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SUMMARY 
 
 
Helicobacter pylori colonizes the human stomach, where it causes gastritis that may 
develop into peptic ulcer disease or cancer when left untreated. Neisseria 
gonorrhoeae colonizes the urogenital tract and causes the sexually transmitted disease 
gonorrhea. In contrast, Lactobacillus species are part of the human microbiota, which 
is the resident microbial community, and are considered to be beneficial for health. 
The first host cell types that bacteria encounter when they enter the body are epithelial 
cells, which form the border between the inside and the outside, and macrophages, 
which are immune cells that engulf unwanted material.  

The focus of this thesis has been the interaction between the host and bacteria, 
aiming to increase our knowledge of the molecular mechanisms that underlie the host 
responses and their effects on bacterial pathogenicity. Understanding the interactions 
between bacteria and the host will hopefully enable the development of new strategies 
for the treatment of infectious disease. 

In paper I, we investigated the effect of N. gonorrhoeae on the growth factor 
amphiregulin in cervical epithelial cells and found that the processing and release of 
amphiregulin changes upon infection. In paper II, we examined the expression of the 
transcription factor early growth response-1 (EGR1) in epithelial cells during 
bacterial colonization. We demonstrated that EGR1 is rapidly upregulated by many 
different bacteria. This upregulation is independent of the pathogenicity, Gram-
staining type and level of adherence of the bacteria, but generally requires viable 
bacteria and contact with the host cell. The induction of EGR1 is mediated primarily 
by signaling through EGFR, ERK1/2 and β1-integrins. In paper III, we described the 
interactions of the uncharacterized protein JHP0290, which is secreted by H. pylori, 
with host cells. JHP0290 is able to bind to several cell types and induces apoptosis 
and TNF release in macrophages. For both of these responses, signaling through Src 
family kinases and ERK is essential. Apoptosis is partially mediated by TNF release. 
Finally, in paper IV, we showed that certain Lactobacillus strains can reduce the 
colonization of H. pylori on gastric epithelial cells. Lactobacilli decrease the gene 
expression of SabA and thereby inhibit the binding mediated by this adhesin.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING PÅ SVENSKA 
 
 
Bakterier finns överallt, också i människokroppen. Alla oskadliga bakterier som finns 
i och på människokroppen kallas för normalfloran. Vi kommer kontinuerligt i kontakt 
med nya bakterier som försöker få plats i denna gemenskap. Ibland lyckas de och om 
det är en sjukdomsalstrande bakterie kan det leda till infektion. Barriären mellan 
kroppen och omvärlden formas av ett skyddande cellskikt som kallas epitel. 
Makrofager är immunceller som fagocyterar (äter upp) och oskadliggör inkräktare. 
Epitelceller och makrofager är alltså celltyper som bakterier ofta kommer i kontakt 
med. 

I denna avhandling har vi studerat samspelet mellan olika bakterier och celler 
från människokroppen. Vi har fokuserat på hur värdcellerna reagerar på denna 
interaktion och hur det påverkar bakteriers förmåga att orsaka sjukdom. Denna 
kunskap kan förhoppningsvis bidra till utveckling av nya läkemedel för behandling av 
infektionssjukdomar. 

I artikel I studerade vi amphiregulin, en tillväxtfaktor som stimulerar celler att 
växa och dela sig. Vi fann att både mängden och formen av amphiregulin förändras 
under en infektion med Neisseria gonorrhoeae, den bakterie som orsakar den sexuellt 
överförbara sjukdomen gonorré. 

EGR1 är en transkriptionsfaktor som reglerar uttrycket av gener som är 
inblandade i cellernas tillväxt och överlevnad. I artikel II ser vi att många olika 
bakterier stimulerar uttrycket av EGR1, oberoende av om de är sjukdomsalstrande 
eller inte. Vi kunde också fastställa vilka kommunikationsmolekyler i värdcellerna 
som används för att framkalla denna reaktion. 

Helicobacter pylori är en bakterie som orsakar inflammation i magsäcken vilket 
i vissa fall kan utvecklas vidare till magsår eller cancer. H. pylori utsöndrar ett protein 
vars funktion var okänd. I artikel III kunde vi fastställa att detta protein förorsakar 
celldöd i makrofager. Celldöden orsakades dels av signalmolekyler som utsöndras av 
makrofagerna själva efter stimulering med H. pylori proteinet.  

I artikel IV har vi studerat interaktionen mellan H. pylori och 
mjölksyrebakterier som tillhör släktet Lactobacillus och som är en del av 
normalfloran. Vi fann att vissa laktobaciller kunde hindra H. pylori från att fästa till 
magepitelceller genom att minska genuttryck av en bindningsmolekyl som bidrar till 
bakteriens vidhäftningsförmåga.  
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POPULAIRWETENSCHAPPELIJKE SAMENVATTING IN HET 
NEDERLANDS 
 
 
Bacteriën zijn overal, zo ook in het menselijk lichaam. Het geheel van bacteriën dat 
zich in het maag-darmstelsel bevindt noemen we de darmflora. We komen continu in 
aanraking met nieuwe bacteriën die een plekje proberen te veroveren in deze 
gemeenschap. Soms lukt dat en als het een ziekteverwekkende bacterie betreft leidt 
dit tot een infectie. De scheiding tussen ons lichaam en de buitenwereld wordt 
gevormd door een laag aaneengesloten cellen die het epitheel wordt genoemd. 
Macrofagen zijn immuuncellen die het hele lichaam afspeuren naar indringers en ze 
opeten en verteren als ze deze vinden. Epitheelcellen en macrofagen zijn dus celtypen 
waarmee bacteriën veel in aanraking komen. 

In de vier werken die de basis vormen voor dit proefschrift, wordt gekeken naar 
het samenspel tussen cellen van het menselijk lichaam en verschillende bacteriën. De 
nadruk ligt op hoe de gastheercellen reageren op de interactie en wat het effect van 
deze interactie is op de capaciteit van de bacteriën om ziekte te veroorzaken. De 
opgedane kennis kan hopelijk bijdragen aan de ontwikkeling van nieuwe medicijnen 
om infectieziekten te behandelen. 

In studie I hebben we gekeken naar amphiregulin, een groeifactor die cellen 
aanzet te groeien en te delen. Na infectie met Neisseria gonorrhoeae, de bacterie die 
de seksueel overdraagbare aandoening gonorroe veroorzaakt, wordt amphiregulin 
meer aangemaakt en anders verwerkt dan in niet-geïnfecteerde epitheelcellen van de 
baarmoederhals. 

EGR1 is een transcriptiefactor die de expressie controleert van genen die een rol 
spelen in de groei en overleving van cellen. In studie II zien we dat een breed 
spectrum aan bacteriën de expressie van EGR1 zelf stimuleert, onafhankelijk van het 
feit of ze ziekteverwekker zijn of niet. We hebben ook ontdekt welke communicatie-
moleculen in de epitheelcellen nodig zijn om deze reactie op gang te brengen. 

Helicobacter pylori is een bacterie die de maag infecteert en daar ontstekingen 
veroorzaakt. Deze ontstekingen kunnen zich in sommige gevallen ontwikkelen tot 
maagzweren of kanker. H. pylori scheidt een eiwit uit waarvan tot nu toe de functie 
onbekend was. In studie III laten we zien dat dit eiwit macrofagen kan aanzetten tot 
zelfdoding. Dit is deels afhankelijk van de uitscheiding van signaalmoleculen die 
mede door het H. pylori eiwit worden gestimuleerd.  

In studie IV hebben we gekeken naar de interactie tussen H. pylori en 
melkzuurbacteriën die tot het geslacht Lactobacillus behoren. Vele Lactobacillus 
stammen maken deel uit van onze darmflora en zijn dus ook in de maag te vinden. 
Wij hebben drie Lactobacillus-stammen gevonden die H. pylori ervan kunnen 
weerhouden om zich aan maagepitheelcellen te binden. Zij doen dit door de 
genexpressie van een bindings-molecuul te verminderen.  
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ABBREVIATIONS 
 
 
AMP   Anti-microbial peptide 
BabA   Blood-group antigen binding adhesin 
CagA   Cytotoxin-associated gene A 
cagPAI  cag pathogenicity island 
CEACAM  Carcinoembryonic antigen-related cell adhesion molecules 
CR3   Complement regulatory protein 3 
ECM   Extracellular matrix 
EGFR  Epidermal growth factor receptor 
EGR1  Early growth response 1 
ERK   Extracellular signal regulated kinase 
HSPG  Heparan sulphate proteoglycan 
HtrA   High temperature requirement A 
JNK   c-Jun N-terminal kinase 
LOS   Lipooligosaccharide 
MAPK  Mitogen activated protein kinase 
NFκB  Nuclear factor kappa-light-chain-enhancer of activated B cells 
Opa   Opacity protein 
PKA   Protein kinase A 
ROS   Reactive oxygen species 
SabA   Sialic-acid binding adhesin 
T4SS   Type IV secretion system 
TLR   Toll-like receptor 
TNF   Tumor necrosis factor  
VacA   Vacuolating cytotoxin A 
ZO   Zonula occludens 
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INTRODUCTION 
 
 
Bacteria are one of the most ancient life forms, and a large variety of bacterial species 
exist. Due to this variety, bacteria are able to inhabit almost any environment on earth 
and are thus very abundant. Also the human body is host to a diverse community of 
bacteria. And through touch, breathing and ingestion the human body comes into 
contact with new bacteria every day. Some bacteria will only pass through; others will 
colonize diverse sites without causing any damage. However, a small percentage is 
pathogenic and can cause disease. 

The barrier between ‘inside’ and ‘outside’ throughout the human body 
consists of epithelial cells. These cells line all of the cavities and surfaces that are 
exposed to the external environment. Therefore, epithelial cells are the first cell type 
bacteria encounter and interact with when they enter the body. Furthermore, different 
cell types of the immune system constantly patrol all areas of the body to protect the 
body from pathogenic invaders and harmful substances that can damage cells. Thus, 
these immune cells are another group of cells that bacteria frequently come into 
contact with. 

The interaction between the human host and bacteria has been the focus of this 
thesis work, aiming to increase our understanding of the molecular mechanisms that 
underlie the host cell responses that are induced by bacteria and their effects on 
bacterial pathogenesis. More specifically, the effect of Neisseria gonorrhoeae 
infection on the processing of the host cell growth factor amphiregulin was studied. In 
the second study, a broader approach was taken, and the EGR1 response in different 
types of epithelial cells was investigated after colonization with different bacteria. 
Further, the response of host macrophages to the secreted Helicobacter pylori protein 
JHP0290 was determined. Finally, the effect of lactobacilli on the ability of H. pylori 
to adhere to gastric epithelial cells was investigated. 
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THE HOST 
 
 
Epithelial cells 
 
It is essential for proper function of the body that no uncontrolled exchange of 
materials occurs between different compartments within the body or between the 
body and the outside world. Therefore, all organs and surfaces that are exposed to the 
external milieu are covered with an epithelial layer, which forms a tight barrier 
between the inside and the outside. Altogether, this tissue type represents a huge area, 
with the respiratory, gastrointestinal and urogenital tracts spanning approximately 
300-400 square meters (1). Depending on their function and location epithelia come 
in different shapes and sizes. For example, pseudostratified columnar cells make up 
the epithelium of the upper respiratory tract. These cells are ciliated, facilitating the 
constant moving of mucus. The mouth, esophagus and vagina are lined with stratified 
squamous (multilayered flat) epithelial cells, which protects against abrasion. In the 
stomach the epithelium consists of a single layer of columnar cells. 

In order to prevent unwanted materials from passing the epithelial barrier, the 
cells must form an undisrupted sheath, which is mediated by cell junctions. Tight 
junctions seal the cells together in such a way that not even small molecules can pass 
through, although they can be altered transiently to allow regulated transport. Tight 
junctions consist of a network of sealing strands along the apical side of the cell (the 
side facing the lumen). The major proteins composing the tight junctions are 
occludins and claudins, which are anchored to the actin cytoskeleton by zonula 
occludens (ZO) proteins. Just below the tight junctions, the adherens junctions 
mechanically attach cells to their neighbors and can withstand larger forces. They 
mainly consist of cadherins and actin-anchor proteins such as catenins, linking the 
actin filaments from cell to cell. The adhesion of the epithelial cells to the 
extracellular matrix (ECM) is mediated by integrins (2). 

Epithelial cells and specialized goblet cells produce mucins, which are the 
building blocks of mucus. The mucus layer protects the epithelial cells against 
mechanical, chemical and microbial insults by forming a physical barrier and 
generating continuous flow. For instance, in the stomach, the mucus layer forms a 
buffer zone to protect the epithelial cells from the extremely acidic environment of the 
gastric lumen. Many different mucins exist, and the composition and thickness of the 
mucus layer varies according to location (3). 

Because the epithelial cells are in direct contact with the external milieu, they 
are the first cells to sense foreign organisms and they therefore possess some basic 
defense mechanisms. The detection of microbes is mainly mediated by toll-like 
receptors (TLRs). TLRs recognize conserved pathogen-associated molecular patterns 
(PAMPs) within bacterial structures, like peptidoglycan, lipopolysaccharide and 
flagella. The activation of these receptors leads to the secretion of cytokines and 
chemokines to attract cells of the immune system (4). Epithelial cells also secrete 



	  

	   3	  

anti-microbial peptides (AMPs) and the expression of these peptides can be enhanced 
by infection with pathogens. AMPs kill bacteria directly, but can also have immune-
modulatory functions (5). 

The first responders to stimuli are the immediate early genes. One of these 
genes encodes early growth response-1 (EGR1), a transcription factor that is rapidly 
and transiently expressed. EGR1 can be activated by a variety of environmental 
stimuli, such as growth factors, shear stress, reactive oxygen species (ROS) and 
cytokines (6-11). Various bacteria have also been shown to induce the expression of 
EGR1 (12-17). The activation of EGR1 can be mediated by different signaling 
pathways and is complex. The binding of growth factors to their receptors activates 
mitogen activated protein kinase (MAPK) signaling with Ras/Raf, MEK1/2 and ERK 
(extracellular signal regulated kinase) as the main players. Protein kinase C (PKC) 
can also induce this pathway. Furthermore, protein kinase A (PKA) and other 
MAPKs, such as c-Jun N-terminal kinases (JNK) and p38, can upregulate EGR1 (18). 
Lastly, integrins on the cell membrane can induce EGR1 through the activation of PI3 
kinase or ERK (19, 20). EGR1 itself binds to the DNA consensus sequence 
GCG(G/T)GGGCG that is present in the promotor regions of many genes. By binding 
to the promotor of its own gene and the genes that encode NGFI-A binding proteins 
(NABs), EGR1 negatively regulates its own transcription and prevents 
disproportionate expression (18). EGR1 is strongly associated with cell growth and 
cell survival. This function is reflected in the many different genes that EGR1 
regulates, which encode cell cycle regulatory proteins, extracellular matrix proteins, 
transcriptional regulatory proteins, cytokines and growth factors (21-26) (Figure 1). 

Figure 1. Signaling pathways 
involved in EGR1 expression. 
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Macrophages 
 
The human immune system consists of two parts: the innate immune system and the 
adaptive immune system. Adaptive immunity is composed of specialized cells that 
respond to a specific antigen. This response requires a few days to be at full force; 
thus, the infection must be kept under control until that time. This is the task of the 
innate immune system. The innate immune system contains both cellular and 
biochemical mechanisms that are always in place and can thus respond very rapidly to 
infections and damage. The innate immune system recognizes specific structures that 
are common to groups of microbes through TLRs and acts in a broad-spectrum, 
generic manner. 

One of the important cell types within the innate immune system is the 
macrophage. These cells are present in essentially all tissues where they patrol for any 
unwanted or damaging material. The primary function of macrophages is to engulf 
microbes through a process called phagocytosis. Once ingested, the pathogens are 
killed by reactive oxygen and nitrogen species and proteolytic cleavage. As antigen-
presenting cells, macrophages can display molecules that are generated by this 
digestion on their surface to allow recognition by lymphocytes, which results in the 
activation of the adaptive immune system. Macrophages also release cytokines that 
will recruit more immune cells to the site of infection. Finally, macrophages are 
important for the cleaning up process after infection or tissue damage, as they also 
engulf dead cells and cell debris (27).  
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THE BACTERIA 
 
 
All multicellular organisms are colonized by thousands of different microbes. Such is 
also the case for humans: all surfaces of our body that are exposed to the environment 
are host to a microbial community that contains a similar number of cells as the 
human body (28). This community is called the microbiota and consists of bacteria, 
fungi, protozoa and archaea. Most microbes colonize our body asymptomatically and 
do not cause disease. Some even perform tasks that are very useful to us. For 
example, intestinal bacteria synthesize vitamins that we cannot produce ourselves and 
they ferment non-digestible carbohydrates into short-chain fatty acids, which we in 
turn can use to produce energy (29). The microbiota also serves a protective function. 
By competing for space, producing antimicrobial factors, such as bacteriocins and 
hydrogen peroxide, and by stimulating the immune system, the microbiota forms a 
first line of defense against pathogens (disease-causing organisms) (30, 31). 

The composition of the microbiota differs greatly between body sites and 
between individuals, but at the phylum level more similarity is seen, with members of 
the Actinobacteria, Firmicutes, Proteobacteria and Bacteroidetes as largest 
representatives (32). On the skin, Gram-positive bacteria dominate; at sebaceous 
(oily) sites the genera Staphylococcus and Propionibacterium are most prevalent, 
whereas moist sites are primarily colonized by Corynebacterium (33). The upper 
respiratory tract, which includes the nose, mouth and pharynx, harbors a complex 
microbiota that contains many different bacterial species. Among those species are 
Streptococcus, Staphylococcus, Prevotella, Neisseria, Heamophilus and 
Pseudomonas species (34). The stomach was previously thought to be sterile due to 
the low pH in the lumen. However, since the discovery of the gastric bacterium 
Helicobacter pylori, several other species have been found to reside in the stomach, 
like the acid-tolerant lactobacilli and streptococci. Although the microbial load is 
relatively low due to the harsh environment that is defined by a low pH and a rapid 
flow of contents (35). Further down the gastro-intestinal tract, the microbiota becomes 
denser with up to 1012 bacteria per gram of intestinal content in the nutritious 
environment of the colon. Here, anaerobic species belonging to the Actinobacteria 
and Bacteroidetes make up 80% of the microbiota (36, 37). In most women, the 
vaginal microbiota is strongly dominated by Lactobacillus species, but members of 
other genera, such as Atopobium and Prevotella, are also present (38). 

At birth, newborns are colonized by microbes from the mother’s birth canal 
and the environment. The composition fluctuates initially, but stabilizes after one year 
(39). However, throughout life, the microbiota remains a dynamic community that 
can be affected by age, geographic location, diet, medication and other factors (40). 
Sometimes, a change in composition causes an imbalance in the microbiota 
(dysbiosis), resulting in disease. A famous example of this phenomenon is antibiotic-
associated diarrhea in hospitalized patients. The antibiotic treatment usually targets an 
entire group of bacteria rather than the single infection-causing pathogen. The 
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elimination of parts of the microbiota allows Clostridium difficile to overgrow in the 
intestine, leading to diarrhea (41). Many other diseases have been associated with 
dysbiosis, such as obesity, inflammatory bowel disease and cancer (42). Finally, 
disease can occur when a member of the microbiota enters tissues outside of its 
normal colonization site, as illustrated by the pharyngeal bacterium Neisseria 
meningitides, which causes sepsis when it enters the bloodstream or meningitis when 
it reaches the brain (43). 
 
 
 
Helicobacter pylori 
 
Helicobacter pylori was discovered quite recently (1982) in gastric biopsies by the 
Australian scientists Barry Marshall and Robin Warren (44). However, the bacterium 
has accompanied Homo sapiens since before their migration out of Africa 60 000 
years ago. Because H. pylori is a human-specific pathogen, the two species have co-
evolved, and the geographical strain distribution and genetic diversity of H. pylori 
reflect human migration patterns (45). Initially, the bacterium was called 
Campylobacter pylori, but after several studies showed that the bacterium was distinct 
from other members of the Campylobacter genus it was renamed Helicobacter pylori 
(46). H. pylori is a Gram-negative, microaerophilic bacterium that belongs to the class 
of Epsilonproteobacteria and specifically colonizes the stomach. 
 
 
Prevalence and disease 
 
More than 50% of the world population is believed to carry H. pylori in their 
stomachs. However, the prevalence varies widely across geographic locations. In 
industrialized countries, the prevalence is low. For example, in Sweden only 11% of 
individuals are infected. However, in developing countries it is not unusual for the 
prevalence to exceed 90% (47). The principal determinants of these differences are 
socioeconomic variables. The transmission routes for H. pylori are mainly oral-oral 
and fecal-oral; therefore proper sanitation, hygiene and housing conditions, especially 
during childhood, play important roles in determining the infection rate (48). 

All individuals who are colonized by H. pylori develop gastritis, although for 
the majority of these individuals the inflammation is mild and does not cause any 
symptoms. Long-term infection leads to peptic ulcer disease in approximately 10% of 
carriers, gastric adenocarcinoma in 1-3% of carriers and mucosa-associated lymphoid 
tissue (MALT) lymphoma in less than 0.1% (49). Initially, the idea that H. pylori 
could cause disease was met with skepticism. To demonstrate that H. pylori is the 
causative agent of gastritis, Barry Marshall drank a culture of H. pylori. He became ill 
and developed gastritis within a few days (50). For this “discovery of the bacterium 
Helicobacter pylori and its role in gastritis and peptic ulcer disease” Barry Marshall 
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and his colleague Robin Warren were awarded the Nobel Prize in 2005. Over the 
years, many studies provided clear evidence for the association of H. pylori with 
gastric cancer and in 1994 it was the first bacterium to be declared a class I 
carcinogen by the World Health Organization’s International Agency for Research on 
Cancer. On the other hand, epidemiological studies suggest that H. pylori can have 
beneficial effects, for example in the incidence of asthma, allergy and obesity (51, 
52). It is not completely understood why certain individuals develop more severe 
disease after H. pylori infection than others, but acid secretion, oxidative stress, 
cigarette smoking, diet, co-infection with helminths, the location of H. pylori in the 
stomach and variation in virulence among bacterial strains all play a role (49). The 
importance of the combination of host and bacterial factors was elegantly shown by 
Kodaman et al. By comparing disease severity in humans of either Amerindian or 
African ancestry who were infected with H. pylori of African ancestry, this study 
demonstrated that the interaction between host and bacterial ancestries accounts for 
the difference in disease risk between the two populations (53). 

Several diagnostic tests are available for the detection of H. pylori. Biopsies 
obtained through endoscopy can be used for bacterial culture, PCR and histology. 
Non-invasive methods include the urea breath test, in which labeled carbon is used to 
detect urease activity produced by H. pylori, and serology testing. In areas where the 
specialized equipment for these tests is not available, stool antigen testing is a reliable 
alternative diagnostic tool (54). Once diagnosed, H. pylori can be easily eradicated 
with antibiotics. The standard first-line therapies are 10- to 14-day treatments with 
clarithromycin, amoxicillin and a proton pump inhibitor (triple therapy) or with 
bismuth, tetracycline, metronidazole and a proton pump inhibitor (quadruple therapy). 
However, as observed for many bacterial pathogens, antibiotic resistance is 
increasing, and new treatments are needed to ensure proper eradication in future 
patients (55). In view of this need, the use of probiotics (microorganisms that confer a 
health benefit when consumed) is currently being explored as an addition to 
conventional therapies (56). 
 
 
Virulence factors 
 
Acid resistance 
H. pylori possesses specific features that facilitate the successful colonization of the 
human stomach. Despite the conditions of its habitat, H. pylori is actually not an 
acidophile and thrives best in a neutral environment. Therefore, H. pylori has 
developed several strategies to overcome excessive exposure to low pH. The 
expression of the enzyme urease is key. This enzyme is found primarily in the 
cytoplasm, but is also present on the surface of the bacterium due to the lysis of some 
organisms (57). Urease hydrolyzes urea to carbon dioxide and ammonia, which 
neutralizes the pH of the periplasm and the microenvironment of H. pylori (58). Both 
the expression of urease and the activity of UreI, which is a channel that allows the 
uptake of urea, are stimulated by low pH, preventing the alkalinization of the 
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cytoplasm in neutral environments (59, 60). The local increase in pH that is mediated 
by urease induces a reduction of the viscoelasticity of the gastric mucus, allowing H. 
pylori to move quickly through the mucus and reach the less acidic areas near the 
epithelium (61). H. pylori also uses the pH gradient in the mucus layer and the release 
of urea by the epithelial cells for chemotactic orientation (62, 63). Essential for escape 
from the acidic environment are the 2-6 polar flagella that confer motility. Mutants 
that lack flagella are thus unable to establish an infection (64). Finally, the 
characteristic helical shape of H. pylori facilitates the penetration of the mucus in a 
corkscrew-like manner (65). 
 
Adhesins 
H. pylori expresses several adhesins to bind to the host epithelial cells and mucins that 
line the stomach. The first adhesin to be identified was BabA (blood-group antigen 
binding adhesin), which binds to fucosylated structures present on gastric epithelial 
cells, primarily the Lewis b blood group antigen (66). The expression of BabA is very 
dynamic. BabA is necessary for colonization, but during the course of infection a loss 
of BabA expression occurs. This loss is due to gene conversion of babA to the 
uncharacterized babB or due to a change in the number of CT dinucleotide repeats in 
the 5’ region of the gene. Both of these events lead to a lack of BabA protein 
expression, which renders the bacterium unable to bind to Lewis b (67). Differences 
in babA and babB copy number and gene location among different isolates from the 
same patient again show the variability of this protein (68). 

Another well-studied adhesin is SabA (sialic-acid binding adhesin) that can 
bind to epithelial cells, mucins and neutrophils through sialylated structures, such as 
the sialyl-Lewis x antigen (69, 70). Similar to BabA, a CT dinucleotide repeat in the 
5’ coding region allows for antigenic variation and gene conversion, resulting in 
variations in the copy number and locus of the sabA gene (71, 72). The length of a T-
tract in the promotor region influences transcriptional activity (73). Environmental 
cues can regulate transcription through the ArsRS two-component signal transduction 
system (74). All of these regulatory mechanisms contribute to the variable expression 
of SabA. 

In addition to BabA and SabA many other bacterial factors mediate the 
attachment of H. pylori. AlpA/B, CagL and LabA bind to laminin, integrin and the 
lacdiNAc motif on mucins, respectively, but for OipA, HopZ and HorB the host 
receptors have not yet been identified (75-80). 

 
Cag PAI 
The most important virulence factor is probably the cag pathogenicity island (cag 
PAI). Most H. pylori strains carry this 40 kb DNA insertion element in their genomes. 
Depending on the strain, the cag PAI contains approximately 30 genes, of which the 
majority encode for proteins involved in the synthesis of a type IV secretion system 
(T4SS), which is a needle-like structure that facilitates the injection of bacterial 
factors into the host cell cytoplasm (81). Some of the T4SS components, such as the 
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tip adhesin CagL, bind to the host cell receptor β1-integrin and thereby trigger the 
delivery of bacterial effectors into host cells (76, 82). 
 One of the translocated bacterial effectors is cytotoxin-associated gene A 
(CagA), which is also part of the cag PAI. Upon translocation, CagA is 
phosphorylated by host cell kinases through a five amino acid tyrosine 
phosphorylation motif (EPIYA) that is present in the carboxyl-terminal region of the 
protein (83). Four distinct EPIYA types have been identified based on the amino acid 
sequences that flank the EPIYA motif. The number and type of EPIYA motifs can 
vary among strains and has been related to disease severity (84). The effects of CagA-
induced signaling within the host are discussed in the next section ‘Interaction with 
host cells’. 
 
VacA 
The secreted vacuolating cytotoxin (VacA) was first identified based on its capacity 
to cause vacuolation in cultured epithelial cells (85). Since then, a variety of effects 
on host cells have been reported and the term multi-functional toxin has been coined 
to describe VacA (86). Interestingly, half of the secreted VacA remains associated 
with the bacterial membrane and is delivered to the host cells via a contact-dependent 
mechanism to perform its function (87). VacA is synthesized as a pro-toxin that 
contains three domains: a signal sequence that allows passage across the inner 
membrane, a passenger domain, and an auto-transporter domain facilitating 
translocation across the outer membrane. After secretion, the passenger domain is 
cleaved from the autotransporter domain, yielding the two functional peptides p33 
and p55. Allelic variation occurs in the signal sequence and the intermediate and mid 
regions of the passenger domain resulting in high sequence variation between 
different H. pylori strains. Different VacA genotypes have been correlated to 
differences in disease outcome and risk (86). 
 
Genomic plasticity 
The genetic variability that has been observed for virulence factors like BabA, SabA, 
CagA and VacA is not an isolated phenomenon. In fact, H. pylori exhibits an extreme 
genomic plasticity. In addition to the many genes that are subject to phase variation, 
H. pylori has the ability to incorporate non-homologous DNA and make genomic 
rearrangements, and has high mutation and recombination rates (88). During the acute 
phase of infection, a mutation burst occurs, with mutation rates 10 times faster than 
those observed during the chronic phase and at least two orders of magnitude faster 
than those seen for other bacteria (89). This genomic plasticity allows for fast 
adaptation to the host, which could explain why H. pylori is such a successful 
pathogen that is capable of lifelong persistence. 
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Interaction with host cells 
 
The majority of H. pylori bacteria infecting the stomach reside in the mucus layer. A 
small portion (∼20%) of the bacteria is found in association with the epithelium and 
very few bacteria actually invade the host cells (62, 90, 91). However, the constant 
need to swim away from the gastric lumen to avoid the acidic environment and being 
flushed out by the turnover of mucus will bring the bacteria into repeated contact with 
the epithelium. This contact induces host cell responses that contribute to disease 
development. The interactions between H. pylori and gastric epithelial cells as 
described here are depicted in Figure 2. 

Once inside the host cell, CagA is quickly phosphorylated by Src family 
kinases and binds to proteins that contain a SH2 domain; those proteins in turn induce 
further signaling through MAPKs. The activation of ERK leads to cytoskeletal 
rearrangements and the typical elongation phenotype (92). Interestingly, VacA can 
inhibit the morphological changes induced by CagA (93). Via MAPK and the 
transcription factors AP1 and CRE, phosphorylated CagA can induce the expression 
of cyclin D. This increases progression through the cell cycle and thus cell 
proliferation (94). CagA has also been implicated in the migratory phenotype of host 
cells, but how this is achieved remains unclear. These phenotypes are associated with 
carcinogenesis, and CagA is therefore considered an important contributor to the 
development of gastric malignancies. 

VacA binds to sphyngomyelin in lipid rafts in the host cell membrane and is 
subsequently internalized into early endosomes. Upon the maturation of the 
endosomes VacA forms chloride channels in the membrane, resulting in osmotic 
swelling and vacuolization. A fraction of the early endosomes attach to mitochondria. 
The transferred VacA forms chloride channels in the inner membrane of the 
mitochondria, causing the release of cytochrome c and the induction of apoptosis 
(95). Independent of its phosphorylation status, CagA can inhibit VacA-induced 
apoptosis (96). 

CagA, urease and High temperature requirement A (HtrA) have all been 
shown to disrupt the epithelial barrier function, which allows H. pylori to enter the 
intercellular space. The reduction of acidity by the urease enzyme increases 
paracellular permeability (97). HtrA is secreted by H. pylori and cleaves the 
extracellular domain of E-cadherin, leading to the disruption of adherence junctions 
(98). E-cadherin is also targeted intracellularly by non-phosphorylated CagA. In 
addition to the disruption of adherens junctions this induces the upregulation of genes 
involved in carcinogenesis (99). Moreover, CagA inhibits the kinase activity of 
PAR1, causing the mislocalization of ZO-1 and thereby disrupts tight junctions. 
Furthermore, the inhibition of PAR1 kinase activity stimulates SHP2 activation by 
phosphorylated CagA, which results in cytoskeletal rearrangement (100). 
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H. pylori infection leads to an inflammatory response, including the induction 
of the cytokines IL-8, IL-6, IL,1 and tumor necrosis factor (TNF). Strong IL-8 
induction is characteristic of H. pylori and can be achieved in several ways: CagA-
mediated ERK activation, recognition of T4SS-injected peptidoglycan by the 
cytosolic pathogen recognition protein NOD1, the binding of the urease subunit UreB 
to CD74 and CagL binding to β1-integrin. All of these events lead to NFκB activation 
and subsequent IL-8 release by host epithelial cells (101-104). 

The interaction between CagL and β1-integrin causes proteolytic activity of 
the metalloprotease ADAM17. This releases the growth factor HB-EGR that activates 
the epidermal growth factor receptor (EGFR). Through further signaling via MAPK, 
NFκB represses HKα, which is an enzyme involved in acid secretion (105). EGFR 
activation also protects the host cells from apoptosis by increasing the expression of 
the anti-apoptotic factor Bcl-2 while decreasing expression of the pro-apoptotic factor 
Bax (106).  

Recently, the CagL/β1-integrin induced activation of NFκB was shown to 
induce double strand breaks in the DNA of gastric epithelial cells, which in turn 
amplify the NFκB response and promote cell survival (107). Further genetic 
instability of the host cells is accumulated by the induction of mutations in 
mitochondrial DNA, the downregulation of the nuclear mismatch repair pathway and 
DNA fragmentation mediated by the production of ROS (108, 109). 

Although the main focus has been on gastric epithelial cells, some reports also 
demonstrate interaction of H. pylori with macrophages. First, macrophages contribute 
to the inflammatory response during H. pylori infection by producing cytokines, such 
as IL-8, IL-6, and TNF. Several factors, such as urease and the uncharacterized 
proteins JHP0940 and HP0986, can induce this cytokine production, most likely 
through NFκB signaling (110-112). Second, H. pylori induces apoptosis of gastric 
macrophages in an arginase II/ERK/AP1-dependent manner (113, 114). 
 
 
 
Neisseria gonorrhoeae 
 
The genus Neisseria contains bacteria that colonize the mucosal surfaces of various 
mammals. These bacteria are Gram-negative, oxidase-positive and aerobic diplococci. 
Most species are commensals and part of the microbiota in the human throat, but two 
species are pathogenic. Neisseria gonorrhoeae, or gonococcus, infects the urogenital 
tract and is the causative agent of the sexually transmitted disease gonorrhea. It was 
the first discovered member of the Neisseria genus by Albert Neisser in 1879. 
Neisseria meningitidis, or meningococcus, normally colonizes the nasopharynx, but it 
can cause sepsis when it reaches the blood or meningitis when it crosses the blood-
brain-barrier. Despite their different habitats, these two pathogens are genetically 
extremely similar with ∼96% similarity in genome sequence (115). 
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Prevalence and disease 
 
N. gonorrhoeae infection is considered to be one of the major sexually transmitted 
diseases, with an estimated incidence of more than 100 million new cases every year 
worldwide. In Europe, 52 995 cases were reported in 2013 and 1683 cases were 
reported in Sweden in 2015, affecting primarily young adults. Nearly everywhere an 
increasing trend has been observed over the last decade, which makes gonorrhea a 
growing health concern. For example, in Sweden the number of cases has more than 
doubled between 2005 and 2015 (116-118).  

N. gonorrhoeae is an obligate human pathogen that colonizes the male urethra 
and the female cervix. The infection is asymptomatic in less than 10% of cases in 
men, but in women, this figure is more than 50%. This asymptomatic infection can 
have major consequences, because undiagnosed individuals serve as a reservoir of N. 
gonorrhoeae and may unknowingly spread the disease. Moreover, prolonged 
infection due to a lack of or improper treatment can cause severe complications. The 
infection can ascend to the upper genital tract and result in pelvic inflammatory 
disease, ectopic pregnancies and infertility. N. gonorrhoeae can also colonize the 
pharynx, rectum and conjunctiva of the eye. Conjunctivitis mainly presents itself in 
newborns who acquire the infection during birth from the infected mother (119). 
 Since their discovery in the beginning of the 20th century, treatment of N. 
gonorrhoeae has heavily depended on antibiotics. However, gonococci have rapidly 
developed resistance against all treatments used, requiring replacement with new 
antibiotics time and time again. Currently, the treatment regimen consists of a 
combination of antibiotics, but reports of resistance to the individual components 
have started to emerge (119). Unfortunately, to date, no vaccine is available against N. 
gonorrhoeae (120). Because dual antibiotic therapy is currently the last available 
treatment option, the concern is rising that N. gonorrhoeae infection will soon be left 
untreatable. 
 
 
Virulence factors 
 
Type IV pili 
Pili are hair-like structures that extend several micrometers from the bacterial surface. 
The pili are involved in a multitude of functions, such  as motility, microcolony and 
biofilm formation, adhesion to host epithelial cells and DNA uptake (121). Many 
components are involved in the biogenesis and function of the pili, but the main 
protein that makes up the pilus fiber is PilE. Adhesion to host cells is mediated by 
PilC that is localized to the tip of the pilus and to the outer membrane (122, 123). The 
pilus can be retracted via the disassembly of the fiber by the ATPase PilT. This results 
in a grappling hook-like type of motion that is called twitching motility (124). Most 
isolates retrieved from infection sites are piliated, indicating that the pili play an 
important role in the pathogenesis of N. gonorrhoeae (125). 
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Opacity proteins 
The outer membrane Opacity (Opa) proteins derive their name from the fact that 
Neisseria colonies appear opaque when Opa proteins are expressed. Gonococci 
contain up to 12 opa genes, in contrast to meningococci, which encode only three or 
four opa genes (126). While initial adhesion is mediated by pili, Opa proteins are 
required for subsequent intimate attachment. This binding occurs through the 
interaction between the Opa proteins and heparan sulphate proteoglycans (HSPG) or 
members of the carcinoembryonic antigen-related cell adhesion molecules 
(CEACAM) on host cells (127, 128). 
 
Porins 
Porins are the most abundant proteins on the Neisseria surface. These proteins are key 
for the survival of the bacterium because they form channels that allow the exchange 
of ions between the bacteria and the environment. Porins also play roles in adhesion 
and invasion, host cell apoptosis and the evasion of complement-mediated killing 
(129). The regulation of complement is facilitated by the ability of porin to bind C4 
binding protein and Factor H from the host complement system. Both of these factors 
are co-factors for Factor I, which cleaves C4b and C3b to their inactive forms and 
thereby blocks both the classical and alternative complement pathways (130, 131). 
 
Lipooligosaccharide 
Lipooligosaccharide (LOS) is widely present on the Neisseria outer membrane. The 
structure is very similar to lipopolysaccharides (LPS) of other Gram-negative 
bacteria, but LOS lacks the repeated O-antigen. The structure is anchored in the outer 
membrane by lipid A and further consists of a carbohydrate core region and 
oligosaccharide chain extensions. Similar to porins, LOS can bind Factor H and 
prevent complement-mediated killing, but only when it is sialylated (132). 
Furthermore, LOS is considered to be an endotoxin and elicits a strong immune 
response through TLR4 (133). 
 
Genome plasticity 
Neisseria species employ several mechanisms to increase genomic plasticity, which 
provide important tools for immune evasion and tissue tropism. A very useful 
characteristic is the natural competence of the bacteria for DNA transformation, 
which is the ability to take up DNA from the environment. Hereby, new useful traits, 
such as antibiotic resistance, can be acquired. An important component herein is the 
DNA uptake sequence (DUS), which is abundantly present throughout the Neisseria 
genome. N. gonorrhoeae can take up non-DUS containing DNA, but the 
transformation efficiency is significantly higher if a DUS is present (134).  

Many Neisseria genes, including the aforementioned LOS, Opa, PilE and 
PilC, are subject to phase (turning genes ‘on’ and ‘off’) and/or antigenic variation 
(135-138). These processes are often mediated by polynucleotide repeats that are 
prone to slipped-strand mispairing. However, the antigenic variation of PilE is a result 
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of recombination events of the hyper-variable region between the pilE locus and its 
silent copies pilS that are scattered throughout the genome (138). 
 
 
Interaction with host cells 
 
One of the first modes of contact between N. gonorrhoeae and host epithelial cells is 
the initial attachment that is mediated by type IV pili. The pili interact with CD46, 
complement regulatory protein 3 (CR3) and I-domain-containing integrins (139-141). 
The retraction force of the pili quickly induces cortical plaque formation underneath 
the adhering microcolony, which entails actin rearrangements and the recruitment of 
the membrane proteins ezrin, EGFR, CD44, ICAM-1 and CD46 (142-144). 

After more intimate attachment through porins and Opa proteins, some 
bacteria will invade the host cell. The interaction with CR3 induces membrane ruffles 
that surround and internalize the gonococci (141). Opa proteins can mediate invasion 
in three different ways: first, via the activation of phospholipase C and acid 
sphingomyelinase through the interaction with HSPG; second, by inducing integrin-
mediated protein kinase C activation via binding to vitronectin; and third, by 
activating tyrosine kinases via binding to CEACAM (145-147). Finally, gonococcal 
infection triggers the expression of EGFR ligands that bind to the EGFR (for example 
amphiregulin). The subsequent phosphorylation enhances the invasion of N. 
gonorrhoeae (148). 

N. gonorrhoeae also affects the integrity of the epithelial barrier. Upon 
infection, E-cadherin and its adapter protein β-catenin are redistributed, disrupting the 
apical junctions between cells (149). This disruption is likely facilitated by the 
phosphorylation of both the EGFR and β-catenin (150). 

There is a continuous renewal of epithelial layers, and it is in the interest of 
infecting bacteria to slow down this process to reduce the risk of being flushed out 
with the cells that have been replaced. Indeed, N. gonorrhoeae can block the shedding 
of epithelial cells by activating integrin through the Opa-CEACAM interaction (151). 
The shedding of epithelial cells, or exfoliation, is thought to occur through apoptosis. 
Interestingly, gonococci can protect host cells from apoptosis. The interaction of pili 
with the host cell triggers the phosphorylation of ERK and downregulates the 
expression of the pro-apoptotic factors Bad and Bim (152). Either through the force 
applied by retracting pili or through porins, NFκB activation leads to the upregulation 
of anti-apoptotic factors, such as bfl and cIAP (153, 154). Furthermore, N. 
gonorrhoeae can reduce the proliferation of host cells by halting the cell cycle. This 
can occur after the downregulation of cyclin B, D and E causing an arrest in G1 
phase, or after the upregulation of p21 and p27 leading to impaired progression 
through the G2 phase (155, 156). p21 and p27 are DNA damage response proteins 
and in accordance with that, N. gonorrhoeae has been shown to induce DNA damage 
that is likely mediated by restriction endonucleases (157). 

Several pro-inflammatory cytokines are released during gonococcal infection, 
such as IL-8, IL-6, IL-1 and TNF. NFκB plays a central role in this response. This 
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transcription factor can be activated by retracting pili, TLR4 signaling induced by 
LOS and TLR2 signaling induced by the Lip lipoprotein (133, 154, 158). However, 
cervical epithelial cells lack TLR4 and therefore do not respond to LOS (159). A 
persistent inflammatory state, DNA damage and the inhibition of apoptosis can 
predispose to cancer development. Indeed, several studies have linked N. 
gonorrhoeae infection to a higher risk of cancer (160-163). The interactions described 
in the text are illustrated in Figure 3. 

 

 
 
 
Lactobacillus 
 
Lactobacilli are Gram-positive rods that are members of the class Bacilli within the 
phylum Firmicutes. These organisms are the major representatives of the lactic acid 
bacteria group, and as their name indicates, they produce lactic acid as the main 
metabolic end product of carbohydrate fermentation. Due to their fermentative 
abilities and because they are generally harmless, lactobacilli are often used in the 
food industry (for example, for the production of yoghurt, cheese, sourdough bread 
and beer). Lactobacilli are present throughout the human body as part of the 
microbiota. Although they are a minority at most body sites, they dominate the 
bacterial population in the female genital tract. In the gastro-intestinal tract L. gasseri, 
L. reuteri, L. salivarius, L. crispatus and L. casei are the most common lactobacilli 
colonizers, whereas L. iners, L. crispatus, L. gasseri and L. jensenii predominate in 
the vaginal community (164). 
	    

Figure 3. Interaction between Neisseria gonorrhoeae and host cells. 
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Interaction with host cells 
 
As part of the microbiota, lactobacilli must adhere to the epithelial surfaces to stay in 
place. Several surface structures of lactobacilli have been demonstrated to function as 
adhesins, which can be grouped into S-layer proteins, LPxTG motif proteins and 
surface-localized housekeeping proteins.  

Some but not all Lactobacillus species express a surface (S)-layer. This S-
layer is a lattice-like layer that is composed of identical (glyco)proteins that self-
assemble into an oblique, square, or hexagonal symmetrical array. It usually forms the 
outermost layer of the cell and is attached to the underlying cell wall by non-covalent 
interactions. S-layer proteins have been demonstrated to bind primarily to 
extracellular matrix components, such as collagen, fibronectin and laminin. However, 
SlpA from L. acidophilus NCFM binds to the dendritic cell-specific ICAM-3-
grabbing nonintegrin (DC-SIGN) receptor on dendritic cells (165). The second class 
of adhesins involves proteins that are anchored to the cell wall with an LPxTG motif 
(leucine-proline-random amino acid-threonine-glycine). This is a very heterogeneous 
group of proteins; thus, different binding partners exist. Some examples are Mub from 
L. reuteri that binds to mucin, Msa from L. plantarum, which interacts with mannose, 
and LEA from L. crispatus, which binds to a yet unidentified molecule on stratified 
squamous epithelium (166-168). Additional adhesins include surface-located 
housekeeping proteins, such as EF-Tu that adheres to mucin and the enzyme enolase, 
which binds to several extracellular matrix components (169, 170). 

Lactobacilli can enhance the barrier function of the epithelial layer. Several 
studies have shown that lactobacilli can strengthen the tight junctions by increasing 
the expression of ZO-1 and occludin or preventing the redistribution of junction 
components after stress or infection. This is probably mediated by the 
phosphorylation of ERK (171-176). The integrity of the barrier function is further 
increased by the induction of mucin production (177, 178). 

Lactobacilli can have both immuno-inhibitory and immune-stimulatory 
effects, depending on the strain used. The dose also matters, as shown by Zhang et al., 
who reported that low concentrations of L. rhamnosus GG decreased IL-8 secretion 
by intestinal epithelial cells, whereas higher concentrations increased IL-8 release 
(179). Strain differences can be partially explained by the composition of the cell 
wall. Lipoteichoic acid (LTA) that contains less D-alanine residues is a markedly 
weaker inducer of pro-inflammatory cytokines than LTA that has more incorporated 
D-alanine (180). Similarly, a slight difference in muropeptides (peptides released after 
the cleavage of peptidoglycan) make L. salivarius Ls33 but not L. acidophilus NCFM 
capable of activating the NOD2 receptor and raising an anti-inflammatory response in 
a mouse colitis model (181). Furthermore, different host cell types respond 
differently; the S-layer protein SlpA from L. helveticus, recognized by TLR2, induces 
anti-inflammatory effects in epithelial cells, but stimulates the expression of pro-
inflammatory factors in macrophages (182). 
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Interaction with pathogens 
 
When pathogens enter the body, they compete with the resident microbiota to claim 
space for colonization. Lactobacilli have developed several mechanisms to facilitate 
this competition, which are depicted in Figure 4. 

Many studies show that lactobacilli can inhibit the adhesion of pathogens, but 
the mechanisms behind this ability are underexplored. It is often suggested that 
competition for nutrients and binding sites plays a role. This theory is very reasonable 
because both commensals and pathogens can use similar metabolic pathways and 
express similar surface structures for adhesion. However, lactobacilli do not 
necessarily need to bind to the same receptor as pathogens because their physical 
presence could block receptors through steric hindrance. The previously mentioned 
increase in mucin production can also prevent pathogen binding to host epithelial 
cells (178). Lactobacilli can produce amphiphilic compounds called surfactants that 
have surface and emulsifying activities that change the surface tension of the mucosa. 
These surfactants are produced by several Lactobacillus species and can inhibit the 
adhesion of a range of pathogens. One of these surfactants probably binds to collagen 
in the host (183-186). 

Bacteria-bacteria interaction is another mechanism of preventing pathogen 
colonization. Co-aggregation can mediate pathogen clearance during mucus flushing. 
For example, Campylobacter jejuni, C. coli and E. coli co-aggregate with L. 
coryniformis, which expresses the co-aggregation promoting factor (Cpf) (187). The 
surface-located protein GroEL of L. jonsonii causes the aggregation of H. pylori but 
not of other intestinal pathogens (188). S-layer proteins have been demonstrated to 
possess anti-adhesive properties as well (189-191). However, high concentrations 
were often used and the physiological relevance therefore remains unclear.  On the 
other hand, S-layer proteins from L. kefir interacted directly with Salmonella bacteria 
and thus has the potential to mediate co-aggregation between lactobacilli and 
pathogens (191). 

The bacterial load can also be decreased by pathogen killing. Lactobacilli 
secrete several compounds that have direct antimicrobial effects on other bacteria: 
lactic acid, hydrogen peroxide (H2O2) and bacteriocins. However, it was recently 
shown that surfactants produced by lactobacilli can also cause cell wall damage in S. 
aureus (186). Lactic acid from different lactobacilli has been shown in many studies 
to be effective against a variety of pathogens. However, the exact mechanism has not 
yet been clarified. In addition to its direct antimicrobial effect, lactic acid disrupts the 
outer membrane and permeabilizes Gram-negative bacteria, enhancing the 
effectiveness of other antimicrobial compounds (192). H2O2 is produced by multiple 
Lactobacillus species, primarily by strains isolated from the vagina. It is a very 
effective bactericidal agent and it was therefore initially considered to be important 
for maintaining a healthy microbiota in the female reproductive tract (193, 194). 
Recently however, H2O2 has also been demonstrated to have anti-Salmonella activity, 
suggesting the use of this mechanism in other body sites (195). Bacteriocins are 
antimicrobial peptides that are produced by bacteria and are usually small and heat-
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stable. They predominantly target Gram-positive bacteria by permeabilizing the 
membrane via pore formation or disruption of the cell wall, causing lysis of the target 
cell (196). Bacteriocin synthesis is often regulated in a population density-dependent 
manner, as illustrated by L. acidophilus, which increases the production of lactacin B 
when it senses its target bacteria (197). 

Lactobacilli can reduce the expression of toxins and virulence factors 
produced by pathogens and thereby protect the host from severe damage. For 
example, lactobacilli can inhibit urease activity and the expression of several cagPAI 
genes in H. pylori (198, 199). L. reuteri secretes two cyclic dipeptides that interfere 
with the Agr quorum sensing system of S. aureus, resulting in reduced expression of 
the toxic shock syndrome toxin-1 (200). Both L. acidophilus and L. delbrueckii can 
reduce the cytotoxicity inflicted by the C. difficile toxins A and B. This is most likely 
due to reduced transcription of LuxS, the gene encoding for auto-inducer 2 (AI2), 
which leads to decreased expression of this quorum sensing molecule (201, 202). In 
E. coli, L. reuteri and L. acidophilus were shown to inhibit the expression of virulence 
genes of the LEE pathogenicity island, which are controlled by quorum sensing. In 
accordance, L. acidophilus repressed LuxS gene expression and inhibited AI2 
production (203, 204). Interestingly, in all of these studies the supernatant from 
lactobacilli was sufficient and the inhibition of E. coli virulence genes by L. reuteri 
was LuxS-dependent, suggesting that quorum sensing molecules from lactobacilli 
could be the effectors. This implies that interspecies signaling is an important 
mechanism for the protection of the host from pathogens.  

 
 
 

 
	    

Figure 4. Mechanisms by which lactobacilli can prevent pathogen colonization.  
Adapted from Reid et al. (31). 
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AIMS 
 
 
The overall aim of the work performed for this thesis was to increase our knowledge 
of the interaction between bacteria and their host, the human body. This includes 
pathogens that cause infection and can have serious consequences, like H. pylori and 
N. gonorrhoeae, as well as commensal bacteria, such as lactobacilli, that can exert 
beneficial effects. An improved understanding of how different organisms respond to 
each other could provide us with the tools needed to develop future treatment methods 
for infectious diseases. 
 
 
Specific aims: 
 

• To study the influence of N. gonorrhoeae infection on the expression and 
processing of the growth factor amphiregulin in cervical epithelial cells 

 
• To determine the effect of bacterial colonization on EGR1 expression in 

epithelial cells 
 

• To characterize the responses of macrophages to the secreted H. pylori protein 
JHP0290 

 
• To investigate whether and how Lactobacillus species affect the adhesion of 

H. pylori to gastric epithelial cells 
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RESULTS AND DISCUSSION 
 
 
Paper I 
 
Amphiregulin is a membrane-anchored growth factor that is synthesized as a pro-
peptide. The pro-peptide contains several domains, including a signal peptide, an N-
terminal pro-region, the bioactive portion, which contains a heparin binding domain 
and an EGF-like domain, a transmembrane domain and a cytoplasmic domain. 
Cleavage by the metalloprotease ADAM17 at the plasma membrane results in the 
generation of different forms executing different functions (205-207). A previous 
report showed that amphiregulin is upregulated after infection with N. gonorrhoeae 
(208). This finding prompted us to investigate the fate of amphiregulin during N. 
gonorrhoeae infection further. 

The expression of amphiregulin in ME180 cervical epithelial cells was 
analyzed by qPCR. Cells infected with N. gonorrhoeae displayed higher mRNA 
levels for amphiregulin than uninfected cells. This increase could already be detected 
after 1 hour and peaked at 6 hours after inoculation, with a 20-fold increase. Only 
minimal upregulation could be seen when the cells were infected with non-piliated 
gonococci or with N. lactamica, suggesting that adhesion is an important factor for 
the induction of amphiregulin. 

Because amphiregulin can be cleaved by metalloproteases and released into 
the environment, we analyzed the presence of amphiregulin in the cell culture 
supernatants using ELISA. The supernatants from infected cells contained more 
amphiregulin than uninfected samples. This increased release was also seen for non-
piliated gonococci but not for the non-pathogenic N. lactamica, indicating that the 
release of amphiregulin is specific for N. gonorrhoeae and does not depend on the 
adhesion of the bacteria to the host cell. Interestingly, when the supernatants were 
analyzed by western blotting an additional band appeared at 36kDa in the infected 
samples, suggesting that different processing of amphiregulin occurs during infection. 
Using fluorescence microscopy, it became clear that more amphiregulin is associated 
with the plasma membrane during infection and that amphiregulin co-localizes with 
the adhered bacteria. 

To further analyze the processing and localization of amphiregulin, we 
performed western blotting of different cellular fractions and immunofluorescence 
microscopy with antibodies directed against different regions of the protein. In 
uninfected cells, four distinct bands could be detected, representing different forms of 
amphiregulin. A fifth band, which was seen at 28 kDa, was only observed in infected 
samples. This band represents the heparin binding domain and the N-terminal pro-
region of amphiregulin. This part of the protein is released upon cleavage and is thus 
clearly detectable in supernatants. However, HSPG can act as a receptor for 
amphiregulin, and a portion of the released product could thus associate with the 
plasma membrane (209).  
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The 50 kDa and 43 kDa forms, which represent the full-length protein and a 
truncated version without the transmembrane and cytoplasmic domains, respectively, 
are found in the nuclear fraction. This is confirmed by immunofluorescence using 
antibodies against either the whole protein or against the N-terminal pro-region, 
where a strong staining is seen in the nucleus. This nuclear staining was even stronger 
after infection. This finding is consistent with the fact that amphiregulin carries two 
nuclear localization sequences in its DNA and can interact with nuclear proteins 
(210). In the total protein extract, a reduction of the 50kDa full-length form occurs in 
the infected samples, implying that full-length amphiregulin is cleaved more 
extensively during infection. 

The bioactive part of amphiregulin, which consists of the heparin binding 
domain and the EGF-like domain, is 19-21 kDa and localizes to the cytoplasm. The 
36 kDa form, representing the bioactive part and the N-terminal pro-region, was also 
mainly detected in the cytoplasm, but after infection, additionally appears on the 
plasma membrane. 

To determine a possible role for amphiregulin in the pathogenicity of N. 
gonorrhoeae, we blocked amphiregulin with neutralizing antibodies and allowed the 
bacteria to bind to the host cells. We could not detect a difference in attachment, 
indicating that amphiregulin is not a receptor for N. gonorrhoeae.  

In summary, we show that amphiregulin is alternatively processed, released 
and distributed within cervical epithelial cells after infection with N. gonorrhoeae.  
 
 
 
Paper II 
 
Early growth response-1 (EGR1) is an immediate early response factor that is rapidly 
induced by external stimuli. As a transcription factor, EGR1 plays an important role 
in the regulation of cell growth, differentiation and survival. Several bacteria have 
been shown to be able to upregulate EGR1, but the mechanisms that underlie this 
induction are largely underexplored. Therefore, we investigated whether and how 
different bacteria trigger EGR1 expression in host epithelial cells. 

We added 25 different bacterial strains to pharyngeal, gastric, intestinal or 
cervical epithelial cells, depending on the site of colonization within the human body, 
and analyzed the EGR1 expression by qPCR and western blotting. The majority of the 
strains, which included both Gram-positive and Gram-negative strains and pathogens 
as well as commensals, could upregulate EGR1. This upregulation could often already 
be detected 1 hour and peaked 2 hours after inoculation, which is consistent with 
typical immediate early factor kinetics. An exception was N. gonorrhoeae, which was 
slightly delayed and peaked at 4 hours post-inoculation. Western blots confirmed that 
the increased expression also occurred at the protein level. 

The amount of contact between bacteria and host cells can possibly influence 
the strength of the response; thus we determined the level of adhesion for each 
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bacterial strain. However, bacteria that adhered equally well elicited different EGR1 
responses, indicating that the level of adhesion is not important for EGR1 induction. 

To determine whether the bacteria upregulate EGR1 in general or only in cells 
from the sites where they colonize naturally, we added the same bacterial species to 
different epithelial cell lines that represented different body sites. Interestingly, most 
bacteria elicited the highest EGR1 levels in the cell type associated with their natural 
colonization site. In other cell types, the response was weaker or displayed different 
time kinetics, suggesting that bacteria-mediated EGR1 upregulation is cell type-
specific. Similar to the screening experiments, we could not correlate EGR1 
expression to attachment, confirming that EGR1 induction is independent of the level 
of adherence. 

Next, we investigated the role of direct contact by using a 0.4 µm filter, which 
physically separated the bacteria from the host cells but allowed the diffusion of 
factors released into the cell growth medium. This blocked the induction of EGR1 
during infection with S. pyogenes, H. pylori, N. gonorrhoeae and S. Enteritidis, 
indicating that contact between these bacteria and host cells is necessary. However, N. 
meningitidis was still able to increase EGR1, suggesting that here a secreted molecule 
is involved. Furthermore, we studied the role of bacterial viability. After being killed 
by heat treatment, only N. meningitidis and S. Enteritidis could upregulate EGR1, 
while the other bacteria could not. This finding implies that for S. pyogenes, H. pylori 
and N. gonorrhoeae viability is important. Dead N. meningitidis most likely triggers 
EGR1 because the EGR1-inducing secreted molecule is present in the heat-treated 
sample. Because the supernatant from S. Enteritidis cannot induce EGR1, but dead 
bacteria can, the most probable candidates from S. Enteritidis are a surface component 
or a molecule that is released upon heat treatment. 

EGR1 can be induced via several signaling pathways. To determine which of 
these pathways are used by the bacteria, we blocked each pathway with specific 
chemical inhibitors. Hereby, we could see that EGFR and ERK1/2 are common 
signaling factors because the inhibition of these molecules led to the abolishment of 
the EGR1 response for all bacteria tested. However, we observed that some bacteria 
could still partially upregulate EGR1 when the JNK, p38 and/or PKA pathways were 
inhibited. Thus showing that multiple pathways may be involved, but that these are 
species-specific. 

To further identify possible signaling mediators, we downregulated β1-
integrin and integrin-linked kinase (ILK) expression in the host epithelial cells using 
siRNA. EGR1 induction by N. meningitidis, S. pyogenes, N. gonorrhoeae and S. 
Enteritidis was completely abrogated when β1-integrin was silenced, indicating that 
β1-integrin signaling is essential for these bacteria. In contrast, the downregulation of 
β1-integrin did not affect H. pylori-mediated EGR1 induction. Silencing ILK only 
partially inhibited EGR1 upregulation, suggesting that ILK might be involved but is 
not necessary. 

During the study, we also examined the expression of genes involved in either 
upstream (β1-integrin and EGFR) or downstream (fibronectin and amphiregulin) 
EGR1 signaling. The expression of β1-integrin and fibronectin did not change upon 
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bacterial infection. H. pylori was the only bacterium that upregulated EGFR, but this 
occurred at later time points (4-6 hours) than EGR1. P. aeruginosa, S. pyogenes 
serogroup M5, N. gonorrhoeae and L. crispatus induced the expression of 
amphiregulin, also at the later time point of 6 hours after inoculation. This suggests 
that the upregulation of EGFR and amphiregulin is more species-specific and is 
probably not related to EGR1 induction. 

Finally, we studied the role of EGR1 in the adhesion of the bacteria to host 
epithelial cells. Inhibiting EGR1 upregulation with chemical inhibitors and silencing 
EGR1 with siRNA did not affect attachment, indicating that EGR1 is not involved in 
bacterial adhesion. 

It is intriguing to see that different bacteria with different characteristics can 
elicit the same response in host cells. This indicates that increased EGR1 expression 
is a general response of epithelial cells to bacterial colonization. However, it is 
unlikely that a common bacterial molecule is involved. The cell type specificity, the 
variation in signaling molecules activated and the (in)dependency on direct contact all 
point toward a variety of bacterial EGR1 inducing factors. 

In summary, we demonstrate that different bacterial species can induce EGR1 
in host epithelial cells, independent of the level of adherence, Gram staining type and 
pathogenicity. This induction is cell type-specific and is generally dependent on 
bacterial viability and host cell contact. Additionally, we identified EGFR-ERK1/2 
and β1-integrin as the main signaling pathways used for bacteria-mediated EGR1 
induction. 
 
 
 
Paper III 
 
H. pylori resides primarily in the mucus layer that covers the gastric epithelium. 
Therefore, secreted factors are considered to be important contributors to the immune 
response and disease development. However, aside from the well-studied urease and 
VacA, few secreted proteins form H. pylori have been characterized. HP0305, which 
is designated JHP0290 in the H. pylori strain J99, is a secreted protein that is also 
present in outer membrane vesicles (211, 212). Moreover, its expression is induced 
under acidic conditions (213). Collectively, this makes JHP0290 a potential virulence 
factor during colonization of the stomach. Because macrophages are important for 
mounting the immune response during H. pylori infection, we focused on the 
interaction between JHP0290 and macrophages. 

Using flow cytometry, western blotting and microscopy, we could see that 
recombinant (r) JHP0290 was able to bind to different cell types, such as gastric 
epithelial cells, macrophages, dendritic cells and neutrophils. In macrophages, 
rJHP0290 induced apoptosis and TNF release in a time- and dose-dependent manner. 
The involvement of JHP0290 in these processes was confirmed by a mutant in which 
the jhp0290 gene was disrupted. This mutant had an impaired ability to induce both 
apoptosis and TNF release. 
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TNF is a known inducer of apoptosis and thus, we hypothesized that the 
apoptosis induced by JHP0290 was mediated by the release of TNF. However, 
apoptosis was only partially blocked in the presence of TNF neutralizing antibodies, 
indicating that apoptosis was triggered by both TNF-dependent and -independent 
pathways. In contrast, a pan-caspase inhibitor reduced apoptosis to levels similar to 
those observed in non-rJHP0290-treated cells, implying that JHP0290 induced 
apoptosis is caspase-dependent. 

Several signaling pathways can lead to apoptosis and TNF release. We used 
chemical inhibitors to identify the pathway used by JHP0290. Only PP2 and U0126, 
blocking Src family kinases and ERK respectively, inhibited rJHP0290-induced TNF 
release and apoptosis in macrophages. Western blots for the phosphorylated form of 
ERK confirmed the activation of this signaling molecule by JHP0290. 

To further unravel the pathway used for TNF induction, we looked at the 
activation of its most prominent regulator: NFκB. Through external stimuli, the 
inhibitory protein IκBα becomes phosphorylated and dissociates from NFκB, 
allowing NFκB to translocate to the nucleus and regulate gene transcription. Upon 
treatment with rJHP0290, we could detect the degradation of IκBα, suggesting NFκB 
activation. Furthermore, pre-treatment of the macrophages with Wedelolactone, 
which is an inhibitor of IκBα phosphorylation, resulted in a partial reduction of TNF 
release, indicating that NFκB as well as another transcription factor mediate the 
rJHP0290-induced TNF release. Blocking the transcription factor AP-1 had no effect 
on rJHP0290-mediated TNF release but did block apoptosis. Together, these data 
show that NFκB is involved in JHP0290-induced TNF release and that AP-1 regulates 
apoptosis. 

In conclusion, this study shows that rJHP0290 binds to several host cell types 
and induces TNF release and apoptosis in macrophages. Signaling through Src family 
kinases and ERK is essential for these responses. TNF release partially requires NFκB 
activation. JHP0290-induced apoptosis is mediated by both TNF-dependent and 
independent mechanisms.  
 
 
 
Paper IV 
 
The human body is host to an extensive microbiota and even the very acidic 
environment of the stomach does not prevent bacteria from establishing themselves. 
Pathogens must compete with the resident bacteria in order to colonize and trigger an 
infection. In this study, we examined the potential of lactobacilli to influence H. 
pylori colonization. 

First, in a screen of 28 lactobacilli strains, we found three strains that were 
able to reduce the adhesion of H. pylori to gastric epithelial cells: two L. gasseri 
strains and one L. brevis strain. The ability of lactobacilli to limit H. pylori 
colonization was confirmed in vivo for one of the L. gasseri strains, as mice 
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inoculated with H. pylori and lactobacilli had less H. pylori bacteria in their stomachs 
than mice inoculated with H. pylori alone. 

Using microscopy, we were able to rule out steric hindrance as a mechanism 
of action. The pH of the cell culture medium and the viability of H. pylori were not 
affected during the time course of the experiments, which also excluded the killing of 
H. pylori by the lactobacilli. Interestingly, dead lactobacilli (killed by heat treatment 
or formaldehyde fixation) could still inhibit H. pylori adhesion to host cells, 
suggesting that possibly a surface-exposed molecule is involved. However, neither 
peptidoglycan nor S-layer proteins from inhibitory lactobacilli could reduce the 
binding, indicating that another effector molecule is responsible. Remarkably, when 
we added conditioned medium (CM) from lactobacilli, the binding of H. pylori 
bacteria to the host cells was also inhibited, which implies that the responsible 
component is released into the environment. Fractionation of the CM revealed that the 
anti-adhesive molecule is larger than 50 kDa. 

To determine the role of the host cell in this process, we fixed the epithelial 
cells with formaldehyde to block all signaling and metabolic activity. H. pylori was 
able to adhere to the fixed cells. Moreover, the lactobacilli still reduced the binding, 
showing that the epithelial cells do not contribute to the inhibition of adhesion. The 
fact that H. pylori pre-incubated in lactobacilli CM displayed decreased adhesion to 
host cells strengthened our hypothesis that the lactobacilli directly affect the binding 
capacity of H. pylori. 

H. pylori expresses many adhesins to facilitate binding to host surfaces. An 
analysis of the expression of these adhesins by qPCR revealed that H. pylori that were 
incubated in CM from inhibitory lactobacilli expressed fewer sabA gene transcripts 
than control bacteria. A mutant deficient in SabA adhered less to host epithelial cells, 
and lactobacilli could not reduce that adhesion further, suggesting that lactobacilli 
affect SabA-mediated attachment. 

Taken together, we provide a novel mechanism of H. pylori adhesion 
inhibition by which lactobacilli directly target the expression of the SabA adhesin at 
the transcriptional level and thereby reduce H. pylori binding capacity. 
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FUTURE PERSPECTIVES 
 
In science, answers usually lead to more questions and that is also the case for this 
thesis work. Here, some of those new questions raised are discussed. 
 
In paper I, we have demonstrated that amphiregulin is differentially processed and 
released when the host epithelial cells are infected with N. gonorrhoeae. However, the 
role of amphiregulin in gonococcal infection has not yet been determined. 
Amphiregulin is a bifunctional growth factor: it stimulates the proliferation of 
epithelial cells, whereas it inhibits the growth of several cancerous cell lines (205). 
Likewise, dual roles for amphiregulin in the regulation of apoptosis have been 
reported. By constitutively activating EGFR, amphiregulin can reduce the expression 
of Bax and increase the expression of Bcl-2 and thereby induce apoptosis resistance 
(214). On the other hand, amphiregulin can be induced by p53 and cause apoptosis by 
regulating microRNA processing in the nucleus to reduce the expression of the anti-
apoptotic protein Bcl-2 (215). It would be very interesting to see if the change in 
amphiregulin processing during gonococcal infection affects host cell proliferation 
and survival. By skewing these processes N. gonorrhoeae might be able to create a 
more favorable environment for colonization. 

Amphiregulin can induce redistribution of E-cadherin in kidney epithelial cells 
(216). N. gonorrhoeae infection disrupts apical junctions by E-cadherin redistribution 
through EGFR activation (149, 150). Therefore, it is possible that amphiregulin 
induced by gonococci facilitates the breach of the apical junctions and allows for the 
transmigration of the bacteria to underlying tissues. 

We did not observe an effect of amphiregulin on adhesion of N. gonorrhoeae 
to the host epithelial cells. However, it would be interesting to test whether 
amphiregulin is important for the invasion of the bacteria, as amphiregulin is a ligand 
for EGFR and activation of EGFR has been shown to promote invasion (148). N. 
gonorrhoeae is not the only bacterium that uses EGFR to stimulate invasion into host 
cells, this has also been reported for Heamophilus influenzae, C. pneumoniae, S. 
Typhimurium and N. meningitidis (217-220). Because we observed in paper II that 
EGR1 upregulation is dependent on EGFR activation, EGR1 is another possible 
factor involved in the EGFR-mediated invasion of bacteria. 

In prostate cancer cells and multipotential stromal cells EGR1 and 
amphiregulin have been shown to form a positive feedback loop in which they can 
induce each other (26, 221). However, for the bacterial induction of EGR1 and 
amphiregulin in epithelial cells this is unlikely. We observed that out of all bacteria 
that induce EGR1 only four strains induce amphiregulin. Furthermore, the 
upregulation of amphiregulin displays different time kinetics than the upregulation of 
EGR1. This suggests that bacteria-mediated EGR1 and amphiregulin induction are 
separate events and that the upregulation of amphiregulin is species-specific whereas 
EGR1 upregulation is a common stress response. However, to be able to exclude 
EGR1-amphiregulin cooperation, cells deficient in EGR1 should be tested for 
amphiregulin upregulation upon bacterial colonization and vice versa. 
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EGR1 silencing with siRNA could provide a powerful tool to investigate the 
role of EGR1 in host-bacteria interactions. EGR1 is strongly correlated to cell growth 
and survival (18). Further, EGR1 can stimulate the expression of the pro-
inflammatory cytokines IL-6, IL-8 and TNF (22, 222-225). Comparing cytokine 
release, cell proliferation and apoptosis during infection between cells treated with 
siRNA against EGR1 and control cells could help determine whether EGR1 plays a 
role in mounting the immune response or cell proliferation and survival during 
bacterial colonization. Alternatively, considering the amount of genes regulated by 
EGR1, microarray or RNA sequencing analysis on both siEGR1 and control treated 
cells after infection could provide information of a wider range of possible roles of 
EGR1 in host-bacteria interaction. 

When either EGFR or β1-integrin was inhibited, N. meningitidis, S. pyogenes, 
N. gonorrhoeae and S. Enteritidis could no longer upregulate EGR1. It has been well 
established that cross talk exists between integrins and EGFR (226). Therefore, there 
is a high probability that integrin-EGFR cooperation is involved in the EGR1 
upregulation that is triggered by bacteria, but this requires further investigation. 
However, for H. pylori EGFR-integrin cross talk can be excluded, because silencing 
β1-integrin had no effect on EGR1 upregulation induced by this bacterium. This is 
surprising because integrins have been reported to be involved in the activation of 
EGFR by H. pylori (105). Thus, it would be interesting to investigate how H. pylori 
can activate EGFR independent of integrin. 

In paper III we have shown that the secreted H. pylori protein JHP0290 can 
induce TNF release and apoptosis in macrophages, but binding of this protein to other 
cell types was also observed. Interestingly, in a follow-up study JHP0290 was 
demonstrated to induce proliferation and apoptosis resistance in gastric epithelial cells 
(227). This opposite effect could be explained by the observation that the induction of 
apoptosis in macrophages was partially dependent on TNF, which suggests that 
JHP0290-mediated apoptosis is an indirect effect. The fact that JHP0290 can bind to 
macrophages, dendritic cells, neutrophils as well as gastric epithelial cells suggests 
that this protein associates with a receptor that is commonly expressed on multiple 
cell types. However, the identity of this receptor remains to be determined. It is also 
required to further clarify the signaling pathways induced by JHP0290 to explain the 
different responses in different cell types.  

Considering the effects induced by JHP0290, it is very likely that this protein 
is a contributor to H. pylori pathogenesis and disease development. Induction of 
apoptosis in macrophages helps to avoid phagocytosis and thus may facilitate 
persistent colonization of the stomach. The increased expression of TNF has been 
observed in H. pylori infected individuals and has been linked to an increased risk of 
gastric cancers (228, 229). To confirm JHP0290 as a virulence factor it would be 
good to compare a JHP0290 deficient strain with a wild-type H. pylori strain for the 
colonization levels and disease development in an animal model. 

The pathogenesis of H. pylori does not only depend on virulence factors of the 
bacterium and the host cell responses, but also on the interaction with other bacteria 
present at the site of colonization. In paper IV, we show that certain lactobacilli can 
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reduce adhesion of H. pylori to gastric epithelial cells by decreasing the expression of 
the adhesin encoding gene sabA. The expression of SabA is regulated in several ways, 
mainly through antigenic and phase variation, which are mechanisms that cannot be 
affected by external stimuli. Additionally, SabA production is under the control of the 
ArsRS two-component system, which does respond to external cues (71, 74). It would 
be of great interest to determine whether the effector component of lactobacilli can 
activate the ArsRS system and thereby regulate SabA expression. 

Unfortunately, we were unable to identify the effector molecule of the 
lactobacilli that mediates the reduction of adhesion, although we were able to 
determine that it is likely a molecule that can be released into the environment and is 
larger than 50 kDa. However, data suggested that the surface components 
peptidoglycan and S-layer could be excluded. Further characterization of the 
lactobacilli effector molecule is subject of ongoing studies. Another major component 
of the Lactobacillus cell wall, lipoteichoic acid, is currently being explored. 
Treatment of the conditioned media (containing the effector molecule) with different 
enzymes, such as proteinase K, DNase, RNase and sodium metaperiodate, could 
reveal more about the nature of the effector molecule. Once identified, a comparison 
between inhibitory and non-inhibitory lactobacilli should be performed. Differences 
in expression or structure of the effector molecule could explain why certain 
lactobacilli can reduce H. pylori adhesion and others cannot. 

 
Early colonization is a crucial step for pathogens in establishing an infection, 

but it is a complex process with many factors involved. It depends on the bacterial 
virulence factors as well as the interaction with different host cell types and the 
microbiota. Understanding the responses of the pathogens, microbiota and host cells 
to each other is imperative in our comprehension of how and why pathogens cause 
disease. By studying the individual components more pieces of the puzzle will fall 
into place and provide us with a more complete picture of the colonization process. 
Hopefully this will lead to the development of new effective treatment options for 
infectious diseases that target specifically the pathogen and limit the effects on the 
host and microbiota. 
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