

Transkriptionsfaktors NF-NB nach Koinkubation mit ADP-Heptose. Beim Vergleich 

verschiedener Zelltypen stellten wir fest, dass die transkriptionellen Veränderungen nach Ko-

Inkubation mit reiner ADP-Heptose in menschlichen Magenepithelzellen, Monozyten-



 Zusammenfassung 

7 
  

/Makrophagenartigen Zellen und Neutrophilen sehr ähnlich waren (Manuskript III). Mit Hilfe 

von knock-down Experimenten konnte ich zeigen, dass der ADP-Heptose aktivierte 

Signaltransduktionsweg in Monozyten- und Makrophagen-artigen Zellen von TIFA abhängig 

ist (Manuskript I). Darüber hinaus entdeckten wir, dass die Stimulation mit reiner ADP-Heptose 

Monozyten in Makrophagen des überwiegend pro-inflammatorischen Typs M1 und unreife 

Neutrophilen-ähnliche Zellen eher in den pro-inflammatorischen Typ N1 polarisiert (Manuskript 

I und III). Ebenfalls fand ich heraus, dass die Aktivierung menschlicher Makrophagen und 

Neutrophilen durch lebende H. pylori Bakterien stark von LPS Heptose-Metaboliten abhängt 

und von der Funktionalität des T4SS beeinflusst wird. Darüber hinaus haben wir gezeigt, dass 

die Fähigkeit der Makrophagen zur Phagozytose nicht durch Heptose-Metaboliten 

beeinträchtigt zu werden scheint, das ADP-Heptose jedoch der entscheidende Faktor für die 

Verringerung der Antigenpräsentation durch Makrophagen ist, wenn sie Heptose oder 

Bakterien ausgesetzt sind, was auf die Hochregulierung von miRNA146b zurückzuführen ist 

(Manuskript I und II). 

Zusammenfassend lässt sich sagen, dass meine Arbeit wesentlich zu unseren neuen 

Erkenntnissen beigetragen hat, dass spezifische Heptose-Metaboliten oder Bakterien, die 

Heptose-Metaboliten produzieren, eine starke Aktivität und Modulation der zellautonomen 

angeborenen Immunreaktionen und Zellfunktionen menschlicher Makrophagen und 

Neutrophile hervorrufen.
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4 LIST OF ABBREVIATIONS 
 

3′-UTR = 3′ untranslated region 

ADP-hep = ADP-glycero-E-D-manno-heptose-1-phosphate 

AlpA = Adherence-associated lipoprotein A 

AlpB = Adherence-associated lipoprotein B 

ALPK1 = Alpha protein kinase 1 

AP-1 = Activator protein 1 

BabA = Blood group antigen binding adhesin 

CagA = Cytotoxin-associated gene A 

cagPAI = Cag pathogenicity island 

CD4 = Cluster of differentiation 4 

CD40L = Cluster of differentiation 40 ligand 

CD8 = Cluster of differentiation 8 

CEACAM = Carcinoembryonic antigen-related cell adhesion molecule 

CIAP1 = Cellular inhibitor of apoptosis 1 

CLR = C-type lectin receptor 

CTL = C-type lectin  

DC = Dendritic cell 

DC-SIGN = Dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin 

DNA = Deoxyribonucleic acid 

DSBs = Double strand breaks 

Et al. = et alia 

GC = Gastric cancer 

GEC = Gastric epithelial cell  

GGT = Gamma-glutamyl transpeptidase 

GSC = Gastric stem cell 

HBP = D-glycero-E-D-manno-heptose-1,7-BP 

hCEACAM = human carcinoembryonic antigen-related cell adhesion molecule 

HMP-1 = D-glycero-E-D-manno-heptose-1-phosphate 

HMP-7 = D-glycero-D,E-D-manno-heptose-7-phosphate 

HopQ = Helicobacter pylori outer protein Q 

H. pylori = Helicobacter pylori 

HSC = Hematopoietic stem cell 
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IFN = Interferon 

IgA = Immunglobulin A 

IgG = Immunglobulin G 

INB-D = Nuclear factor kappa-B cell inhibitor alpha 

IKK = I kappa B kinase 

IKKD = I kappa B kinase alpha 

IKKE = I kappa B kinase beta 

IKKJ = I kappa B kinase gamma 

IL-1E = Interleukin 1 beta 

IL-8 = Interleukin 8 

IL-6 = Interleukin 6 

IL-10 = Interleukin 10 

IL-18 = Interleukin 18 

IRF3 = Interferon regulatory factor 3 

IRF7 = Interferon regulatory factor 7 

Kb = Kilo base 

Lgr4 = Leucine rich repeat containing G protein-coupled receptor 4 

LPS = Lipopolysaccharide 

LTER = Lymphotoxin-beta receptor 

MALT lymphoma = Mucosa-associated lymphoid tissue lymphoma 

MAMP = Microbe associated molecular pattern 

MINCLE = Macrophage-inducible C-type lectin 

MiRNA = Micro ribonucleic acid 

NF-NB = Nuclear factor kappa-B 

NF-NB2 = Nuclear factor kappa-B 2 

NIK = NF-NB-inducing kinase 

NLR = Nod-like receptor 

NLRP3 = Nod-like receptor family pyrin domain containing 3 

NOD1 = Nucleotide-binding oligomerization domain-containing 1 

NOS = Nitric oxide synthase 

Nt = Nucleotide  

OLFM4 = Olfactomedin 4 

PRR = Pattern recognition receptor 

RIG-I = Retinoic acid inducible gene I 



 List of abbreviations 

10 
  

RLR = Retinoic acid-inducible gene-I-like receptor 

RNA = Ribonucleic acid 

Rspo3 = R-spondin 3  

S-7-P = Sedoheptulose-7-phosphate  

SabA = Sialic acid binding adhesin  

SiRNA = Silencing ribonucleic acid 

SS1 = H. pylori sydney strain 1  

T4SS = Cag type 4 secretion system 

Th1-cell = T helper type 1 cell 

Th17-cell = T helper type 17 cell 

TIFA = Tumor necrosis factor receptor associated factor-interacting protein with a forkhead - 
associated domain 

TLR = Toll-like receptor 

TLR2 = Toll-like receptor 2 

TLR4 = Toll-like receptor 4 

TLR5 = Toll-like receptor 5 

TLR9 = Toll-like receptor 9 

TNF-D = Tumor necrosis factor alpha 

TNFAIP3 = Tumor necrosis factor alpha-induced protein 3 

TRAF2 = Tumor necrosis factor receptor associated factor 2 

TRAF6 = Tumor necrosis factor receptor associated factor 6 

Treg-cell = T regulatory cell 

Trim30a = Tripartite motif-containing 30 a 

VacA = Vacuolating cytotoxin A 
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5 INTRODUCTION 
 

5.1 Helicobacter pylori: History, microbiological characterization, prevalence and 
therapy 

The pathogenic bacterium Helicobacter pylori (H. pylori) was discovered by Barry Marshall and 

Robin Warren in 1982 (Warren and Marshall, 1983). It is a Gram-negative, spiral-shaped, 

flagellated, mainly extracellular, microaerophilic bacterium that colonizes the gastric mucosa 

of more than 50% of the world’s population (Suerbaum et al., 2002). Transmission of the 

pathogen usually occurs in childhood via oral-to-oral and fecal-to-oral routes (Schwarz et al., 

2008;Goh et al., 2011;Didelot et al., 2013;Krebes et al., 2014). The prevalence of an H. pylori 

infection within populations is related to socioeconomic status, community type and 

habitational crowding conditions, and H. pylori is known to have co-evolved with humans 

(Falush et al., 2003;Linz et al., 2007;Moodley et al., 2012;Salama et al., 2013;Hooi et al., 2017). 

Infected individuals develop chronic gastritis, which is usually asymptomatic, and some 

develop gastric ulcers, MALT lymphomas and gastric cancer (GC) over time (Suerbaum and 

Michetti, 2002;Amieva and El-Omar, 2008). For this reason, the World Health Organization 

defined H. pylori as group 1 carcinogen in 1994 (IARC, 1994). H. pylori is the greatest risk 

factor for the development of GC, causing up to ∼75% of all GCs (Asghar and Parsonnet, 

2001). According to the Global Cancer Statistics of 2020 (Sung et al., 2021), GC is the fifth 

most common cancer and the fourth leading cause of cancer-related death worldwide. In 2020 

alone, 768,793 people died from GC (Sung et al., 2021). Disease progression and severity are 

influenced by the host genetic predisposition, genotype of the bacterium, and environmental 

parameters (Suerbaum and Josenhans, 2007). The pathogen exhibits high genetic diversity, 

globally and within individual hosts (Achtman et al., 1999;Suerbaum and Josenhans, 

2007;Olbermann et al., 2010;Ailloud et al., 2019). H. pylori has evolved pro-inflammatory and 

immune-evasive mechanisms that support its long-term survival and persistence in the human 

stomach unless treated (Mejias-Luque and Gerhard, 2017). An antibiotic combination therapy 

with either proton-pump inhibitors or bismuth salts are the mainstay of treatment for confirmed 

infections and currently recommended (Malfertheiner et al., 2017). The increasing antibiotic 

resistance of H. pylori has led to its inclusion in a high-priority list of pathogens for which 

research and development of new effective drugs is needed (Tacconelli et al., 2018). To date, 

there is no efficient vaccination against H. pylori available (Sutton and Boag, 2019).   

5.2 The human gastric niche 
The gastric epithelium consists of a monolayer of columnar gastric epithelial cells (GECs) 

covered with mucus and forming invaginations called gastric pits within the underlying lamina 

propria. Each pit gives rise to a gastric gland, which consist of a variety of secretory cells, 
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including chief cells, enteroendocrine cells, parietal cells and mucous neck cells that produce 

the overlaying mucus and gastric juice (Alzahrani et al., 2014;Kayisoglu et al., 2021a). Gastric 

stem cells (GSCs) are located deep inside the gastric gland and are essential for continuous 

dynamic gastric cell renewal (Xiao and Zhou, 2020). An essential function of this GEC layer is 

to maintain a protective barrier that separates the luminal contents containing pathogenic 

microorganisms from the underlying tissue compartments (Wroblewski LE, Peek RM Jr., 

2011). During infection, GECs provide a first line of defense against invading pathogens 

(Alzahrani et al., 2014). 

 

FIG 1: A schematic overview of the stomach habitat of H. pylori. H. pylori persists in the 

lower layers of the stomach mucus and in the gastric crypts, where it proliferates and forms 

micro-colonies. In particular in the gastric crypts, H. pylori can get into contact with GSCs and 

myeloid cell types with phagocytic and antigen-presenting properties that are recruited through 

the lamina propria, as indicated. Its Cag type 4 secretion system (T4SS) promotes interaction 

with epithelial and non-epithelial cells and secretes various proteins and metabolites, which 

can influence cell responses. The artwork of this figure was created using BioRender and is 

also contained in our recent review Faass et al. 2023 (Faass et al., 2023). 

5.3 H. pylori survival and persistence in the human gastric niche 
After ingestion, H. pylori is able to survive the acidic pH of the stomach with the help of its 

enzyme urease. Using urea channels, H. pylori transports urea to its cytoplasm, where urease 

hydrolyzes urea to ammonia (Krulwich et al., 2011). This buffers the periplasmic pH and the 
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immediate environment of the pathogen and enables it to maintain a stable cytoplasmic pH 

(Weeks et al., 2000;Krulwich et al., 2011). In addition, the bacterium is able to move within the 

gastric mucus layer based on chemotaxis, using its flagella (Josenhans and Suerbaum, 2002). 

It can reside in the lower layers of the mucus or deep within the gastric crypts, where the pH 

is more neutral and GSCs are harbored (Schreiber et al., 2004;Sigal et al., 2015;Sigal et al., 

2017). When H. pylori arrives deep down at the gastric niche, it can adhere to GECs (Hessey 

et al., 1990;Thomsen et al., 1990;Kim et al., 2004). There, the bacterium can form micro-

colonies and creates a microenvironment beneficial for bacterial proliferation (see Figure1) 

(Tan et al., 2009;Fung et al., 2019).  

5.4 H. pylori cag pathogenicity island and T4SS 
H. pylori possesses the cag pathogenicity island (cagPAI), which is one of its major virulence 

factors. The cagPAI is about 40 kb long and contains approximately 28 genes (Fischer et al., 

2001). The genomic island genes encode the structural components of the H. pylori transport 

machine, the T4SS, and the effector protein cytotoxin-associated gene A (CagA). The 

secretion system spans the inner and outer membrane of the bacterium and is capable of 

transporting molecules into host cells (Kutter et al., 2008;Frick-Cheng et al., 2016;Chung et 

al., 2019). It is able to transport CagA (Segal et al., 1999;Backert et al., 2000;Odenbreit et al., 

2000;Odenbreit et al., 2001;Hatakeyama, 2008), bacterial DNA (Varga et al., 2016a), 

peptidoglycan molecules (Viala et al., 2004), and, most probably, lipopolysaccharide (LPS) 

heptose metabolites (Gall et al., 2017;Stein et al., 2017;Zimmermann et al., 2017). H. pylori 

strains can also be classified according to the presence or absence of the genomic island. 

Many strains contain a cagPAI and account for approximately 70% of all global isolates 

(Olbermann et al., 2010). Strains carrying a functional cagPAI cause a stronger inflammation 

and ulceration in the stomach (Wiedemann et al., 2009;Phuc et al., 2021). H. pylori was shown 

to express cagPAI genes in the infected human stomach (Boonjakuakul et al., 2005;Aviles-

Jimenez et al., 2012). 

5.5 Human GECs and their immunological features 
In addition to their important barrier function within the gastric niche, GECs perform an initial 

immune response after recognizing gastric pathogens (Alzahrani et al., 2014). Although GECs 

are not classical immune cells, they possess many pattern recognition receptors (PRRs) that 

enable the detection of microbe-associated molecular patterns (MAMPs). After immune-

activation, GECs are able so secrete pro-inflammatory cytokines to recruit innate immune cells 

(Kayisoglu et al., 2021a). Furthermore, GECs produce antimicrobial peptides, including 

defensins, to fight the infection (O'Neil et al., 2000).  



Introduction 

14 
  

5.6 The interaction of H. pylori with GECs and consequences 
The interaction of H. pylori with GECs was well studied in the past using human GEC lines 

(Stein et al., 2017), human gastric biopsies (Hazell et al., 1986), primary cell organoids grown 

from isolated human donor gastric gland material (Bartfeld et al., 2015) and animal models 

(Amalia et al., 2023). Adhesion of H. pylori to GECs occurs through a variety of its outer 

membrane proteins. For example, the adhesin BabA binds difucosylated ABO/Lewis blood 

antigens expressed by GECs, and SabA binds to sialylated Lewis antigens on GECs (Ilver et 

al., 1998;Mahdavi et al., 2002). AlpA/B bind to host laminin (Senkovich et al., 2011), and HopQ 

attaches to host cell CEACAMs (Javaheri et al., 2016;Königer et al., 2016). In addition, the 

outer membrane protein CagL of the T4SS interacts with the D5E1 integrin on the host cell 

(Kwok et al., 2007). Cell adhesion and interaction with H. pylori, as well as secretion and 

translocation of H. pylori molecules can activate GECs. H. pylori is able to activate the 

extracellular PRR TLR2 (Mandell et al., 2004), the intracellular PRRs TLR9 via T4SS-

translocated DNA (Varga et al., 2016a), and NOD1 via translocated peptidoglycan (Viala et 

al., 2004). Although known for other bacteria, other PRRs, including TLR4 and TLR5, are not 

classically activated by H. pylori. The pathogen modifies its MAMPs LPS lipidA and O-chain 

and its flagellins in an immune-evasive manner (Aspinall et al., 1996;Moran et al., 

1997;Monteiro et al., 1998;Lee et al., 2003;Gewirtz et al., 2004;Mandell et al., 2004;Li et al., 

2017). Recently, LPS heptose metabolites of Gram-negative bacteria, including H. pylori, were 

discovered as new MAMPs (Gaudet et al., 2015;Milivojevic et al., 2017;Zhou et al., 2018). H. 

pylori LPS heptose metabolites activate the intracellular PRR alpha protein kinase 1 (ALPK1) 

and thus pro-inflammatory signaling in GECs (Gall et al., 2017;Stein et al., 2017;Zhou et al., 

2018;Pfannkuch et al., 2019). Downstream pro-inflammatory signaling cascades lead to the 

upregulation of pro-inflammatory genes and production of cytokines (Alzahrani et al., 2014). In 

addition to the induction of immune responses, H. pylori infection elicits DNA double strand 

breaks (DSBs) in GECs, depending on a functional T4SS, thus causing genetic instability in 

host cells (Koeppel et al., 2015). 

5.7 The human innate immune system 
The innate immune system is the body’s first line of defense against invading pathogens and 

encompasses cells and proteins that respond with non-specific immune reactions (Janeway 

and Medzhitov, 2002). Phagocytes such as macrophages and neutrophils, dendritic cells 

(DCs), mast cells, basophils and eosinophils are part of the innate immune system (Marshall 

et al., 2018). Their role during infection is to directly eliminate the pathogens and transmit the 

danger signal to cells of the adaptive immune system (Marshall et al., 2018). In addition to 

cells, the complement system is an important part of the innate immune system. The proteins 

are able to identify and opsonize pathogens in order to support the uptake of pathogens by 

phagocytic cells or to kill them directly (Medzhitov, 2007;Marshall et al., 2018).  
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5.8 Innate immune system cell activation and modulation by H. pylori 
The interaction of H. pylori with GECs has been well studied in the past. However, little is 

known about the mechanism of interaction and activation between cells of the myeloid lineage, 

for instance the phagocytic and antigen-presenting cells, and H. pylori. Upon activation by H. 

pylori, GECs recruit myeloid cells to the side of infection via cytokine secretion, such as IL-8 

(see Figure1) (Noach et al., 1994). During infection and after disruption of the cell integrity of 

the gastric epithelial barrier, phagocytes, including neutrophils, DCs, monocytes, and 

macrophages, are found in the gastric mucosal tissue (Noach et al., 1994;Fehlings et al., 

2012). Activation of the innate immune system is aimed at combating the pathogen, directly or 

with the help of the adaptive response. However, H. pylori has evolved multiple strategies to 

evade and dampen immune recognition and response, resulting in lifelong persistence in the 

human stomach (Mejias-Luque and Gerhard, 2017). During H. pylori infection, infiltration of 

innate immune cells increases the severity of the inflammation and the degree of mucosal 

damage (Fu et al., 2016;Mejias-Luque and Gerhard, 2017).  

While it is well known how H. pylori interacts with and activates GECs, the molecular 

mechanisms of its primary surface interaction with lymphoid and phagocytic cells is less well 

understood. Adhesion of H. pylori with myeloid cells may occur via primary interactions similar 

to that known for GECs, since Unemo et al. showed that adhesion of H. pylori to neutrophils 

via SabA is essential for phagocyte activation (Unemo et al., 2005). Similar to GECs, 

phagocytes recognize H. pylori via a variety of PRRs, including TLRs, NLRs, and CLRs, which 

contribute to pro-inflammatory or tolerogenic effects (Mejias-Luque and Gerhard, 2017;Faass 

et al., 2023). In addition to interacting with hosts via MAMPs and PRRs, the bacterium interacts 

with phagocytic cells via its T4SS (Sanchez-Zauco et al., 2014). There may be other innate 

immune players and strategies for myeloid cell activation and pathogen elimination during 

infection that were not yet explored. 

5.9 Macrophages 
Macrophages are long-lived phagocytes that mostly differentiate from circulating blood 

monocytes, which were produced by the bone marrow (Grainger et al., 2017). During an 

infection, monocytes leave the blood circulation, migrate into tissues and differentiate into 

macrophages (Grainger et al., 2017). In the gastric niche, monocyte-derived macrophages can 

be found in the lamina propria right beneath the gastric epithelial monolayer where they are 

able to capture and eliminate bacteria that breach the epithelial barrier (Grainger et al., 2017). 

In the mouse model, it was shown that macrophages in the lamina propria are able to sample 

pathogens using trans-epithelial dendrites without disrupting the epithelial integrity (Niess et 

al., 2005). Upon activation by a danger signal, the macrophages can polarize into the pro-

inflammatory M1 phagocytes or the inhibitory and immune-modulating M2 subtype (Italiani and 
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Boraschi, 2014). The main characteristics of M1 macrophages are pathogen phagocytosis, 

antigen presentation to T-cells, NOS production and recruitment of further immune cells to the 

side of infection by cytokine secretion (Orecchioni et al., 2019).  

5.10 Macrophages and H. pylori 
H. pylori activates many different immunological pathways in macrophages and leads to pro-

inflammatory polarization and signaling. Upon interaction, H. pylori induces inflammatory 

cytokine production in macrophages via TLR2 signaling and independent of TLR4 (Mandell et 

al., 2004). Besides TLRs, NLRs are also involved in the activation of macrophages, as Li et al. 

showed that H. pylori enhances the production of the pro-inflammatory cytokines IL-1E and IL-

18 via the NLRP3 inflammasome in human macrophage-like cells (Kim et al., 2013;Li et al., 

2015). Furthermore, H. pylori uses its LPS Lewis blood antigens to interact with MINCLE to 

escape clearance by macrophages by the induction of anti-inflammatory cytokine production 

(Chmiela et al., 1997;Matsumoto et al., 1999;Devi et al., 2015). In mouse macrophages, Koch 

et al. showed that macrophages are able to recognize the pathogens’ T4SS independently of 

TLRs (Koch et al., 2016). Overall, H. pylori activation of macrophages and pro-inflammatory 

cytokine production involves the NF-NB pathway (Maeda et al., 2001). During infection with H. 

pylori, presence of M1 and M2 polarized macrophages (predominantly M1) were reported in 

human gastric biopsies from infected individuals and mouse models (Quiding-Järbrink et al., 

2010;Fehlings et al., 2012). After phagocytosis, macrophages present H. pylori antigens to T-

cells of the adaptive immune system and induce their pro-inflammatory differentiation within 

the H. pylori-infected mouse mucosa (Zhuang et al., 2011). However, macrophages infected 

with H. pylori downregulate (Pagliari et al., 2017) or upregulate (Codolo et al., 2019) 

inflammation-related microRNAs (miRNAs), which reduces their pro-inflammatory potential as 

they decrease the exposure of HLA-II molecules on the plasma membrane, compromising the 

bacterial antigen presentation toward T-cells (Pagliari et al., 2017;Codolo et al., 2019). 

5.11 Neutrophils 
Neutrophils are short-lived polymorphonuclear leukocytes and arise from hematopoietic stem 

cells (HSC) in the bone marrow (Nathan, 2006). Under homeostatic conditions, mature 

neutrophils leave the bone marrow, enter the blood stream and can migrate to various tissues. 

The main antimicrobial functions of neutrophils are phagocytosis, degranulation, neutrophil 

extracellular trap formation and oxidative burst to eliminate pathogens (Mayer-Scholl et al., 

2004;Mantovani et al., 2011;Boeltz et al., 2019;Burn et al., 2021). During an acute infection, 

neutrophils are the first cell type recruited to the site of infection. Neutrophils can polarize into 

a pro-inflammatory subtype, N1, and an immune-suppressive subtype, N2 (Fridlender et al., 

2009;Silvestre-Roig et al., 2019). Neutrophils sense the pathogens and their MAMPs via their 

PRRs and communicate the danger signal to cells of the innate and adaptive immune system, 
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including macrophages, DCs, and B- and T-cells (Mantovani et al., 2011;Polak and Bohle, 

2022).  

5.12 Neutrophils and H. pylori  
Various signaling pathways were identified that are activated after interaction of H. pylori with 

neutrophils, inducting immune responses and pro-immunogenic polarization. H. pylori induces 

secretion of pro-inflammatory cytokines IL-8, IL-1E and TNF-D early after interaction, and the 

anti-inflammatory cytokine IL-10 at later time points via TLR2 and TLR4 (Alvarez-Arellano et 

al., 2007). In addition, H. pylori and H. pylori DNA trigger TLR9-dependent IL-8 production in 

human neutrophils (Alvarez-Arellano et al., 2014). H. pylori-induced secretion of IL-8 depends 

on the cagPAI in primary neutrophils, whereas cagPAI-negative strains elicit production of the 

anti-inflammatory cytokine IL-10 (Sanchez-Zauco et al., 2014). Furthermore, Perez-Figueroa 

et al. showed that H. pylori infection enhances activation of the NLRP3 inflammasomes and 

secretion of IL-1E in human neutrophils, independent of a functional T4SS, TLR2, and TLR4, 

using inhibitory antibodies (Perez-Figueroa et al., 2016). In contrast, in mouse primary cells 

and partially in human neutrophil-like cell culture cells, Jang et al. demonstrated the important 

role of the H. pylori NLRP3 inflammasome for IL-1E cytokine production dependent on the 

T4SS, flagellin motility and TLR2, using knock-out cells (Jang et al., 2020). For the H. pylori 

infection, it was shown that the degree of gastric mucosal damage correlates with the amounts 

of locally infiltrated neutrophils, as a high number of neutrophils leads to more severe gastritis 

and a more rapid clearance of the bacteria (Warren and Marshall, 1983) (Davies et al., 

1994;Fiocca et al., 1994). 

5.13 Dendritic cells 
DCs are potent antigen-presenting cells that are critical for the induction of downstream 

adaptive immune responses and are derived from HSCs in the bone marrow. Among other 

body sites, DC can be found in the gastrointestinal tract where their main goals are 

phagocytosis and antigen presentation to the adaptive immune system (Worbs et al., 2017). 

During infection, DCs are essential for T-cell activation and differentiation (Hilligan and 

Ronchese, 2020).  

5.14 Dendritic cells and H. pylori 
Within the gastric niche, DCs come in contact with H. pylori either in the gut lumen, where 

mucosal DCs insert dendrites through the tight junctions of the gut epithelial monolayer, or 

after disruption of the epithelial barrier (Rescigno et al., 2001;Necchi et al., 2009;Kao et al., 

2010). H. pylori has evolved a variety of strategies to manipulate DC cytokine production 

toward a rather tolerogenic response, and therefore induces an adaptive immune response 

that may contribute to bacterial persistence (Mejias-Luque and Gerhard, 2017). DCs recognize 

H. pylori via several PRRs, which elicit either pro-inflammatory or anti-inflammatory responses. 
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In mouse DCs, H. pylori activates pro-inflammatory IL-6 cytokine signaling via TLR2, TLR9 

and, to a minor extent, via TLR4 (Rad et al., 2009). In addition to the pro-inflammatory cytokine 

production, H. pylori induces anti-inflammatory IL-10 cytokine secretion in mouse DCs 

dependent on TLR2 (Rad et al., 2009). Furthermore, H. pylori RNA activates the RLR RIG-I 

and induces IFN secretion (Rad et al., 2009). In murine bone marrow-derived DCs, IL-1E 

secretion was shown to be depended on the presence of the cagPAI and involved TLR2, NOD2 

and NLRP3 receptors (Kim et al., 2013). Moreover, H. pylori LPS containing Lewis blood 

antigens for immune evasion activates the CTL DC-SIGN on DCs, leading to a subsequent 

expression of the anti-inflammatory cytokine IL-10 (Bergman et al., 2004;Gringhuis et al., 

2009;Miszczyk et al., 2012). 

5.15 The adaptive immune system 
The adaptive immune system is activated and recruited to the site of infection by cells and 

responses of the innate immune system. In conjunction with the innate responses, it matures 

and is enabled to recognize specific antigens, and it initiates a pathogen-specific immune 

response upon activation to eliminate specific pathogens or infected cells. After pathogen 

removal, the adaptive immune system stores an immune memory to enable rapid immune 

response in the event of re-infection (Medzhitov, 2007). T- and B-cells are the central players 

in the adaptive immune response and emerge during hematopoiesis from pluripotent HSCs in 

the bone marrow (Marshall et al., 2018). Lymphocyte differentiation occurs in a tightly 

regulated process that gives rise to a variety of progenitor cells. B-cells develop in the bone 

marrow, while T-cells migrate to the thymus for further development (Reyes and Peniche, 

2019). Both cell types fully mature in secondary lymphoid organs including the spleen and 

lymph nodes or locally in tissues (Reyes and Peniche, 2019). Activation of T-cells occurs in 

these secondary lymphoid organs through the presentation of foreign antigens by antigen-

presenting cells via direct cell-to-cell interaction and the secretion of certain cytokines. In 

contrast, B-cells are able to recognize antigens themselves and do not require activation by 

antigen-presenting cells (Reyes and Peniche, 2019). The diverse functions of T-cells during 

infection include to directly kill infected host cells, activate other immune cells, produce 

cytokines, and regulate the immune response. The main function of B-cells during an infection 

are to produce antibodies against the antigens and to participate in the activation of T-cells via 

antigen presentation, co-stimulation, and antibody as well as cytokine production. T-cells can 

be classified into CD4- or CD8-positive cells. CD8-positive cells are also known as cytotoxic 

T-cells and perform mainly cytotoxic activities including killing of infected cells. CD4-positive 

T-cells can differentiate into a variety of different cell subsets, including Th1-, Th17- and Treg-

cells, depending on the activation, having individual roles during inflammation (Reyes and 

Peniche, 2019). Th1-cells are responsible for identification and eradication of intracellular 

pathogens, inducing cell-mediated immunity. In contrast, Th17-cells are important in immune 
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responses against extracellular pathogens (Saravia et al., 2019). Regulatory T-cells, Treg-

cells, are known to limit and suppress immune response in order to maintain immune 

homeostasis and self-tolerance (Saravia et al., 2019). 

5.16 Role of the adaptive immune system during H. pylori infection 
During H. pylori infection, CD4- and CD8-positive cells are found in the gastric niche, with CD4-

positive cells forming the majority (Bamford et al., 1998;Nurgalieva et al., 2005). T-cells in the 

infected stomach were demonstrated to resemble the Th1 T-cell type upon activation via HLA-

II and cytokines (D'Elios et al., 1997;Bamford et al., 1998;Sayi et al., 2009). In addition to Th1-

cells, Treg- and Th17-cells were also found in the infected gastric mucosa of humans and mice 

(Lundgren et al., 2005;Shi et al., 2010;Hitzler et al., 2012). The balance of Treg- and Th17-

cells is of great importance for an efficient and homeostatic immune response. However, H. 

pylori can shift this balance, as mostly shown in mouse models, towards a majority of Treg-

cells, preventing an effective H. pylori specific Th17 immune response (Gebert et al., 

2003;Gerhard et al., 2005;Kao et al., 2010;Omenetti and Pizarro, 2015). To underline this, 

Arnold et al. showed in infected mice that depletion of Treg-cells facilitated clearance of H. 

pylori (Arnold et al., 2011). Moreover, Treg-cells accumulate in the H. pylori-infected human 

gastric mucosa and effectively suppress H. pylori-specific memory T-cell responses (Lundgren 

et al., 2003). The exact role of B-cells during H. pylori infection is not fully understood, although 

it is known that H. pylori-carriers produce H. pylori-specific IgA and IgG antibodies (Futagami 

et al., 1998;Nurgalieva et al., 2005). Very insightful reviews addressing the role of the adaptive 

immune response during the H. pylori infection was recently published (Reyes and Peniche, 

2019;Zhang et al., 2020). 

5.17 Nuclear factor kappa-B signaling  

The nuclear factor kappa-B (NF-NB) family are key transcription factors regulating the 

transcription of various immunological and pro-inflammatory genes (Sen and Baltimore, 1986) 

and an important regulator for cell survival (Luo et al., 2005). In addition, NF-NB stimulation 

was shown to promote tumor growth as being the link between inflammation and 

carcinogenesis (Karin et al., 2002;Karin and Greten, 2005). NF-NB is found in the cytoplasm 

of cells but is masked until activated by NF-NB inhibitors. Pro-inflammatory signaling can be 

activated via the canonical, the classical, and the non-canonical, the alternative, NF-NB 

pathways (Feige et al., 2018). Canonical NF-NB signaling is involved in almost all aspects of 

the immune response, whereas the non-canonical pathway appears to be a supplementary 

signaling axis that cooperates with the canonical pathway (Sun, 2017). The canonical NF-NB 

pathway is rapidly activated by stimuli like pro-inflammatory cytokines and MAMPs and their 

interaction with, for example, cytokine receptors, PRRs, TNF receptors, T- and B-cell receptors 

(Newton and Dixit, 2012;Taniguchi and Karin, 2018). Upon host cell activation via PRRs, for 
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example, the NF-NB inhibitor INB-D is phosphorylated by the IKK complex (IKKE, IKKD, IKKJ), 

whereby RelA/p50 is activated and translocated into the nucleus (Taniguchi and Karin, 2018). 

Activation of the non-canonical pathway happens slower, due to de novo NIK synthesis, and 

is induced by TNF superfamily members, including TNF and CD40L, and subsets of TNF 

receptor superfamily members, such as the LTER. NIK initiates the phosphorylation of IKKD, 

which induces processing of the p100/RelB complex to p52/RelB and its translocation into the 

nucleus (Sun, 2017;Taniguchi and Karin, 2018). Translocation of NF-NB transcription factors 

into the cell nucleus results in upregulation of cytokine transcripts and secretion of pro-

inflammatory cytokines such as IL-8 and IL-6 (Taniguchi and Karin, 2018). In addition to 

cytokines, NF-NB de novo transcribes its negative feedback regulator A20 (tnfaip3). 

Furthermore, NF-NB transcribes the nlrp3 gene and is involved in the regulation of the NLRP3 

inflammasome (Bauernfeind et al., 2009;Shembade and Harhaj, 2012;Guo et al., 2015).  

5.18 H. pylori induced NF-NB signaling  

H. pylori is capable of activating canonical and non-canonical NF-NB signaling along various 

routes. H. pylori is able to activate the canonical NF-NB pathway and the secretion of pro-

inflammatory cytokines, including IL-8, in host cells dependent on its Cag T4SS (Hirata et al., 

2006a;Gorrell et al., 2013). It was long assumed that the transport of the virulence factor CagA 

via the H. pylori T4SS activates the canonical NF-NB pathway after translocation into the host 

cytoplasm (Ying and Ferrero, 2019). However, researchers showed conflicting results and it 

turned out that NF-NB activation in host cells is clearly dependent on the T4SS but rather 

independent of CagA (Schweitzer et al., 2010;Sokolova et al., 2013). A role of CagA in NF-NB 

activation does not have to be completely excluded in long-term infection experiments (Suzuki 

et al., 2009;Schweitzer et al., 2010;Gall et al., 2017;Ying and Ferrero, 2019). H. pylori, in 

addition to CagA delivery, can translocate peptidoglycan into host cells via its T4SS and 

induces NF-NB activation via NOD1 receptor signaling (Viala et al., 2004;Gall et al., 2017), 

especially at later time points after exposure. However, conflicting results were published for 

this signaling pathway, too, as some research groups questioned the role of NOD1 for the 

induction of NF-NB-transcribed pro-inflammatory cytokine secretion (Hirata et al., 2006b;Gall 

et al., 2017;Ying and Ferrero, 2019). In summary, inhibition, knock-down and knock-out of 

NOD1 appeared to reduce rather than inhibit NF-NB driven IL-8 secretion (Ying and Ferrero, 

2019), suggesting that additional agents and signaling pathways may be involved in the 

activation of this pro-inflammatory pathway. Furthermore, T4SS transported H. pylori DNA 

activates NF-NB signaling through TLR9 (Varga et al., 2016b). Recently, a new pro-

inflammatory pathway contributing to the H. pylori-induced activation of NF-NB was discovered 

in epithelial cells that is based on the intra cytoplasmic proteins ALPK1 and TNF receptor-

activating factor (TRAF)-interacting protein with forkhead-associated (FHA) domain TIFA (Gall 
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et al., 2017;Stein et al., 2017;Zimmermann et al., 2017). The pathway is activated by H. pylori 

LPS heptose metabolites and is dependent on a functional T4SS (Gall et al., 2017;Stein et al., 

2017;Zimmermann et al., 2017;Zhou et al., 2018). In addition, H. pylori triggers non-canonical 

activation of the NF-NB pathway via LTER in a T4SS dependent manner (Ohmae et al., 

2005;Mejias-Luque et al., 2017;Feige et al., 2018).  

5.19 LPS heptose metabolites and their role during infection 
The MAMP LPS can be found in the outer membrane of most Gram-negative bacteria, such 

as H. pylori (Garcia-Weber and Arrieumerlou, 2020). LPS is generally composed of three main 

regions: the lipidA part that is anchored into the outer membrane of Gram-negative bacteria 

and is the main MAMP of LPS, usually detected via TLR4 (Park and Lee, 2013). The O-antigen 

chain, which reaches out into the aqueous surroundings of the bacteria and the core part forms 

the linker between lipidA and outer chains. The core part is divided into an inner and outer core 

part and consists mostly of hexose residues, such as heptoses and keto-deoxy-octonate 

sugars (Stein et al., 2017;Garcia-Weber and Arrieumerlou, 2020). These oligosaccharides are 

not known to be immunogenic MAMPs. LPS inner core heptose units are synthesized by 

different enzymes and during the synthesis, various intermediate heptose metabolites arise 

and are well conserved across many species, although the synthesis pathway varies slightly 

between bacteria (Garcia-Weber and Arrieumerlou, 2020). However, not all Gram-negative 

bacteria possess a heptose synthesis pathway, for instance Legionella replace the heptose 

residues by other sugars (Knirel et al., 1996;Garcia-Weber and Arrieumerlou, 2020) and some 

Gram-positive bacteria can synthesize heptose metabolites, too (Tang et al., 2018;Garcia-

Weber and Arrieumerlou, 2020). 

Recently, these LPS heptose metabolites were discovered to act as MAMPs and activate pro-

inflammatory responses in host cells (Gaudet et al., 2015;Milivojevic et al., 2017;Garcia-Weber 

et al., 2018;Zhou et al., 2018). The intermediate heptose metabolites D-glycero-E-D-manno-

heptose-1,7-BP (HBP) and ADP-glycero-E-D-manno-heptose-1-phosphate (ADP-heptose), 

produced by different bacteria, were identified to contribute significantly to the pro-

inflammatory activation and modulation of human epithelial cells (Gaudet et al., 2015;Stein et 

al., 2017;Zimmermann et al., 2017;Pfannkuch et al., 2019).  

5.20 H. pylori LPS biosynthesis, heptose metabolites and signaling  
H. pylori heptose units are synthesized in a five-step pathway (see Figure 2) that generates 

different intermediate heptose metabolites. The precursor metabolite D-sedoheptulose-7-

phosphate (S-7-P) is converted to D-glycero-D,E-D-manno-heptose-7-phosphate (HMP-7) by 

the isomerase GmhA. Phosphorylation of HMP-7 by the bifunctional HldE kinase forms HBP. 

The subsequent dephosphorylation of HBP at position 7 by the phosphatase GmhB leads to 

D-glycero-E-D-manno-heptose-1-phosphate (HMP-1) (Pfannkuch et al., 2019;Garcia-Weber 
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and Arrieumerlou, 2020). Transfer of an adenylyl moiety by the ADP transferase HldE forms 

ADP-heptose which, in a final step, gets transformed to ADP-L-glycero-E-D-manno-heptose 

by the epimerase HldD and integrated into the LPS core by heptose transferase (Pfannkuch 

et al., 2019;Garcia-Weber and Arrieumerlou, 2020). 

 

FIG 2: A schematic overview of the five-step heptose synthesis pathway of H. pylori 
inner core heptose units. H. pylori LPS generally consist of three main regions: the lipidA 

part that is anchored into the outer membrane (dark grey), the O-antigen chain (bright grey) 

and the inner core part, which forms the linker between lipidA and outer core and consists 

mostly of heptose units (pink) and keto-deoxy-octonate sugars (green). Synthesis of the inner 

core heptose units is a five-step pathway. Using the enzymes GmhA, HldE, GmhB, HldD, H. 

pylori synthesizes ADP-L-glycero-E-manno-heptose from D-sedoheptulose-7-phosphase. 

During this process, intermediate heptose metabolites arise, including HBP and ADP-heptose. 

The artwork of this figure is modified according to (Stein et al., 2017) and was created using 

BioRender.  

H. pylori appears to primarily use its T4SS to mediate direct cell transfer of heptoses (Gall et 

al., 2017;Stein et al., 2017;Zimmermann et al., 2017), whereas free heptoses are only 

marginally released into the environment by live H. pylori. For H. pylori, the intermediate 

heptose metabolites HBP and ADP-heptose are known to induce pro-inflammatory signaling 

in GECs (Gall et al., 2017;Stein et al., 2017;Zimmermann et al., 2017). After translocation into 

the host cell cytoplasm, the heptose intermediate metabolites bind and activate the PRR 

ALPK1 in the host cells. This subsequently phosphorylates TIFA in its threonine residue T9 

and leads to self-oligomerization of TIFA in the cytosol (Milivojevic et al., 2017;Zimmermann 



Introduction 

23 
  

et al., 2017;Zhou et al., 2018). Several members of the TRAF family, including TRAF6 and 

TRAF2 (Zimmermann et al., 2017), are recruited to the polymerized TIFA proteins and form 

the multiprotein complex TIFAsome (Milivojevic et al., 2017), which induces the NF-NB 

pathway (Gaudet et al., 2015;Stein et al., 2017;Garcia-Weber et al., 2018;Zhou et al., 

2018;Pfannkuch et al., 2019). The H. pylori LPS metabolite HBP cannot enter the cell without 

active transport whereas ADP-heptose is cell-permeable (Pfannkuch et al., 2019). In addition, 

ADP-heptose binds to ALPK-1 with a higher affinity than HBP (Zhou et al., 2018), and ADP-

heptose was reported to be about 10-times higher concentrated within the pathogen than HBP 

(Pfannkuch et al., 2019).  

5.21 MicroRNAs and their role during infection and malignancies 
MiRNAs are short, non-coding single-stranded RNAs (19–24 nt) that inhibit the transduction or 

induce the degradation of target genes upon the interaction with their 3′-UTR (Vella et al., 

2004). MiRNAs are found in various organisms, including mice and humans, and play 

important roles in, for example, cell apoptosis, proliferation, migration, and differentiation by 

post-transcriptionally regulating genes (Bartel, 2004;2009). More than thousand miRNAs were 

identified, and each miRNA may regulate the expression of up to thousands of target genes 

(Bartel, 2009). It is estimated that 30%-60% of human genes are regulated by miRNA (Lewis 

et al., 2003;Bartel, 2004). MiRNAs were shown to be involved in modulating the innate and 

adaptive immune responses (Chen et al., 2004). In addition, miRNAs were shown to affect the 

expression of tumor suppressor genes and oncogenes, potentially contributing to the 

development and progression of malignancies (Saito et al., 2012). 

5.22 MiRNAs and H. pylori 
It was reported that the expression of several miRNAs is altered by H. pylori in GECs and 

immune cells (Matsushima et al., 2011;Noto and Peek, 2011). H. pylori infection was shown 

to manipulate the expression of specific miRNAs involved in pro-inflammatory responses and 

GC (Noto and Peek, 2011;Libanio et al., 2015;Zou et al., 2019). For example, H. pylori is able 

to affect the ability of macrophages to present antigens to the adaptive immune system by 

inhibiting the expression of the immune receptor CD300E through downregulation of miR-4270 

(Pagliari et al., 2017). In addition, the pathogen was reported to induce upregulation of the 

miRNAs Let-7f-5p, Let-7i-5p, miR-146b-5p, and miR-185-5p, which inhibit H. pylori antigen 

presentation due to inhibition of HLA-II gene expression (Codolo et al., 2019).
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6 AIMS OF THIS THESIS 
 

The gastric pathogen H. pylori colonizes the stomach of more than half of the world’s 

population. Although the colonization elicits innate and adaptive immune responses and 

causes gastric inflammation, H. pylori can persist in the host up to a lifetime. Elimination of the 

pathogen in vivo by the host’s immune system is hampered, as it developed many different 

immune evasive strategies. Long-term infection with H. pylori increases the risk of gastric 

pathologies and development of GC, and antibiotic therapy is becoming increasingly difficult 

due to rising antibiotic resistance. Thus, it is of great importance to better understand the 

pathogen’s strategies of immune activation, evasion and persistence in order to develop new 

therapeutic options. 

H. pylori activates pro-inflammatory signaling in host cells via various MAMPs, which signal 

through different immune pathways. The important role of LPS heptose metabolites to activate 

human cells during infection with the pathogen has recently been well studied in GECs. During 

H. pylori infection, GECs recruit cells of the innate immune system to the site of infection. When 

I started this project, there was no knowledge available about the effects of LPS heptose 

metabolites on cells of the myeloid lineage during gastric infection with H. pylori. To expand 

our knowledge on the role of LPS heptose metabolites during infection, in this project, I aimed 

to gain a better understanding of the activation and modulation potential of H. pylori LPS 

heptose metabolites for macrophages and neutrophil cells.  

My main research questions were how bacterial LPS heptose metabolites influence the pro-

inflammatory activation, alone and in the bacterial context. In addition, we wanted to analyze 

how they affect maturation and polarization of human macrophages and neutrophils during 

infection with H. pylori. Furthermore, we wanted to get more information about the influence of 

ADP-heptose on the ability of macrophages to present antigens to the adaptive immune 

system.  

During the first part of the project, I wanted to focus on the question whether and how heptose 

metabolites and the cagPAI contribute to the activation of monocytes/macrophages by H. 

pylori.  

In the second part of the project, we chose to examine, within a collaboration with colleagues 

from Padua, Italy, whether ADP-heptose and H. pylori produced heptose metabolites suppress 

the antigen-presentation of macrophages. 
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For the third part, I aimed to understand whether the bacterial metabolite ADP-heptose and 

other heptose metabolites of H. pylori are able to activate human neutrophils and neutrophil-

like cells. 
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7 MANUSCRIPTS 
 

7.1 Manuscript I 
 

 

 

“Contribution of Heptose Metabolites and the cag 
Pathogenicity Island to the Activation of 

Monocytes/Macrophages by Helicobacter pylori” 
 

Faass L, Stein SC, Hauke M, Gapp M, Albanese M, Josenhans C. 

Front Immunol. 2021 May 19;12:632154. doi: 10.3389/fimmu.2021.632154. PMID: 

34093525; PMCID: PMC8174060. 

 

https://www.frontiersin.org/articles/10.3389/fimmu.2021.632154/full 

 

 

First author:  

Conceptual contributions/experimental design; Investigation: Performing and developing 

experiments, evaluation of results, formal analysis and statistics, establishing and improving 

methodology; Manuscript - writing of original draft methods part, figures and figure design,  

references, contributions to final review and editing. 

First authorship is shared with Stein SC, who has laid the foundation of this research project 

with her work for the Stein et al., 2017 paper (Stein et al., 2017), which shows the important 

role of heptose metabolites for pro-inflammatory signaling in GECs upon infection with H. 

pylori. In addition, she started with the initiation of the macrophage-focused project with the 

Josenhans laboratory when still located at Hannover Medical School and performed initial 

experiments. When the Josenhans laboratory moved to Munich, I took over the project, 

established new experimental methods and performed and analyzed numerous experiments. 

My contributions were essential to compile the manuscript. 
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7.2 Manuscript II 
 

 

 

 

 

“ADP-heptose enables Helicobacter pylori to exploit macrophages 
as a survival niche by suppressing antigen-presenting HLA-II 

expression” 
 

Coletta S, Battaggia G, Della Bella C, Furlani M, Hauke M, Faass L, D'Elios MM, 
Josenhans C, de Bernard M. FEBS Lett. 2021 Aug;595(16):2160-2168. doi: 10.1002/1873-

3468.14156. Epub 2021 Jul 14. PMID: 34216493. 

 

https://febs.onlinelibrary.wiley.com/doi/10.1002/1873-3468.14156 

 

 

Coauthor:  

Contributions to experimental design; Investigation: preparation, contribution and pretesting of 

central materials and resources; Manuscript - review and final editing. My contributions were 

essential to compile the manuscript. 
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8 DISCUSSION 
 

The important role of bacteria-produced LPS heptose metabolites on epithelial cells has been 

well studied in the past (Gaudet et al., 2015;Milivojevic et al., 2017;Zhou et al., 2018;Garcia-

Weber and Arrieumerlou, 2020). This also includes its major activating function during the GEC 

infection by H. pylori (Gall et al., 2017;Stein et al., 2017;Zimmermann et al., 2017;Pfannkuch 

et al., 2019), mostly dependent on the presence of the cagPAI and a functional T4SS. Signaling 

of heptose metabolites in GECs involves ALPK1, TIFA, members of the TRAF family and the 

NF-NB pathway (Gaudet et al., 2015;Gall et al., 2017;Milivojevic et al., 2017;Stein et al., 

2017;Zimmermann et al., 2017;Zhou et al., 2018;Pfannkuch et al., 2019). Until today, little is 

known about the activation and modulation potential of heptose metabolites for myeloid lineage 

cells, which are recruited to the site of bacterial infection (Noach et al., 1994). 

In this project, we aimed to gain a better understanding of the activation and modulation 

potential of the bacterial metabolite ADP-heptose and other H. pylori heptose metabolites for 

macrophages and neutrophils. We addressed our research questions by exposing 

macrophages and neutrophils of different maturation stages to pure heptose metabolites, live 

bacteria, and their enzymatically treated bacterial lysates. Details of the methods and 

conditions were outlined in manuscripts I to III.  

8.1 Which conclusive results were obtained and how has the field moved forward?  

8.1.1 Heptose-mediated activation is a fundamental principle of innate human cell 
activation in various cell types 

In this project, we were able to contribute to understanding the potential of bacterial heptose 

metabolites on the activation and modulation of human monocyte/macrophage-like cells and 

primary macrophages as well as human neutrophil-like cells and primary neutrophils. In 

addition, we gained insights into the role of H. pylori heptose metabolites during active infection 

of these phagocytes with the live pathogen.  

8.1.1.1 The role of H. pylori lipopolysaccharide heptose metabolites during activation 
of macrophages 

We demonstrated that human monocyte/macrophage-like cells and primary macrophages 

responded strongly to pure heptose metabolites, as the NF-NB pathway was activated and the 

cells produced high amounts of pro-inflammatory cytokines (manuscript I and II). In addition, 

we confirmed the important role of heptose metabolites during infection with live H. pylori 

strains, as heptose mutant strains showed a significant reduction in their pro-inflammatory 

potential (manuscript I). We also demonstrated that the functionality of the T4SS affects the 
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activation potential of the pathogen, suggesting that transport of heptose metabolites by 

bacteria into host cells is predominantly mediated by the T4SS (manuscript I). Transcriptome 

analysis of macrophage-like cells stimulated with pure ADP-heptose, H. pylori wild-type, and 

the H. pylori heptose metabolite mutant strains confirmed the activation potential of pure ADP-

heptose (probably involving active uptake by the cells) and the important role of heptose 

metabolites in live H. pylori for pro-inflammatory signaling in monocyte/macrophage-like cells 

(manuscript I). Using silencing RNA, we discovered the important role of TIFA for pro-

inflammatory signaling in monocyte/macrophage-like cells (manuscript I). Activation of 

monocyte/macrophage-like cells by pure ADP-heptose induced polarization into a rather pro-

inflammatory phenotype, called M1, which we analyzed via their gene expression profile 

(manuscript I). In our study, we were not able to detect NLRP3 inflammasome activation by H. 

pylori and pure ADP-heptose without a second signal (supplementary unpublished results 

SU1, in appendix). In primary human macrophages, we identified ADP-heptose and other 

heptose metabolites to be essential and sufficient to induce pro-inflammatory responses 

(manuscript I) and upregulation of the host cell miRNA miR146b during H. pylori infection, 

leading to a reduction in antigen presentation via HLA-II and compromising the antigen 

presentation to T-cells (manuscript II). 

8.1.1.2 The role of H. pylori LPS heptose metabolites during activation of neutrophils 
For neutrophil-like cells and neutrophils, we also found that pure ADP-heptose is able to 

activate pro-inflammatory signaling after co-incubation without transfection (manuscript III). 

Upon infection with live H. pylori, we again demonstrated the important role of heptose 

metabolites (manuscript III). Moreover, the intensity of the pro-inflammatory response was 

dependent on a functional T4SS, suggesting that the T4SS also plays an important role for the 

bacterial transport of heptose metabolites into neutrophils (manuscript III). In untreated 

neutrophil-like cells, we detected regulation of maturation genes after the co-incubation with 

pure ADP-heptose, highlighting its intrinsic differentiating potential (manuscript III). 

Transcriptome analysis of neutrophil-like cells stimulated with ADP-heptose revealed broad 

upregulation of innate immune-relevant and other genes (manuscript III). Comparison of the 

transcriptomic changes resulting from co-incubation with pure ADP-heptose in neutrophil-like 

cells with the genetic profile of ADP-heptose-stimulated gastric epithelial-like and 

monocyte/macrophage-like cells revealed extensive similarities and also differences between 

the transcriptomic changes of the different cell types (manuscript III). Based on the strong pro-

inflammatory response we can postulate polarization of neutrophil-like cells into a rather N1-

like phenotype by pure ADP-heptose (manuscript III). 
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8.1.2 Findings of other research groups that advanced the field of H. pylori and 
heptose metabolites 

In parallel with my thesis, other researchers contributed to the study of H. pylori heptose 

metabolites and their inflammatory potential and further advanced the field. 

8.1.2.1 Role of heptose metabolites during infection and cancer progression 
Parallel to my thesis work, other research groups have discovered that bacterial heptose 

metabolites are not only instrumental for inducing pro-inflammatory reactions, but also have 

other impactful functions. 

A major advance in answering the long-standing question of which factor of H. pylori 

contributes in a major way to causing DNA DSBs in human cells as a prerequisite to 

cancerogenesis was made by Bauer, Nascakova and Mihai et al. in 2020 (Bauer et al., 2020). 

They showed in cell culture and organoid model experiments that DNA damage induced by H. 

pylori cagPAI-positive strains in GECs is dependent on ALPK1-TIFA-NF-NB signaling. Further 

experiments revealed that H. pylori LPS heptose metabolites, including ADP-heptose, are able 

to induce DNA damage and replication stress in GECs, co-transcriptionally in S-phase, 

depending on the presence of R-loops (Bauer et al., 2020). 

H. pylori forms colonies deep in the gastric glands where stem and progenitor cells reside, 

triggering stem cell expansion, gastritis, and precursor lesions for GC development (Sigal et 

al., 2015;Fischer and Sigal, 2019). The pathogen increases the expression of R-spondin 3 

(Rspo3) in the stromal cells beneath the glands, leading to gland expansion and consequent 

gland hyperplasia, as a possible precursor of malignant transformation (Sigal et al., 2017). 

Using mouse and organoid models, Wizenty et al. discovered that H. pylori and ADP-heptose 

induce Rspo3 signaling via its receptor Lgr4 to activate cell proliferation and NF-NB signaling 

in GSCs. This new data reveals how the gastric gland cells elicit a pro-inflammatory response 

to the pathogen and its heptose metabolites and how they structurally adapt to the infection 

(Wizenty et al., 2022).  

8.1.2.2 Signaling induced by heptose metabolites in epithelial cells 

It was known that H. pylori is able to induce both the canonical and the non-canonical NF-NB 

pathway in GECs (Ohmae et al., 2005;Hirata et al., 2006a;Gorrell et al., 2013), but the role of 

TIFA as part of both signaling cascades was not clear until, Maubach et al. shed more light on 

the field in 2021 (Maubach et al., 2021). On the basis of previous findings by our lab and others 

(Gall et al., 2017;Stein et al., 2017;Zimmermann et al., 2017;Pfannkuch et al., 2019) they first 

demonstrated that induction of the canonical and non-canonical NF-NB pathway by H. pylori 

depends on ADP-heptose and the metabolite’s interaction with ALPK1 and TIFA. In addition, 

they identified the TRAF family members TRAF6 and TRAF2 as binding partners of TIFA for 
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the formation of the TIFAsome upon H. pylori infection. Subsequently, they showed that the 

interaction of TIFA with TRAF6 results in canonical NF-NB activation involving TAK1, whereas 

the interaction of TIFA and TRAF2 results in the degradation of cIAP1 and accumulation of 

NIK, leading to activation of the non-canonical NF-NB pathway (Maubach et al., 2021).  

Snelling et al. further expanded the knowledge on the NF-NB signaling cascade induced by 

heptose metabolites. They showed that pure ADP-heptose is able to stimulate the formation 

of ubiquitin chains on target proteins that are required for both, canonical and non-canonical 

NF-NB signaling. In addition, they further identified and characterized NF-NB pathway 

interaction partners. Furthermore, they showed for the first time that ALPK1 phosphorylates 

TIFA directly at Thr177 in addition to Thr9 (Huang et al., 2012;Gaudet et al., 2015;Zhou et al., 

2018) as a second phosphorylation site (Snelling et al., 2022).  

8.1.2.3 Interaction of H. pylori with myeloid cells 
A new paper by Behrens et al. further analyzed the interaction of H. pylori with cells of the 

myeloid lineage (Behrens et al., 2020). It was already known that H. pylori uses its adhesin 

HopQ to interact with CEACAMs on host GECs to translocate CagA (Belogolova et al., 

2013;Javaheri et al., 2016;Königer et al., 2016). To expand the knowledge of this interaction 

for immune cells, they analyzed human and mouse primary neutrophils, macrophages and 

DCs, as well as mouse neutrophils, macrophages and DCs expressing human CEACAMs and 

their interaction with H. pylori HopQ. Human and CEACAM-humanized mouse neutrophils 

allowed an increased HopQ-dependent cell interaction that strongly enhanced CagA 

translocation, significantly increased pro-inflammatory actions upon H. pylori contact and 

allowed prolonged survival. In contrast, human or murine bone marrow-derived macrophages 

and DCs showed low CEACAM expression and low bacterial binding and only small amounts 

of translocated CagA, which was independent of the HopQ-CEACAM interaction (Behrens et 

al., 2020). In conclusion, in vitro interaction data have shown that the interaction of H. pylori 

HopQ and CEACAMs expressed by myeloid cells has a major impact on the subsequent 

induction of pro-inflammatory responses, especially for neutrophils, and thus could have an 

impact on further ligands of H. pylori and their signaling. 

 

In Figure 3, a summary of current knowledge about the activation of host cells mediated by 

various T4SS translocated factors of H. pylori is visualized (see Figure 3). 
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FIG 3: A schematic overview of the signaling cascades activated by H. pylori virulence factors 

transported via the T4SS in an exemplary human host cell is visualized. The translocated small 

molecules activate intracellular receptors such as ALPK1, TLR9 and NOD1. Activation of the 

PRRs leads to translocation of pro-inflammatory transcription factors, such as NF-NB, into the 

nucleus and transcription of pro-inflammatory genes, including the cytokine gene IL-8. In 

addition to immune responses, heptose metabolites induce DNA DSBs. The artwork of this 

figure was created using BioRender. 

8.2 Is there a difference in the activation potential of H. pylori ADP-heptose between 
different cell types?  

One important role of GECs is to protect the host from pathogens and other damaging agents 

by forming a physical barrier in the gastric niche that separates the gastric lumen from 

underlying tissue. Upon contact with pathogens, they initiate an initial inflammatory response 

and recruit cells of the innate immune system. Both neutrophils and macrophages are recruited 

to the site of infection, probe the pathogens, and subsequently aim to eradicate them via 

phagocytosis (Medzhitov, 2007). In a next step, they present the antigen to cells of the adaptive 

immune system to enhance the pro-inflammatory response (Medzhitov, 2007;Vono et al., 

2017). All three different cell types have their individual, important role during an infection with 

H. pylori. Their individual or common response to heptose metabolites, as we know so far, will 

be discussed in the next chapter. 

Cell culture and primary cell GECs, macrophages, and neutrophils respond to ADP-heptose 

with activation as they show upregulation of mainly pro-inflammatory signaling cascades, gene 

transcription, and secretion of corresponding cytokines, e.g. IL-8 (manuscript I, II, III). In 

addition to pure ADP-heptose, all three different cell types show a significant decrease in their 

pro-inflammatory activation after co-incubation with H. pylori deficient in heptose metabolite 

production in comparison to the wild-type strain. Comparing the quantities of IL-8 secretion or 
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NF-NB activation between cell types to evaluate the cell-type specific activation potential is 

rather complex, since they rely on many factors, starting with bacterial adherence. Our results 

are based on cell culture and primary cell infection-models and are strongly influenced by the 

individual experimental designs, including incubation times, the cells’ prior maturation status, 

and, for primary cells, donor specificity. However, comparing the extent of IL-8 transcript 

upregulation after addition of ADP-heptose with other transcriptional changes within each 

individual cell type highlights the major impact on pro-inflammatory signaling for all of the tested 

cell types. Moreover, the same amount of pure ADP-heptose induced comparably high pro-

inflammatory IL-8 cytokine secretion in all three different cell types (manuscript I to III)(Stein et 

al., 2017). Even though the GECs are non-phagocytic cells, and macrophages and neutrophils 

are phagocytes, we were able to show in manuscript I and III that the pro-inflammatory 

activation potential of H. pylori heptose metabolites in all cell types strongly depend on a 

functional T4SS, which transports heptose metabolites into cells.  

Heptose metabolites signal through the ALPK1-TIFA-NF-NB pathway in epithelial cells (Gaudet 

et al., 2015;Gall et al., 2017;Milivojevic et al., 2017;Stein et al., 2017;Zhou et al., 

2018;Pfannkuch et al., 2019;Garcia-Weber and Arrieumerlou, 2020). In manuscript I, II, and 

III, we showed that ADP-heptose induces NF-NB signaling in all three different cell types, as 

we were able to measure high IL-8 cytokine secretion. In manuscript II, we used a NF-NB 

pathway inhibitor to confirm that IL-8 transcript expression in primary macrophages was 

dependent on NF-NB upon stimulation with ADP-heptose. Inhibitor-treated cells showed a 

significant reduction in IL-8 transcripts after stimulation with ADP-heptose compared with the 

positive control (manuscript II). We also proved the presence of ALPK1 and TIFA at the 

transcriptional level for AGS, Thp-1 and HL-60 cells and on the protein level for HL-60 cells 

(manuscript III). Furthermore, we demonstrated in manuscript I that ADP-heptose-induced NF-

NB activation was significantly reduced when TIFA was knocked-down in human 

monocyte/macrophage-like cells (manuscript I). 

Maubach et al. have recently published that ADP-heptose is able to activate the canonical and 

non-canonical NF-NB pathways in GECs (Maubach et al., 2021). Since the pro-inflammatory 

cytokine IL-8 was highly upregulated in our experiments using ADP-heptose stimulated GECs, 

macrophages and neutrophils, we expect a high activation of the canonical NF-NB pathway 

(manuscript III). Furthermore, as the transcriptome analysis results of AGS, Thp-1 and HL-60 

cells showed an increase of RelB transcripts, activation of the non-canonical NF-NB pathway 

can be expected in all tested cell types, too, especially at longer incubation times (manuscript 

III).  
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GECs are known to undergo phenotypic changes after infection with cagPAI-positive H. pylori 

strains by epithelial to mesenchymal transition and resemble the hummingbird phenotype, 

dependent on CagA translocation (Azuma et al., 2004). However, morphological changes of 

GECs are not known to be dependent on LPS heptose metabolites (Stein et al., 2017) and do 

not occur after stimulation with ADP-heptose alone. In manuscript I and III, we have shown 

that both macrophages and neutrophils polarize into a rather pro-inflammatory (M1/N1) 

phenotype in response to H. pylori and LPS heptose metabolites. 

In summary, it appears that H. pylori heptose metabolites activate human GECs, monocytes 

and neutrophils in a very similar manner and lead to similar initial responses, including pro-

inflammatory cytokine expression and secretion. In particular, in manuscript III, where we 

compared the highest differentially expressed genes after stimulation with ADP-heptose 

between all three different cell types, it became clear that the pro-inflammatory response 

elicited by the heptose metabolite is very similar. Ratios of IL-8 transcripts for heptose-

activated vs. mock, as one measure of pro-inflammatory activation, were higher for Thp-1 and 

AGS (< 40-fold), while the absolute RPKM counts for IL-8 were much higher in HL-60 

neutrophils than in the other two cell types (manuscript III). For primary cells, human 

neutrophils seemed to be somewhat less responsive to ADP-heptose than macrophages, a 

phenotype that can be influenced by many cellular factors including cellular heptose uptake 

activity (manuscript I and III). The overlapping upregulated genes in all three cell types included 

important key genes of the NF-NB pathway such as il-8, nf-Nb2 and relb. Although the initial 

activation of the cells seems to be similar, it is important to consider that all three cell types 

have different roles during infection, while we mainly analyzed the effect of heptose 

metabolites on their function to secrete pro-inflammatory cytokines. We have only begun to 

analyze other functions of myeloid cells like phagocytosis and presentation of antigens to the 

adaptive immune system. These questions and their investigation should definitively be 

pursued in the future.  

8.3 Suitability of study models for H. pylori innate immunity research - which models 
fit best to address our particular research questions? 

To study the interaction between the pathogenic bacterium H. pylori and cells in the human 

stomach niche, several experimental models were developed to mimic the situation of an 

active gastric infection. The question of which of these models are most suitable to study the 

role of heptose metabolites during H. pylori infection will be addressed in this chapter.  

In vitro cell culture models based on cancer cell lines or genetically transformed cells are a 

versatile tool to study the direct interaction of H. pylori with specific cell types and resulting 

cellular events. Cell lines are easily accessible, as they are readily available from various cell 

collections and relatively painless to maintain, as they are immortalized (Pompaiah and 
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Bartfeld, 2017). In addition, cell line cells are often well characterized. However, cell lines differ 

from in vivo cells as they are clones and can exhibit genetic alterations (Pompaiah and Bartfeld, 

2017). Furthermore, cancer cell lines are sometimes infected with bacteria or viruses, which 

affects their cellular and phenotypic characteristics (Pompaiah and Bartfeld, 2017). A wide 

range of cell lines is available for the study of H. pylori infection in the gastric niche. In our 

studies, we used the well characterized and widely used cell lines AGS, Thp-1 and HL-60 cells 

to analyze the role of ADP-heptose during H. pylori infection (manuscript I, II, III)(Tsuchiya et 

al., 1980;Collins, 1987). During our studies for manuscript III, some limitations of cell culture 

cells became apparent. In HL-60 cells, ligands known to stimulate primary neutrophils did not 

activate the cell culture neutrophils. Transcriptome analysis of the neutrophil-like cells showed 

a lack of PRR receptor gene expression in HL-60 cells necessary for pro-inflammatory 

signaling (manuscript III). In addition, literature search on HL-60 cells then revealed known 

chromosome aberrations in the culture cells and prior knowledge of loss of TLR2/4 functionality 

(Rincon et al., 2018).  

Primary human cells are a good in vitro alternative to cell culture models. They can be isolated 

from host tissues of interest or blood, present the physiological state of the cell of interest in 

vivo, and retain their in vivo functions (Pompaiah and Bartfeld, 2017). To study gastric 

infections, gastric epithelial and myeloid primary cell models can be generated using isolated 

cells from human gastric biopsies or donor blood for subsequent co-incubation with H. pylori 

(Richter-Dahlfors et al., 1998;Quiding-Järbrink et al., 2010). A disadvantage of primary cell 

models is that they cannot be maintained and expanded over a longer period of time 

(Pompaiah and Bartfeld, 2017). In addition, the behavior of the cells is frequently donor-

specific, also depending on the donor’s past and current infection history. Furthermore, blood 

myeloid cells might not necessarily resemble the immune cells that can be found in the human 

stomach during infection. During this project, we isolated monocytes and neutrophils from 

human donor blood, differentiated the monocytes into macrophages, and analyzed the pro-

inflammatory activation upon stimulation with ADP-heptose (manuscript I, II, III). Both cell types 

responded with pro-inflammatory signaling to the heptose metabolite, but blood neutrophils 

nevertheless responded less avidly than primary blood macrophages (manuscript I, II, III). The 

results we obtained from primary cells partially recapitulated experiments with cell culture cells, 

validating both our study models. As expected, we observed donor specific variations in 

between independent donors of primary cells (manuscript I, II, III). 

Another model that has been widely advocated during the last years for infection research are 

organoids derived from primary pluripotent cells (Pompaiah and Bartfeld, 2017). Organoids 

are tiny, three-dimensional and self-assembled tissues composed of different cell types that 

can model functionalities of their organ of origin (Rossi et al., 2018;Hofer and Lutolf, 2021). 

Organoids grown from human GSCs or gastric tumor cells provide a model that resembles an 
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organized epithelial structure comprising different cell types of the stomach (Bartfeld et al., 

2015). A unique feature of gastric organoids is the ability to grow cell types in this structure 

that could not previously be cultured, for example, mucus gland cells, and that multiple cell 

types can be co-incubated in parallel with H. pylori. Co-incubation of gastric organoids with 

strains of H. pylori has already led to interesting new findings in the field of H. pylori and H. 

pylori heptose metabolites (Bartfeld et al., 2015;Bauer et al., 2020;Aguilar et al., 2022). 

Pompaiah and Bartfeld provide a very good overview of the development of gastric organoids 

and their usefulness to study H. pylori infection in their review (Pompaiah and Bartfeld, 2017). 

In order to study the role of immune cells during H. pylori infection of the gastric niche, a gastric 

organoid immune cell co-culture model was developed (Holokai et al., 2019).  

Immunohistochemical analysis of human or mouse tissue samples is a way to gain insight into 

the status quo of gastric inflammation in situ. To study H. pylori, samples are often obtained 

from gastric biopsies of healthy or diseased donors and allow visualization and analysis of the 

H. pylori-infected stomach. This study model revealed the localization of H. pylori close to the 

GECs, deep in the human gastric niche and allowed the analysis of involved myeloid cells 

during infection (Quiding-Järbrink et al., 2010;Fehlings et al., 2012). Immunohistochemical 

analysis in the context of heptose metabolites was not done yet. The availability of tissue 

samples from humans is limited, very locally restricted and only a snapshot of already dead 

cells (Faass et al., 2023).  

Animal models are essential for in vivo infection research with H. pylori because they provide 

some organismal insight into some aspects of the systemic and local consequences of a H. 

pylori infection, which can - to some extent - recapitulate disease processes in humans. 

However, there is an ongoing debate about which animal models can be used for which 

specific question and how they resemble the human-adapted infection. It must be kept in mind 

that animals differ from humans in their genetic profiles, cellular functions and in the structure 

of their organs. Some animals were successfully infected with H. pylori, including mice, 

Mongolian gerbils and nonhuman primates (Amalia et al., 2023). However, animal models 

have drawbacks, such as the fact that most human H. pylori strains cannot colonize the 

stomach of animal models, making it difficult to extrapolate these results to the human situation 

and compare colonization and inflammation in a strain-dependent manner.  

H. pylori is a pathogen exclusively colonizing the human host, not mice. However, Lee et al. 

identified and adapted the H. pylori Sydney strain 1 (SS1), which can colonize the stomach of 

mice long-term, but elicits a relatively low inflammatory response (Lee et al., 1997). Most wild-

type mouse models do not develop strong inflammation or GC, but only mild inflammations 

after H. pylori infection and are therefore not suitable for studying H. pylori-induced pathologies 

(Ferrero et al., 1998;van Doorn et al., 1999). Therefore, mutant mice were developed that can 
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be induced to develop GC (Wang et al., 1993;Lofgren et al., 2011). Amalia et al. published a 

nice summary of mouse models for H. pylori inflammation and cancer development (Amalia et 

al., 2023). Interestingly, unlike humans, H. pylori infections in mice show no differences in 

pathology between cagPAI-positive and -negative strains (Philpott et al., 2002). Passage of H. 

pylori through mice frequently causes loss of T4SS function due to rearrangements in CagY 

(Philpott et al., 2002;Barrozo et al., 2013;Draper et al., 2017). As H. pylori mutant strains 

deficient for heptose biosynthesis showed strongly impaired fitness (Stein et al., 2017), the 

prospect of comparative experiments with wild type strains in any animal model might be rather 

difficult. However, Zhou et al. demonstrated that C57BL/6 mice responded to ADP-heptose 

with ALPK1-NF-NB signaling, pro-inflammatory cytokine secretion, and neutrophil recruitment 

in an air pouch model (Zhou et al., 2018).  

In contrast to mice, Mongolian gerbils exhibit a significant level of gastric inflammation and can 

develop cancer when colonized with certain strains of H. pylori alone, and results are similar 

to human stomach carcinogenesis (Hirayama et al., 1996;Watanabe et al., 1998). An overview 

about Mongolian gerbil models for H. pylori inflammation and cancer development was recently 

published by Amalia et al. (Amalia et al., 2023). Presence or absence of the cagPAI plays an 

important role during H. pylori infection of Mongolian gerbils, as gerbils colonized with cagPAI 
mutant strains develop significantly less severe gastritis (Wirth et al., 1998;Ogura et al., 
2000;Rieder et al., 2005;Wiedemann et al., 2009). 

In conclusion, there are several suitable models available to study the role of heptose 

metabolites during H. pylori infection, each having its individual advantages and 

disadvantages. Which model should be chosen depends on the exact research question to be 

answered by the experiment. In order to address our research question, the cell culture and 

primary cell model already gave very good insights about the direct activation potential of 

heptose metabolites alone or in the context of live bacteria and further experimental designs 

will for sure answer more questions.  

8.4 How does H. pylori benefit from the consequences of LPS heptose metabolite 
release in the gastric niche?  

The big question that remained after the discovery of the APLK1 pathway, activated by LPS 

heptose metabolites, is how H. pylori benefits from the activation of this signaling cascade. 

How does translocation of heptose metabolites into host cells shape the immune response, 

possibly in favor for the pathogen, which is adapted to persist in the gastric niche? What is the 

role of heptose metabolites in H. pylori triggered GC development? In the next chapter, these 

questions will be addressed. 
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8.4.1 Overview of the microbiota and H. pylori in the human gastric niche 
To answer the above questions, I will first give a general, clinical insight into a stomach infected 

with H. pylori. For a long time, the human stomach was considered as an inhospitable 

environment for bacteria because of its acidic pH. However, it could be demonstrated that the 

stomach is not a completely sterile organ and particularly under diseased conditions is 

estimated to harbor different bacterial species (Bik et al., 2006), albeit in low numbers (Yang 

et al., 2013). Genetic analysis of the gastric mucosa of healthy adult subjects revealed different 

dominant genera, mostly Gram-negative ones (Bik et al., 2006;Li et al., 2009;Engstrand and 

Lindberg, 2013). An early study by Bik et al. showed that presence of H. pylori did not affect 

the composition of the microbiotal community (Bik et al., 2006). However, when present, H. 

pylori usually is the most abundant bacterium in the human gastric niche (Bik et al., 2006). H. 

pylori colonization is not evenly distributed in the gastric mucosa and is concentrated in the 

antrum and cardia of the human stomach, and patterns of infection vary between individuals 

(Ailloud et al., 2019;Fung et al., 2019). In addition to close to the gastric epithelium, H. pylori 

was found deep in the gastric glands and Sigal et al. demonstrated that H. pylori directly 

interacts with human gastric progenitor and stem cells (Sigal et al., 2015). Furthermore, Aguilar 

et al. showed that H. pylori preferentially attaches to differentiated cells in the pit region of 

gastric units directed by chemotaxis towards host cell-released urea (Aguilar et al., 2022). 

During H. pylori infection of the human stomach, the amount of the pro-inflammatory cytokine 

IL-8 is significantly increased, whereas in non-infected human stomach tissue samples no IL-

8 was detected (Lindholm et al., 1998). This result indicates that IL-8 is upregulated only during 

H. pylori infection, and that the threshold above which IL-8 can be interpreted as marker for 

pro-inflammatory response may be rather low. Under the conditions of pro-inflammatory 

immune activation, modulation and IL-8 induction, H. pylori stays persistently in the human 

stomach.  

8.4.2 Which role do H. pylori heptose metabolites play for establishing chronic 
inflammation and persistent infection - immune evasion or activation? 

During the long co-existence between H. pylori and the human host, the bacterium has evolved 

many mechanisms to activate and evade the innate and adaptive immune response, which is 

considered one important basis for its persistent infection. In addition, H. pylori is able to 

manipulate functions of host cells, including cytokine secretion, the ability to phagocytose and 

kill pathogens, and antigen presentation to the adaptive immune system in order to favor its 

persistence (Faass et al., 2023). Since the pathogen is able to prevent its own eradication by 

the host immune system, chronic inflammation results from H. pylori infection (Mejias-Luque 

and Gerhard, 2017). How inflammation promotes H. pylori persistence is not fully understood. 

Aihara et al. showed in a mouse model that the pathogen prefers to colonize gastric lesions 

over healthy epithelium (Aihara et al., 2014). One reason for this preference could be the 
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increased pH that results from the gastric lesions (Nishio et al., 2007;Aihara et al., 2014). In 

addition, gastric lesions could provide metabolites or other nutritious molecules from damaged 

tissue that favor the pathogen (Papini et al., 1998). In the following, an overview about the 

mechanism of immune evasion of H. pylori is provided, followed by a discussion about the role 

of heptose metabolites for persistence strategies. 

As highlighted in the introduction of this thesis, H. pylori activates pro-inflammatory signaling 

in host cells via different MAMPs. In addition, H. pylori has evolved several strategies to evade 

or modulate immune responses in host cell. The pathogen has modified its LPS components 

lipidA, by phosphorylation and hypo-acylation (Muotiala et al., 1992;Moran et al., 1997;Cullen 

et al., 2011), and O-chain, by mimicking host Lewis antigens (Bergman et al., 2004;Li et al., 

2017), and its flagellin (Lee et al., 2003;Gewirtz et al., 2004), resulting in weak classical TLR4 

and TLR5 immune response in host cells. In mouse dendritic cells, H. pylori activates pro-

inflammatory TLR2 signaling, but also upregulates the expression of high levels of the anti-

inflammatory cytokine IL-10 via MYD88 (Rad et al., 2009). Sun et al. supported these findings 

by showing that TLR2 -/- mice were less colonized by H. pylori than wild-type mice and elicited 

stronger pro-inflammatory immune response with increased neutrophilic infiltration (Sun et al., 

2013). Similar observations were made by Otani et al. as they found a strong upregulation in 

TLR9 in the gastric mucosa of H. pylori infected mice and revealed a significant increase in 

gastric inflammation in TLR9 KO mice infected with H. pylori (Otani et al., 2012). Varga et al. 

confirmed these results and emphasized the dependence on the CagT4SS for the anti-

inflammatory effects (Varga et al., 2016a). Furthermore, interaction of H. pylori Lewis antigens 

with the host CTR DC-SIGN increases the production of anti-inflammatory IL-10 and reduces 

Th1-cell development (Bergman et al., 2004). In addition, H. pylori actively dissociates the 

signaling complex downstream of DC-SIGN to suppress pro-inflammatory signaling (Gringhuis 

et al., 2009). Another CTR, MINCLE, was shown to interact with host Lewis antigens and to 

elicit an anti-inflammatory response upon H. pylori infection (Chmiela et al., 1997;Matsumoto 

et al., 1999). SiRNA-mediated knock-down of MINCLE in human macrophages resulted in 

upregulation of pro-inflammatory cytokines and consequent downregulation of anti-

inflammatory cytokines (Devi et al., 2015). Furthermore, just recently Dooyema et al. showed 

that H. pylori suppresses STING and RIG-I signaling in host cells by downregulating IRF3 and 

inducing the STING suppressor Trim30a (Dooyema et al., 2022). The PRRs NLR and ALPK1 

are activated by the pathogen, and to date there appears to be no evidence that H. pylori 

evades NLR and ALPK1 signaling, including NOD1, or NLRP3.  

Bacterial phagocytosis is a central host defense mechanism for the elimination of invading 

bacteria and is performed by phagocytes. H. pylori is able to evade uptake by these cells, 

thereby manipulates the subsequent pro-inflammatory response. The evasion depends on the 
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cagPAI encoded T4SS (Ramarao and Meyer, 2001). In addition to strategies to evade 

phagocytosis, H. pylori has evolved strategies to survive phagocytosis. One survival strategy 

of cagPAI-positive H. pylori is based on delayed host cell entry, actin polymerization and 

phagosome formation in macrophages, followed by the fusion of phagosomes to megasomes, 

allowing H. pylori to resist intracellular killing (Allen et al., 2000). Other apparent strategies to 

avoid bacterial killing within phagosomes include interruption or arrest of phagosome 

maturation (Zheng and Jones, 2003;Borlace et al., 2011;Du et al., 2016).   

Another important role of activated myeloid cells during infection is to activate the adaptive 

immune system to elicit immune responses against the pathogen. However, H. pylori was 

shown to induce tolerogenic DCs, which subsequently lead to the differentiation of native T-

cells into Treg-cells, instead of effector Th17- and Th1-cells (Oertli et al., 2013). In addition, H. 

pylori is able to directly inhibit and manipulate T-cells via different virulence factors. VacA was 

shown to interact with and invade T-cells during infection, thereby impairing T-cell receptor 

signaling and preventing T-cell activation, immune response, and proliferation (Gebert et al., 

2003;Sundrud et al., 2004;Sewald et al., 2008). In addition, the pathogen uses GGT to arrest 

the host cell cycle, inhibit proliferation of infected T-cells, (Gerhard et al., 2005;Schmees et al., 

2007) and impede effector T-cell response (Wustner et al., 2015).  

Summarizing current knowledge, H. pylori induces pro-inflammatory activation in GECs and 

cells of the innate and adaptive immune system, but attempts to specifically impair and 

manipulate them. Insightful reviews focusing on immune evasion strategies of H. pylori were 

published by Mejías-Luque and Gerhard in 2017 (Mejias-Luque and Gerhard, 2017), Salama 

et al. in 2013 (Salama et al., 2013) and Zhang et al. 2020 (Zhang et al., 2020). What we know 

today about the role of LPS heptose metabolites in H. pylori-mediated immune activation and 

evasion is also ambiguous. LPS heptose metabolites activate the PRR APLK1 in the host cell 

cytoplasm, signal along the NF-NB pathway and induce cytokine production in a T4SS 

dependent manner (manuscript I)(Stein et al., 2002;Gall et al., 2017;Zimmermann et al., 

2017;Pfannkuch et al., 2019). The cytokines that we measured in this project after co-

incubation of cells with heptose metabolites include pro-inflammatory cytokines such as IL-8, 

but no anti-inflammatory cytokines such as IL-10, at least for the short incubation times we 

analyzed in GECs, macrophages and neutrophils (manuscript I and III). This might indicate 

that ADP-heptose does not sufficiently induce tolerogenic feedback signaling in contrast to 

TLR activation. On the other hand, A20 as a feedback mechanism was induced (Maubach et 

al., 2021;Lim et al., 2022)(manuscript I and III). The balance between pro-inflammatory and 

homeostatic signaling in this context should be studied further. Even though H. pylori is known 

to manipulate phagocytosis (Allen et al., 2000;Ramarao and Meyer, 2001;Zheng and Jones, 

2003;Borlace et al., 2011;Du et al., 2016), in our experiments, ADP-heptose did not influence 
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the ability of cell culture macrophages to phagocytose coated beads (manuscript I). However, 

in manuscript II, we were able to demonstrate that heptose metabolites manipulate antigen 

presentation of primary macrophages as they downregulate HLA-II expression via miRNA 

upregulation. Therefore, H. pylori appears to use its heptose metabolites to inhibit recognition 

by the adaptive immune system. To be able to conclude about whether and how H. pylori uses 

ADP-heptose to activate, manipulate or evade immune response in the context of the 

bacterium to favor its persistence, more research is necessary.  

8.4.3 How could bacteria benefit from ADP-heptose and the ALPK1-TIFA-NF-NB 

pathway in comparison to cell activation by other MAMPS and their signaling 
cascades? 

Human host cells are able to sense bacteria via different PRRs, including TLRs, NLRs, CLRs, 

and ALPK1 to trigger immunological responses (Smith, 2014;Munoz-Wolf and Lavelle, 

2016;Garcia-Weber and Arrieumerlou, 2020). Each PRR is activated by its respective MAMP, 

on or in the host cell, signals along its individual signaling pathway and leads to the activation 

of certain transcription factors (Li and Wu, 2021). LPS heptose metabolites were recently 

identified as new potent MAMP that activates the newly defined PRR, ALPK1, and signals 

along TIFA and the NF-NB pathway (Gaudet et al., 2015;Gall et al., 2017;Milivojevic et al., 

2017;Stein et al., 2017;Zimmermann et al., 2017;Zhou et al., 2018;Pfannkuch et al., 2019). To 

get a better idea of how bacteria might benefit from these heptose metabolites during infection, 

current knowledge about its ALPK1 PRR with other well-known PRRs, which are activated by 

ligands of bacteria, including H. pylori, will be compared. Due to conceptual similarities of 

PRRs, the focus will be on comparing TLRs, NLRs and ALPK1. 

The PRR TLR2 (TLR) is located on the cell surface of the host cells, whereas the PRRs TLR9 

(TLR), NOD1 (NLR), and ALPK1 are located in endosomes or the cytoplasm. TLR2 and TLR9 

are known to be membrane bound receptors. In contrast, NOD1 and ALPK1 are cytosolic 

receptors. Extracellular TLR2 is activated by MAMPs located on the membrane of the 

extracellular bacterium, for instance H. pylori (Mandell et al., 2004). To activate the intracellular 

receptors TLR9, via DNA (Varga et al., 2016b), NOD1, via peptidoglycan (Viala et al., 2004), 

and ALPK1, via heptose metabolites (Gall et al., 2017;Stein et al., 2017;Zimmermann et al., 

2017), H. pylori actively transports ligands into the host cell via its T4SS. A major difference 

between fixed surface ligands and transported ligands is that the latter can be constantly and 

variably produced during infection. In addition, their production can be modulated or, in case 

of bacteria that can actively transport metabolites, their transport might be inhibited by 

mechanisms like off-switching of their bacterial secretion systems, as known for H. pylori 

(Barrozo et al., 2013;Fischer et al., 2020). Therefore, the pathogens might be able to actively 

regulate the intensity of immune response activated by heptose metabolites in host cells in 
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their favor. Our group has obtained some evidence for this in another thesis (Hauke et al., 

2023). 

The PRRs TLR2, TLR9, NOD1, and ALPK1 induce NF-NB signaling in pathogens such as H. 

pylori (Mandell et al., 2004;Munoz-Wolf and Lavelle, 2016;Stein et al., 2017;Li and Wu, 2021). 

In addition, TLRs and NLRs activate further transcription factors, including AP-1 and IRF3/7 

(Allison et al., 2009;Müller et al., 2011). Until today, ALPK1-TIFA is known to only activate the 

pro-inflammatory NF-NB pathway. As ALPK1 and TLRs share TRAF6 as signaling hub 

involved in their individual NF-NB pathway activation, and NOD1 and ALPK1 both involve 

TRAF3, it is likely that the pro-inflammatory pathways overlap and interfere. Furthermore, 

ADP-heptose is able to induce canonical and non-canonical NF-NB signaling, whereas TLRs 

only activate the canonical NF-NB pathway (Maubach et al., 2021).  

It is known for TLR ligands that after initial activation of the NF-NB pathway, negative feedback 

leads to inhibition of pro-inflammatory responses and tolerance induction (Medvedev et al., 

2000;Kubo-Murai et al., 2008;Faber et al., 2016). Negative regulation was also observed for 

NLRs through NF-NB transcribed OLFM4, which inhibits NOD-mediated NF-NB activation upon 

H. pylori infection (Liu et al., 2010). During this project, I could measure an increased 

expression of the NF-NB negative regulator A20 (Lim et al., 2022) after stimulation of host cells 

with ADP-heptose (manuscript III). However, the impact of A20 for the long-term ADP-heptose 

stimulation of host cells is not yet clear. Since A20 inhibits NF-NB signaling downstream of 

TRAF6 (Skaug et al., 2011), which takes part in both TLR and ALPK1 signaling, a negative 

regulation in between or of multiple pathways in parallel might be possible.  

As a preliminary conclusion, the question of how the ALPK1 pathway differs from other PRRs 

induced inflammatory signaling pathways and how bacteria might benefit from its individual 

activation cannot be fully answered yet. On one hand, there is still much information lacking 

for the newly defined ALPK1 pathway and about the interaction with other PRRs pathways 

activated upon infection. On the other hand, there is some overlap between the ALPK1 and 

other pathways, wherefore it appears likely that the different pathways substantially overlap 

and interfere with each other rather than each pathway having its own individual signals and 

immunological outcome. Furthermore, one important consideration is that the activation 

strategies might differ in between bacteria species and depend on the infected body niche.   

8.4.4 H. pylori ADP-heptose during chronic inflammation and cancer development 
The development of GC begins with the transition of normal mucosa to chronic superficial 

gastritis caused by chronic H. pylori infection (Correa and Houghton, 2007). Anyone infected 

with H. pylori develops gastritis, which usually persists for many years (Suerbaum and Michetti, 

2002;Amieva and El-Omar, 2008). However, only a small percentage of those infected develop 



Discussion 

43 
  

GC (Asghar and Parsonnet, 2001). Over time, gastritis may progress to atrophic gastritis, then 

to intestinal metaplasia, and finally to dysplasia and adenocarcinoma (Correa, 1992;Correa 

and Houghton, 2007). Antibiotic therapy during atrophic gastritis induced by H. pylori can 

significantly reduce the risk of GC. However, antibiotic eradication must occur before the 

patient shows pre-malignant lesions (Wong et al., 2004), as treatment of patients with intestinal 

metaplasia and dysplasia did not reduce the risk of GC (Chen et al., 2016). In the following, I 

discuss the role of LPS heptose metabolites during H. pylori-induced GC development.  

Many different virulence factors of H. pylori enable its long-term persistence and promote the 

development of gastric malignancies through pro-inflammatory cell activation, perturbation of 

cell junctions and polarity, induction of cell proliferation and death, and DNA damage (Amieva 

et al., 2003;Cover et al., 2003;Saadat et al., 2007;Bronte-Tinkew et al., 2009;Lee et al., 

2010;Koeppel et al., 2015;Gonciarz et al., 2019). Heptose metabolites induce pro-inflammatory 

cytokine secretion in host cells, including the neutrophil recruiting chemokine IL-8 (manuscript 

I, II, III)(Stein et al., 2017;Pfannkuch et al., 2019). IL-8 is an important factor in cancer 

progression and patient clinical prognosis, as several research groups have found a significant 

correlation between high expression levels of IL-8 in the gastric mucosa and the risk and 

severity of GC (Crabtree et al., 1994;Lee et al., 2004;Macri et al., 2006;Yamada et al., 2013). 

This is partly due to the fact that continuous and increasing neutrophil infiltration is associated 

with gastric carcinogenesis (Fu et al., 2016). Since we discovered that heptose metabolites 

activated macrophages and neutrophils produce high amounts IL-8 during active H. pylori 

infection, the high numbers of infiltrating immune cells and the increased cancer risk can be 

strongly attributed to heptose metabolites (manuscript I, II, III). In addition to IL-8, NF-NB is an 

important player in the development of GC (Taniguchi and Karin, 2018). Both the canonical 

and non-canonical NF-NB pathways were linked to the development of gastric carcinogenesis 

(Greten et al., 2004;Pikarsky et al., 2004;Merga et al., 2016), and both NF-NB pathways are 

induced by heptose metabolites (Maubach et al., 2021)(manuscript I and III). Furthermore, our 

studies showed that cell culture monocyte/macrophages-like and neutrophil-like cells are 

polarized into a rather pro-inflammatory and pro-cancerogenic M1 and N1 subtype, upon 

stimulation with heptose metabolites, leading to increased pro-inflammatory and pro-

cancerogenic cytokines (manuscript I, III)(Li et al., 2022). MiRNAs are known for their ability to 

act as oncogenes (Zabaleta, 2012). As we discovered the potential of heptose metabolites to 

regulate miRNAs (manuscript II), miRNAs regulation could be another way of heptose 

metabolites to increase the risk of GC.  Futhermore, stem cells play an important role during 

H. pylori induced GC, and the interaction between the pathogen and GSCs was proposed to 

facilitate carcinogenesis during chronic infection (Sigal et al., 2015;Amieva and Peek, 

2016;Wroblewski and Peek, 2016). Especially as it is known that gland-colonizing bacteria, not 

the bacteria colonizing the surface, induce the precursor lesions for GC (Howitt et al., 
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2011;Sigal et al., 2015;Fischer and Sigal, 2019;Wizenty et al., 2022). Most importantly, it was 

discovered that heptose metabolites directly trigger DSB in GECs via ALPK1-TIFA-NF-NB 

signaling (Bauer et al., 2020), which highly increases the risk for cancer development due to 

genomic instability. Summarizing the above-discussed findings, H. pylori LPS heptose 

metabolites appear to have great cancerogenic potential.  

8.4.5 Why does H. pylori appear to use the active transport of heptose metabolites 
through its T4SS and what are the effects of active transport versus release?  

To answer the above questions, I will give a general overview about release and transport 

options known for bacteria that possess heptose metabolites and shortly discuss the possible 

strategy of the assumed active transport of heptose metabolites performed by H. pylori. Today, 

several pathogenic bacteria are known to elicit a pro-inflammatory response via the ALPK1-

TIFA pathway in host cells upon heptose metabolite release (Garcia-Weber and Arrieumerlou, 

2020). The mechanisms by which the bacterial heptose metabolites enter the host cell vary 

among species and occur by active or passive transport either extracellularly or intracellularly. 

Yersinia pseudotuberculosis, for example, transports heptose metabolites via a type 3 

secretion system (Zhou et al., 2018). In contrast, Neisseria meningitidis does not have a 

specific secretion system, and heptose metabolites are suggested to be locally secreted by 

bacteria adhering at the cell surface or released during cell growth or upon bacterial lysis 

(Gaudet et al., 2015). In addition, the release of heptose metabolites during cell growth and 

lysis within the host cell is possible (Gaudet et al., 2017;Garcia-Weber et al., 2018;Bauer et 

al., 2020;Garcia-Weber and Arrieumerlou, 2020). For the mostly extracellular H. pylori, host 

cell activation via ALPK1-TIFA strongly depends on a functional T4SS, wherefore active 

transport of heptose metabolites is expected (manuscript I and III)(Gall et al., 2017;Stein et al., 

2017;Pfannkuch et al., 2019). One hypothesis for the secretion system-dependent release of 

heptose metabolites is that it allows H. pylori to activate specific cells and, through on and off-

switching the T4SS (Barrozo et al., 2013;Fischer et al., 2020), only when wanted. However, 

for GECs it was shown that not only infected cells are able to form TIFAsomes but also non-

infected bystander cells through cell-cell communication (Milivojevic et al., 2017).This 

information limits the hypothesis of specific cell activation but still, only a small, defined region 

would be activated by active transport of heptose metabolites. In contrast, secretion of heptose 

metabolites independent of transport systems would activate more cells at once, leading to a 

more efficient and stronger immune response. Given the rather immune evasive colonization 

strategy of H. pylori, a precise and controlled activation of host cells via heptose metabolites 

appears logical.



Outlook and open questions 

45 
 

9 OUTLOOK AND OPEN QUESTIONS 
 

In this thesis, we discovered the important role of LPS heptose metabolites for the activation 

of human myeloid cells by H. pylori. Nevertheless, there are still many unanswered questions 

about the effects of heptose metabolites on various host cell functions and the overall 

strategies that H. pylori pursues using these small molecules. In the outlook chapter, I want to 

present my ideas for further experimental designs that might help answer our persisting 

research questions and further open new questions, which will certainly advance the field. 

9.1 Further study models to analyze the role of heptose metabolites  
Within the discussion section of this thesis, I provided an overview about commonly used study 

models for H. pylori infections. In the following, I want to propose study models that might be 

helpful to further answer our specific research questions. 

We demonstrated that the early NF-NB activation and induction of IL-8 secretion by live H. 

pylori in human GECs, macrophages and neutrophils is strongly dependent on heptose 

metabolites (manuscript I and III). Moreover, we measured H. pylori strain-specific levels of IL-

8 secretion, despite similar MOIs. Therefore, we ask ourselves the question, whether strains 

of H. pylori, context- or strain-dependently, can locally produce and transport different amounts 

of heptoses. Furthermore, we find it interesting to know how the severity of inflammation 

induced by H. pylori correlates with the amount of heptose transported in vivo in the human 

stomach. To address these questions, an immunohistochemistry study of human biopsies 

using anti-heptose metabolite antibodies would be of great interest. Using the antibodies, 

tissue samples from infected patients or from infected or heptose stimulated animal models 

could be analyzed for heptose quantity and, in addition, correlated with disease severity or 

strain specificity. A similar method was already established for the quantification of CagA (Kuo 

et al., 2013). To address our research questions of how H. pylori heptose metabolites affect 

activation, maturation and functions of myeloid cells in the gastric niche and to gain further 

insight into the systemic interplay of GECs and myeloid cells, a gastric organoid myeloid cell 

co-culture model (Holokai et al., 2019) would certainly be very helpful. The study design would 

include generation of human gastric organoids co-incubated with donor blood macrophages, 

neutrophils and DCs and stimulated with H. pylori strains or pure heptose metabolites. In 

addition, and to build on findings from Zhou et al. (Zhou et al., 2018), a wild-type and myeloid 

cell depletion mouse model to study the effect of ADP-heptose targeted to the gastric niche 

would be of great help to study the activation potential of the heptose metabolites in the gastric 

niche. For sure, one must consider the different microbiota in mice, compared to the human 

stomach. In conclusion, the best strategy to further analyze our research questions will be a 

combination of different study models.  
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9.2 Further investigation of the effect of heptose metabolites on innate immune cells 
In my project, we investigated the effects of LPS heptose and human macrophages and 

neutrophils (manuscript I, II, III). In addition to further exploring the impact of heptose 

metabolites on macrophages, I propose that studying additional effects of heptose metabolites 

on neutrophils, in addition to cytokine production and maturation, would be of great interest. 

Furthermore, I am sure that investigating the effect of heptose metabolites on DCs and other 

innate and adaptive immune cells would add to the picture of LPS heptose metabolites and 

their role during H. pylori infection.  

9.3 Further insights on the uptake and transport of different heptose metabolites 
Until today, the H. pylori heptose metabolites HBP and ADP-heptose were identified to induce 

pro-inflammatory signaling via ALPK1-TIFA-NF-NB in host cells (Stein et al., 2017;Pfannkuch 

et al., 2019). There are still many unanswered questions about the activation potential, the 

transport and the signaling cascade of LPS heptose metabolites. Below, I propose research 

questions and ideas that might be helpful to better understand how the pathogen benefits from 

the individual heptose metabolites. 

First, it would be of great interest to understand how and to identify which H. pylori heptose 

metabolites are transported into host cells. The ability to track the translocation of heptose 

metabolites into host cells, identify and quantify the individual metabolites in host cells and to 

determine transport timings would rapidly advance the field. ADP-heptose can activate ALPK1 

directly after translocation (Zhou et al., 2018), whereas HBP must be converted into ADP-

heptose-7-phosphate in the host cell cytoplasm to activate the PRR (Zhou et al., 2018). Does 

H. pylori somehow benefit from other heptose metabolites versus ADP-heptose? Furthermore, 

it is of great importance to investigate the pro-inflammatory potential of further heptose 

metabolites besides HBP and ADP-heptose. Although Zhou et al. showed that only ADP-

heptose and converted HBP are able to activate ALPK1 (Zhou et al., 2018), other metabolites, 

could also reach the hosts cytoplasm and subsequently activate the ALPK1-TIFA pathway 

(Adekoya et al., 2018). ADP-heptose induces inflammatory responses along the ALPK1-TIFA 

axis independent of active bacterial transport (Pfannkuch et al., 2019)(manuscript I, II, III). 

What receptor or transport channel allows the metabolite to cross the host cell membrane? 

Why is HBP unable to enter the host cell independently of active transport (Zhou et al., 2018)? 

9.4 The homeostatic/non-infected human stomach and the role of ADP-heptose from 
commensal Gram-negative bacteria activating the ALPK1-TIFA pathway 

In the last outlook chapter, I will introduce another, in my opinion very important, broader 

additional role for the PRR ALPK1 and heptose metabolites from Gram-negative commensals 

and point to questions whose answers are very important for understanding the role of heptose 

metabolites in the infected and uninfected human stomach and intestinal tract. 
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The PRR ALPK1 was shown to be a key driver for maintaining intestinal homeostasis, which 

is the interplay of GECs, immune cells and the local microbiota (Ryzhakov et al., 2018;Garcia-

Weber and Arrieumerlou, 2020). ALPK1 was discovered to be a negative regulator of intestinal 

inflammation in mice, as in an alpk1-/- mouse model, ALPK1 was found to promote intestinal 

homeostasis by regulating the balance of T-cells upon infection (Ryzhakov et al., 2018). In 

addition, the commensal Gram-negative bacterium Akkermansia muciniphila was reported to 

use heptose to induce ALPK1-TIFA-TRAF6-NF-NB signaling in intestinal epithelial cells 

(Martin-Gallausiaux et al., 2022). Activation of the pathway by the commensal bacterium 

induces expression of genes involved in maintenance of intestinal barrier function and 

positively promotes intestinal homeostasis (Martin-Gallausiaux et al., 2022). Although the 

commensal also induced pro-inflammatory IL-8 secretion via ALPK1-TIFA in vitro, the authors 

do not expect the amount to be enough to induce detrimental intestinal inflammation in vivo, 

especially as the commensal is known for its rather beneficial effects in the intestinal niche 

(Ottman et al., 2017;Bian et al., 2019;Martin-Gallausiaux et al., 2022).  

Some bacterial species were identified that might be resident in the human stomach, in low 

numbers and mostly under diseased conditions, most of which are Gram-negative (Bik et al., 

2006;Li et al., 2009;Engstrand and Lindberg, 2013). Since the LPS heptose synthesis pathway 

is well conserved among Gram-negative bacteria, ADP-heptose from human commensal 

bacteria can be occasionally expected in the human stomach (Garcia-Weber and 

Arrieumerlou, 2020). The above findings showing a dual role for ALPK1 were obtained for the 

intestinal niche. It is therefore of great importance to gain data on the impact of ALPK1 for gut 

homeostasis. In particular, it will be interesting to know whether the effects of heptose 

metabolites differ between commensal and pathogenic bacteria in the gut or in between 

different gastrointestinal niches to better understand the role of heptose metabolites during H. 

pylori infection. Since the expression level of the PRR ALPK1 is comparable in the human gut 

and intestine, a similar role of ALPK1 might be expected in both niches (Kayisoglu et al., 

2021a;Kayisoglu et al., 2021b). In addition, mutations in alpk1 lead to severe inflammatory 

diseases independent of the gastrointestinal niche (Sangiorgi et al., 2019;Hecker et al., 

2022;Kozycki et al., 2022), supporting the important immune regulatory role of ALPK1 in 

different body regions (Garcia-Weber and Arrieumerlou, 2020;Hecker et al., 2022). Further 

understanding of the systemic role of the ALPK1 pathway could, in my opinion, also help 

elucidating how H. pylori benefits from activating this specific pathway during infection of the 

human stomach. 
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13 APPENDIX I 
 

13.1 Supplementary unpublished results (to manuscript I) 
 

 

 

 

“Influence of the NLRP3 inflammasome on the concentration-
dependent pro-inflammatory activation of Thp-1 cells with pure 

ADP-heptose, and lack of potential of the metabolite to contribute to 
the activation of the NLRP3 inflammasome” 
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FIG SU1: Influence of the NLRP3 inflammasome on the concentration-dependent
pro-inflammatory activation of Thp-1 cells with pure ADP-heptose, and lack of
potential of the metabolite to contribute to the activation of the NLRP3
inflammasome.
A) Amount of IL-8 cytokines released by Thp-1 wild type cells incubated with different
concentrations of ADP-heptose, ranging from 5 µM to 312.5 nM for 16 h. B) Amount of
IL-8 cytokines released by Thp-1 NLRP3 CRISPR-Cas9 knock-out cells (kind gift from
V. Hornung, LMU Munich), incubated with different concentrations of ADP-heptose,
ranging from 5 µM to 312.5 nM for 16 h. C) Amount of IL-1E cytokines released by
Thp-1 wild type cells incubated with different concentrations of ADP-heptose ranging
from 5 µM to 312.5 nM for 16 h. The lack of measuring a detectable quantity of IL-1E in
one concentration of ADP-heptose in panel C is due to low production below detection
limit of this particular experiment. D) Amount of IL-1E cytokines released by Thp-1
NLRP3 knock-out cells incubated with different concentrations of ADP-heptose
ranging from 5 µM to 312.5 nM for 16 h. IL-8 and IL-1E secretion into the supernatants
were quantitated with ELISA after co-incubation of Thp-1 wild type and mutant cells in
24-well plates.

Within manuscript I, we examined the role of the NLRP3 inflammasome in the pro-
inflammatory activation of Thp-1 cells by live H. pylori strains and found that the
inflammasome did not seem to play a significant role for the bacteria-triggered or ADP-
heptose-triggered IL-8 or IL-1E release in this cell type (tested by siRNA knock-down
of NLRP3).
Here, I tested true NLRP3 knock-out cells to verify those findings in a clearer model.
Conclusions: Although the level of IL-8 expression was again very high after co-
incubation of Thp-1 cells with live bacteria (see above), in both wild type and NLRP3
knock-out cells, we did not measure significant upregulations or NLRP3-dependent
changes of IL-1E. Thus, NLRP3 is not involved in heptose-mediated IL-8 release, and
ADP-heptose alone does not seem to be able to induce NLRP3 activation at all. The
presented supplementary unpublished results indicate that pure ADP-heptose does
indeed induce a high, pro-inflammatory IL-8 response in NLRP3 k/o cells, making this
effect totally independent of the NLRP3 inflammasome in Thp-1 cells. Moreover, in our
experimental setup, it appears that the pure metabolite is not able to elicit the
assembly and signaling of the NLRP3 inflammasome, in contrast to live H. pylori
bacteria, demonstrated by very low IL-1E cytokine release.

A B

C D

Supplementary unpublished results (to manuscript I)
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