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Campylobacter jejuni 

 

Campylobacter jejuni is the most common cause of bacterial food-borne disease 

worldwide. Although Campylobacter-like organisms have already been described 140 

years ago and isolated from animals from as early as 1931 (1, 2), the first human isolate 

was obtained only in 1970 (3). C. jejuni is Gram-negative spiral-shaped intestinal 

bacterium that growth best under low oxygen conditions as exists in the intestine. The 

bacterium displays commensal behavior in chicken and other animals, but for 

unknown reason causes intestinal infections almost exclusively in humans. Nowadays 

C. jejuni is estimated to cause >9 million gastro-intestinal infections each year in 

Europe, which is more than those caused by better known enteropathogens such as 

Salmonella and E. coli (4, 5). C. jejuni causes a mild to serious enterocolitis 

characterized by acute inflammation, abdominal pain, fever and (bloody) diarrhea (6). 

The infection is usually self-limiting but in a small percentage of cases secondary 

complications can arise that can manifest as the paralyzing auto-immune based 

Guillain-Barré syndrome (7, 8) or can even be lethal (9).  

 

C. jejuni pathogenesis 

The primary source of C. jejuni infection is considered to be contaminated chicken 

meat. Other sources of infection are contaminated surface water and raw milk (7, 10). 

Ingestion of only a low number (500-800) of C. jejuni is already sufficient to cause 

disease (11). After ingestion it usually takes between 2-5 days before the first symptoms 

of disease may manifest. During this preincubation time, C. jejuni efficiently penetrates 

the mucus layer using its spiral shape and its two polar flagella and starts colonizing 

the intestinal crypts (12, 13). At some point after growth in this low-oxygen niche, the 

mucosal barrier is breached and the pathogen is found on the basolateral side of the 

epithelial lining (12). The exact mechanism as to how C. jejuni translocates across the 

epithelial monolayer is unknown. It has been suggested that C. jejuni can translocate 

through the cells (transcellular), can pass between the cells (paracellular), or enter via 

specialized portal cells named M-cells (14). The bacterial translocation may follow a 

disruption of the epithelial monolayer but it cannot be excluded that C. jejuni traffics 

through the cells without cell damage and/or passes via transiently opened tight 

junctions. Once within the subepithelial space C. jejuni comes into contact with 

(recruited) immune cells such as neutrophils, dendritic cells (DCs) and macrophages 
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(6, 15). During natural infection, C. jejuni is observed inside neutrophils and 

macrophages, but the long-term intracellular fate of C. jejuni is unclear. A detailed 

review of C. jejuni pathogenesis is presented in Chapter 2. 

 

Bacterial virulence determinants 

C. jejuni lacks many of the ‘traditional’ virulence factors present in other 

enteropathogens. For instance, C. jejuni does not produce fimbriae or potent toxins 

and lacks Type 3 and 4 Secretion Systems. A number of putative C. jejuni surface 

adhesins have been proposed, but their role in bacterial attachment is still 

controversial (15, 16). The best studied adhesin is perhaps the CadF protein that binds 

the extracellular matrix component fibronectin in vitro (17, 18). Other bacterial factors 

such as the secreted Cia proteins, JlpA, FlaC and htrA have been proposed to play a 

role in adhesion and/or cellular translocation, but results are not consistent (14, 19). 

One feature that clearly has been associated with virulence is C. jejuni’s lifestyle in the 

intestinal tract, which includes bacterial motility, chemotaxis, and iron acquisition. C. 

jejuni requires its two polar flagella for efficient colonization both in animal models 

and cellular invasion in vitro (20–23). Furthermore, non-motile mutants induce a 

weaker immune response (24). C. jejuni strains defective in chemotaxis either become 

hyperinvasive or hypoinvasive (25–27). 

 

A second feature likely contributing to C. jejuni virulence is the heavy 

glycosylation of many of its surface structures such as the polysaccharide capsule, 

lipooligosaccharide (LOS), N-linked glycosylated proteins, and O-glycosylated flagella. 

The capsular polysaccharide, which is loosely attached to the bacterial cell surface, 

protects C. jejuni against environmental stress, confers serum resistance, and 

influences bacterial colonization and invasion (28–30). LOS is a crucial cell wall 

constituent and essential for bacteria. The C. jejuni LOS protects against complement-

mediated killing and also affects cell invasion, adhesion, and immune evasion (31–34). 

Certain forms of LOS mimic sialic acid containing host glycolipids and are linked to the 

development of auto-reactive antibodies that have been associated with Guillain-Barré 

syndrome (8). The N-linked glycosylation of more than 50 mainly periplasmatic 

proteins has diverse functions. N-glycosylation mutants showed reduced adherence 

and invasion of host cells and decreased immune reactivity by the host (35, 36). The 

N-glycosylation machinery also produces free oligosaccharides in the periplasm that 
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are released into the environment (37, 38). The N-linked GalNAC oligosaccharides are 

detected by the host cell C-type lectin receptor MGL leading to immune activation (39). 

It is also conceivable that the sugar coat of C. jejuni facilitates its penetration of the 

mucus layer. 

 

Another trait of C. jejuni that facilitates colonization is the ability to rapidly 

adapt to different metabolic environments. C. jejuni has a large repertoire of 

adaptation machineries that enable it to respond to environmental changes such as 

oxygen tension, temperature, and the availability of nutrients and minerals (40). C. 

jejuni mutants with defects in two-component signal transduction systems that sense 

these environmental cues and orchestrate adequate adaptive gene responses often 

show poor acute or long-term colonization. This attenuated behavior may be useful in 

vaccine development. 

 

Recently, a functional Type 6 Secretion System (T6SS) was discovered in several 

C. jejuni strains (41). In other bacterial species the T6SS contributes to pathogenicity 

through cytotoxicity and inter-bacterial interactions (42, 43). The T6SS of C. jejuni, 

which is functional after down regulation of the capsule, is cytotoxic for red blood cells 

but no other tested cell types. The exact role of the T6SS in pathogenesis awaits further 

research, but the presence of the T6SS in only a subset of C. jejuni strains suggests that 

it is not a crucial factor. C. jejuni also produces a cytolethal distending toxin (CDT) 

(44). This toxin is secreted and consists of three subunits (CdtA-C). CdtA and CdtC 

translocate into the cell membrane and allow CdtB to cross the cell membrane into the 

nucleus where it causes cell cycle arrest at the G2/M phase, leading to distended cells 

and cell death (45). However, like the T6SS, the contribution of this toxin to 

pathogenesis is controversial as both CDT-positive and -negative strains cause 

campylobacteriosis, again suggesting that this factor is not essential for pathogenesis 

(46). Clearly, a much more detailed study of the molecular interaction of C. jejuni with 

the host is needed to elucidate the unconventional pathogenesis of C. jejuni infection. 
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Mucosal innate immunity 

 

Despite the apparent lack of classical virulence factors, C. jejuni is able to elicit a potent 

inflammatory response. This indicates a strong activation of the mucosal innate 

immunity. The innate immune system in principle comprises all cells that effectively 

respond to environmental danger signals—both of microbial and non-microbial 

origin—as well as non-specific host defense mechanisms such as antimicrobial 

peptides and the complement system. Most cells in our body respond to pathogens via 

pattern recognition receptors (PRRs) that control the production of effector molecules 

(47–49). Major signs of activation of the innate immune system include the production 

of cytokines, inflammation, recruitment of immune cells to the site of infection, release 

of toxic compounds, and proper activation of the adaptive immune system. All these 

features are associated with C. jejuni infection. PRRs typically recognize conserved 

microbial-associated molecular patterns (MAMPs) (e.g. LPS, flagellin, DNA, RNA, 

carbohydrates and lipoproteins) and endogenous danger associated molecular 

patterns (DAMPs) (e.g. heat shock proteins, DNA, uric acid crystals, cathepsin B and 

ATP) (48). The receptors are classified into different families on the presence of 

conserved functional domains (Table 1). Major PRR families that play a role in C. jejuni 

infection are the Toll-like receptors (TLR), Nod-like receptors (NLR), and C-type lectin 

receptors (CLR). 
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Table 1. Family of Pattern Recognition Receptors. 

PRR family Domains Localization Representative 
members 

Ligand 

Toll-like 
receptors 

TIR, 

Transmembrane, 

LRR 

Membrane 

bound 

  

extracellular  Cell surface TLR2, TLR5 Lipopeptides, 

flagellin 

intracellular  Endosome TLR3, TLR9 dsRNA, CpG 

DNA 

Nod-like 
receptors 

NACHT/NBD, 

LRR 

Cytoplasm   

NODs CARD  NOD1, NOD2 Peptidoglycan 

NLRPs PYD  NLRP1, NLRP3 Peptidoglycan, 

ATP* 

NLRCs BIR, CARD  NAIP, NLRC4 Flagellin 

C-type lectins CRD Membrane 

bound / soluble 

MGL, Dectin-1 Terminal 

GalNAc 

residues, β-

glucan 

Rig-like 
receptors 

RNA binding 

domain 

Cytoplasm RIG-I, MDA5 dsRNA 

AIM2-like 
receptors 

PYD, HIN200 Cytoplasm AIM2, IFI16 DNA 

* ATP is one of the many ligands activating NLPRP3 via a yet unknown mechanism. 

 

Toll-like receptors 

TLRs are transmembrane receptors located either at the cell surface or within 

endosomal compartments. They recognize well-defined MAMPs and certain DAMPs 

(50). The architecture of the receptors and the type of ligands that are recognized are 

conserved throughout evolution, although the number of TLRs varies among different 

species (51). TLRs are characterized by an extracellular leucine-rich repeat domain 

(ligand binding), a transmembrane helix domain and an intracellular TIR domain 

(signaling). Activation occurs upon binding of the appropriate agonist which causes 

homo- or hetero dimerization of two TLRs. This dimerization induces a conformational 

change in the TIR-domains, bringing them in sufficiently close proximity to assemble 

a signaling complex. The subsequent signaling cascade results in activation of the 

transcription factors NF-κB and/or IRF3 (Figure 1). TLR signaling occurs through two 

main signaling pathways, namely, the MyD88-dependent route (leading to NF-κB 

activation) and/or the MyD88-independent/TRIF-dependent pathway (leading to 

IRF3 activation). Most TLRs signal exclusively via MyD88 except for TLR3 and TLR4; 

TLR3 only activates the TRIF signaling pathway, while TLR4 is the only TLR that can 
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efficiently signal through both pathways. In humans, ten TLRs have been identified 

and these receptors recognize different conserved parts of bacteria or viruses. TLRs are 

present on the majority of cell types, including epithelial cells, phagocytes, T-cells, B-

cells, stem cells, and nerve cells. TLR expression however, is very dynamic and is 

influenced by the status of the cell and the crosstalk with other activated PRRs (52, 53).  

 

 In humans, C. jejuni activates TLR1, TLR2, TLR4, and TLR6. This results in 

increased pro-inflammatory cytokines/chemokines (e.g. IL-6, IL-8, IL-1β), and 

neutrophil recruitment. However, as bacteria have co-evolved alongside TLRs, many 

pathogens have developed evasion mechanisms and/or the ability to hijack TLRs to 

their own benefit. For example, Yersinia pestis alters its LPS structure at 37°C, thereby 

evading recognition by TLR4 (54). On the other hand, Salmonella virulence is 

increased upon TLR activation; as intracellular Salmonella requires TLR activation to 

acidify the Salmonella containing vacuole for intracellular replication and systemic 

dissemination of the infection (55). C. jejuni is able to escape recognition by TLR5 and 

TLR9 (56). C. jejuni flagellin lacks the recognition domain for TLR5 and thus evades 

detection. TLR9 appears to not recognize C. jejuni DNA due to low G/C content of the 

C. jejuni genome. The exact function and consequences of the activation and evasion 

of distinct TLR recognition by C. jejuni for the course of infection are still unknown. At 

this time, TLR2 and TLR4 have been proposed to play an important role in C. jejuni 

pathogenesis based on the lack of pathology in several (knockout) mouse infection 

models (57, 58).  
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C-type Lectin Receptors and Nod-like Receptors 

C-type lectins comprise a family of innate immune receptors located on the plasma 

membrane that, unlike TLRs, typically recognize saccharides via their carbohydrate 

recognition domain (CRD). As C. jejuni is heavily glycosylated, interaction with C-type 

lectins seems obvious. Thus far this has only been demonstrated for the macrophage 

galactose-type C-type MGL (CD301/CLECA). This CLR recognizes N-linked 

glycoproteins and distinct LOS glycoforms and possibly has an immunomodulatory 

function (39). 

  

Members of the Nod-like receptor family are typically localized within the 

cytosol. These receptors sense the presence of MAMPs or DAMPs that have leaked, 

translocated, or injected into the cytosol. The first NLRs discovered were NOD1 and 

NOD2, and recognize different types of peptidoglycan and possibly viral ssRNA (59–

61). The peptidoglycan fragments can be transported from the bacteria-containing 

endosome directly to the NOD receptors via the two transporter proteins (SLC15A3 

and SLC15A4) (62). Upon ligand recognition, NOD1 and NOD2 dimerize or 

multimerize, which induces, via the adaptor protein RIP2, the activation of the 

transcription factors NF-κB and MAPK (Figure 1). C. jejuni infection of cultured cells 

causes activation of NOD1 but not of NOD2 and results in a more rapid killing of 

intracellular C. jejuni (63). After the initial discovery of NOD1 and NOD2, the family of 

NLRs expanded with cytosolic receptors that recognized other MAMPs and DAMPs 

(Table 1). Typical features of these NLRs are the NACHT (NBD) domain and a variable 

N-terminal interaction domain (CARD, PYCARD, and BIR). Although most NLRs have 

a C-terminal leucine-rich repeat, some NLRs lack this putative “ligand binding” 

domain. The roles (if any) of these NLRs in C. jejuni infection has not been 

investigated. 

 

 Figure 1. Localization and signaling of TLRs and NODs. 

TLRs are membrane bound receptors located at the cell surface or endosomal compartment. After 

activation, via ligand binding, two TLRs will homo- or hetero dimerize, causing a conformation change 

in the TIR domain initiating the start of a signaling cascade. TLRs signal via two distinct routes; via 

MyD88 leading to NF-κB activation or via TRIF activating IRF3. NODs are located in the cytoplasm and 

similar to TLRs will dimerize upon ligand binding and signal via RIP2 or MAVS leading to NF-κB or 

IRF3 activation respectively. Activation of these two transcription factors will lead to the upregulation 

of pro-inflammatory cytokines (e.g. IL-8, IL-1β and IFNβ).  
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Inflammasome formation 

A special class of NLRs initiates upon activation the formation of a large cytosolic 

multi-protein complex, referred to as “inflammasome” (Figure 2). Activation of an 

inflammasome results in cleavage of mainly pro-caspase-1 into its active form (64). 

Caspase-1 in turn cleaves (among others) the cytokine precursor’s pro-IL-1β and pro-

IL-18 resulting in the mature pro-inflammatory forms of these cytokines that are 

released into the environment. The formation of the inflammasome may also cause cell 

death, a process termed pyroptosis. Pyroptosis depends on caspase-1 or caspase-11 

(human caspase-4/5) and is accompanied by DNA fragmentation, cell swelling and 

rupture (65). As the production of pro-IL-1β and pro-IL-18, the upregulation of 

caspase-11, the de-ubiquitination of the NLRP3 inflammasome receptor, and, in some 

cases, the expression of NLRP3 (66) are all stimulated by NF-κB or type I interferons 

(67), the cell needs signals that both prime and activate the inflammasome to 

ultimately secrete mature IL-1β and IL-18. This dual step activation may act as a safety 

mechanism preventing accidental inflammasome formation. 

 

 The contribution of the inflammasome to C. jejuni infection is unknown. 

Caspase-1 dependent IL-1β secretion in human macrophages and high levels of IL-1β 

in patients with C. jejuni infection suggest a possible role for the inflammasome in C. 

jejuni pathogenesis (68, 69). Activation of the inflammasome during infection with 

other bacterial pathogens like Salmonella results in the early release of intracellular 

bacteria due to cell death and induces the secretion of IL-1β and IL-18 (70). The 

premature release of intracellular bacteria prevents further intracellular replication 

and re-exposes them to the immune system. The cytokines IL-1β and IL-18 have broad 

range of effects both locally and systemically. For instance, IL-1β will promote 

neutrophil recruitment and stimulate Th17 responses. The released IL-18 stimulates 

IFNγ production of T and NK cells, which in turn increase the antimicrobial activity of 

macrophages. Inflammasome activation thus elicits a potent inflammatory response 

and is a major contributor in the defense against bacterial infections.  
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Figure 2. Inflammasome activation. 

Inflammasome activation requires a dual-step activation, which can be divided in signal one (also 

referred to as priming) and signal two. The first signal is the activation of NF-κB and/or type I 

interferons via a wide range signaling pathways including PRRs and cytokines. Activation of NF-κB or 

IRF3 leads to the production of IFN-β, pro-IL-1β and pro-IL-18, the upregulation of pro-caspase-11, the 

de-ubiquitination of the NLRP3 inflammasome receptor, and, in some cases, the expression of NLRP3. 

The second signal is the formation and activation of the inflammasome. During bacterial infection 

multiple inflammasome can be activated including the NLRC4 and the NLRP3 inflammasome. The 

NLCR4 inflammasome is activated by cytosolic flagellin or components of the T3SS binding to a NAIP 

receptor. The NLRP3 inflammasome is activated and formed by a potassium efflux induced by caspase-

11, the p2x7 receptor or multiple other sources, leading to the cleavage of pro-caspase-1 into active 

caspase-1. Active caspase-1 cleaves multiple targets such as pro-IL1β and pro-IL18 causing activation 

and secretion of IL-1β and IL-18. Furthermore, caspase-1 can induce a form of cell death referred to as 

pyroptosis. Pro-caspase-11 is cleaved to caspase-11 after exposure to cytosolic LPS leading to pyroptosis 

and a potassium efflux. 
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The adaptive immune response to C. jejuni 

 

The potent inflammatory response during C. jejuni infection is considered to be the 

first step towards the development of an adaptive immune response and eventually 

clearance of the infection. How the adaptive immunity contributes to clearing of C. 

jejuni infections is not well understood. The later stages of infection are characterized 

by the recruitment and activation of T-cells and the generation of C. jejuni specific 

antibodies (6). This may indicate that adaptive immune responses help clear infection 

at the final stage. Furthermore, the adaptive immune system may play a role in 

acquiring resistance against C. jejuni infection in patients with recurrent infections (5). 

In the Netherlands, over 95% of population (starting from young adults) is seropositive 

for Campylobacter (71). Antibodies are mainly directed against CDT, flagella, outer 

membrane proteins, and LOS (6). Early on during infection, an increase of specific IgA 

and IgM levels are detected, whereas at a later stage specific IgG antibodies are 

dominantly found in human serum (72). The protective nature of these antibodies is 

unknown. The finding that clinical infection provides only limited protection against 

subsequent re-infection with a heterologous C. jejuni strain suggest that mainly 

variable surface components are targeted by the immune response. Frequent exposure 

to C. jejuni, as occurs in developing countries results in protection against disease but 

not colonization. This suggests that continuous exposure to a large repertoire of 

antigenically diverse Campylobacter strains may induce disease protection (73). The 

identification of the involved conserved cross-protective epitopes has thus far not been 

successful but is important as it may form the basis of a C. jejuni vaccine for use in 

humans or chicken (74, 75) 

 

Several studies have examined T-cell responses during C. jejuni infection and 

found that C. jejuni induces a Th1 response in several animal models (58, 76). It has 

been postulated that the cell-mediated immune response is sufficient to clear the 

infection (76). However clear evidence is still lacking. A recent study that focused on 

the T-cell response during C. jejuni infection in humans showed an increase in IFNγ-

producing CD4 T-cells (likely Th1 T cells) upon infection and re-infection (77). Yet, re-

infection did not enhance the response suggesting that a traditional memory T-cell 

response was not effectively initiated. C. jejuni infection has also been shown to induce 

Th17 responses as evidenced by the increased IL-17 serum levels and production of IL-
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17 by lymphocytes isolated from colon tissue in mice (78) but again the effect of this 

cytokine on the course of C. jejuni infection or its auto-immune complications remains 

to be resolved. 

 

Outline of the thesis 

 

C. jejuni is the leading cause of bacterial foodborne illness, yet it is unclear how it 

causes disease. The molecular basis of C. jejuni pathogenesis has not been elucidated 

due to several reasons. First, C. jejuni has clearly different features than other well 

established enteropathogens. It colonizes the intestinal crypts, displays commensal 

behavior in most animals, and lacks most of the classical virulence factors present in 

other bacterial mucosal pathogens. Second, there is no good animal model to study C. 

jejuni pathogenesis. This limits systematic investigation of the contribution of putative 

bacterial virulence factor to the natural infection. Third, there are often large 

differences in the outcome of studies on C. jejuni pathogenesis. These differences may 

be related to the use of different bacterial strains, cells and models. Furthermore, 

recent results indicate that the growth environment and the metabolic state of the 

bacteria may greatly influence C. jejuni behavior (79, 80). The aim of this thesis is to 

gain a better understanding of the molecular mechanisms of C. jejuni pathogenesis 

including the response of host cells to C. jejuni infection. In Chapter 2, an overview 

of the state-of-the-art of our knowledge of C. jejuni pathogenesis is presented and 

promising areas of investigation are indicated. In Chapter 3, we aimed to delineate 

the uptake, trafficking and survival of C. jejuni in islands of polarized intestinal 

epithelial cells in relation to the novel and highly effective invasion mechanism, named 

subvasion. In Chapter 4, we successfully searched for secreted pro-inflammatory 

factors of C. jejuni and identified a novel species-specific PAMP that acts via a TLR- 

and NLR-independent pro-inflammatory pathway. In Chapter 5, we investigated the 

ability of C. jejuni to activate the inflammasome, which may explain the high levels if 

IL-1β observed during the natural infection. In Chapter 6, the mechanism underlying 

the discovered NLRP3 inflammasome activation by C. jejuni was investigated. The 

main findings and conclusion of this thesis are summarized and discussed in Chapter 

7. 
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Abstract  

Campylobacter species are one of the leading causes of bacterial foodborne disease. 

Campylobacter survives and flourishes in a variety of environmental niches but causes 

pathology mainly in humans. The pathogenesis of the disease is still poorly understood, 

and currently only a few Campylobacter virulence determinants have been proposed. 

Recent studies indicate that Campylobacter displays extensive genome plasticity and 

a range of environmental adaptation that likely contribute to the success of the 

pathogen. In this chapter, we will discuss the state-of-the-art of the epidemiology, 

molecular biology, and pathogenesis of Campylobacter infection. 
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Introduction  

The discovery of Campylobacter likely goes back to 1886 when Theodor Escherich 

described the presence of Vibrio-like organisms in the colon of infants who died from 

enteritis (1). Early in the 20th century, the bacterium was for the first time isolated 

from the infected uterus of sheep and intestines of cattle and pigs (2). Awareness of 

Campylobacter as a principal bacterial enteric pathogen in humans first became 

evident in the 1970s when improved methods of Campylobacter isolation from feces 

(3) and selective culture media (4) facilitated routine diagnostics. Nowadays, 

campylobacteriosis cases are estimated to reach incidences of up to 5-20% for the 

general population in developing countries (5). Yet, the pathogenic mechanism of the 

bacteria is still an enigma. In this review, we will discuss the current knowledge on key 

aspects of Campylobacter epidemiology, molecular biology and virulence.  

 

Campylobacter – the microbe 

Phylogenetic and genome wide analyses indicate that the genus Campylobacter 

comprises at least 20 species and 6 subspecies with several novel subspecies being 

proposed (6). The genus Campylobacter belongs to the family Campylobacteraceae 

together with the genera Arcobacter and Sulfurospirillum. The Campylobacteraceae 

family belongs to the class of Εpsilon-proteobacteria (6). Members of the genus 

Campylobacter are mostly Gram-negative spiral-shaped rods that are 0.5 to 5 μm long 

and 0.2 to 0.8 μm wide. They carry a single unsheathed uni- or bi-polar flagellum. 

Campylobacter generally requires microaerobic growth (5% O2 is optimal) and 

capnophilic (3 to 5% CO2) conditions. The thermophilic Campylobacters do not grow 

below 30oC and grow optimally at 42oC, although the bacteria may survive at low 

temperatures for weeks. Campylobacter genus is considered nonsaccharolytic and 

utilize amino acids and tricarboxylic acid cycle intermediates as energy sources. Under 

unfavorable conditions including nutrient limitation, high temperature (60°C) or 

aeration, Campylobacter may change their morphology into coccoid forms, a state in 

which the bacteria remain viable but cannot be cultured (7). However, controversy 

exists as to whether the coccoid form is a degenerative state or a dormant state. 
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Campylobacter species are mainly distinguished based on genetic, biochemical 

and/or growth characteristics. A phylogenetic tree of Campylobacter species based on 

16S rRNA sequence similarity is shown in Figure 1. Although members of most 

Campylobacter species have zoonotic potential (8), Campylobacter jejuni subsp. 

jejuni, commonly referred to as C. jejuni, causes up to 90% of human 

campylobacteriosis (6). Campylobacter coli, the closest genetic relative of C. jejuni, is 

the second most common Campylobacter species causing gastrointestinal disease. C. 

upsaliensis and C. consisus are recognized as pathogens for children at least in some 

countries (9). Reportedly, nonculturable Campylobacter species may also contribute 

to disease (10). 

 

 

Figure 1. Phylogenetic tree of the genus Campylobacter based on 16S rRNA sequence 

similarity. 
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Epidemiology of Campylobacter 

 

Campylobacter is a leading cause of bacterial enterocolitis worldwide, surpassing 

Salmonella and Shigella in many regions (Figure 2) (11, 12). In developed countries 

Campylobacter infection usually affects children under the age of four and adults aged 

from 15 to 44 years (13). Infection generally results in enteritis with manifestations 

ranging from watery to severe bloody diarrhea, severe abdominal pain and fever. The 

incidence of the disease approximates 20 per 100,000 population in the United Sates 

to 396 per 100,000 individuals in New Zealand (11) but reported cases likely represent 

only a small fraction of the actual number. In industrialized countries, Campylobacter 

is estimated to infect up to 1% of the human population annually (8, 14). 

Hospitalization occurs in ~10-15% of diagnosed cases and C. jejuni is lethal in about 

0.1% of culture-confirmed cases (13).  

 

 In developing countries the incidence of clinical manifestations due to C. jejuni 

infection is several orders of magnitude higher than in the industrialized world. 

Approximately, 40-60% of young children are estimated to become infected every year 

and high numbers of asymptomatic carriage in older children and adults are reported 

(5, 15). Experiments with human volunteers indicate that ingestion of a minor dose of 

500-800 C. jejuni is sufficient to cause disease (16, 17). 

 

 Although the symptoms usually disappear within ten days, Campylobacter 

species affect the health of millions of people worldwide with an estimated annual 

economic burden of up to several billion dollars in the United States alone (18). This 

can partly be attributed to severe complications which can follow infection such as 

reactive arthritis and the paralyzing auto-immune neuropathies Guillain-Barré 

syndrome (GBS) and Miller-Fisher syndrome (11).  
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Figure 2. Incidence of laboratory-

confirmed bacterial foodborne 

infections (1996-2009) in the USA. 

(http://www.cdc.gov/foodnet/factsandfigures/2009/Table1b_all_incidence_96-09.pdf). 

 

Reservoirs and transmission of Campylobacter 

Campylobacters are isolated from a variety of animals (e.g. cattle, swine, cats, dogs, 

reptiles, and birds) as well as from contaminated surface water. Different species 

appear to have favorite niches. C. jejuni and C. coli are frequently present in cattle, 

sheep, swine and birds, C. upsaliensis is often found in domestic dogs and cats, while 

C. fetus is primarily isolated from livestock. Although C. fetus is a major cause of septic 

abortion in cattle and sheep, Campylobacter colonization of the digestive tract is 

generally not associated with animal disease. Chicken cecum, for example, may easily 

contain up to 109 CFU of C. jejuni per gram of content without apparent pathology.  

  

One significant source of infection in developed countries is the handling and 

consumption of contaminated food products, especially poultry meat (19, 20). Other 

identified risk factors are exposure to surface water, consumption of raw milk, contact 

with pets and farm animals, and foreign travel (8, 11, 12, 14, 21). In developing 

countries environmental contamination, for example the use of contaminated water 

and close contact with farm animals are major sources of infection (14, 22). Recent 

studies indicate that Campylobacter can survive for prolonged periods inside amoebae 

(23), which may facilitate waterborne spread to humans and animals. The majority of 

human C. jejuni infections are sporadic cases. Community outbreaks are usually 

associated with the ingestion of contaminated water or raw milk. The sensitivity to 

atmospheric oxygen and the fastidious growth requirements of Campylobacter likely 

limits survival and growth on food products during processing and/or storage, 

reducing the risk of outbreaks.  
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Molecular typing and diversity of Campylobacter 

Successful tracking of Campylobacter infection routes requires reliable, robust and 

stable typing methods that have sufficient discriminatory power. Campylobacter 

serotyping can distinguish more than 60 Penner serotypes (heat-stable antigens) (24) 

and over 100 Lior serotypes (heat-labile antigens) (25). Phagetyping has been applied 

as a complementary method (26). Both typing methods are valuable but have a 

moderate resolution and are vulnerable to phenotype variation. These methods are 

increasingly being replaced by genotyping (20, 27–30). Applied genotyping methods 

include PCR-based methods, band-based methods e.g., pulsed-field gel electrophoresis 

(PFGE) and amplified fragment length polymorphism (AFLP), multi locus sequence 

typing (MLST), microarray based methods and pangenome sequence analysis.   

 

 Genotyping methods indicate that C. jejuni is genetically highly diverse with 

only a few clonal lineages (28, 31, 32). The genetic plasticity and rapid exchange of 

DNA are apparent even after a single in vivo passage in chicken (33–35). Most C. jejuni 

strains are naturally competent to acquire exogenous DNA. Identified factors 

indispensable or influencing the efficiency of natural transformation are the type II 

secretion system and the genes Cj1211, galE, dprA, and Cj0011c. Surface 

polysaccharides (capsule, LOS) and the variable presence of restriction-modification 

systems also influence natural transformation (36). Acquired DNA fragments integrate 

via RecA-dependent homologous recombination into the genome (37). Other processes 

involved in the generation of genome diversity are conjugation and transduction. 

Conjugative plasmids are present in 19 to 56% of clinical C. jejuni isolates (38, 39), 

while prophages are present in the genomes of a large panel of C. jejuni isolates (40–

42). The frequency of horizontal gene transfer and intragenomic rearrangements often 

depends on the activity of the available DNA repair mechanisms. C. jejuni appears to 

have functional excision (NER, BER) and recombinational DNA repair pathways, but 

lack methyl-directed mismatch (MMR) repair (43). The latter likely explains the high 

frequency of on-and-off switching of phase variable genes. 

 

 The clonality of certain C. jejuni lineages has been attributed in part to the 

presence of insertion elements that contain genes encoding exogenous DNases that 

limit natural transformation and uptake of DNA (44, 45). Overall, the C. jejuni 
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population diversity and genome plasticity which may result in multiple C. jejuni 

genotypes present in a single specimen complicate global epidemiological surveillance 

with low resolution methods (e.g. MLST). Whole genome sequencing may resolve this 

problem. 

 

Molecular biology of Campylobacter 

 

The Campylobacter genome 

In recent years, genome sequences of several Campylobacter species have been 

determined. The genomes typically are 1.5-2.0 Mb in size, have a G+C content between 

29% and 34%, and are predicted to contain approximately 1,500-1,850 genes. About 

45% of the genes have no assigned function. Sequenced strains have a variable number 

(0-3) of prophages, genomic islands, CRISP and IS elements, and plasmids. Many of 

the sequenced strains (C. jejuni ssp. jejuni, C. coli, C. upsaliensis, C lari and C. fetus 

ssp. fetus, but not C. jejuni ssp. doylei and C. concisus) have genes encoding the 

cytolethal distending toxin (CDT), one of the few proposed virulence determinants of 

Campylobacter. All genomes have an extensive number (9-75) of homopolymeric G:C 

tracts, which are short sequence DNA repeats that are prone to slipped strand 

mispairing. This feature results in high frequency on-off switching of gene function. 

The G:C tracts are mainly present within genes encoding surface structures (capsule, 

LOS, flagella) and restriction-modification systems. The large number of genes (7-12) 

encoding putative two-component regulatory systems likely reflects the ability of 

Campylobacter to adapt to a variety of environmental niches (46, 47). The genomes of 

the different Campylobacter species display relative low overall collinearity. However, 

the genome contains clusters of genes that remain linked in the various species. 

Nevertheless, the majority of identified proteins are conserved among the sequenced 

Campylobacter species (40, 47). 

 

 Genome-wide analysis of multiple C. jejuni ssp. jejuni isolates indicates that the 

genomes are syntenic with hot spots for intra- and intergenomic recombination (48). 

The genome contains approximately 1,650 genes that mainly are involved in metabolic, 

biosynthetic, cellular and regulatory processes (46). The limited number (<5%) of 

strain specific (variable) genes are located on the genomes mainly in clusters, named 
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hypervariable plasticity regions. These variable genes are mostly involved in processes 

like respiration, LOS and capsule variation, and the biosynthesis and modification of 

the flagella (49). Some of the variable genes contain homopolymeric nucleotide tracts 

(46) enabling variable gene expression, resulting in heterogeneity of phenotypes within 

the bacterial population of a single strain. Several C. jejuni strains contain one or more 

integrated elements and/or plasmids (40). The C. jejuni genome appears to lack typical 

pathogenicity islands, although some strains carry a type VI secretion system (50). 

 

Genetics of environmental adaptation 

Campylobacter survives in a variety of ecological niches and can adapt to changes in 

nutrients, oxygen, pH, temperature and the complex environments encountered in the 

various hosts. This adaptation is regulated at different levels (transcription, 

translation, metabolism), although knowledge of the mechanisms is still fragmentary 

(51). The genome of C. jejuni encodes up to 37 transcriptional regulators and contains 

three sigma factors (RpoD, FliA, and RpoN). About 20% of the C. jejuni genes are 

estimated to be under the control of seven to ten two-component signal transduction 

systems that respond to different environmental cues. The FliA (σ28) and RpoN (σ54) 

sigma factors and the FlgS/FlgR two-component system are required for the regulation 

of flagella assembly (52, 53), the glycosylation of flagellin subunits (54), and/or the 

secretion of virulence-associated proteins (FspA, Cj0977) through the flagellum (55, 

56). Several other two-component systems (PhosR/PhosS, DccS/DccR, and 

RacS/RacR) enable metabolic adaptation in response to changes in nutrient- and 

oxygen availability (52, 57–59).  

 

As nonsaccharolytic bacterium, Campylobacter mainly utilizes amino acids and 

Krebs cycle intermediates. These molecules generate the essential carbon molecules 

and drive the electron flow through the highly branched electron transport chain, 

providing energy. Preferred amino acids utilized by C. jejuni are serine, aspartate, 

glutamate and proline, which all are abundantly present in the chicken cecum. Serine 

is mainly converted to pyruvate, while the other amino acids are converted via 

aspartate to fumarate (60). The preferred electron acceptor of C. jejuni is oxygen (61). 

In a low oxygen environment i.e., in the gut, organic and inorganic compounds can 

serve as alternative electron donors (62–64) and electron acceptors (65–67). The 
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hierarchical order in which the different redox couples of electron donors and 

acceptors are used in an oxygen-limited environment is not known for Campylobacter. 

 

Campylobacter motility and chemotaxis 

To reach its favourable niche Campylobacter is equipped with a single unsheathed 

flagellum at one or both poles. The polar flagella are essential for bacterial motility. 

The spiral shape of the bacterium supposedly aids in its movement in viscous 

environments e.g., mucus. The genes that contribute to the corkscrew morphology of 

Campylobacter have not been identified, but differ from those present in Helicobacter 

(68, 69). The flagellum of C. jejuni basically consists of three structural elements: the 

basal body, the hook, and the filament (Figure 3). The flagellar filament is composed 

of the major subunits FlaA and FlaB. Expression of flaA and flaB is regulated via 

different sigma factors (σ28 and σ54) and the two-component system FlgS/FlgR (52, 

70). The ratio between the two types of flagellin varies with the growth temperature. 

The anti-sigma factor FlgM represses both sigma factors in a temperature-dependent 

manner and thus limits flagella length (71). Each flagellin consists of a conserved N and 

C terminal domain interspaced with a surface exposed domain that is highly variable 

in protein sequence among strains. The surface-exposed domain is heavily decorated 

with O-linked pseudaminic acid and pseudaminic acid derivatives (72). The 

glycosylation is essential for flagellin transport through the flagellar secretion 

apparatus and/or for the actual assembly of the flagellum, as mutants unable to 

glycosylate flagellin do not produce functional flagella. The flagellar filaments from C. 

jejuni have seven protofilaments rather than the eleven in S. typhimurium (73).  

  

Campylobacter is equipped with several taxis systems that enable directional 

motility. The architecture of the C. jejuni chemotaxis system grossly follows the 

classical chemotaxis systems in prokaryotes. Alterations in concentrations of 

attractants or repellents are first sensed by different methyl accepting sensory 

receptors (MCPs) in the periplasm. The resulting conformational change in the 

receptors starts a phosphorelay signalling cascade that requires the CheA histidine 

kinase and the CheY response regulator. The phosphorylation status of CheY 

influences the direction of the rotation and/or speed of the flagellar rotor. The 

molecular details behind C. jejuni chemotaxis have not yet been resolved. In silico 

analysis indicates the presence in C. jejuni of up to ten possible methyl accepting 
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receptors (MCPs) and the proteins CheA, CheW and CheY as well as CheB and CheR 

proteins involved in receptor adaptation (74, 75). In contrast to E. coli, C. jejuni also 

has a CheV protein and three chemotaxis proteins with a CheY domain (CheA, CheV 

and CheY). C. jejuni displays chemotaxis towards a variety of substances, including 

serine, fucose, pyruvate and succinate (76). 

 

 An additional taxis system of C. jejuni is the aerotaxis or energy taxis which 

involves the proteins CetA and CetB. This system likely senses internal bacterial signals 

in particular the redox state of the bacterium. The CetA/B system is most active under 

conditions of nutrient starvation. The C. jejuni taxis systems are important in bacterial 

colonization and virulence (77–79). 

 

Figure 3.  

Campylobacter 

membrane architecture.  

The spiral shape and single 

polar flagella are typical of 

Campylobacter. Glycan 

structures are present in the 

peptidoglycan, LOS, capsule 

and attached to N-

glycoproteins. The flagellum 

consists of the basal body, the 

flagellar hook, and the 

protruding flagellar filament 

which is heavily O-glycosylated. 

Besides for motility, the C. jejuni flagellum acts as a type III secretion system.  

 

Surface architecture of Campylobacter  

The surface characteristics of Campylobacter have been investigated mostly for the 

major foodborne pathogen C. jejuni. The outer surface of C. jejuni is almost entirely 

decorated with sugars. Outer membrane protein components include the major outer 

membrane porin proteins (MOMP, OMP50), the adhesin CadF, several minor proteins 

and, in some strains, the needle structure of the type VI secretion system. Fimbriae 

appear to be absent. The glycan repertoire of C. jejuni consists of capsular 

polysaccharides (CPS), lipooligosaccharide (LOS), and O-glycosylated and N-
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glycosylated proteins (Figure 3). Approximately, ten percent of the C. jejuni genome is 

predicted to be involved in carbohydrate biosynthesis. Most of the genes group on the 

genome in one of four gene clusters. The locus containing the genes coding for N-

glycosylation is conserved among the species. The other three loci coding for the CPS, 

LOS and O-glycosylation biosynthetic pathways respectively, are hypervariable among 

strains (49, 80). This genetic variation provides the species with the ability to decorate 

its population with a huge diversity in surface glycans. The large variation in glycan 

structures likely contributes to C. jejuni survival by preventing attacks by the immune 

system and bacteriophages (81, 82).  

 

Capsule  

The presence of Campylobacter capsular polysaccharides was appreciated after 

analysis of the whole genome sequence (83, 84). The C. jejuni capsule consists of 

repeating oligosaccharide units (85) and is only loosely attached to the bacterial cell 

surface. The polysaccharides are biosynthesized in the cytoplasm where 

glycosyltransferases attach nucleotide diphosphate sugars to the undecaprenyl 

pyrophosphate carrier. The whole complex is then flipped over the membrane via an 

ABC transporter complex consisting of the proteins KpsM, KpsT, and three other Kps 

proteins. The polysaccharide is anchored to the membrane via the lipid dipalmitoyl-

glycerolphosphate (85).  

 

The composition of the C. jejuni CPS is highly variable among strains. These 

differences turned out to be the basis of the Penner serotype, which has been used to 

distinguish C. jejuni isolates for many years (83). The cps locus varies between strains 

and ranges in size from 15 Kb to 34 Kb (86). The hypervariability is caused by genetic 

exchange of the capsular genes, horizontal transfer of entire clusters, gene duplication, 

deletion, and fusion, but also by contingency gene variation. Variable attachment of 

methyl-, ethanolamine-, and aminoglycerol groups to the carbohydrates further 

increases the plasticity of the polysaccharide.  

 The C. jejuni capsule is important for bacterial colonization of the intestine and 

confers serum resistance (84). A capsule deficient kpsM mutant displays reduced 

invasion of INT-407 cells and colonization of chickens and is attenuated in a ferret 

infection model (84). Capsule production is phase variable (84) and may vary 

depending on culture conditions including the presence of human epithelial cells (87). 
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Lipooligosaccharide (LOS) 

The major constituent of the surface outer membrane leaflet of C. jejuni is LOS. C. 

jejuni LOS consists of a non-repeating oligosaccharide that is attached via an inner core 

oligosaccharide to a hydrophobic lipid A anchor (81, 85). The LOS inner core consists 

of a single 3-deoxy-D-manno octulosonic residue (KDO) and two attached glycerol-D-

mannose heptose residues. The composition and length of the outer core 

oligosaccharide are variable and show both inter- and intrastrain variation. Each strain 

has a defined LOS repertoire. The variation between strains is due to differences in 

specific gene content. Intrastrain LOS heterogeneity is mainly caused by slipped strand 

mispairing in contingency genes (46) and mutations leading to gene inactivation or 

different acceptor specificities of glycosyltransferases (88), but is also influenced by 

environmental factors such as temperature (89).  

 

 Based on the gene content and organization of C. jejuni LOS loci, up to 19 

different LOS classes (A-S) have been identified. Eighty percent of strains belong to 

class A-H (90). Some strains, mainly the strains from class A-C, are able to incorporate 

sialic acid into the LOS. The LOS of these strains resembles gangliosides. Auto-reactive 

antibodies directed to these LOS forms are linked to Guillain-Barré syndrome and 

Miller Fisher syndrome (91). The genes responsible for sialic acid synthesis are located 

in the cgt cluster. Phase variation of the cgtA gene determines whether the LOS mimics 

GM1, GM2, GM3, or GD2 gangliosides. Besides gangliosides, C. jejuni LOS can mimic 

a range of host cell glycolipid/glycoprotein antigens including P blood group antigen, 

paragloboside (lacto-N-neotetraose), lacto-N-biose, and sialyl-Lewis c units. The 

enzymes sialyltransferase CstII and galactosyltransferase CgtD play a key role in the 

synthesis of these mimic types (92). 

  The impact of C. jejuni LOS variation on bacterial virulence is increasingly 

appreciated. C. jejuni LOS influences the susceptibility of the pathogen to complement-

mediated killing and antibiotics (36, 93), and affects DNA uptake (36, 94). Distinct 

LOS isoforms increase bacterial invasion of eukaryotic cells and influences cell tropism 

(95, 96). Mammalian receptors recognizing distinct C. jejuni LOS types are 

sialoadhesin (siglec-1) found on a subset of macrophages, and siglec-7 and MGL lectin 

receptors present on dendritic cells (96–98). The lipid A part of C. jejuni LOS activates 

the innate immune receptor TLR4 and stimulate the release of pro-inflammatory 

mediators (99, 100).  
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O-glycosylation 

The major protein structure extruding from the C. jejuni surface are the polar flagella. 

Both C. jejuni and C. coli flagella are heavily decorated with O-linked carbohydrates. 

Flagellar glycosylation mainly involves the attachment of 5,7-diacetamideo-3,5,7,9 

tetradeoxy-L-glycero-α-L-manno-nonulosonic acid (pseudaminic acid, Pse5Ac7Ac) or 

5,7-diacetamidoD-glycero-β--D-galacto-nonulosonic acid (legionaminic acid, 

Leg5Am7Ac) derivatives to hydroxyl groups of serine or threonine residues located on 

the surface-exposed variable domain of flagellin (72). Glycans are bound to up to 19 

serine or threonine residues per flagellin subunit and contribute up to 10% of the 

flagellin weight. The genes encoding the O-glycosylation machinery are located in a 

hypervariable region of the genome in close vicinity but independently regulated from 

the flagellin genes (46). The biological function of flagellin glycosylation remains 

unclear. Flagellin glycosylation is required for flagellin export and/or flagella assembly, 

while mutants with altered post-translation modification of the O-glycosyl moiety 

exhibit loss of auto-agglutination, and/or reduced adherence and invasion of human 

epithelial cells (101–103). The post-translational modification of the flagella also 

contributes to serospecificity (25). These results suggest that the variation in O-glycans 

contributes to immune evasion from antibodies developed during infection and 

perhaps attack by bacteriophages.  

 

N-glycosylation 

C. jejuni has been instrumental in the discovery of N-linked protein glycosylation in 

prokaryotes (104). At present, more than 50 N-glycosylated proteins have been 

identified in C. jejuni. N-glycosylation involves the transfer en bloc of the 

heptasaccharide GalNAc-α1,4-GalNAc-α1,4-[Glc-β1,3]GalNAc-α1,4-GalNac-α1,4-

GalNAc-α1,3-di-N-acetyl bacillosamine from the lipid carrier (most likely 

undecaprenyl pyrophosphate) to asparagine residues in the specific glycosylation 

consensus sequence, Asp/Glu-Y-Asn-X-Ser/Thr, where Y and X is any amino acid 

except proline (105). The key enzyme in the transfer of the oligosaccharides to proteins 

is PglB (106). The genes encoding the N-glycosylation pathway are all located in the 

protein glycosylation (pgl) locus. The gene composition of this locus is highly 

conserved among C. jejuni and C. coli suggesting restricted functional flexibility of the 

N-glycosylation and/or the absence of environmental pressure to modify the glycosyl 

group. As most N-glycoproteins of C. jejuni are predicted to be located in the periplasm, 
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it can be imagined that they are not a natural target of selective pressure by the immune 

system or bacteriophages. 

 

 The function of the Campylobacter N-linked protein glycosylation is still largely 

unknown. Mutants defective in N-glycosylation display reduced natural competence, 

reduced immunoreactivity with human sera, reduced adherence and invasion of host 

cells, and reduced colonization of chicken and mice (104, 107–109). The N-linked 

heptasaccharide, which is also present at high concentrations as free oligosaccharide 

in the periplasm, has recently been reported to interact with the MGL lectin receptor 

on human dendritic cells (97), suggesting a possible immunomodulatory function.  

 

Virulence of Campylobacter 

 

C. jejuni and C. coli are major pathogens causing >100 million cases of enteritis each 

year (12). However, the pathogenesis of the disease remains elusive. Both pathogens 

frequently colonize a large variety of animal hosts usually without apparent pathology, 

suggesting the existence of human specific virulence determinants. Thus far several 

putative virulence determinants have been proposed (Table 1). The contribution of 

these factors to the development of pathology remains difficult to assess in the absence 

of a suitable animal disease model. Present knowledge of colonization and virulence 

factors is largely based on the results of in vitro assays and experiments with (often 

immunocompromised) animals. In general, ingestion of C. jejuni or C. coli by an 

individual is believed to result in colonization of the intestine, in particular, the 

intestinal crypts. At some point the epithelial monolayer is damaged or crossed and 

inflammation is observed. These events clinically manifest as an acute watery or bloody 

diarrhea, fever and abdominal pain. The symptoms usually disappear after five to 

seven days. The molecular events that cause the acute intestinal inflammation remain 

to be defined. Details of the assumed key steps in the development of 

campylobacteriosis are outlined below. 
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Table 1. Putative virulence factors of C. jejuni 

Virulence factor Functions in Reference 

Flagella colonization, adhesion, invasion 138 

Chemotaxis colonization, invasion 120 

Capsule colonization, invasion, evasion 84 

LOS colonization, invasion, evasion 95 

N-glycosylation colonization, immunomodulation 163 

CDT apoptosis, G2/M cell cycle arrest 164 

FspA2 apoptosis 56 

Cia invasion, intracellular survival 127 

CadF adhesion, invasion 116 

CapA adhesion 122 

JlpA adhesion 119 

PEB1 adhesion 123 

FlaC adhesion, invasion 150 

 

Colonization of the mucus layer 

After ingestion of contaminated food or water C. jejuni efficiently colonizes the mucus 

of the small and large bowel. Mucin glycoproteins contain fucose and serine, which are 

strong chemoattractants and major carbon source of C. jejuni (76, 110). The spiral 

shape and polar flagella movement likely facilitate the efficient penetration of the 

mucus layer (111, 112). In human biopsies, large number of C. jejuni are found deep in 

the intestinal crypts. C. jejuni contains several putative mucin-degrading enzymes but 

their functionality remains to be validated. Ex vivo studies with human ileal tissue 

indicated that at prolonged infection C. jejuni forms microcolonies that adhere to the 

tissue via flagella (113). Many studies indicate that C. jejuni that lack flagella or carry a 

short flagellum consisting of only FlaB show reduced levels of colonization of animals 

and reduced invasion of epithelial cells (112, 114). The most common human mucin 

MUC2, increases the expression of the flagellin major subunit FlaA (but not flaB) as 

well as putative virulence factors cytolethal distending toxin (CDT), the assumed 

adhesin JlpA, and the Campylobacter invasion associated protein CiaB (115). 

Together, these findings indicate a major role of intestinal mucus and bacterial motility 

and chemotaxis in C. jejuni colonization. 
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Adhesion to host cells 

Once within the crypts C. jejuni is supposed to adhere to the mucosal tissue. The 

specific mechanisms of cellular adhesion have not been fully elucidated. 

Campylobacter lacks fimbriae-mediated adhesion. Instead an array of putative surface 

adhesins have been proposed including surface polysaccharides, flagella, CadF, JlpA, 

CapA, Cj1349, FlpA and several PEB proteins. Corresponding receptors present on the 

apical site of intestinal cells, however, have not been identified for any of these proteins 

and systematic studies that evaluate the relative significance of the various proposed 

adhesins are lacking. One class of potential adhesins that include proteins CadF, 

Cj1349 and FlpA, is predicted to contain a fibronectin binding domain (116, 117). CadF 

and FlpA are located on the bacterial surface and promote bacterial adhesion in cell 

culture systems as well as chicken colonization (116–118). Another putative adhesin is 

the surface exposed lipoprotein JlpA that binds to Hsp90 on HEp-2 cells and triggers 

the activation of NF-κB and p38 MAP kinases (119). Several studies however, failed to 

confirm JlpA-dependent adhesion (120, 121) and a role of JlpA in the adhesion to 

chicken epithelial cells or in chicken colonization could not be demonstrated (117). The 

surface exposed autotransporter protein Cap confers moderate adhesion to human 

intestinal Caco-2 cells (122) but CapA is not conserved in Campylobacter and its role 

in the C. jejuni colonization of chicken is controversial (117, 122). For a long time, the 

proteins PEB1, PEB3 and PEB4 were considered to act as adhesins (123). Recent 

studies indicate that most of these proteins reside in the periplasm and are involved in 

amino acid transport. PEB1 has a high binding affinity for L-aspartate and L-

glutamate. Inactivation of PEB4 reduces C. jejuni adhesion but also reduces the 

amount of CadF protein (124). At this time, the function of PEB proteins as C. jejuni 

adhesins is still under debate. Overall, it can be concluded that in comparison to other 

enteropathogens, Campylobacter appears to have a variable repertoire of rather weak 

bacterial surface adhesins. 
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Cellular uptake of C. jejuni 

Several studies on human intestinal biopsies and infected macaques suggest that C. 

jejuni is endocytosed by epithelial cells (125, 126). In vitro studies confirm that C. jejuni 

is internalized by non-professional phagocytes, although the efficiency of uptake varies 

between laboratories perhaps due to the use of different strains and methods. One 

mechanism of bacterial uptake appears to be dependent on the so-called 

Campylobacter invasion antigens (especially CiaB) that are secreted from the flagellar 

export apparatus (127, 128). Several groups, however, reported unaltered invasive 

phenotypes for CiaB insertional mutants (55, 120, 121). Recently, a novel mechanism 

of C. jejuni invasion has been identified that is active under conditions of nutrient 

starvation. This mechanism involved rapid migration of C. jejuni underneath epithelial 

cells (a process termed subvasion), followed by unprecedented efficient entry (up to 50 

bacteria per cell at 2 h of infection) from the basal cell surface (120) (Figure 4). The 

molecular basis of this process remains to be elucidated. 

  

Cellular uptake of C. jejuni has been reported to require polymerized host cell 

microtubules and/or microfilaments or none of these cytoskeletal structures (129–

132). These results probably reflect the diversity of existing uptake pathways under 

different environmental conditions (133). Once inside cells C. jejuni resides in a 

membrane-bound cellular compartment (134). Some studies indicate the formation of 

a unique C. jejuni-containing vacuole (CCV) where the bacteria can survive and even 

replicate, possibly in a CiaI-protein dependent fashion (134, 135). Other suggest that 

C. jejuni cannot survive intracellularly (136). Whether the conflicting reports are solely 

caused by the poor recovery from bacteria that are adapted to the intracellular 

environment to the extracellular conditions (134), awaits further study.  
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Figure 4 C. jejuni infection (1 h) of primary cultures of epithelial cells.  

(A) Nutrient-starved C. jejuni subvade epithelial cells and then enter the cells at the basal cell surface in 

high numbers. (B) In nutrient-rich conditions the efficiency of cellular infection is low. (C) Confocal 

immune fluorescence microscopy showed high amounts of bacteria (red) inside the cell under starved 

conditions; host cell actin (green) was visualized with phalloidin. 

 

Bacterial translocation  

Enteropathogens including C. jejuni have been proposed to translocate across the 

epithelial barrier via three possible routes (Figure 5). The first pathway is via M-cells 

that sample antigens and particles from the lumen and transport them across the 

epithelium. This is a major infection route utilized by e.g. Salmonella, but may also be 

employed by Campylobacter (137). A second route is transcellular migration. In this 

scenario, C. jejuni is endocytosed by the epithelial cells, transported towards the 

basolateral cell surface, and released into the subepithelial space (138–140). The third 

mechanism is paracellular transport during which the bacteria pass intact, weakened 

or disrupted tight junctions between epithelial cells (141–143). Which pathway(s) are 

utilized by Campylobacter during the natural infection is unknown. In vitro disruption 

of the epithelial monolayer is observed after 24 to 48 h depending on start inoculum, 

strain and the cell type, while bacterial translocation across the monolayer appears a 

much more rapid event (144). In vivo the production of the cytolethal distending toxin 

by C. jejuni may limit cell renewal and thus facilitate bacterial passage of the 

epithelium.  
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Figure 5. Possible translocation routes of C. jejuni.  

After penetration of the intestinal mucus bacteria can migrate between epithelial cells (paracellular 

translocation), and/or invade the epithelial cells at the apical site and exit the cells at the basolateral site 

(transcellular translocation). C. jejuni may also cross the epithelial barrier via M-cells and then invade 

the epithelial cells at the basolateral surface. Once across the barrier, C. jejuni encounters professional 

immune cells. Infection of the human mucosa induces an inflammatory response that contributes to 

pathology. 

 

Secretion of virulence factors 

Many bacterial enteropathogens secrete virulence factors to damage the mucosal 

barrier and induce pathology. For a long time, the only toxic factor reported for C. 

jejuni was the cytolethal distending toxin (CDT). More recently, other factors have 

been identified including the proteins FspA, FlaC and C. jejuni invasion antigens (Cia). 

Typical type III secretion systems as present in certain other bacteria e.g. Salmonella 

spp. are absent in Campylobacter. Some Campylobacter strains, however, express a 

functional type VI secretion system. 
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 CDT consists of three membrane-associated subunits CdtA, CdtB and CdtC. All 

three proteins are needed for biological activity. CdtA and CdtC bind to host cell and 

forms a pore which enables CdtB to enter the cell and cause cytoxicity (145, 146). CDT 

causes cell cycle arrest at the G2/M phase, resulting in cellular distension and 

eventually apoptotic cell death (147). In addition, CDT induces NF-κB activation and 

IL-8 production (148). The toxin is secreted into the supernatant via outer membrane 

vesicles (149). 

  

The FspA and FlaC proteins and members of the Cia protein family are secreted 

through the flagellar export system (56, 128, 150). There are two isoforms of FspA 

(FspA1 and FspA2), and both require only a minimal flagella structure for secretion. 

Recombinant FspA2 causes apoptosis in INT-407 epithelial cells (56). As mentioned 

above, the secretion of the Cia proteins may facilitate bacterial uptake into host cells 

and influence intracellular survival by preventing fusion of the endosome with the 

lysosome (135). The FlaC protein structurally resembles the flagellin subunits FlaA and 

FlaB, but is not involved in flagellar assembly. Purified FlaC binds to HEp-2 cells (150), 

but its function as a putative virulence determinant remains elusive.  

  

Analysis of the culture supernatants of C. jejuni suggests the presence of several 

other secreted factors that are possibly involved in activation of the immune system 

(151, 152). The structure and significance of these factors await further investigation.  

 

Interaction of C. jejuni with the immune system 

The contact between C. jejuni and the intestinal tissues eventually induces 

inflammation with an influx of neutrophils and high numbers of leukocytes present in 

the feces (17). The molecular signals that drive the inflammation are beginning to be 

explored. Important receptors present on the intestinal cells and immune cells that 

initiate the innate immune response are the Toll-like receptors (TLR) and NOD-like 

receptors (NLRs). These receptors recognize conserved structural motifs from 

microbes, including DNA (TLR9), lipoproteins (TLR2 complex), LOS (TLR4), and 

flagellin (TLR5). Stimulation of the receptors activates NF-κB, which ultimately drives 

the production of pro-inflammatory cytokines and chemokines. Recent studies by our 

group indicate that C. jejuni bacterial lysates activate human TLR2 and TLR4. Intact 

C. jejuni however, did not activate the innate immune receptors, probably due to 
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shielding of the TLR ligands in the native bacteria (99). Furthermore, C. jejuni flagellin 

and DNA were unable to activate human TLR5 and TLR9, suggesting that live C. jejuni 

can evade immune recognition by these TLRs. Exchange of C. jejuni flagellins domains 

for homologues regions from Salmonella flagellin restored activation of human TLR5 

(153). 

 

 Human and chicken differ in TLR repertoire and function. Chicken have a larger 

variety of TLR2 complexes, a TLR4 complex that is unable to activate the MyD88-

independent signaling pathway (unlike mammalian TLR4), and lack TLR9 (154). 

Instead chickens express TLR15 and TLR21 which are absent in mammals. TLR15 is 

activated by microbial proteases (155), while TLR21 recognizes bacterial DNA (156). 

Comparison of the C. jejuni activation of human and chicken TLRs revealed that C. 

jejuni flagellin is also unable to activate chicken TLR5, but that C. jejuni DNA 

stimulates chicken TLR21 (99). The possible significance of these findings for the 

different course of C. jejuni infection in humans and chickens remains to be elucidated.  

  

C. jejuni has also been reported to activate human NLRC1 (also known as 

NOD1). This member of the NLR family responds to the peptidoglycan component D-

glutamyl-meso-diaminopimelic acid (iE-DAP). NLRC1 stimulation activates NF-κB 

and the inflammasome (157). The activation of the TLRs and NLR by C. jejuni 

molecules stimulate the production of among others IL-1β, IL-6, IL-8, and TNFα (100, 

158, 159). These factors contribute to the influx and activation of professional immune 

cells to the site of infection. The professional phagocytes will internalize C. jejuni. 

Whether the pathogen can survive within monocytes or macrophages is still under 

debate. Both intracellular replication and efficient bacterial killing by monocytes have 

been reported (134, 148, 160). In some cases, survival in primary monocytes was only 

observed in a subset of human donors (161). The molecular basis and significance of 

these findings for the course of infection are unknown.  
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Campylobacter - commensal or pathogen 

 

C. jejuni and C. coli are major foodborne pathogens but rarely cause animal disease. 

The molecular basis for this different behavior remains to be elucidated. The 

pathogenic Campylobacter appear to have only a few virulence determinants, of which 

CDT may show host specificity. Other factors that may contribute to pathogenicity are 

host-specific receptors and environmental factors, including the composition of the 

mucus, the composition of the intestinal flora, the availability of nutrients, and the 

innate host defense. In developing countries, Campylobacter is a pathogen early in life 

but shows mainly commensal behavior at older ages (14), suggesting that changes in 

intestinal flora and/or development of immunity cause a transition from pathogen to 

commensal behavior. 

 

 Besides optimal hygiene, future preventive measures can focus on prevention of 

pathology and/or the reduction of (nonsymptomatic) intestinal colonization and 

spread of Campylobacter. Prevention of disease requires neutralization of critical 

virulence determinants, which are not completely known. Fundamental research on 

Campylobacter pathogenesis is needed to enable rational vaccine design. Reduction of 

Campylobacter colonization and commensal behavior in humans and/or animals 

seems much more complex and requires detailed knowledge of the factors that enable 

Campylobacter survival in the intestine and spread into the environment. Better 

characterization of the bacterial adaptation mechanisms and metabolism are 

important first steps in this direction. One ongoing approach is to develop 

Campylobacter vaccines for use in poultry (162). Here a reduction of bacterial load 

may already be sufficient to achieve the urgently needed reduction of Campylobacter 

load in the food chain (14). At this time, only hygienic measures can be advocated as 

the simple solution to the problem of Campylobacter. The occurrence of >100 millions 

of cases of campylobacteriosis each year indicates that the preventive measures are not 

sufficient and that more innovative strategies are required to combat Campylobacter 

infections. 
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Abstract  

 

Campylobacter jejuni is a major cause of bacterial diarrheal disease. Most 

enteropathogenic bacteria including C. jejuni can invade cultured eukaryotic cells via 

an actin- and/or microtubule-dependent and an energy-consuming uptake process. 

Recently, we identified a novel highly efficient C. jejuni invasion pathway that involves 

bacterial migration into the subcellular space of non-polarized epithelial cells (termed 

subvasion) followed by invasion from the cell basis. Here we report cellular 

requirements of this entry mechanism and the subsequent intracellular trafficking 

route of C. jejuni in polarized islands of Caco-2 intestinal epithelial cells. Advanced 

microscopy on infected cells revealed that C. jejuni invades the polarized intestinal cells 

via the subcellular invasion pathway. Remarkably, invasion was not blocked by the 

inhibitors of microtubule dynamics colchicine or paclitaxel, and was even enhanced 

after disruption of host cell actin filaments by cytochalasin D. Invasion also continued 

after dinitrophenol-induced cellular depletion of ATP, whereas this compound 

effectively inhibited the uptake of invasive Escherichia coli. Confocal microscopy 

demonstrated that intracellular C. jejuni resided in membrane-bound CD63-positive 

cellular compartments for up to 24 h. Establishment of a novel luciferase reporter-

based bacterial viability assay, developed to overcome the limitations of the classical 

bacterial recovery assay, demonstrated that a subset of C. jejuni survived intracellularly 

for up to 48 h. Taken together, our results indicate that C. jejuni is able to actively 

invade polarized intestinal epithelial cells via a novel actin- and microtubule-

independent mechanism and remains metabolically active in the intracellular niche for 

up to 48 hours. 
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Introduction 

 

Campylobacter is the most common cause of bacterial diarrheal disease worldwide (1). 

It is estimated that each year up to 1% of the western population is infected with 

Campylobacter (2). Campylobacter jejuni (C. jejuni) is the most prominent cause of 

human infections. Major infection sources are contaminated chicken and surface 

water. C. jejuni displays commensal behavior in chicken. The molecular basis of the 

difference in pathogenicity of C. jejuni in human and chicken still remains to be 

resolved. In the human intestine, C. jejuni penetrates the mucus and colonizes the 

intestinal crypts in a very efficient manner (3). The crypts seem to be an optimal growth 

environment for C. jejuni (4). Several studies suggest that after colonization, C. jejuni 

can cross the mucosal barrier and invade intestinal cells (5–8). The exact 

mechanism(s) of invasion and the intracellular processing of the bacteria are not well 

understood. 

 

 Experimental studies using cell culture models indicate that C. jejuni can enter 

cells via different routes. Both actin-dependent and microtubule-dependent uptake 

into eukaryotic cells have been reported (7–11). The uptake process may require 

cellular factors such as caveolin-1 and the small Rho GTPases Rac1 and Cdc42, but not 

dynamin (12–14). The reports of different uptake requirements suggest that C. jejuni 

has evolved multiple mechanisms to gain access to eukaryotic cells, albeit with variably 

efficiency (8, 15). One of the most effective invasion pathways resulting in nearly 100% 

of bacterial uptake at low inoculate, involves the subvasion entry pathway. This 

mechanism involves migration of C. jejuni underneath cultured cells, followed by 

bacterial invasion from the basal cell side instead of the apical side (16). The sequence 

of events that drive this uptake process remains to be resolved. 

 

 Once inside the eukaryotic cells, C. jejuni is generally assumed to reside within 

a membrane-bound compartment. Both localization in endolysosomal compartments 

as well as in so-called Campylobacter containing vacuoles (CCV) have been reported 

(14). CCV are supposed to be a special compartment specifically induced by C. jejuni, 

reminiscent of Salmonella that creates its own vacuole Salmonella containing vacuole 

SCV (for review: see (17)). Whether C. jejuni survives inside epithelial cells is still under 

investigation (14, 16). Intracellular survival may vary dependent on the nature of the 
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C. jejuni containing compartment. Furthermore, the procedure to recover the 

intracellular C. jejuni may influence bacterial survival assay results (14, 18, 19). 

 

 The present study was designed to determine the unknown molecular events 

that are at the basis of the recently discovered C. jejuni subvasion entry route and to 

determine the trafficking and survival of C. jejuni after use of this infection pathway. 

Experiments were performed using polarized Caco-2 intestinal epithelial cells as a 

model system. A novel luciferase reporter system was developed to determine 

intracellular survival without the need of the debated bacterial recovery procedure. Our 

results indicate that the C. jejuni subvasion entry mechanism is driven by a novel actin- 

and microtubule-independent process that results in high numbers of intracellular 

membrane-bound bacteria of which a subset survives for up to 48 hours. 
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Materials and Methods 

 

Cell culture and reagents 

Caco-2 cells (CRL 2102, ATCC) were routinely cultured in 25 cm2 flask in 6 ml of 

DMEM plus 10% FCS and non-essential amino acids (NAA) at 37°C and 5% CO2. The 

following reagents were used: cytochalasin D, colchicine, paclitaxel, 2,3-dinitrophenol 

(DNP), and NAA (Sigma); Jasplakinolide and fluorsave (Calbiochem); Mouse anti-

EEA1 and mouse anti-GM130 (Becton Dickinson); Mouse anti-occludin, phalloidin-

Alexa fluor633, WGA-Alexa fluor633, and the secondary antibodies goat anti-mouse-

Alexa fluor488, goat anti-mouse-Alexa fluor568 and goat anti-rabbit-Alexa fluor568 

(Invitrogen). Mouse anti-CD63 (Immunotech); Rabbit anti-Lamp-1 (ab24710) 

(Abcam); Reporter Lysis Buffer (RLB) and Luciferase Assay Agent (Promega); Saponin 

agar plates, Mueller Hinton plates, Heart Infusion (HI) plates, HI broth (Biotrading), 

and CCDA (SR0155) (Oxoid). The C. jejuni-reactive polyclonal antiserum 625 was 

made by Eurogentec via immunization of rabbits with the outer membrane fraction of 

C. jejuni strain 81116.  

 

Bacterial culture 

C. jejuni strain 108 (wild type and the hyperinvasive p4 variant) (16) and strain 81-176 

(20) were routinely grown under microaerophilic conditions at 37°C on saponin agar 

plates containing 4% lysed horse blood or in 5 ml of HI broth (160 rpm). Kanamycin 

(50 µg/ml) was added to the media when appropriate. The GFP-fluorescent invasive E. 

coli strain E. coliinv (21) was grown on Luria-Bertani (LB) agar plates or in 5 ml of LB 

broth containing kanamycin (50 μg/ml) and chloramphenicol (40 μg/ml) at 37°C in 

air.  

 

Infection assay 

Caco-2 cells were grown on 12 mm circular glass slides for 48 h in DMEM plus 10% 

FCS and NAA at 37°C in a 10% CO2 atmosphere. Caco-2 cell islands were considered 

to consist of polarized cells when tight junctions were present as evident from occludin 

staining. All infection assays were performed as described here unless indicated 

otherwise. Cells were rinsed twice and incubated in 1 ml of pre-warmed Hepes buffer 

saline (22) containing 2 mM of phosphate until further use. In all infection assays, C. 

jejuni strains expressing the fluorescent markers mCherry or green fluorescent protein 
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(GFP) were used, unless indicated otherwise. Bacteria were grown (16 h, 37oC) in HI 

broth, collected by centrifugation (10 min, 3,000 x g), resuspended in pre-warmed 

Hepes buffer, and added to the cells at a bacteria to host cell ratio of 200. After 1 h of 

incubation (37°C, 5% CO2), the extracellular bacteria were removed by rinsing the cells 

twice with 1 ml of Dulbecco's PBS (DPBS). The washed cells were further incubated in 

1 ml of fresh DMEM without FCS for the duration of the assay. In co-infection 

experiments E. coliinv was added at a bacteria to host cell ratio of 20. The potential 

infection inhibitors cytochalasin D, colchicine, paclitaxel, jasplakinolide, 2,3-

dinitrophenol (DNP) or a combination of these compounds were added at 1 h prior to 

the addition of the bacteria, unless indicated otherwise. When potential infection 

inhibitors were used, the infection assays were performed in DMEM. When DNP was 

used, 50 mM of fumaric acid and 50 mM of sodium nitrate were added to the medium 

(DMEM) as alternative electron acceptors in order to ensure bacterial motility was 

maintained. DNP (3 mM) reduced ATP levels in Caco-2 cells by >70% as measured by 

the ATP determination kit (Invitrogen). Infections were stopped by rinsing the cells 

with 1 ml of DPBS and then used in survival assays or prepared for microscopy.  

 

Confocal microscopy 

Cells were processed for confocal microscopy as previously described (23) with some 

minor modifications. Infected Caco-2 cells were rinsed once with DPBS and the cell 

membrane was stained (10 min, 37°C, 5% CO2) with WGA-Alexa fluor633 (1:500 

dilution) in DPBS prior or post fixation. Samples were washed three times with DPBS, 

rinsed with 2% paraformaldehyde (PFA) in 100 mM of phosphate buffer (pH 7.4), fixed 

by incubating (1 h) with 4% PFA in 100 mM of phosphate buffer (pH 7.4), and when 

needed, permeabilized by incubating (30 min) with 1% Triton X-100 plus 1% BSA in 

DPBS. Cell organelles and (when needed) intracellular C. jejuni, were stained by an 

incubation (1 h, 20°C) of the cells with the appropriate primary antibody in DPBS plus 

2% BSA and, subsequently, with the appropriate secondary antibody (1:100) in DPBS 

plus 2% BSA. After three rinses with 1 ml of DPBS, the stained samples were mounted 

in fluorsave. Specimens were viewed in a Bio-Rad radiance 2100MP multiphoton 

confocal laser microscope and analyzed using ImageJ software. Islands of Caco-2 cells 

consisted of approximately 20 cells as can be deduced from Figure 1. Per experiment 

the entire slide was examined and on average three representative islands of cells were 
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imaged by making Z-stacks of the entire island. This did not allow a reliable 

microscopic quantification of the number of intracellular bacteria. 

 

Construction of fluorescent C. jejuni and E. coli strains 

C. jejuni strain 81-176-GFP was obtained by introduction via conjugation of plasmid 

pMA1 that contains the gfp gene encoding the green fluorescent protein (GFP) under 

control of the C. jejuni metK promoter (24). E. coliinv-GFP strain was obtained by 

introduction of the same pMA1 plasmid via heat-shock transformation. C. jejuni strain 

108-mCherry was constructed by introduction of plasmid pMA1-metK-mCherry via 

conjugation. This plasmid was constructed by replacing part of the gfp gene of pMA1-

metk-gfp by the mCherry gene (25) of pTVmCherry (generously provided by J.M. 

Wells, Wageningen University) using the SphI and BstB1 restriction sites. 

 

Construction of C. jejuni luciferase reporter strain 

For construction of the MetK-Luciferase plasmid, the luciferase (luc) gene of Photinus 

pyralis was PCR amplified from the ConA Luc plasmid (26) using Phusion polymerase 

(Fermentas) with primers Luc-fwd and Luc-rev containing a SphI or SacI site (Table 

1). The product was cloned into pJET1.2 (Invitrogen). The endogenous SphI and EcoRI 

sites in the cloned luc gene were then removed via nucleotide replacement without 

causing a change in amino acid sequence. Hereto PCRs were performed using the 

primer sets Luc-fwd and EcoRI-rev, and EcoRI-fwd and Luc-rev, respectively. The 

used EcoRI primers contained complementary sequences with the nucleotide 

exchange to remove the EcoRI site. The two PCR product fragments were mixed and 

amplified by PCR with primers Luc-fwd and Luc-rev to create the modified luc gene 

lacking the internal EcoRI site. The same strategy was applied to remove the SphI site 

except that this time the primers SphI-fwd and SphI-rev were used. The final product 

was ligated into pMA5-metK-GFP by replacing part of the gfp gene with the luc gene 

using the SacI and NcoI restriction sites, yielding pMA5-metK-luc. This plasmid was 

transformed into E. coli S17.1. The plasmid pMA5 is similar to the conjugative plasmid 

pMA1 (24) except that it lacks the 22 bp region containing the ribosomal binding site 

behind the C. jejuni metK promotor which remains active during C. jejuni infection of 

epithelial cells as suggested by proteome analysis (27). The 22 bp region was removed 

by digestion of pMA1 with SphI and SacI and insertion at the same site of the metK 

promoter amplified from pMA1 with the primers metK-SphI-fwd and metK-SacI-rev. 
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The nucleotide sequence of pMA5 and the modified luc gene were verified by DNA 

sequencing (Baseclear, Leiden). 

 

 pMA5-metK-luc was introduced into C. jejuni strains via conjugation (24). In 

short, a 16 h culture of E. coli S17-1 containing pMA5-metk-luc grown in LB medium 

was diluted to an optical density (550 nm) of 0.05 in 5 ml of LB medium without 

antibiotic and incubated shaking (160 rpm) at 37˚C. In parallel a 16 h culture of C. 

jejuni was diluted to an optical density of 0.5 in 5 ml of HI medium and incubated 

under microaerophilic conditions (37°C, 160 rpm). When the recombinant E. coli 

culture reached an OD550 of 0.4, 1 ml of the C. jejuni suspension was collected by 

centrifugation (10 min, 5,000 x g) and resuspended in 1 ml of the E. coli culture. The 

mixture was suspended onto Mueller-Hinton plates and incubated (37˚C) under 

microaerophilic conditions. After 5 h of incubation the bacteria were collected by 

centrifugation and plated onto saponin agar plates containing 4% lysed horse blood, 

CCDA Campylobacter selective supplement (Oxoid), and 50 μg/ml of kanamycin. 

Single C. jejuni colonies containing pMA5-metK-luc were collected after 48 h of 

incubation. 

 

Table 1. Primers used in this study. 

Primer name sequence 
Luc-fwd 5’-CCGAGCTCAGGAGATATCATGGAAGACGCCAAAAAC-3’ 

Luc-rev 5’-GGCCATGGTCACAATTTGGACTTTCCGCCC-3’ 

EcoRI-fwd 5’-GCACTGATAATGAACTCCTCTGGATCTACTGGG-3’ 

EcoRI-rev 5’-CCCAGTAGATCCAGAGGAGTTCATTATCAGTGC-3’ 

SphI-fwd 5’-GCGTCAGATTCTCGCACGCCAGAGATC-3’ 

SphI- rev 5’-GATCTCTGGCGTGCGAGAATCTGACGC-3’ 

metK-SphI-fwd 5’-GCATGCAGTTGATTTTAACTAACTTTTGCT-3’ 

metK-SacI-rev 5’-GAGCTCATTTAAAATGAACCACAATTGTATC-3’ 

Restriction site are underlined. Nucleotides used to delete restriction sites are in bold. 

 

Gentamicin survival assay 

Infection assays were performed with C. jejuni containing pMA5-metK-luc as 

described above, except that after 5 h of infection in Hepes buffer, cells were washed 

and replaced with DMEM containing gentamicin (250 µg/ml) to kill the extracellular 

C. jejuni. After 3 h of additional incubation in the presence of gentamicin, the cells were 

incubated (37°C, 5% CO2) in DMEM plus 10% FCS containing 50 µg/ml of gentamicin 

for up to 42 h. The amount of intracellular bacteria was estimated by treating the Caco-
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2 cells with 0.1% Triton X-100 in DMEM, (15 min, 20oC), followed by plating of serial 

dilutions of the cell lysate onto saponin agar plates containing kanamycin (50 μg/ml). 

Bacterial colony forming units were enumerated after 48 h of incubation of the saponin 

plates in a low oxygen (0.2%) or microaerophilic (5% oxygen) environment. Presented 

results are from three individual assays performed in duplicate. Data were analyzed 

using Graphpad Prism software. 

 

Luciferase reporter assay 

Infection experiments for luciferase and gentamicin killing assays were carried out 

simultaneously and in an identical fashion. Caco-2 cells were inoculated with C. jejuni 

and C. jejuni containing pMA5-metK-luc. After lysis of the cells with 0.1% Triton X-

100 in DMEM, (15 min, 20oC), lysate was pelleted (10 min, 3,000 x g), further lysed 

with 1x RLB supplemented with 1% Triton-X100, and placed at -80°C for at least 30 

min. The cell lysate was analyzed for luciferase activity in a luminometer (TD20/20, 

Turner Designs) immediately after adding 50 µl of Promega Luciferase Assay Agent to 

the sample as described (28). Presented results are from three individual assays 

performed in duplicate. Data were analyzed using Graphpad Prism software. 



 

 

66 | Chapter 3 

 

 

3 

 

 

 

 

& 

Results 

 

Basolateral C. jejuni invasion of polarized epithelial cells  

C. jejuni poorly enters intact monolayers of polarized epithelial cells but invades non-

polarized epithelial cells from the basolateral cell surface (16, 29–31). To investigate 

the ability of C. jejuni to invade polarized epithelial cells from the basal cell side, we 

performed infection assays with cultured islands of polarized Caco-2 intestinal cells. 

This approach was meant to enable the bacteria to access the subcellular compartment 

from the edges of the island and from there to migrate underneath the cells to invade 

polarized cells without chemical disruption of tight junctions. The presence of tight 

junctions in the cultured islands of Caco-2 cells was confirmed by confocal microscopy 

on occludin-stained cell cultures (Figure 1A) and considered as indicator of cell 

polarization. 

 

Microscopic examination on islands of polarized Caco-2 cells infected with 

mCherry-fluorescent C. jejuni strain 108 for 1 h showed C. jejuni mainly located 

underneath cells at the edges of the islands (Figure 1B). Confocal microscopy at 5 h of 

infection revealed the presence of large numbers of intracellular C. jejuni not only in 

cells at the edge of the islands but also in the center (Figure 1C). These observations 

reflect the recently discovered migration of C. jejuni underneath non-polarized cells 

(subvasion) which is followed by bacterial invasion from the basal cell side (16). Similar 

subvasion-dependent invasion of polarized Caco-2 islands was observed for the GFP-

fluorescent 81-176 (Figure 1D). Control experiments with intact monolayers of Caco-2 

cells rather than islands of cells yielded no invasive C. jejuni consistent with previous 

results that showed minimal bacterial penetration via the apical cell surface (16). 

Together, these results suggest that C. jejuni efficiently invades an intact layer of 

polarized epithelial cells from the basal cell side once an access point is available.  
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Figure 1. C. jejuni invades polarized Caco-2 islands via subvasion with high efficiency.  

Confocal laser microscopy on non-infected and C. jejuni-infected islands of polarized Caco-2 cells. (A) 

Uninfected island of Caco-2 cells stained with the membrane marker WGA-Alexa fluor633 (Blue) and 

an anti-occludin antibody (Green) showing the presence of tight junctions. (B) Caco-2 cells (Blue) at 1 h 

of infection in DMEM showing C. jejuni strain 108p4 (Red) mostly located at the basal side of cells near 

the edge of the island of polarized cells. (C) Caco-2 cells (Blue) at 5 h of infection in DMEM 

demonstrating intracellular C. jejuni strain 108p4 (Red) at the center of the island of cells with tight 

junctions (Green). (D). Polarized Caco-2 cells (Blue) infected (1 h and 5 h) with a mixture of C. jejuni 

strains 108p4 (Red) and 81-176 (Green) showing invasion of Caco-2 cells by both strains. Transversal 

optical sections of the cells are depicted at the bottom of each panel to show the location of the bacteria 

relative to the cell basis. 
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Actin and microtubule-independent C. jejuni invasion of polarized Caco-2 cells 

As a first step towards understanding the mechanism(s) driving the basal invasion of 

the polarized cells, the islands of cells were incubated with the actin filament disrupting 

or stabilizing agents cytochalasin D and jasplakinolide, or the microtubule-filament 

disrupting or stabilizing drugs colchicine and paclitaxel. The compounds were added 

to the epithelial cells at 1 h prior to inoculation of C. jejuni strain 108. Disruption of the 

actin cytoskeleton dynamics using cytochalasin D (3 μM) or jasplakinolide (1 μM) 

enhanced rather than blocked C. jejuni invasion, as evident from the number of 

intracellular bacteria observed in the confocal microscope (Figure 2A). Similarly, 

fixation of the microtubules with paclitaxel (1 μM) did not inhibit C. jejuni invasion 

(Figure 2B). Disruption of the microtubules with colchicine (10 μM) severely reduced 

the number of intracellular bacteria (Figure 2B), but also the number of subcellular C. 

jejuni. In an attempt to distinguish the effect(s) of colchicine on the subvasion and 

subsequent invasion process, the islands of polarized epithelial cells were infected for 

1 h with C. jejuni 108 to allow bacterial subvasion to occur, prior to the addition of 

colchicine. This procedure did not block bacterial invasion (Figure 2C), suggesting a 

role of microtubules in allowing subcellular migration rather than bacterial invasion.  

 

To corroborate the actin and microtubule-independent invasion of C. jejuni, the 

polarized Caco-2 cells were treated with the combination of cytochalasin D (3 μM) and 

colchicine (10 μM) prior to infection with C. jejuni strain 108 or strain 81-176. This 

yielded large numbers of intracellular bacteria for both strains (Figure 3A and 3B). 

Control experiments in which Caco-2 polarized islands or semi-confluent int-407 

(Figure S1) were co-infected with a mixture of C. jejuni 108 and invasive E. coli 

expressing the invasin of Y. pseudotuberculosis (E. coliinv), demonstrated the expected 

invasion of C. jejuni (Figure 3C), whereas the uptake of E. coliinv was effectively 

blocked, in agreement with the well-documented actin-dependence of the E. coliinv 

uptake mechanism (21). Overall, the results suggest that C. jejuni subvasion requires 

intact microtubules, but that efficient C. jejuni invasion into polarized epithelial cells 

can occur via an actin- and microtubule-independent mechanism.  
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Figure 2. Microtubule and actin cytoskeleton-independent C. jejuni invasion of Caco-

2 cells.  

Islands of polarized Caco-2 cells were infected (2 h) with C. jejuni strain 108p4 (Red) in the absence of 

presence of the indicated actin cytoskeleton or microtubules disrupting or stabilizing drugs. Cells were 

fixed and stained with WGA-alexa fluor633 (Blue). Infected cells were visualized with confocal 

microscopy. The following drugs were used: (A) cytochalasin D (3 µM) and jasplakinolide (1 µM) added 

at 1 h prior to infection; (B) colchicine (10 µM) or paclitaxel (1 µM) added at 1 h prior to infection; (C) 

Colchicine (10 µM) added at 1 h after start of the infection and cells fixed at 2 h post infection. As control, 

cells were pre-treated with an equivalent amount of solvent DMSO (Final concentration 0.2%). 
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Figure 3. Enhanced invasion of C. jejuni strains 108 and 81-176 after disruption of the 

host cell cytoskeleton.  

Islands of polarized Caco-2 cells were pre-treated (1 h) with cytochalasin D (3 µM) and colchicine (10 

µM) and infected (2 h) with C. jejuni and/or E. coliinv (Green). Cells were fixed and stained with WGA-

alexa fluor633 (Blue). Infected cells were visualized with confocal microscopy. Polarized cells were 

infected with: (A) C. jejuni strain 108p4 (B) C. jejuni strain 108p4 (Red) and 81-176 (Green) in Hepes 

buffer. (C) C. jejuni strain 108p4 (Red) and E. coliinv (Green). As control, cells were pre-treated with an 

equivalent amount of solvent DMSO (Final concentration 0.2%). Note the strong invasion of C. jejuni 

and the inhibition of E. coliinv invasion in the presence of the added compounds. 

 

C. jejuni invasion in ATP-depleted epithelial cells 

Most enteropathogens trigger their own uptake into eukaryotic cells through activation 

of cellular endocytic processes that require energy-consuming rearrangement of the 

actin cytoskeleton and/or microtubule network (32, 33). As C. jejuni apparently can 

invade eukaryotic cells via an actin- and microtubule-independent pathway, we 

determined the energy dependence of the C. jejuni invasion mechanism. Hereto 

infection experiments were performed in the presence of 3 mM of 2,3-dinitrophenol 

(DNP). DNP disrupts the production of mitochondrial ATP causing depletion of most 

of the cellular ATP. DNP treatment inhibits Salmonella and Shigella invasion by more 

than 95% (34). Confocal microscopy on polarized Caco-2 cells infected (2 h) with a 
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mixture of GFP-fluorescent E. coliinv and mCherry fluorescent C. jejuni strain 108 

demonstrated the expected severe reduction of invasion of the DNP-treated cells for E. 

coliinv (Figure 4). However, C. jejuni still invaded the polarized cells in the presence of 

DNP. This result is consistent with the apparent absence of energy-consuming 

cytoskeletal changes during the C. jejuni entry process.  

 

 

Figure 4. Effect of ATP depletion on C. jejuni and E. coliinv invasion. 

Islands of polarized Caco-2 cells were treated for 1 h with 3 mM of DNP and then infected with C. jejuni 

strain 108p4 (Red) and E. coliinv (Green) for 2 h after which the cells were stained with WGA-Alexa 

fluor633 (Blue), fixed, and visualized with confocal microscopy. As a control, islands were treated with 

an equivalent amount of solvent acetone (final concentration: 0.3%) and infected. Note that DNP 

inhibits the invasion of E. coliinv but not of C. jejuni.  

 

C. jejuni traffics into an endolysosomal compartment 

To learn more about the trafficking of C. jejuni that entered the polarized epithelial 

cells via the basal invasion pathway, we followed the intracellular localization of the 

bacteria using confocal laser microscopy. To synchronize bacterial invasion into the 

polarized Caco-2 islands, the cells were infected with mCherry-fluorescent C. jejuni 

strain 108 for 1 h to allow subvasion to occur, after which the medium was replaced to 

remove all extracellular bacteria limiting further subvasion. At different duration of 

infection, the cells were fixed and immuno-stained using EEA1, CD63 and GM130 as 

markers of early endosomes, late endo(lyso)somes, and Golgi apparatus, respectively. 

Confocal microscopy showed that after 1 h of infection C. jejuni did not co-localize with 

any of the labeled cellular compartments and were mainly present at the basal cell 
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surface (Figure 5 and Figure S2). After 5 h of incubation, the majority (~95%) of the C. 

jejuni resided in CD63-positive membrane-bound vacuoles. C. jejuni remained in these 

compartments for the duration of the infection (24 h). Similar co-localization was 

observed with the late endosomal marker Lamp-1 (Figure 5) consistent with earlier 

studies (14, 35). At the times of infection (1h, 5h, 24 h) investigated C. jejuni only rarely 

co-localized with EEA1-positive early endosomal compartments and did not seem to 

be specifically localized in close vicinity of the Golgi apparatus. After 48 h of infection, 

mCherry-positive bacteria did appear absent from the cells. However, staining with 

anti-C. jejuni antibody targeting the outer membrane still revealed the presence of 

intracellular C. jejuni, although these bacteria had lost their characteristic spiral shape 

(Figure S3). 
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Figure 5. C. jejuni resides within CD63-positive cellular compartments. 

Islands of Caco-2 were infected with C. jejuni strain 108 (red) for 1 h, washed, further incubated for up 

to 24 h, and fixed. After fixation, the cell surface was stained with WGA-Alexa fluor633 (Blue) and, after 

permeabilization, cellular compartments (Green) were stained with the marker antibodies EEA1 (early 

endosome), CD63 and Lamp-1 (endolysosome), or GM130 (Golgi apparatus) in combination with goat 

anti-mouse-Alexa fluor488. Infected cells were visualized with confocal microscopy. Note the strong co-

localization between invasive C. jejuni and the CD63-positive compartment at 5 h of infection.  
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Intracellular survival of a subset of C. jejuni 

The intracellular fate of the large numbers of C. jejuni that invaded via the basal 

invasion pathway was investigated first using the gentamicin recovery assay. Polarized 

Caco-2 islands were infected with C. jejuni strains 108 or 81-176 for 5 h, treated with 

gentamicin (250 µg/ml) for 3 h, and then lysed directly or at various time points after 

further incubation of the cells in the presence of a low dose (50 µg/ml) of gentamicin. 

Intracellular bacteria were recovered on saponin agar plates at 5% O2 or 0.2% O2, at 

different time points during infection (Figure 6A). After 8 h of infection about 106 

intracellular bacteria per well were recovered for both strains. At prolonged infection 

(24-48 h), bacterial numbers gradually declined. For this period, C. jejuni strain 81-

176 showed higher recovery rates than strain 108. After 48 hours, a small 

subpopulation of C. jejuni was still successfully recovered from the cells. Recovery at 

different oxygen levels which may facilitate the bacterial transition to the extracellular 

environment (14), had no significant effect on the results, although slightly more 

bacteria were recovered in a low oxygen environment at the later time points.  

 

As the gentamicin assay results are the end product of bacterial invasion, 

intracellular survival and the bacterial adaptive abilities during recovery onto agar 

plates, we designed a novel luciferase reporter assay that allows direct assessment of 

intracellular bacterial viability. To establish this assay, the firefly luciferase reporter 

gene of Photinus pyralis was placed behind the C. jejuni metK promoter and cloned 

into the conjugative plasmid pMA5. The plasmid was then introduced into C. jejuni 

strains 108 and 81-176. The used Photinus pyralis gene encodes a luciferase with short 

half-life and high sensitivity (36), enabling the detection of approximately 105 bacteria. 

The half-life of the luciferase in C. jejuni was determined to be about 30 min (Figure 

S4). Microscopy on infected cells using the recombinant C. jejuni revealed similar 

bacterial invasion levels as the parent strains at 3 h of infection. Luciferase assays on 

infected cells showed that luciferase values gradually dropped between 24 – 48 h of 

infection. After 48 h luciferase values were still detected. This time no difference was 

noted between the two strains, as comparable numbers of bacteria for both strains were 

measured at 8-32 h of infection, in contrast to the results of the gentamicin assay 

(Figure 6B). These results suggest that invasion of different C. jejuni strains via the 

subvasion entry pathways results in a subset of C. jejuni that remains metabolically 

active inside the eukaryotic cells for up to 48 h. 
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Figure 6. Bacterial viability of intracellular C. jejuni. 

Islands of polarized Caco-2 cells were infected with C. jejuni for 5 h in Hepes buffer, washed, incubated 

(3 h) with gentamicin (250 μg/ml) in DMEM, washed again, and incubated for an additional 42 h in 

DMEM plus 10% FCS with a low dose of gentamicin (50 μg/ml). At the indicated times, samples were 

prepared for bacterial viability assay. (A) Gentamicin killing assay showing the bacterial recovery of 

intracellular C. jejuni strains 108 containing pMA5-metK-luc (white and light grey bars) and 81-176 

containing pMA5-metK-luc (dark grey and black bars) from Caco-2 cells at the indicated duration of 

infection. CFU were enumerated after 48 h of recovery on agar plates in a 0.2% oxygen (white and dark 

grey bars) and 5% oxygen (light grey and black bars) environment and indicated as CFU per well. (B) 

Bacterial viability as measured by bacterial luciferase reporter assay at the indicated time points. Values 

for results presented in (A) and (B) are the mean ± SEM of at 3 independent experiments in performed 

in duplicate.  
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Discussion 

 

Bacterial pathogens are generally assumed to enter mucosal cells via microbe-directed 

uptake mechanisms that involve an energy-consuming rearrangement of the host cell 

cytoskeleton (37–40). Here we report that different strains of C. jejuni efficiently 

invade polarized epithelial cells via an actin- and microtubule-independent 

mechanism, even in the presence of the ATP-depleting compound DNP. The highly 

efficient invasion occurred at the basal cell side of polarized epithelial cells and resulted 

in intracellular bacteria residing in CD63-positive cellular compartments. A novel 

luciferase reporter-based bacterial viability assay revealed survival of a subset of the 

intracellular C. jejuni for up to 48 hours. The unusual qualities of the described C. 

jejuni invasion mechanism underline the different nature of this pathogen compared 

to other enteropathogens.  

 

C. jejuni invasion of eukaryotic cells is well established. Multiple uptake 

pathways have been proposed and frequently shown to depend on actin- and/or 

microtubule rearrangements in the host cell (for reviews, see (41–43)). Our results 

indicate that the highly efficient C. jejuni entry of the polarized cells involves a different 

mechanism that does not require gross rearrangement of the cytoskeleton. In fact, 

most efficient entry of C. jejuni was noted in the presence of the actin- and microtubule 

polymerization inhibitors. The increase in C. jejuni invasion in the presence of 

cytochalasin D may be explained by increased accessibility to the subcellular space due 

to retraction of cell protrusions. The actin cytoskeleton stabilizing compound 

jasplakinolide also increased invasion, probably due to inhibition of the turnover of 

actin filaments which may eventually also result in a loosening of cell attachment. At 

first glance, the microtubule inhibitor colchicine seemed to block invasion. However, 

when added together with cytochalasin D, or at one hour after inoculation, this effect 

was overcome suggesting that colchicine merely prevented subvasion rather than the 

bacterial entry into the cells. We are not aware of other enteropathogens capable of 

entering mucosal cells via a seemingly actin- and microtubule-independent pathway. 

One possible scenario is that C. jejuni actively penetrates the host cells driven by 

flagella motility perhaps to some extent reminiscent of actin motility-driven cell to cell 

movement of intracellular Listeria monocytogenes to neighboring cells (44). This 

hypothesis would be consistent with the limited effect of ATP depletion of the host cells 
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on the C. jejuni invasion compared to the strong inhibition of E. coliinv invasion (Figure 

3) and Salmonella and Shigella invasion (34). We consider a differential effect of DNP 

on E. coli and C. jejuni as a cause of the different invasion unlikely as invasin-mediated 

uptake does not require viable or motile bacteria; even invasin-coated beads are taken 

up by eukaryotic cells (45). The observed negative effect of DNP on C. jejuni motility 

was overcome after the addition to the medium of alternative electron acceptors. 

 

The efficient invasion of C. jejuni into polarized Caco-2 cells resembles the 

previously reported subcellular route of invasion of the pathogen into non-polarized 

cells (16). For the entry of polarized epithelial cells it was essential to use islands of 

polarized epithelial cells rather than intact monolayers. C. jejuni has been reported to 

traverse intact monolayers (29, 46, 47). In the current study, we never observed 

bacterial entry of intact monolayers from the basal cellular compartment. Apparently, 

a port of entry to gain access to the subcellular compartment, as was present at the 

edges of the polarized Caco-2 islands, is required to start the cellular infection. This is 

in line with previous work showing C. jejuni infection of polarized cells only after 

EDTA-induced disruption of the tight junctions which provide access to the subcellular 

space (16, 31). This raises the question as to how C. jejuni may reach the subcellular 

space and invade the cells when the mucosal barrier is intact. Here basically three 

scenarios can be envisioned. One possibility is that C. jejuni transiently disrupts or 

translocates across tight junctions to pass the epithelial cell layer. This has been 

reported to occur in vitro for cells grown on a Transwell support (48–50). 

Alternatively, the growth of C. jejuni in the intestinal crypts may ultimately disrupt the 

integrity of the epithelial cells, resulting in damage to the cell barrier and free access to 

the subcellular space. Finally, C. jejuni may target and passage through to mucosal M-

cells, which are specialized epithelial cells equipped to sample the intestinal lumen and 

to deliver the content to underlying immune cells. M-cell mediated transcytosis to the 

subcellular compartment and subsequent entry into epithelial cells has been 

demonstrated to occur in vivo for enteropathogens like Shigella (for reviews: see (51, 

52)). Interaction of C. jejuni with M-cells has been observed in the rabbit intestine 

model (53). 
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The C. jejuni invasion at the cell basis of polarized epithelial cells ultimately 

resulted in the presence of C. jejuni in Lamp-1 and CD63-positive membrane-bound 

compartments (Figure 4). This localization resembles the endolysosomal compartment 

that has been identified in several other studies as an intracellular niche for C. jejuni, 

despite that these bacteria may have been internalized via a different uptake system 

(14, 18). The apparent absence of co-localization of C. jejuni with the early endosome 

marker EEA1 may indicate a rapid intracellular trafficking or perhaps even a bypassing 

of this route after uptake by this novel invasion pathway. At prolonged infection, a close 

association of C. jejuni with the Golgi apparatus has been reported (14). Although the 

same strain was used in the present study, we were not able to confirm this finding, but 

we feel it too early to conclude that this variable result is caused by C. jejuni using 

different invasion pathways. An unexpected microscopic observation was the apparent 

absence of C. jejuni in the host cells after 48 h of infection. Control experiments using 

C. jejuni-specific antibodies revealed the presence of C. jejuni albeit with changed 

morphology. The loss of the bacterial fluorescent marker (mCherry protein) may 

indicate that C. jejuni underwent major metabolic changes at prolonged infection (27).  

 

Classical gentamicin killing assays confirmed the presence of viable C. jejuni 

inside the polarized epithelial cells. The number of bacteria gradually declined with 

duration of the infection with a slight difference in recovery between the two tested C. 

jejuni strains (Figure 6B). At this point, it should be noted that the gentamicin killing 

assay reflects the ability of C. jejuni to invade cells and to adapt to the intracellular 

environment and, subsequently, to the extracellular environment during the recovery 

on agar plates. It has previously been demonstrated that efficacy of the C. jejuni 

recovery from the intracellular compartment varies with the growth conditions during 

recovery (14, 19). To corroborate our findings we therefore developed a novel 

complementary bacterial viability assay based on the production of firefly luciferase 

with a short half-life. Introduction of a plasmid carrying the luciferase gene of Photinus 

pyralis in front of the metK promoter into C. jejuni enabled assessment of bacterial 

viability with a sensitivity of 105 bacteria. Previous proteome analysis of intracellular 

C. jejuni has shown stable levels of the methionine adenosyltransferase transcribed by 

the metK gene (27). The application of this novel method learned that the difference in 

bacterial 'survival' measured for the two strains in the gentamicin assay was, in fact, 

caused by a difference in the efficiency of C. jejuni recovery from the cells. As 
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important, the combination of both methods demonstrated that a subset of the 

intracellular C. jejuni population was still surviving and metabolically active after 48 h 

of infection, suggesting that they succeeded in adopting an intracellular lifestyle. 

 

In conclusion, our results demonstrate that C. jejuni has the ability to invade 

polarized epithelial cells via an actin- and microtubule independent process, even after 

depletion of host cell ATP and that a subset of intracellular bacteria can survive 

intracellularly for prolonged periods. Major future challenges are to demonstrate the 

activity of this novel infection route in the natural environment of the human host and 

to develop inhibitors of infection. 
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Supporting information  

 

 

Figure S1. Effect of disruption of host cell cytoskeleton and ATP depletion on C. jejuni 

and E. coliinv invasion in semi-confluent int-407 cells. 

Semi-confluent int-407 grown on 12 mm circular glass slides for 48 h in DMEM plus 5% FCS were pre-

treated (1 h) with cytochalasin D (3 µM) and colchicine (10 µM) or Dinitrophenol (3 mM) and infected 

(2 h) with C. jejuni strain 108p4 (Red) and/ or E. coliinv (Green). Cells were fixed and stained with WGA-

Alexa fluor633 (Blue). Infected cells were visualized with confocal microscopy. As control, cells were 

pre-treated with an equivalent amount of solvent DMSO (Final concentration 0.2%) or solvent acetone 

(final concentration: 0.3%) and infected. Note the strong invasion of C. jejuni and the inhibition of E. 

coliinv invasion in the presence of the added compounds. 
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Figure S2. Intracellular 

localization of C. jejuni within 

polarized Caco-2 islands  

Islands of Caco-2 were infected with 

C. jejuni strain 108 (red) for 1 h, 

washed, further incubated for up to 

24 h, and fixed. After fixation, the 

cell surface was stained with WGA-

Alexa fluor633 (Blue) (except when 

Lamp-1 was stained) and, after 

permeabilization, cellular 

compartments (Green) were stained 

with the marker antibodies EEA1 

(early endosome), CD63 

(endolysosome), or GM130 (Golgi 

apparatus) in combination with goat 

anti-mouse-Alexa fluor488. Infected 

cells were visualized with confocal 

microscopy. Results of the separate 

and merged channels are shown. 

 

 

 



 

 

Cytoskeleton-independent invasion of C. jejuni | 85

 

 

3 

 

 

 

 

& 

 

Figure S3. Staining of intracellular C. jejuni with a Campylobacter-specific antibody 

at 48 h of infection. 

Islands of polarized Caco-2 cells were infected with C. jejuni strain 108 for 3 h in Hepes buffer, washed, 

incubated (3 h) with gentamicin (250 μg/ml) in DMEM, washed again, and incubated for an additional 

42 h in DMEM plus 10% FCS with a low dose of gentamicin (50 μg/ml). After fixation cells were stained 

with WGA-alexa fluor633 (Blue). Confocal micrograph showing the presence of C. jejuni strain 108 

(Red) as judged from the expression of mCherry (left panel) and after staining with Campylobacter-

specific antibodies in combination with goat-anti-rabbit-Alexa fluor568 (Red)(right panel) at 48 h of 

infection.  

 

 

 

Figure S4. Determination of luciferase half-life in C. jejuni.  

Chloramphenicol (40 µg/ml) was added to 2.5 ml of overnight culture of C. jejuni strain 108 containing 

pMA5-metK-luc and incubated (4 h) at 37°C in a 10% CO2 atmosphere. Every hour a sample of 2 x 108 

bacteria was taken and luciferase activity was determined and indicated as relative light units (RLU). 

RLU as expressed as percentage of total RLU measured at t=0. Values are the mean of three separate 

experiments performed in duplo ± SEM. The half-life of luciferase in C. jejuni was determined as 

approximately 30 min. 
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Abstract 

 

Recognition of pathogen-associated molecular patterns (PAMPs) by innate Toll-like 

and NOD-like receptors induces a strong inflammatory response. Campylobacter 

jejuni, the leading cause of bacterial food-borne disease, causes massive but still largely 

unexplained intestinal inflammation. Here we report the discovery of a novel small 

periplasmic C. jejuni β-glucan that strongly activates NF-κB in human but not murine 

epithelial cells independent of the well-established TLR or NOD pathways. The glucan 

is released into the environment after cessation of growth and its production is 

independent of the bacterial N-glycosylation or O-glycosylation machinery or capsule 

production. The glucan activates NF-κB via a FAK, TAK1, p38-dependent signaling 

pathway as identified using a phosphorylation kinase assay and known signaling 

inhibitors. Transcript analysis confirmed that the compound enhanced expression of 

mainly NF-κB regulated pro-inflammatory and immune genes. The identification of 

this novel Campylobacter-specific non-classical PAMP that acts independent of TLR 

and NOD pathways, adds a new element to the emerging repertoire of bacterial species-

specific PAMPs.  

 

Author Summary 

 

Our innate immune system continuously senses for the presence of pathogens in order 

to timely respond to the dangers of infection. The sensing receptors of the host typically 

recognize conserved microbial structures (PAMPs) to enable a broad defense against a 

wide range of microbes. Important classes of innate immune receptors are the Toll-like 

and Nod-like receptors that activate pro-inflammatory gene expression via a multi-step 

process. Novel findings indicate that the innate immune system may also respond to 

less-conserved, more bacterial species-specific compounds. Here we report that the 

principal bacterial food-borne pathogen Campylobacter jejuni produces a small pro-

inflammatory molecule that activates the innate immune system independent of the 

well-established Toll- and Nod-like detection systems. This novel C. jejuni-specific 

innate immune activator (a beta-glucan) is released by the bacteria and induces a 

potent pro-inflammatory response in human but not murine cells. This novel trait may 

contribute to C. jejuni disease and exemplifies the importance of bacteria-specific 

factors in activation of the innate immune response.  
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Introduction 

 

Mucosal tissues face the continuous challenge to accommodate beneficial microbiota 

while protecting against bacterial pathogens. The difficulty of this task is illustrated by 

the estimated 3-5 billion cases of gastro-intestinal illness each year (1). One of the 

leading causes of human enterocolitis is the bacterial pathogen Campylobacter jejuni. 

Human campylobacteriosis manifests as intestinal discomfort with abdominal pain, 

fever, and (bloody) diarrhea. In about one percent of the cases, serious complications 

may follow such as the acute auto-immune paralyzing neuropathy Guillain-Barré 

syndrome (2). Despite its large health impact and extensive research efforts, the 

molecular basis of Campylobacter pathogenesis is still largely unresolved. Once 

ingested, C. jejuni crosses the mucus layer and colonizes the bottom of the crypts of the 

colon. Undefined factors then cause breaching of the epithelial layer and a massive 

neutrophil influx with crypt abscess formation (3–5), likely explaining the acute 

inflammatory pathology observed during C. jejuni infection. 

  

Key features in C. jejuni pathogenesis appear to be the interaction with epithelial 

cells and the induction of a potent early immune response. In the appropriate in vitro 

environment C. jejuni actively invades epithelial cells with high efficiency and is rapidly 

ingested by professional phagocytes (6–10). The potent inflammatory response is 

assumed to result from interaction of bacterial cell wall constituents with multiple 

types of innate immune receptors. Indeed, C. jejuni activates Toll-like receptors TLR1, 

TLR2, TLR4, TLR6 (but not TLR5 and TLR9) (11), while C. jejuni peptidoglycan 

activates intracellular NOD-like receptor (NLR) family (12–14). C. jejuni N-linked 

glycoproteins and distinct lipooligosaccharide glycoforms are recognized by the 

macrophage galactose-type C-type MGL (CD301/CLEC10A) (15). The different 

signaling cascades initiated by C. jejuni innate receptor recognition all result in 

activation of nuclear factor kappa-B (NF-κB) transcription factors, which are master 

regulators of immune and inflammatory genes (16, 17). The high levels of IL-1β 

observed during natural infection (18) likely results from C. jejuni activation of the 

NLRP3 inflammasome (8). 
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 The growing awareness that classical pathogen-associated microbial patterns 

(PAMPs) are typically present in both bacterial pathogens and innocent bacterial 

species and thus may have a more general role in intestinal immune homeostasis (19), 

led us to search for the existence of potent C. jejuni-specific mechanisms of NF-κB 

activation that may contribute to the establishment of human infection. As a result, we 

report here the discovery of a novel non-classical C. jejuni PAMP that after release into 

the medium activates NF-κB in human but not murine cells, independent of the TLR- 

and NLR- signaling pathways 
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Materials and Methods 

 

Cell culture and reagents 

The cell lines HeLa 57A carrying a NF-κB luciferase reporter (20) and J774.A1 (ATCC 

TIB-67) were routinely cultured in 25 cm2 tissue culture flasks in DMEM plus 10% FCS 

at 37˚C and 10% CO2. THP-1 (ATCC TIB-202) were cultured in RPMI plus 10% FCS at 

37˚C and 5% CO2. MM6 (21) and RAW 264.7 cells (ATCC TIB-71) were grown in IMDM 

plus 10% FCS at 37˚C and 10% CO2.  

 

The following reagents were used: DMEM, RPMI, FBS, L-Glutamine, 

gentamicin, trypsin, trizol, primers, Penicillin/Streptomycin, SuperScript III Reverse 

Transcriptase (Life Technologies); FCS (Bodinco); Dulbecco`s Phosphate Buffered 

Saline (DPBS) (PAA); Glucose, kanamycin, chloramphenicol, Tris, HCl, sucrose, 

EDTA, EGTA, apyrase, polymyxin B, lysozyme, Wortmannin, Genistein, Resveratrol, 

Tyrphostin AG1478, AG 1517, SB 203580, SB 239063 GW5074, BAY 11-7085, 

Staurosporine, Pertussis toxin, (5Z)-7-Oxozeaenol, GF 109203X, LY204002, PD 

0325901, FR 108240, FAK inhibitor 14, RGDS, sodium (meta) periodate, Calcofluor 

white, β-glucosidase from almonds, α-glucosidase from Saccharomyces cerevisiae 

(Sigma Aldrich); DNase, DEPC-H2O, nuclease-free H2O, BamHI (Thermo); 

Pam3CSK4, FSL, Poly I:C, CL-97, ODN2006, C12-Iedap, L18-MDP, Gefitinib 

(Invivogen); proteinase K (Merck); Reporter Lysis Buffer (RLB) and Luciferase Assay 

Agent (Promega); Saponin agar plates with 4% horse blood, Mueller Hinton plates, 

Heart Infusion (HI) plates, Luria-Bertani (LB) plates, sheep blood agar plates, LB 

broth, HI broth (Biotrading); Campylobacter selective supplement and charcoal 

cefoperazone desoxycholate agar (CCDA) (SR0155) (Oxoid); RNA easy isolation kit, 

DNase, RNase (QIAgen); Concentrator 9K MWCO, concentrator PES 3K MWCO 

(Pierce); Centricon 100k MWCO and 30K MWCO (Millipore); DEAE fast flow 

sepharose, CM fast flow sepharose (GE Healthcare); RNA Bee (Bio-connect); Human 

Phospho-Kinase Array (ARY003B) R&D Systems; Takyon qPCR Kits for SYBR assays, 

qRT-PCR kits for Probe Assay (Eurogentec); Pronase (Roche); TNFα (BD). LPS from 

Neisseria meningitides and flagellin from Salmonella enterica serovar Enteritidis 

strain 706 were purified as described (22, 23). 
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Bacterial culture 

All C. jejuni strains (listed in Table S1) were routinely grown on saponin agar plates at 

37°C or in 5 ml of HI broth or defined medium (DM) plus 0.05% glucose for 16-18 h at 

42°C at 160 rpm under microaerobic conditions. Kanamycin (50 µg/ml) or 

chloramphenicol (20 μg/ml) were added as appropriate. All C. jejuni mutant strains 

were grown in 24-well plates in 1 ml of HI plus 0.05% glucose for 21 h at 42°C without 

shaking. All other bacterial species were grown on sheep blood agar plates or in 5 ml 

HI broth plus 0.05% glucose for 20 h at 37°C.  

 

Preparation of C. jejuni supernatant and bacterial lysate 

Supernatant of C. jejuni grown in HI or DM until OD550 of 1.0-1.2 was collected by 

centrifugation (18,000 x g, 1 min, 20oC), filtered (0.22 µm filter) and stored at –20°C 

until use. The bacterial pellet (~2-2.4*109 CFU) was taken up in DPBS, sonicated (3x 5 

s with 30 s pause) and stored at -20°C until use.  

 

The non-classical PAMP (ncPAMP) was isolated from bacteria grown for 16 h 

under standard conditions with a start OD550 of 0.0125 from a 5 h pre-culture. Bacteria 

were washed (5,000 x g, 15 min, 4°C), taken up in H2O (15x concentrated), and 

incubated at 20°C. After 1 h the supernatant was collected (18,000 x g, 2 min, 20oC), 

filtered (0.22 µm filter), and passaged over a <10 kDa or <3 kDa Centricon 

concentrator. Fractions were stored at -20°C until use.  

 

Treatment of the C. jejuni supernatant 

Culture supernatant or ncPAMP were incubated (3 h, 37°C) with polymyxin B (100 

µg/ml), apyrase (4,400 U/ml), proteinase K (100 µg/ml), DNase (200 U/ml), RNase 

(200 U/ml), Pronase (100 µg/ml), lysozyme (100 µg/ml), trypsin (0.05%) or α- or β-

glucosidase (333 U/ml) followed by an enzyme inactivation step (5 min, 95°C). 

Incubation of supernatant or ncPAMP treated with heat-inactivated enzymes served as 

control except in case of the (semi-)heat resistant polymyxin B, α-glucosidase, and β-

glucosidase for which medium was used as control. Size-fractionation of ncPAMP was 

done using Centricon concentrators with different MWCO according to manufacturer’s 

protocol. DEAE or CM sepharose beads were used for ion-exchange fractionation of 

ncPAMP. After incubation (1 h incubation, 4°C) the supernatant was collected by 

centrifugation (500 x g, 5 min, 20oC). ncPAMP acid hydrolysis was done by incubating 

(1 h, 50°C) ncPAMP with 0.001-0.1 M HCl. The pH of the mixtures ranged from pH 
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~3.5-1.5. Sodium (meta) periodate (10 mM) treatment was done for 30 min at 20°C 

after which glucose (40 mM) was added to the samples. As a control ncPAMP or TNFα 

were treated with sodium (meta) periodate pre-incubated (15 min) in the presence of 

40 mM of glucose. Periodate and/or glucose itself did not activate NF-κB in HeLa 57A 

cells. ncPAMP or TNFα were pre-treated with Calcofluor white (0-0.5%) for 30 min at 

20°C. Samples were either used directly or stored at -20°C.  

 

Stimulation of HeLa 57A cells 

Twenty-four hours after seeding of HeLa 57A cells into 48-well plates, cells were 

washed twice with DMEM and 10 µl of bacterial supernatant or another stimulus was 

added. After 5 h at 37oC, cells were washed twice (DPBS), lysed by adding 1x RLB, and 

placed at -80°C (minimal 30 min). After thawing (at 20oC) the cell lysate was analyzed 

for luciferase activity in a luminometer (TD20/20, Turner Designs) immediately after 

addition of Promega Luciferase Assay Reagent to the sample as described (24). Cellular 

inhibitors or there solvent (DMSO, ethanol, methanol, H2O) were added 5 min before 

stimulation as appropriate. None of the inhibitors induced NF-κB activation by itself. 

 

Cellular fractionation of C. jejuni 

Planktonic cultures of C. jejuni (16 h) were fractionated based on the protocol of Myers 

and Kelly (25). Briefly, bacteria were collected in two tubes by centrifugation (18,000 

x g, 5 min) and the supernatants were filtered (22 µm) and stored (-20°C) until further 

use. The first pellet was taken up in DPBS and lysed via sonication on ice (thrice, 5 s 

pulse with 30 s pause) (lysate fraction). The 2nd pellet was incubated (10 min, 20°C, 

with shaking) in 30 mM Tris-HCl (pH 8) plus 20% (w/v) sucrose plus 1 mM EDTA, 

and collected (11,600 x g, 10 min, 4°C). The pellet was incubated (10 min, 4°C) with ice 

cold 10 mM Tris-HCl (pH 8) and centrifuged (18,800 x g, 15 min). The supernatant 

was stored as the periplasmic fraction and the pellet taken up in ice cold 10 mM Tris-

HCl (pH 8), sonicated (twice, 5 s pulse with 30 s pause), collected by centrifugation 

(~26,000 x g, 20 min, 4°C) and stored as the membrane fraction. The supernatant was 

further centrifuged (~135,000 x g, 80 min, 4°C) to separate the soluble cytoplasmic 

fraction and pelleted membrane fraction which was resuspended in 10 mM Tris-HCl 

(pH 8). 
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Generation of C. jejuni mutants 

C. jejuni mutants were essentially generated as described previously (8). In short, 

target genes and their flanking regions were PCR amplified from chromosomal DNA 

from strain 81116 using the primers “gene name” fwd and “gene name” rev (Table S2), 

ligated into pGEM-T easy, and transformed into E. coli DH5α. Isolated plasmids were 

used to inactivate the genes galU, gale and GSP genes via an outward PCR with primers 

“gene name” BamHI fwd and “gene name” BamHI rev. BamHI sites were introduced 

to enable insertion of the chloramphenicol cassette from pAV35 or the kanamycin 

cassette from pMW2. The ciaB gene was inactivated by inserting the kanamycin 

cassette from pMW2 via HindIII-BclI digestion of ciaB. Gene inactivation constructs 

were verified by sequencing. The vectors were introduced individually via 

electroporation or natural transformation into C. jejuni using chloramphenicol (20 

µg/ml) or kanamycin (25 µg/ml) selection. All gene disruptions were confirmed via 

PCR. Sequences were analyzed and aligned using Clone Manager 9 software (Sci-Ed). 

 

RNA isolation  

HeLa 57A cells grown in a 6-well plate for 18 h were stimulated with 80 µl of ncPAMP 

(<3kDa) without changing media. After 2 h of incubation, RNA was isolated and used 

in the microarray as described (26). In short, RNA was isolated using Trizol treatment 

followed by purification using the RNeasy column with on column DNase treatment. 

RNA was aliquoted and used for the RNA array or as template in the real time RT-PCR. 

The purity and concentration of the RNA was analyzed using a BioAnalyzer (Agilent). 

RNA isolated from several cell lines was isolated using RNA-Bee according to 

manufacturer's protocol. RNA was treated with 1 μg of DNAse per μg of RNA for 30 

min at 37˚C. The DNase was inactivated by heating for 10 min at 65˚C in the presence 

of 2.5 mM EDTA. 

 

Microarray gene expression analysis 

The microarray experiment was performed 4 times, as a direct comparison between 

ncPAMP-treated and control HeLa 57A cells. Opposite labeling of two of four sample 

sets generated a balanced dye-swap design. Microarrays used were human whole 

genome gene expression microarrays V2 (Agilent, Belgium) representing 34127 H. 

sapiens 60-mer probes in a 4x44K layout. Probe sequences from this array were re-

annotated by BLAST-searching against genomebuild version 76_38 at EMSEMBL. 

cDNA synthesis, cRNA amplification, labeling, quantification, quality control and 
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fragmentation were performed with an automated system (Caliper Life Sciences 

NV/SA, Belgium), starting with 3 µg of total RNA from each sample, as previously 

described in detail (27). Microarray hybridization and washing was with a 

HS4800PRO system with QuadChambers (Tecan, Benelux) using 1200 ng, 1.5-2% 

Cy5/Cy3 labeled cRNA per channel as described (27). Slides were scanned on an 

Agilent G2565BA scanner at 100% laser power, 30% PMT. After automated data 

extraction using Imagene 8.0 (BioDiscovery), Loess normalization was performed (28) 

on mean spot-intensities. Data were further analyzed by MAANOVA (29), modeling 

sample, array and dye effects in a fixed effect analysis. P-values were determined by a 

permutation F2-test, in which residuals were shuffled 10,000 times globally. Gene 

probes with p<0.05 after family wise error correction (FWER) were considered 

significantly changed. In cases of multiple probes per gene, the values from the most 3’ 

probe were used. A fold change cutoff of 2 was used. The microarray results have been 

deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series 

accession number GSE70610 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70610) (30). 

 

Real time RT-PCR  

mRNA levels were determined in the LightCycler 480 Real-Time PCR System (Roche) 

using the Takyon qPCR Kits for SYBR assays or the qRT-PCR kits for Probe Assay 

(Eurogentec) according to manufactures protocol with the primers and probes (listed 

in Table S2). Per reaction 50 ng of DNase treated RNA was used as template. Real time 

cycle conditions: 3 min at 95˚C, 40 cycles 5 sec 95˚C and 10 sec 60˚C, 3 min 95˚C. 

mRNA levels were calculated by subtracting the corresponding Ct values obtained for 

samples before (1) and after (2) treatment using the following formula: (1) ΔCt control=Ct 

target gene control – Ct Actin control, (2) ΔCt target gene treat – Ct Actin treated. The fold change in mRNA 

was determined by: Fold change= 2(ΔCt(treated)-(ΔCt(control)) (22). Presented results are from 

three individual assays performed. 
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Ex-vivo stimulation of colon tissue from germ-free mice 

Mice were maintained at the Yale School of Medicine, and all treatments were in 

accordance with Yale Animal Care and Use Committee guidelines. The colons of four 

6-months old germ free C57BL/6 mice were removed under sterile conditions, opened 

longitudinally, and cut into 5 mm pieces. Pieces were randomly mixed and incubated 

in 0.5 ml DMEM plus 10% FBS, 2 mM L-Glutamine, Penicillin/Streptomycin (100 

units/ml and 100 µg/ml, respectively) and Gentamicin (200 mg/ml). Colon tissues 

were stimulated with 25 µl of ncPAMP (<3kDa, DEAE and CM sepharose beads 

treated) for 0, 2, 4 and 6 h. Total RNA was then isolated using Trizol Reagent and cDNA 

was prepared using SuperScript III Reverse Transcriptase. Gene transcription was 

analyzed using Taqman Gene Expression Assays for mouse HPRT, IL-6 and CXCL-1 

(Mm03024075_m1, Mm00446190_m1 and Mm04207460_m1, respectively) on a 

7500 Real-Time PCR Systems (Applied Biosystems). 

 

Phospho-Kinase Array 

HeLa 57A cells grown overnight in a 6-well plate were stimulated with 80 µl of ncPAMP 

(<3kDa) for 15 min with medium change. The assay was performed according to the 

manufacturer's protocol. The cells were lysed to 1*107 cells/ml and the maximum 

volume of lysed cells were used in the assay. Blots were developed on the ChemiDoc 

MP System (Biorad). Data were analyzed using Image lab software (Biorad). 

 

Statistical analysis 

Results were analyzed using GraphPad Prism 5 software. Where appropriate 

significance was calculated using a paired student t-test. Significance is annotated with 

asterisk; P value 0.01-0.05 = *, 0.001-0.01 = **, 0.001 = ***, not significant=ns. 

 

Ethics statement 

All animal work was approved by the Institutional Animal Care and Use Committee 

(IACUC) of Yale University at New Haven under IACUC#: 2014-11640. Yale 

University IACUC is governed by applicable Federal and State regulations, including 

those of the Animal Welfare Act (AWA), Public Health Service (PHS), and the United 

States Department of Agriculture (USDA) and is guided by the U.S. Government 

Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research 

and Training.  
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Results 

 

C. jejuni culture supernatant activates NF-κB independent of TLR and NOD 

receptors. 

In search for soluble immune modulating factors, C. jejuni strain 81116 culture 

supernatant collected after 24 h of growth was tested for NF-κB activation using HeLa 

57A cells carrying a NF-κB driven luciferase reporter gene. Stimulation of the cells with 

C. jejuni conditioned medium for 5 h strongly activated NF-κB in contrast to 

unconditioned medium (Figure 1A). Conditioned media from other C. jejuni strains 

isolated from different sources (human, chicken) and of the related Campylobacter 

coli (H1) also activated NF-κB (Figure 1A), although the response varied probably in 

part due to growth differences between strains. As NF-κB activation often follows the 

recognition of bacterial PAMPs by TLRs or NLRs, we determined the functional TLR 

and NOD receptor repertoire of HeLa 57A cells. Stimulation of the cells with the 

classical TLR agonists Pam3CSK4, LTA, Poly I:C, LPS, flagellin, CL-97, or ODN2006 

did not induce NF-kB activation, indicating the absence of a functional TLR1, TLR2, 

TLR3, TLR4, TLR5, TLR6, TLR7, and TLR9. Similarly, the NOD1 and NOD2 ligands 

C12-Iedap and L18-MDP yielded no NF-κB response in these cells (Figure 1B). These 

results indicated that C. jejuni conditioned medium apparently contains a non-

classical PAMP (ncPAMP) that activates NF-κB via a TLR- and NLR-independent 

mechanism. 

 

Release kinetics and cellular localization of the NF-κB activator.  

To learn more about the release in time of the C. jejuni ncPAMP, bacteria and culture 

supernatants were collected at different growth phases and temperatures and tested 

for NF-κB activation. Culturing at different temperatures (37°C vs 42°C) had no effect 

on NF-κB activation (Figure 1C-D). Bacterial lysate from early log phase bacteria 

activated NF-κB. This activity diminished to minimal levels in stationary phase derived 

bacterial lysates. Conversely, NF-κB stimulating activity in the medium was low in 

early log phase and maximal in stationary phase grown C. jejuni, suggesting gradual 

release of the compound into the medium after cessation of growth. 
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In an attempt to localize the bacterial compartment containing the ncPAMP, a 

pellet of a 16 h culture of C. jejuni was separated into cellular fractions. Addition of the 

C. jejuni lysate or the separate fractions to HeLa 57A cells showed high luciferase 

activity for the bacterial lysate and the isolated periplasmic fraction. The membrane, 

cell wall, and cytosolic fractions did not activate NF-κB (Figure 1E).  

 

 To specifically isolate the active periplasmic fraction without medium 

components, we subjected 16 h grown C. jejuni to a hypo-osmotic shock. Incubation of 

bacterial pellets in sterile water for 1 h effectively released the periplasmic content 

including the NF-κB activating factor (Figure 1F). The isolation procedure successfully 

released the ncPAMP from all tested Campylobacter strains (Figure 1F). Application 

of the procedure to a large set of other bacterial species yielded negative results except 

for Neisseria meningitidis (Figure 1G).  
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Figure 1. C. jejuni NF-

κB activator released 

into the sup activates 

NF-κB independently of 

TLR/NOD activation. 

NF-κB activation by C. jejuni 

culture supernatant, lysate 

or PAMPs in HeLa 57A cells 

after (5 h) incubation. (A-B) 

Cells stimulated with C. 

jejuni (81116 A) supernatant 

(10 µl), Pam3CSK4 (100 

ng/ml), FSL (100 ng/ml), 

Poly(I:C) (10 µg/ml), LPS 

(100 ng/ml), FliC (1 µg/ml), 

CL-97 (2 µg/ml), ODN2006 

(500 nM), L18-MDP (100 

ng/ml) or C12-iE-DAP (100 

ng/ml). (C-E) Cells 

stimulated with (10 µl) lysate 

(square) or (10 µl) 

supernatant (round) isolated 

at different time points 

grown at 42°C (C) or 37°C 

(D) or cellular fractions of C. 

jejuni strain 81116 (E). (F-G) 

Cells stimulated with (10 µl) 

ncPAMP of a panel of 

cultured (16 h) bacteria. NF-

κB activation by ncPAMP of 

strain 81116 was set as 100% 

value. Relative luciferase 

units (RLU) are presented as the mean ± SEM of two (C, D, G) or three (A, B, E, F) independent 

experiments performed in duplicate. 
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Characteristics of the C. jejuni non-classical PAMP. 

In search for the nature of the novel C. jejuni ncPAMP the supernatant and the isolated 

ncPAMP from several C. jejuni mutants with defects in bacterial flagella, protein 

secretion, N-/O-glycosylation machinery, LOS or capsule production were tested for 

NF-κB activation. All mutant strains induced activation (Figure S1). Therefore, 

supernatant and/or the isolated ncPAMP was subjected to a series of analytical assays. 

Incubation with DNase, RNase, proteinase K, Pronase, apyrase, polymixin B, or 

lysozyme did not significantly reduce luciferase activity (Figure 2A-B), virtually 

excluding that the ncPAMP consists of DNA, RNA, protein, lipid A, or peptidoglycan. 

Similarly, incubations at 95°C for 5-10 min did not reduce ncPAMP activity, while a 

35% reduction in activity was noted after exposure to 95oC for 30 min (Figure 2C-D), 

suggesting considerable heat stability of the compound. Size exclusion experiments 

using Centricon filters and reverse phase HPLC (data not shown), and ion-exchange 

chromatography using weak anion (DEAE) or weak cation (CM) sepharose beads 

revealed that the ncPAMP is a non-charged compound that is smaller than 3 kDa 

(Figure 2E-F). Stepped acid hydrolysis (1-100 mM HCl) at 50°C severely reduced NF-

κB activation (Figure 2G), whereas sodium periodate treatment, which opens 

saccharide rings, fully abolished NF-κB activation by C. jejuni supernatant but not by 

the mock-treated TNF-α control (Figure 2H). These results point to a carbohydrate 

nature of ncPAMP. Indeed, pre-incubation with calcofluor white, which binds to β-1,3 

and β-1,4-polysaccharides (31), severely reduced NF-κB activation (Figure 2I), while 

treatment with β-glucosidase (but not α-glucosidase) completely abolished the 

ncPAMP-induced NF-κB activation (Figure 2J). Overall, these result indicate that the 

released C. jejuni ncPAMP has a small uncharged oligosaccharide backbone with β-

glucan linkages that are crucial for NF-κB activation. 
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Figure 2. Characterization of the NF-κB activating compound. 

NF-κB activation in HeLa 57A after stimulation (5 h) with C. jejuni strain 81116 supernatant (10 µl), 

ncPAMP (10µl) or TNFα (5 ng/ml). (A-B, J) Supernatant (A) or ncPAMP (B, J) treated (3 h at 37°C) 

with polymyxin B (100 µg/ml), apyrase (4460 U/ml), proteinase K (100 µg/ml), DNase (200 U/ml), 

RNase (200 U/ml), Pronase (100 µg/ml), lysozyme (100 µg/ml), trypsin (0.05%) or α/β-glucosidase 

(333 U/ml) (J). For the negative control the enzymes were heat inactivated prior incubation or 

incubated with H2O (polymyxin B, α/β-glucosidase). (C-D) Supernatant (C) or ncPAMP (D) incubated 

5 or 30 min at 95°C before stimulation. (E-F) Separation of ncPAMP based on size (E) or (F) on charge 

before stimulation. (G-I) Treating ncPAMP or TNFα (5 ng/ml) with (G) HCl (0.01- 0.1 M) at 50°C (1 h), 

(H) (10 mM) periodate (30 min) or (I) (0.02-0.5%) Calcofluor white (30 min) prior to stimulation. For 

mock periodate treatment glucose (40 mM) was added before incubation. NF-κB activation by ncPAMP 

of strain 81116 was set as 100% value (C, E). Values are presented as the mean ± SEM of three 

independent experiments performed in duplicate. 

  



 

 

102 | Chapter 4 

 

 

 

4 

 

 

 

& 

Host specificity of C. jejuni ncPAMP-stimulated NF-κB response.  

In order to determine the possible cell type and/or host species specificity of the 

response to the identified C. jejuni ncPAMP, the effect of the compound was tested in 

several cell lines of human and mouse origin. Transcript analysis of the NF-κB 

regulated IL-6, IL-8 (mCXCL-2) and IL-1β genes after stimulation (2 h) of cells with 

ncPAMP or (control) LPS, demonstrated that ncPAMP increased relative IL-6 and/or 

IL-8 mRNA levels in HeLa 57A cells and human THP-1 monocytes (Figure 3A). THP-1 

cells also showed upregulation of IL-1β mRNA. In contrast C. jejuni ncPAMP did not 

enhance the transcription of the homologous genes in the murine RAW 264.7 and 

J774.A1 macrophage cell lines, although these cells did respond to LPS (Figure 3A) and 

other classical TLR agonists from C. jejuni (8, 11). The absence of a response to 

ncPAMP of the murine cells confirmed that the isolated ncPAMP is virtually free of 

classical TLR agonists.  

 We also tested the effect of ncPAMP on cytokine expression ex-vivo using 

intestinal biopsies from germ-free mice. RT-PCR analysis on isolated colon tissue 

incubated for 0, 2, 4 and 6 h with ncPAMP did not yield an increase transcripts of IL-

6 or mCXCL-1 (Figure 3B). These results are consistent with the apparent resistance of 

the cultured mouse cells to ncPAMP.  

Figure 3. ncPAMP upregulates IL-6 

and IL-8 mRNA expression level 

exclusively in human cells. 

(A-B) mRNA expression levels of IL-1β, IL-6, 

IL-8 (or mCXCL-2, mCXCL-1) in human 

(HeLa 57A, THP-1), mouse (RAW 264.7, 

J774.A1) cell lines or mouse ex vivo colon 

tissue after stimulation (2 h A, 2-6 h B) with 

ncPAMP (10 µl A or 25 µl B), or LPS (100 

ng/ml). Values are presented as the mean ± 

SEM of three independent experiments (A) or 

4 mice (B) performed in duplicate. 
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Gene repertoire activated by ncPAMP.  

To assess the complete repertoire of early transcriptional changes induced by C. jejuni 

ncPAMP, a microarray was performed with isolated mRNA from 2 h stimulated HeLa 

57A cells. Results showed significant downregulation of 90 gene transcripts and 

upregulation of 237 transcripts (Table S3). Downregulation was never more than 2-

fold, while 37 out of 237 upregulated genes showed >2-fold increase in transcript levels 

(Table 1). Most of these genes (31) are known to be regulated by NF-κB, suggesting that 

ncPAMP mainly activates the NF-κB signaling pathway. Analysis of these genes using 

InnateDB (32) showed that the majority is connected to an inflammatory response and 

the innate immune system (Figure 4). The highest upregulated gene was IL-8 

consistent with the result of the real-time RT-PCR that used the same template RNA 

(Figure 3A). Six out of the 37 upregulated genes were found to be not associated with 

the NF-kB pathway but had diverse or unknown functions (C8orf4, NCOA7, CCDC71L, 

OR6K3, DUSP16, and GFPT2). Overall, the results of the array indicate that C. jejuni 

ncPAMP induces mainly expression of NF-κB regulated inflammatory genes.  
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Table 1. Genes significantly upregulated by ncPAMP stimulation (2 h) in HeLa 57A.  

Gene Bio Seq Description p-value Ratio 

IL8 interleukin 8 [Source:HGNC Symbol;Acc:6025] 0,0000 36,4 

IRAK2 interleukin-1 receptor-associated kinase 2 [Source:HGNC Symbol;Acc:6113] 0,0000 9,9 

TNFAIP2 tumor necrosis factor, alpha-induced protein 2 [Source:HGNC Symbol;Acc:11895] 0,0000 6,8 

TNFAIP3 tumor necrosis factor, alpha-induced protein 3 [Source:HGNC Symbol;Acc:11896] 0,0000 6,4 

CXCL2 chemokine (C-X-C motif) ligand 2 [Source:HGNC Symbol;Acc:4603] 0,0000 6,3 

BIRC3 baculoviral IAP repeat containing 3 [Source:HGNC Symbol;Acc:591] 0,0000 6,2 

PTGS2 prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and 

cyclooxygenase)  

[Source:HGNC Symbol;Acc:9605] 

0,0000 5,5 

CCL2 chemokine (C-C motif) ligand 2 [Source:HGNC Symbol;Acc:10618] 0,0000 5,1 

RELB v-rel reticuloendotheliosis viral oncogene homolog B [Source:HGNC 

Symbol;Acc:9956] 

0,0000 5,0 

OLR1 oxidized low density lipoprotein (lectin-like) receptor 1 [Source:HGNC 

Symbol;Acc:8133] 

0,0000 5,0 

NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha  

[Source:HGNC Symbol;Acc:7797] 

0,0000 3,9 

CD83 CD83 molecule [Source:HGNC Symbol;Acc:1703] 0,0000 3,7 

EFNA1 ephrin-A1 [Source:HGNC Symbol;Acc:3221] 0,0000 3,3 

TNFAIP6 tumor necrosis factor, alpha-induced protein 6 [Source:HGNC Symbol;Acc:11898] 0,0059 3,2 

IL6 interleukin 6 (interferon, beta 2) [Source:HGNC Symbol;Acc:6018] 0,0012 3,0 

ITGB8 integrin, beta 8 [Source:HGNC Symbol;Acc:6163] 0,0016 3,0 

CXCL3 chemokine (C-X-C motif) ligand 3 [Source:HGNC Symbol;Acc:4604] 0,0017 2,9 

C8orf4 chromosome 8 open reading frame 4 [Source:HGNC Symbol;Acc:1357] 0,0000 2,9 

NFKB1 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 [Source:HGNC 

Symbol;Acc:7794] 

0,0000 2,7 

SOD2 superoxide dismutase 2, mitochondrial [Source:HGNC Symbol;Acc:11180] 0,0000 2,7 

NFKBIE nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 

epsilon  

[Source:HGNC Symbol;Acc:7799] 

0,0000 2,6 

PTX3 pentraxin 3, long [Source:HGNC Symbol;Acc:9692] 0,0000 2,5 

BDKRB1 bradykinin receptor B1 [Source:HGNC Symbol;Acc:1029] 0,0000 2,4 

NCOA7 nuclear receptor coactivator 7 [Source:HGNC Symbol;Acc:21081] 0,0000 2,3 

BCL3 B-cell CLL/lymphoma 3 [Source:HGNC Symbol;Acc:998] 0,0000 2,3 

CCDC71L coiled-coil domain containing 71-like [Source:HGNC Symbol;Acc:26685] 0,0000 2,3 

NR4A1 nuclear receptor subfamily 4, group A, member 1 [Source:HGNC 

Symbol;Acc:7980] 

0,0002 2,2 

OR6K3 olfactory receptor, family 6, subfamily K, member 3 [Source:HGNC 

Symbol;Acc:15030] 

0,0000 2,2 

EREG epiregulin [Source:HGNC Symbol;Acc:3443] 0,0003 2,2 

TNFAIP8 tumor necrosis factor, alpha-induced protein 8 [Source:HGNC 

Symbol;Acc:17260] 

0,0003 2,2 

CXCL1 chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha) 

[Source:HGNC Symbol;Acc:4602] 

0,0000 2,2 

SLC16A9 solute carrier family 16, member 9 (monocarboxylic acid transporter 9) 

[Source:HGNC Symbol;Acc:23520] 

0,0000 2,1 

BIRC2 baculoviral IAP repeat containing 2 [Source:HGNC Symbol;Acc:590] 0,0000 2,1 

NEDD9 neural precursor cell expressed, developmentally down-regulated 9 

[Source:HGNC Symbol;Acc:7733] 

0,0002 2,1 

HIVEP2 human immunodeficiency virus type I enhancer binding protein 2 [Source:HGNC 

Symbol;Acc:4921] 

0,0000 2,1 

DUSP16 dual specificity phosphatase 16 [Source:HGNC Symbol;Acc:17909] 0,0000 2,0 

GFPT2 glutamine-fructose-6-phosphate transaminase 2 [Source:HGNC 

Symbol;Acc:4242] 

0,0043 2,0 

Gene mRNA levels were consider changed with a fold change >2 and a p-value <0.05. 
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Figure 4. ncPAMP causes 

upregulation of pro-

inflammatory response mainly 

via NF-κB. 

Analysis of the micro array data set 

by InnateDB on Biological process 

(A), signaling pathway (B) or 

transcription factors (T.F.) (C). –

LOG10 p-values represent the 

significance of over-representation of 

a process, pathway, transcription 

factor in the micro array data set (fold 

change >2 and a p-value <0.05). 

 

 

 

 

 

C. jejuni ncPAMP activates the FAK-TAK1-p38 MAPK signaling pathway. 

The C. jejuni ncPAMP intracellular signaling route that resulted in NF-κB activation 

was first investigated using a kinase phosphorylation array that contained 43 MAPK 

kinases and 2 related total proteins (HSP-60 and β-catenin). Screening of the array 

with lysate of ncPAMP-stimulated (15 min) or mock treated-HeLa 57A cells yielded 10 

kinases with enhanced phosphorylation after ncPAMP stimulation: ERK1/2, Chk-2, 

FAK, Yes, Lyn, STAT2, AMPKa2, PYK2, p53, Akt 1/2/3, HSP-60 (Figure 5A and Figure 

S2). Strongest increases were noted for PYK2 (301%), Akt 1/2/3 (245%) and p53 

(185%). PYK2 and FAK, belonging to the FAK family, and the kinases Yes and Lyn, 

belonging to the Src family, are all known to be involved in integrin, scavenger 

receptors, or G-protein coupled receptor signaling, and capable to activate NF-κB (33, 

34). Akt (also known as PKB) is involved in several signaling pathways including the 

PI3K and ERK pathway and is phosphorylated by a whole range of receptors. 

Phosphorylation of the p53 transcription factor which occurred at the position S15 and 

S392 but not at S46 may also occur through many signaling routes. The kinase array 

yielded no indications of ncPAMP activation of the JNK and Akt/PI3K signaling 

pathways. 
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Testing of a large panel of signaling inhibitors (Table 2) for their effect on 

ncPAMP stimulation of NF-κB revealed that inhibition of IκBα (BAY 11-7085), p38 (SB 

239063, SB 203580), TAK1 ((5z)-7-Oxozeaenol), and FAK (FAK inhibitor 14) strongly 

(> 80%) reduced the NF-κB response (Figure 5B). Inhibition of other major signaling 

pathways such as PI3K (wortmannin, LY 294002), MEK/ERK (PD 0325901, FR 

108204), PKC (GF 109203X), TRIF (Resveratrol) or Gi/Go proteins (Pertussis toxin) 

and α5β1/αVβ3 integrins (RGDS) did not block NF-κB activation. Some compounds 

caused a minor inhibition of the NF-κB response (GW 5074) or only at higher 

concentration were they may show promiscuous effects (Tyrphostin AG1478, 

Tyrphostin AG1517, and Gefitnib). Notably, the effect of ncPAMP was strongly 

enhanced (200%) in the presence of 0.1% DMSO. Combined with the phosphorylation 

array results, these findings suggest that C. jejuni ncPAMP activates NF-κB through 

the FAK-TAK1-p38 MAPK-IκBα signaling route. 

 

 

Figure 5. ncPAMP activates NF-κB via a FAK, TAK1, p38 dependent signaling route. 

(A) Phosphorylation levels of 26 kinases after stimulation (15 min) of HeLa 57A with ncPAMP (10 µl). 

Transcription factors (T.F.) (B) Effective inhibition of NF-κB activation by ncPAMP in HeLa 57A by the 

signaling inhibitors BAY-11-7085 (IκBα inhibitor), SB 239063 (p38 MAPK inhibitor), (5Z)-7-

Oxozeaenol (TAK-1 inhibitor), and FAK inhibitor. NF-κB activation by ncPAMP (strain 81116) with the 

inhibitors solvent was set as 100% value. Values are presented as the mean ± SEM of three independent 

experiments performed in duplicate. 
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Table 2. Effect of signaling inhibitors on NF-κB activation by ncPAMP.  

Inhibitor Target IC-50 Conc. used Conc. 

causing 

inhibition 

% of NF-

κB 

inhibition 

BAY 11-7085 IκBα 10 µM 0.1 - 100 µM 10 - 100 µM 60 - 100% 

Genistein Tyrosine 

kinases 

12 - 19 µM 5 - 100 µM 50 - 100 µM 70 - 95% 

Staurosporine Many kinases 3 nM 5 - 100 nM 5 - 10 nM 50 - 75% 

Wortmannin PI3K 5,8 nM 5 - 100 nM - - 

LY 294002 PI3K 0.31 - 6.6 µM 0.01 - 10 µM - - 

GF 109203X PKC 8.4 - 5,800 Nm 1 – 1,000 nM - - 

SB 203580 p38, AKT, 

RIP-2 

0.05 - 0.5 µM, 3 - 

5 µM, 16 nM 

0.1- 100 µM 1 - 10 µM 50% 

SB 239063 P38 44 nM 1 - 1000 nM 1 - 1,000 nM 55 - 80% 

(5Z)-7-
Oxozeaenol 

TAK1 8 nM 1 - 1000 nM 1 - 1,000 nM 30 - 100% 

Resveratrol TRIF signaling 23 µM 0.1 - 1 µM - - 

GW 5074 c-raf1 9 nM 0.1 - 100 nM 1 - 100 nM 20 - 30% 

PD 0325901 MEK 0.33 nM 0.1 - 100 nM - - 

FR 108240 ERK 0.14 - 0.31 µM 0.01 - 10 µM - - 

Tyrphostin 
AG1478 

EGFR 3 nM 0.1 - 100 µM 10 - 100 µM 50 - 65% 

Tyrphostin 
AG1517 

EGFR 25 pM 0.01 - 10 µM 1 - 10 µM 25 - 60% 

Gefitinib EGFR, RIP-2 23 - 79 nM, 50 

nM 

0.01 - 100 µM 1 - 10 µM 25 - 60% 

FAK inhibitor 
14 

FAK (Y397) 1 µM 0.1 - 100 µM 50 - 100 µM 100% 

Pertussis 
toxin 

Gi/Go proteins 35, 158 pg/ml 0.2 - 200 

ng/ml 

- - 

RGDS α5β1 and αVβ3 

integrins 

47 µM 0-100 µM - - 

HeLa 57A cells stimulated (5 h) with ncPAMP (strain 81116) in presence of the inhibitor. NF-κB 

activation by ncPAMP with the inhibitors solvent was set as 100% value. Values are presented of three 

independent experiments performed in duplicate.  
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Discussion 

 

Innate immune recognition of bacteria often proceeds through Toll-like receptors and 

NOD-like receptors that ultimately direct transcription of host defense genes. Here we 

report that the bacterial pathogen C. jejuni is capable to activate the early response 

transcription factor NF-κB independent of the well-established TLR and NLR 

pathways. Evidence is provided that C. jejuni produces a small, non-charged β-glucan 

that activates NF-κB via the FAK-TAK1-p38 signaling pathway in human but not 

murine cells. The compound mainly induces the expression of cellular immune and 

pro-inflammatory genes and thus may contribute to the establishment of C. jejuni 

infection. 

 

 The first indication that C. jejuni produces a soluble NF-κB activating 

compound was that C. jejuni conditioned medium stimulated NF-κB driven luciferase 

activity in HeLa 57A cells. At first glance, this activity may be considered to result from 

soluble PAMPs such as DNA, RNA, lipoproteins, LOS or peptidoglycan that may be 

released into the medium during bacterial growth. However, this was excluded as HeLa 

57A cells lack functional TLR and NLR receptors as evidenced by the absence of 

classical TLR and NLR agonists-induced NF-κB activation (Figure 1B). Additionally, 

treatment of the medium with DNase, RNase, proteases, muramidase, and the lipid A 

neutralizing polymixin B did not inhibit the activation of NF-κB. By the absence of 

classical PAMPs we designated the compound in the C. jejuni conditioned medium as 

a non-classical PAMP (ncPAMP).  

  

The release of C. jejuni ncPAMP into the medium showed remarkable kinetics 

as it was present in bacterial lysates during the logarithmic growth phase but fully 

released into the medium after cessation of growth. C. jejuni expresses several 

secretion machineries including the flagellar apparatus, a type II secretion system 

(T2SS), and, in some strains, a type VI secretion system (T6SS) (3, 35). However, 

conditioned medium of mutants lacking flagella, T6SS or with a defective T2SS still 

induced luciferase activity. Furthermore, bacterial fractionation revealed that the 

compound was primarily contained in the periplasmic fraction (Figure 1E) and thus 

unlikely to be secreted by a cell wall spanning secretion machinery. The transition from 

exponential bacterial growth to a cessation of growth is accompanied by major changes 
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in bacterial metabolism and cell wall synthesis (36) which may ultimately end in 

bacterial disintegration and death. Under the conditions employed, C. jejuni displayed 

a motile, healthy spiral-shaped phenotype up to 24 h after exponential growth. 

Therefore, we assume that the compound is actively released from the pathogen.  

  

Extensive analysis of the ncPAMP chemical features demonstrated it to be a 

relative heat-stable, water-soluble, non-charged, and small (<3 kDa) molecule that is 

resistant to proteases, muramidases, and nucleases but sensitive to acid hydrolysis, 

periodate oxidation, calcofluor white, and β-glucosidase (but not α-glycosidase) 

treatment. Although the exact nature of ncPAMP awaits detailed chemical analysis, 

these properties indicate that the compound is a small glucan, with the β-linkage being 

crucial for NF-κB activation. Roughly 10% of the C. jejuni genome is involved in 

carbohydrate synthesis (37) and five main sugar biosynthesis pathways have been 

identified that are responsible for the production of LOS, capsule (CPS), peptidoglycan, 

and the O-glycosylation and N-glycosylation of proteins. Additionally, C. jejuni strain 

81-176 produces a cell surface capsule-like (1-4)-α-glucan via an unidentified 

biosynthesis route (38). To our knowledge, none of these C. jejuni pathways have been 

associated with β-glucan synthesis. In the past, LOS or CPS fragments in boiled C. 

jejuni lysate have been surmised to activate NF-κB in part via a TLR- and NLR-

independent route (39–41). Our genetic evidence indicates that the galE (gne) and 

galU genes, known to be upstream of several glycan biosynthesis pathways, and the 

kpsM and waaF genes involved in CPS formation and LOS biosynthesis respectively 

(42, 43), are not required for ncPAMP production. Similarly, conditioned media from 

mutants with defects in the C. jejuni N-glycosylation machinery (pglB/E) still activate 

NF-κB, excluding soluble periplasmic LLOs as the active compound (44). Recently, the 

monosaccharide heptose-1,7-bisphosphate (HBP), a metabolic intermediate in the 

LOS biosynthesis, was discovered as novel NF-κB activating metabolic PAMP of 

Neisseria meningitidis (45). Indeed, conditioned medium from this species (but not 

other species) activated NF-κB in our system as well (Figure 1G). On the basis of its 

characteristics C. jejuni ncPAMP is different but may belong to this novel class of 

metabolic PAMPs. 
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The activation status of NF-κB is regulated by many cellular signaling pathways 

that often show intense cross-talk resulting in complex spider web-like signaling 

cascades (46). Our findings indicate that C. jejuni ncPAMP activates NF-κB via FAK, 

TAK1, and p38 MAPK-dependent signaling. Although these kinases can participate in 

different NF-κB signaling pathways (34, 47, 48), FAK can phosphorylate TAK1 leading 

to phosphorylation of p38 and IKKβ, which ultimately results in activation of NF-κB 

(48, 49). FAK is a tyrosine kinase that is activated by whole a range of receptors 

including integrins, growth factor receptors, and scavenger receptors (34, 50), some of 

which have been linked to β-glucan recognition (51). C. jejuni has been reported to 

activate FAK through its outer membrane proteins CadF and FlpA that bind fibronectin 

and promote integrin activation (52, 53). A C. jejuni cadF flpA double mutant is also 

capable to induce the release of IL-8 in an integrin dependent manner (52). The 

bacterial factor responsible for this effect was not investigated but may be related to 

the here discovered ncPAMP.  

 

 The gene repertoire induced by C. jejuni ncPAMP mainly consisted of NF-κB 

regulated genes. The induction of cytokine and chemokine gene expression illustrates 

the pro-inflammatory nature of the ncPAMP response and fits the strong neutrophil 

influx and inflammation observed during human infection (18, 54). C. jejuni carries 

multiple TLR and NLR agonists that may contribute to pathogenesis. The role of the 

released ncPAMP in the natural infection is unknown and difficult to discern 

considering the lack of response in mouse cells and native intestinal murine tissue 

(Figure 3). However, the apparent bacteria- and host-specificity of C. jejuni ncPAMP 

which differs from the broad host response towards classical TLR and NLR agonists, 

classifies the compound as a new member of the emerging class of pathogen-specific 

non-classical PAMPs that may be contribute to a more pathogen specific inflammatory 

response as observed during human C. jejuni infection.  
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Supporting information 

 

 

Figure S1. NF-κB activation by the culture 

supernatant of defined C. jejuni mutants. 

NF-κB activation in HeLa 57A cells were stimulated (5 h) with 

the (10 µl ) of culture supernatant from C. jejuni 81116 or 

defined mutant variants of 81116 (20 h cultures). 

 

 

 

 

 

Figure S2. Increased phosphorylation of kinases after ncPAMP stimulation in HeLa 

57A cells. 

Dot blot from the Human Phospho-Kinase Array (RnD Systems) after stimulation (15 min) of HeLa 57A 

with ncPAMP (10 µl). The table below refers to coordinates of the kinase spots. 
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Table S1. Bacterial strains used in this study. 

Strain Relevant characteristics Source 

 
C. jejuni 

  

81116 Human, isolate (1) 

11168 Human feces isolate NTCT 

33291 Chicken isolate ATCC 

GB18 Isolated from a patient with Guillain-Barré (2) 

108 Bacteremia (intestinal isolate) (3) 

480 Isolated during an outbreak of 

Campylobacteriosis 

(4) 

81116 plfA::km Paralyzed flagella (5) 

81116 GSP::km Deficient type II secretion system This study 

81116 ahpC::cm Alkyl hydroperoxide mutant (6) 

81116 Bg6 Non characterized, non-motile mutant (5) 

81116 NeuB::km N-acetyl neuraminic acid synthesis mutant; no 

flagella, no flagellin glycosylation 

(5) 

81116 pglB::km Does not attach N-linked glycans to proteins (7) 

81116 ciaB::km Campylobacter invasion antigen B mutant This study 

81116 pglE::km Deficient in the synthesis of n, n—

diacetylbacillostatine, no glycosylation 

(7) 

81116 waaF::cm Has an LOS with an truncated core poly 

saccharide 

(7) 

81116 galE::cm Deficient in the production of Gal and GalHAC This study 

81116 kpsM::cm Deficient in capsule transport, no capsule (7) 

81116 rpoN::cm σ54 mutant, no flagellar basal body and 

filament 

(8) 

81116 galU::cm 

 

Unable to convert glucose to UDP-glucose 

resulting in truncated LOS 

This study 

   

C. coli   

H-1 Isolated from a rooster (9) 

   

Other Bacteria  Clinical isolates 

Pseudomonas aeruginosa Corynebacterium renale Salmonella dublin 

Pseudomonas fluorescens Proteus mirabilis Salmonella senftenberg 

Streptococcus agalactiae Proteus vulgaris Klebsiella/Enterobacter 

Streptococcus dysgalactiae E.coli 

Yersinia 

pseudotuberculosis 

Streptococcus uberis Serratia Citrobacter freundii 

Streptococcus zoo-epidemicus I Serratia (VMDC) Enterobacter spec. 

Streptococcus zoo-epidemicus II Neisseria meningitides Pasteurella multocida 

CAMP Staphylococcus Candida albicans Listeria monocytogenes 

Staphylococcus coagulate + Salmonella typhimurium Rhodococcus equi 

Staphylococcus coagulate - Salmonella infantis Bacillus cereus 
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Table S2. Primers used in this study. 

Primer name Sequence/reference 
galU fwd 5’-TATGATCACGCCTTTACCAGGCG-3’ 

galU rev 5’-CAGCAATAAGCTGAATATACCATTC-3’ 

galU BamHI fwd 5’-CCGGATCCTCTCGTCCCATAACCTGCCGC-3’ 

galU BamHI rev 5’-CCGGATCCGATTGTGGAAGTGTAGAAGG-3’ 

galE fwd 5’- GTACCAGATGTTGAGCTTATTCGC-3’ 

galE rev 5’- GCTATTTCATCATCACAACCTACC-3’ 

galE BamHI fwd 5’- GCGGATCCCGATGAGATTTGTCGTATTAACAG-3’ 

galE BamHI rev 5’- CGCGGATCCGTGGATGATATTTCAAGTGCGC-3’ 

ciaB fwd 5’-TGGTTACAACGCGTTCAGG-3’ 

ciaB rev 5’-CAATATCAAGTAAAAAACAGC-3’ 

GSP fwd 5’- ATTCCTGCGCATTTATCCTTAGC-3’ 

GSP rev 5’- GGTGGTGATGGTTGGGCTTATGA-3’ 

GSP BamHI fwd 5’- CCCGGATCCGCGCGAGTTTGCCTTTTATCA-3’ 

GSP BamHI rev 5’- CCCGGATCCACGCTTTAGTTATGCTTTGCTCTT-3’ 

286 fwd 5’- TCCCCGCGGATTTTACCCCTGTTCTTGAGATTG-3’ 

286 rev 5’- GGTTCAAGTGTTGTGATCATGGA-3’ 

286 BamHI fwd 5’- CGGGATCCAGTAGAATATCAGCAAGAAATC-3’ 

286 BamHI rev 5’- CGGGATCCAAGATTATTACCTTTACTTGTATG-3’ 

  

Real time RT-PCR   

hActin RT fwd 5’-GCATTTGCGGTGGACGAT-3’ 

hActin RT rev 5’-CGAGTCCGGCCCCT-3’ 

hIL-6 RT fwd 5’-CCAGGAGCCCAGCTATGAAC-3’ 

hIL-6 RT rev 5’-CCAGGGAGAAGGCAACTG-3’ 

Luc RT fwd 5’-TGGCCCTTCCGCATAGAAC-3’ 

Luc RT rev 5’-GATTTGATTGCCAAAAATAGGATCTC-3’ 

mActin RT fwd 5’-TCCTGTGGCATCCACGAAACT-3’ 

mActin RT rev  5’-GGAGCAATGATCCTGATCTTC-3’ 

mIL-1β RT fwd 5’-CCCAAGCAATACCCAAAGAAGAAG-3’ 

mIL-1β RT rev 5’-TGTCCTGACCACTGTTGTTTCC-3’ 

mIL-6 RT fwd 5’-TTCCATCCAGTTGCCTTCTTG-3’ 

mIL-6 RT rev 5’-TCATTTCCACGATTTCCCAGAG-3’ 

mCXCL-2 RT fwd 5’-AGTGAACTGCGCTGTCAATGC-3’ 

mCXCL-2 RT rev 5’-AGGCAAACTTTTTGACCGCC-3’ 

mTNFα RT fwd 5’-CGAGTGACAAGCCTGTAGCC-3’ 

mTNFα RT rev 5’-TTGAAGAGAACCTGGGAGTAGAC-3’ 

  

hActin RT-P fwd 5’-ACCGAGCGCGGCTACAG-3’ 

hActin RT-P rev 5’-CTTAATGTCACGCACGATTTCC-3’ 

hActin probe (FAM)-TTCACCACCACGGCCGAGC-(TAMRA) 

hIL-1β RT-P fwd 5’-CGAATCTCCGACCACCACTAC-3’ 

hIL-1β RT-P rev 5’-TCCATGGCCACAACAACTGA-3’ 

hIL-1β probe (FAM)-AGGGCTTCAGGCAGGCCGC-(TAMRA) 

hIL-8 RT-P fwd 5’-CTGGCCGTGGCTCTCTTG-3’ 

hIL-8 RT-P rev 5’-CCTTGGCAAAACTGCACCTT-3’ 

hIL-8 probe (FAM)-CAGCCTTCCTGATTTCTGCAGCTCTGTGT-(TAMRA) 

mHPRT  Applied Biosystems Mm03024075_m1 

mIL-6 Applied Biosystems Mm00446190_m1 

mCXCL-1 Applied Biosystems Mm04207460_m1 

 

Table S3. Genes significantly (p<0.05) changed by ncPAMP stimulation (2 h) in HeLa 57A.  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70610 
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Abstract 

 

The Gram-negative pathogen Campylobacter jejuni is the most common 

cause of bacterial foodborne disease worldwide. The mechanisms that lead to 

bacterial invasion of eukaryotic cells and massive intestinal inflammation are 

still unknown. In this study, we report that C. jejuni infection of mouse 

macrophages induces upregulation of pro-IL-1β transcript and secretion of IL-

1β without eliciting cell death. Immunoblotting indicated cleavage of caspase-

1 and IL-1β in infected cells. In bone marrow–derived macrophages from 

different knockout mice, IL-1β secretion was found to require NLRP3, ASC, and 

caspase-1/11 but not NLRC4. In contrast to NLRP3 activation by ATP, C. jejuni 

activation did not require priming of these macrophages. C. jejuni also 

activated the NLRP3 inflammasome in human macrophages as indicated by 

the presence of ASC foci and caspase-1–positive cells. Analysis of a vast array 

of C. jejuni mutants with defects in capsule formation, LPS biosynthesis, 

chemotaxis, flagella synthesis and flagellin (-like) secretion, type 6 secretion 

system needle protein, or cytolethal distending toxin revealed a direct 

correlation between the number of intracellular bacteria and NLRP3 

inflammasome activation. The C. jejuni invasion–related activation of the 

NLRP3 inflammasome without cytotoxicity and even in non-primed cells 

extends the known repertoire of bacterial inflammasome activation and likely 

contributes to C. jejuni–induced intestinal inflammation. 
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Introduction 

 

Inflammasomes are multiprotein complexes that form in the cytosol following sensing 

of intracellular threats like intruding bacteria and viruses or cell damage. 

Inflammasome complexes generally consist of sensor proteins (members of the Nod-

like receptor [NLR] or Pyrin and HIN200 domain [PYHIN] protein family) and 

effector procaspases (mainly caspase-1), which are bridged by the adaptor protein 

apoptosis-associated speck-like protein (ASC). After assembly, inflammasomes induce 

the activation of caspase-1 through autocleavage, which subsequently activates 

cytokines IL-1β and IL-18, and induce a form of cell death referred to as pyroptosis 

(1–5). 

 

The best studied inflammasomes in relation to bacterial infection are the NLR 

family, CARD domain–containing 4 (NLRC4) and the NLR family, pyrin domain–

containing 3 (NLRP3) inflammasomes (6, 7). The NLRC4 inflammasome is formed 

after sensing cytosolic bacterial flagellin or components of the bacterial type III 

secretion system (T3SS) by distinct neuronal apoptosis inhibitory protein (NAIP) 

receptors in the cell (8–10). NLRP3 inflammasome activation requires a two signal 

process. The first (priming) signal leads to the expression of NLRP3 and pro–IL-1β 

through activation of NF-κB via stimulation of TLRs, other pattern recognition 

receptors, or endogenous cytokines. Then, a second stimulus (e.g., pore-forming 

toxins, bacterial invasion, or uptake of large particulates) induces the formation of 

the NLRP3 inflammasome (4). Although NLRP3 “ligands” are highly diverse, they all 

seem to converse in the efflux of K+ from the cell, which is proposed to be the common 

trigger (11, 12). 

 

The bacterial pathogen Campylobacter jejuni is the most common cause of 

bacterial foodborne disease worldwide. Symptomatic infection typically involves 

intestinal inflammation with abdominal pain, fever, and (bloody) diarrhea. In ∼1% of 

the cases, serious complications may develop such as the acute autoimmune paralyzing 

neuropathy Guillain–Barré  syndrome (13, 14). In contrast to most enteropathogens 

including Salmonella, C. jejuni lacks traditional virulence factors like T3SSs. The 

molecular cause of C. jejuni intestinal inflammation is still largely unknown. After 

ingestion, the bacteria travel deep down into the intestinal crypts of the colon where 
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they colonize and replicate. At some point the epithelial barrier is breached, resulting 

in acute inflammation accompanied by strong neutrophil recruitment and activation 

of T- and B-cell responses (15, 16). Bacterial motility and chemotaxis are crucial for 

causing disease (17–20). Other proposed virulence traits include the polysaccharide 

capsule, secreted proteins (Cia proteins, HtrA protease), type 6 secretion (T6SS) 

effector molecules, apoptosis-inducing proteins (cytolethal distending toxin, FspA2), 

and bacterial adhesion and invasion promoting factors (FlaC, PEB1, JlpA, CapA, and 

CadF) (for review, see Refs. 21–23). The role of these factors in the development of 

human infection, however, remains to be demonstrated. 

 

The induction of acute intestinal inflammation in response to C. jejuni 

infection suggests the activation of innate pattern recognition receptors (24, 25). 

Although C. jejuni flagellin and DNA escape TLR recognition, the bacterial LPS and 

lipoproteins potently activate the TLR4 and TLR2 pathways (25). In addition, C. 

jejuni is internalized by monocytes and macrophages and activates NOD1 (24, 26–29). 

Cellular infection is accompanied by the secretion of several proinflammatory 

cytokines such as IL-6, IL-8, TNF-a, and IL-1β (30–32). Considering the potential 

important role of IL-1β in the clinical manifestation of C. jejuni infection (33), we 

investigated in the current study the ability of C. jejuni to activate the inflammasome. 

Our results reveal that C. jejuni can induce inflammasome activation without 

cytotoxicity, which has thus far not been observed for other pathogens. 
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Materials and Methods 

 

Cell culture and reagents 

J774.A1 cells (ATCC TIB-67) were routinely cultured in DMEM plus 10% FCS at 37˚C 

and 10% CO2. THP-1 null and THP-1 defNLRP3 (InvivoGen; thp-null, thp-dnlp) were 

grown according to the manufacturer’s protocol in RPMI 1640 medium plus 10% FCS 

in the presence of 200 µg/ml Hygrogold (every other passage) at 37˚C and 5% CO2. 

L929 cells were cultured in RPMI 1640 medium plus 10% FCS at 37˚C and 5% CO2. 

The following reagents were used: gentamicin, kanamycin (kana), chloramphenicol 

(cat), Triton X-100, Tween 20, Tris, paraformaldehyde, PMA, TCA, and goat anti-

rabbit IgG-HRP (A4914) (Sigma-Aldrich); FCS and Dulbecco’s PBS (PAA); DMEM, 

RPMI 1640 medium, Opti-MEM, penicillin, and streptomycin (Life Technologies); 

BCA Protein Assay Kit, Concentrators, 9K MWCO, and SuperSignal West Femto 

Chemiluminescent Substrate (Pierce); cOmplete ULTRA Tablets EDTA-Free, lactate 

dehydrogenase (LDH), and Cytotoxicity Detection KitPLUS (LDH) (Roche); WGA-

Alexa Fluor 633, goat anti-rabbit-Alexa Fluor 488, primers, Pfx DNA polymerase 

(Life Technologies); ATP, DNase, 2 ’ -deoxynucleoside 5’-triphosphates, BamHI, 

KpnI, SacI, SacII, Phusion DNA Polymerase, GeneJET Gel Extraction Kit, CloneJET 

PCR Cloning Kit, and Rapid DNA ligation kit (Thermo); Mouse IL-1β ELISA Ready-

SET-Go and Human IL-1β ELISA Ready-SET-Go (eBioscience); Brilliant III Ultra-Fast 

Sybr Green qRT-PCR kit (Agilent); reporter lysis buffer and Luciferase Assay Agent, 

pGEM-T easy (Promega); Saponin agar plates, Mueller Hinton plates, heart infusion 

(HI) plates, Luria–Bertani (LB) plates, LB broth, and HI broth (Biotrading); 

Campylobacter selective supplement and charcoal cefoperazone desoxycholate agar 

(SR0155) (Oxoid); RNA Bee (Bio-connect); Fluorsave (Calbiochem); Qiaex II gel 

extraction kit (Qiagen); FAM fluorescent labeled inhibitor of caspases (FLICA) 

Caspase-1 Assay Kit (Immunochemistry); and rabbit anti-caspase-1 (ab17820), rabbit 

anti-TMS1 (ASC) (ab64808), and rabbit anti-IL-1β (ab9722) (Abcam). 

 

Cultivation of primary mouse macrophages 

Bone marrow cells were isolated as described previously (34). Upon thawing, cells were 

collected (5 min, 485 x g, 20˚C), resuspended in 10 ml bone marrow–derived 

macrophage (BMM) medium (RPMI 1640 medium plus 10% heat-inactivated FCS and 

30% L929 conditioned medium) with penicillin (100 IU) and streptomycin (100 
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µg/ml) and allowed to differentiate for 6 d into BMM at 37˚C and 5% CO2. After 3 d, 

an additional 10 ml BMM medium was added to the cells. After differentiation cells 

were collected, counted, and seeded into a 96-well (1 × 105 cells/well) or 24-well (2.5 

× 105 cells/well) plate in BMM medium, and used the next day. L929 conditioned 

medium was collected from L929 cells grown in 40 ml medium for 10 d in a T75 flask, 

filter sterilized (0.22-µM pore size), and stored at -20˚C until use. 

 

Bacterial culture 

All C. jejuni strains (Supplemental Table I) were routinely grown under 

microaerophilic conditions at 37˚C on saponin agar plates containing 4% lysed horse 

blood or in 5 ml HI broth at 160 r.p.m. for 16 h. Kana (50 µg/ml) or cat (20 µg/ml) was 

added to the medium when appropriate. All C. jejuni strains had similar growth rates. 

Escherichia coli DH5a (Netherlands Culture Collection of Bacteria) was grown on LB 

agar plates or in 5 ml LB broth at 37˚C in air. Salmonella enterica serovar 

Typhimurium was grown on LB agar with ampicillin (100 µg/ml), or in HI medium 

for 2 h at 37˚C in air. C. jejuni lysate was prepared as described previously (25). Shortly, 

bacteria were grown for 16 h under standard conditions, collected by centrifugation (10 

min, 3000 × g), and resuspended in DPBS to a final OD550 of 1. The suspended bacteria 

were heat killed at 65˚C for 30 min and subsequently sonicated on ice (15-s pulse, 30-s 

pause, six times), aliquoted, and stored at -20˚C until further use. 

 

Generation of C. jejuni mutants 

To generate C. jejuni mutants, the target genes and their flanking regions were PCR 

amplified from chromosomal DNA from strains 108 or 81116 using the primers “gene 

name” fwd and “gene name” rev (Table I) and Phusion polymerase or PFX polymerase 

using the manufacturer’s protocol in a Bio-Rad iCycler. The PCR products were gel 

purified using the Qiaex II gel extraction kit or the GeneJET gel extraction kit, ligated 

into pGEM-T easy (cheY, cetA, flaC) or pJet1.2 (cdt) using the Rapid DNA ligation kit 

or CloneJET PCR cloning kit, and transformed into E. coli DH5a. Plasmids were 

isolated from the transformants using the GeneJET plasmid miniprep kit and used 

to inactivate the cdt, cheY, and flaC genes via an outward PCR with primers “gene 

name” BamHI/KpnI fwd and “gene name” BamHI/KpnI rev. BamHI or KpnI sites 

were introduced to enable insertion of the cat cassette from pAV35. This yielded the 

vectors pcdt::cat, pcheY::cat, and pflaC::cat. The cetA gene already contains a BamHI 
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site enabling direct insertion of the cat cassette after BamHI digestion, yielding 

pcetA::cat. Gene inactivation constructs were verified by sequencing. Primers T7 and 

Sp6 were used for the pGEM-Teasy inserts. The pJet1.2 forward and reverse primers 

were used to sequence the pJet1.2 inserts (Baseclear). The vectors were introduced 

individually via electroporation (pcdt::cat, pcheY::cat, and pcetA::cat) or natural 

transformation (pflaC::cat) into C. jejuni using cat (20 µg/ml) selection. The 

81116flaAB::kana/flaC::cat mutant was constructed via natural transformation of 

81116flaC::cat with 81116flaAB::kana chromosomal DNA. All gene disruptions were 

confirmed via PCR. For cheY complementation, the cheY gene was amplified from 

the chromosomal DNA from strain 108 using the primers cheY-SacI-fwd and cheY-

SacII-rev and introduced into pWM1007 via SacI and SacII resulting in pcheY. pcheY 

was introduced into 108cheY::cat via electroporation resulting in 108cheY::cat+pcheY. 

Sequences were analyzed and aligned using Clone Manager 9 software (Sci-Ed). 

 

Construction of C. jejuni luciferase reporter strains and fluorescent strains 

The pMA5-metK-luc plasmid was introduced into several C. jejuni strains (81116, 

108cheY::cat, 108kpsM::cat, and 108cetA::cat) via conjugation (35). Strain 108cheY::cat 

became either GFP or mCherry positive by introducing plasmid pMA1 containing GFP 

or mCherry via conjugation. In short, a 16 h culture of E. coli S17.1 containing the 

pMA5-metK-luc, pMA1-GFP, or pMA1-mCherry plasmid was diluted to an OD550 of 

0.05 in 5 ml LB medium. Analogous 16 h cultures of the C. jejuni strains were diluted 

to an OD550 of 0.5 in 5 ml HI broth. When the E. coli culture reached an OD550 of 0.4, 1 

ml C. jejuni culture was collected by centrifugation (10 min, 5000 × g) and suspended 

in 1 ml E. coli culture. The C. jejuni and E. coli mix was released on a Mueller Hinton 

plate and incubated for 5 h (37˚C) under microaerophilic conditions. Then, bacteria 

were collected in 1 ml HI, pelleted (10 min, 5000 × g), suspended in 100 µl HI, and 

plated on saponin agar plates containing 4% lysed horse blood, charcoal cefoperazone 

desoxycholate agar, Campylobacter selective supplement, 50 µg/ml kana, and when 

required, 20 µg/ml cat. Single antibiotic resistant colonies were collected after 48 h 

of incubation. The pMA1-mCherry plasmid was introduced in E. coli via chemical 

transformation. 
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Table 1. Primers used in this study 

Primer name 
 

Sequence 

Real time RT-PCR   

mActin RT fwd 5’-TCCTGTGGCATCCACGAAACT-3’ 

mActin RT rev  5’-GGAGCAATGATCCTGATCTTC-3’ 

mIL-1β RT fwd 5’-CCCAAGCAATACCCAAAGAAGAAG-3’ 

mIL-1β RT rev 5’-TGTCCTGACCACTGTTGTTTCC-3’ 

mNLRP3 RT fwd 5’-CGAGACCTCTGGGAAAAAGCT-3’ 

mNLRP3 RT rev 5’-GCATACCATAGAGGAATGTGATGTACA-3’ 

mASC RT fwd 5’-AAAAGTTCAAGATGAAGCTGCTG-3’ 

mASC RT rev 5’-CTCCTGTAAGCCCATGTCTCTAA-3’ 

mCaspase-1 RT fwd 5’-TTTCAGTAGCTCTGCGGTGT-3’ 

mCaspase-1 RT rev 5’-TTTCTTCCTGATTCAGCACTCTC-3’ 

mCaspase-11 RT fwd 5’-GCCACTTGCCAGGTCTACGAG-3’ 

mCaspase-11 RT rev 5’-AGGCCTGCACAATGATGACTTT-3’ 

  

PCR  

cdt fwd 5’-CTACACCCAAGGCCAAAG-3’ 

cdt rev 5’-GCCTCGATAATATGGCGTCC-3’ 

cdt BamHI fwd 5’-CCGGATCCAATTCGCCAAATGAACG-3’ 

cdt BamHI rev 5’-CCGGATCCCTTTAACAGCTGCTACCC-3’ 

cheY fwd 5’-AACTACACCACTCATTGATTT-3’ 

cheY rev 5’-GCTGAGGCAGTGCAACTTGT-3’ 

cheY BamHI fwd 5’-CGGGATCCTTCTGGCATATTCCAATCTG-3’ 

cheY BamHI rev 5’-CGGGATCCGCCTATCATCATGGTTACAA-3’ 

cetA fwd 5’-TCCCGCCATAAAGCCTTGTG-3’ 

cetA rev 5’-TAGAGCCGCAAGCGTACTTC-3’ 

cheY sacI fwd 5’-TCCGAGCTCTAAAAAACTTTGAAAGGACGAAAT-3’ 

cheY sacII rev 5’-TCCCCGCGGTTAAAAATCAGCCTTTACTCAG-3’ 

FlaC fwd 5’-AATCATTTTACCGCAGAACC-3’ 

FlaC rev 5’-ATCAATCCCAAAGCCTTAGA-3’ 

FlaC KpnI fwd 5’-GGGGTACCATAGTTGCATCAGAGATCAT-3’ 

FlaC KpnI rev 5’-GGGGTACCAAATAGGCTCAGGTATCAAT-3’ 

T7 5’-TATTTAGGTGACACTATAG-3’ 

SP6 5’- TAATACGACTCACTATAGGG-3’ 

pJet1.2 forward 5’-CGACTCACTATAGGGAGAGCGGC -3’ 

pJet1.2 reverse 5’-AAGAACATCGATTTTCCATGGCAG -3’ 

 

Infection assay 

J774.A1 macrophages were seeded into 24- or 96-well plates in DMEM plus 10% FCS. 

BMMs were seeded as described above. The next day, cells were primed by the addition 

of C. jejuni 108 lysate (equivalent of multiplicity of infection [m.o.i.] 20) for 16 h when 

appropriate. THP-1 monocytes (2 × 105 cells/well in a 96-well plate) were 

differentiated with 100 nM PMA for 48 h in RPMI 1640 medium plus 10% FCS. Prior 

to inoculation, the THP-1 cells were rinsed, and RPMI 1640 medium plus 10% FCS 

without PMA was added. The macrophages were inoculated with the indicated 

amounts of C. jejuni, Salmonella, or E. coli or stimulated with 2.5 or 5 mM ATP. After 
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20 min, the ATP was removed, and fresh medium was given. Extracellular Salmonella 

and E. coli were removed after 2 h by replacing the medium with fresh medium 

containing 50 µg/ml gentamicin. The experiment was stopped, and samples were 

collected after 12 h of incubation unless indicated otherwise. 

 

Real time RT-PCR 

J774.A1 cells were seeded into a 24-well plate and stimulated the next day by the 

addition of 50 ng/ml lipooligosaccharide (LOS) of N. meningitidis, lysate of C. jejuni 

strain 108 (equivalent of m.o.i 20) or inoculated with viable C. jejuni 108 (m.o.i of 

20). After 4 h of stimulation, RNA was isolated using RNA Bee, according to the 

manufacturer’s protocol. RNA was treated with 1 µg DNase/µg RNA for 30 min at 37˚C. 

The DNase was inactivated by heating for 10 min at 65˚C in the presence of 2.5 mM 

EDTA. mRNA levels were determined in the LightCycler 480 Real-Time PCR System 

using the Brilliant III Ultra-Fast Sybr-Green qRT-PCR kit, according to the 

manufacturer’s protocol with the primers listed in Table I. Per reaction 50 ng DNase-

treated RNA was used as template. Real-time cycle conditions: 3 min at 95˚C, 40 

cycles 5 s 95˚C and 10 s 60˚C, 3 min 95˚C. mRNA levels were calculated by subtracting 

the corresponding Ct values obtained for samples before (1) and after (2) treatment 

using the following formula: 1) ΔCt control=Ct target gene control – Ct Actin control and 2) ΔCt 

target gene treat – Ct Actin treated. The fold change in mRNA was determined by fold change = 

2(ΔCt[treated]-(ΔCt[control]) (36). Presented results are from three individual assays 

performed in duplicate. 

 

ELISA 

Cell culture supernatants were collected in a fresh plate, centrifuged (10 min, 485 × 

g) to remove dead cells, bacteria, and other debris, and stored at -80˚C until further 

analysis. IL-β levels were determined by ELISA using the manufacturer’s protocol. 

Samples were diluted in assay diluent to stay within the range of the assay (8 - 1000 

pg/ml for mice and 4 - 500 pg/ml for human). Plates were measured at 450 and 570 

nm for wavelength correction on the FLUOstar Omega (BMG Labtech). Presented 

results are from three individual assays performed in duplicate. 

  



 

 

128 | Chapter 5 

 

 

 

 

5 

 

 

& 

Detection of caspase-1 and IL-1β cleavage 

For caspase-1 cleavage J774.A1 macrophages were seeded into a 6-well in DMEM plus 

10% FCS. The next day, the medium was replaced with Opti-MEM and primed by the 

addition of C. jejuni 108 lysate (equivalent of m.o.i. 20) for 16 h when appropriate. 

The macrophages were inoculated with C. jejuni or E. coli. After 2 h of infection, 250 

µg/ml gentamicin was added to the E. coli–inoculated wells. After 6 h of infection, 

the supernatant was collected and frozen at -80˚C for a minimum of 1 h with a 

protease inhibitor. For the detection of cleaved IL-1β in the supernatant, J774.A1 

macrophages or THP-1 monocytes were seeded in a T25 flask and infected as described 

for the infection assay with one minor change. Before infection, the medium was 

replaced with Opti-MEM. Postinfection (12 h) the supernatant was collected and 

frozen at -80˚C for a minimum of 1 h with a protease inhibitor. The thawed 

supernatant was concentrated via a concentrator (9K MWCO) (IL-1β detection) or 

TCA precipitation (caspase-1). TCA (40%) was added to the supernatant in a 1:1 volume 

and incubated for 30 min at 4˚C. The precipitate was collected by centrifugation 

(10 min, 21,100 × g), washed twice with ice cold acetone (10 min, 21,100 × g), 

dried (10 min at 50˚C), and taken up in radio immunoprecipitation assay buffer. 

Protein concentration was determined via BCA protein concentration kit, according 

to the manufacturer’s protocol. Protein (10 µg for caspase-1 detection and 50 µg for 

IL-1β detection) was loaded and run on a 12% SDS-Page gel. After transfer of the 

proteins via blotting, the polyvinylidene difluoride membrane was blocked in TBST 

plus 5% milk (1 h) and incubated (16 h) with rabbit anti-caspase-1 (ab17820) (1:1000) 

or rabbit anti-IL-1β (ab9722) (1:2500) in TBST plus 5% milk at 4˚C. The next day, the 

membrane was washed three times with TBST plus 5% milk (10 min per wash), 

incubated (1 h) with goat anti-rabbit IgG-HRP (A4914) (1:10,000), and washed (10 

min per wash) with TBST plus 5% milk, TBST, and TBS. HRP signal was detected 

using SuperSignal West Femto Chemiluminescent Substrate on the ChemiDoc MP 

System (Bio-Rad). Data were analyzed using Image Lab software (Bio-Rad). The 

images have been cropped. 
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Luciferase reporter assay 

Bacteria were cultured for 16 h under standard conditions with a start OD550 of 0.01 

from an 8 h pre-culture. Infection assays were performed with C. jejuni strains 

containing pMA5-metK-luc as described above. After 6 h, the cells were washed twice, 

lysed with 1× reporter lysis buffer supplemented with 1% Triton-X100, and placed at 

-80˚C for at least 30 min. The cell lysate was analyzed for luciferase activity in a 

luminometer (TD20/20; Turner Designs) immediately after adding 50 µl Promega 

Luciferase Assay Agent to the sample as described previously (20). To measure 

intracellular survival, the medium was replaced after 6 h with medium containing 

gentamicin (250 µg/ml). After an additional incubation (2 h), the gentamicin 

concentration (50 µg/ml) was reduced and remained present throughout the assay. 

Presented results are from three individual assays performed in duplicate. 

 

Cytotoxicity assay 

Primed J774.A1 macrophages were infected in 96-well plate as described above with 

some minor changes. The assay was performed in DMEM without FCS. After 12 h of 

infection, the total and secreted amount of LDH was determined using the Cytotoxicity 

Detection KitPLUS (LDH), according to the manufacturer’s protocol. Plates were 

measured at 492 and 690 nm for wavelength correction on the FLUOstar Omega 

(BMG Labtech). C. jejuni by itself had no effect on LDH and did not influence the 

assay. The percentage of cytotoxicity was calculated as the percentage of LDH release 

compared with the total LDH concentration (percentage of cytotoxicity = 100 × [LDH 

released/total LDH]). Presented results are from three individual assays performed 

in triplicate. 
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Propidium iodide uptake 

Primed J774.A1 macrophages were infected in a 96-blackwell plate with a transparent 

bottom (see infection assay) with some minor changes. The assay was performed in 

Opti-MEM without phenol red. After 11 h of infection, propidium iodide (PI) (3 µM) 

was added to the wells, and incubated for 1 h after which the plate was measured. 

Plates were excited at 492 nm and measured at 610 nm using a fixed gain, with 

bottom optics (orbital averaging, 35 flashes) on the FLUOstar Omega (BMG Labtech). 

Fluorescence intensity (F.I.) was corrected for background fluorescence from an 

unstained non stimulated well. Presented results are from three individual assays 

performed in triplicate. 

 

Confocal microscopy 

J774.A1 cells or BMMs were grown on 12 mm circular glass slides, primed for 16 h with 

the indicated stimulus, and inoculated with fluorescent C. jejuni. THP-1 monocytes 

were PMA differentiated, as mentioned previously, on 12 mm circular glass slides and 

inoculated with fluorescent C. jejuni. For active caspase-1 detection cells were 

incubated (1 h, 37˚C) with FAM-FLICA (0.5×) and washed twice (10 min, 37˚C) 

before fixation. After incubation, cells were washed twice with DPBS and fixed with 

4% of paraformaldehyde in 100 mM phosphate buffer (pH 7.4) (1 h, room 

temperature). The fixed cells were washed with DPBS and stained with WGA Alexa 

Fluor 633 (1:500 for 1 h in DPBS). When needed cells were permeabilized with 1% 

Triton X-100 plus 1% BSA in DPBS (30 min, 20˚C). ASC was stained by incubation 

(16 h, 4˚C) of the cells with anti-TMS1 plus 0.01% Triton X-100 and 2% BSA in DPBS 

followed with the goat anti-rabbit-Alexa Fluor 488 (1:100) secondary Ab in DPBS plus 

2% BSA (1 h, 20˚C). After staining the slides were washed three times with DPBS, 

once with MilliQ, embedded in Fluorsave, and viewed in the Bio-Rad radiance2000 

system or Leica SPE-II system. The slides used for C. jejuni uptake were viewed 

using fixed settings for section thickness (2 µm) and magnification. Per slide 4 random 

images were captured. Data were analyzed with ImageJ software. 

 

Statistical analysis 

Results were analyzed using GraphPad Prism 5 software. Where appropriate 

significance was calculated using a paired Student t test. 
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Results 

 

C. jejuni infection primes the macrophages for inflammasome activation 

As activation of the inflammasome may involve a two-step process (priming and 

activation), we first determined whether C. jejuni was capable of priming the cells for 

inflammasome activation (Figure 1). The transcription levels of pro-IL-1β in J774.A1 

macrophages were determined using real-time RT-PCR with the primers listed in 

Table I. Incubation of macrophages with C. jejuni strain 108 led to a 125-fold induction 

of pro-IL-1β mRNA at 4 h of infection (Figure 1A). Lysed C. jejuni yielded an even 

stronger effect probably due to increased availability of TLR ligands after bacterial 

disintegration (25). The transcriptional levels of ASC, NLRP3, caspase-1, or caspase-

11 were similar upon stimulation with C. jejuni lysate or LPS (4 h) (Figure 1B–E). 

 

To functionally verify the effect of priming, J774.A1 macrophages were 

incubated (for 16 h) with C. jejuni lysate and subsequently infected (12 h) with E. 

coli or stimulated with ATP (known inflammasome activators). The amount of 

secreted IL-1β in the culture supernatant was determined using ELISA. IL-1β 

secretion was only observed in primed cells with additional E. coli or ATP stimulation 

(Figure 1F). Taken together, these result show that C. jejuni lysate primes the cells for 

inflammasome activation.  
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FIGURE 1. C. jejuni lysate primes 

macrophages for inflammasome activation.  

(A–E) mRNA expression levels of IL-1β, NLRP3, ASC, 

caspase-1, and caspase-11 in J774.A1 macrophages 

post-infection (4 h) with viable C. jejuni 108 (m.o.i. 

20) or stimulation with LPS (50 ng/ml) or C. jejuni 

lysate (∼m.o.i. 20). (A) LPS, viable, and lysate C. jejuni 

showed significant upregulation of IL-1β mRNA (p < 

0.01). (B and C) No differences in mRNA levels were 

observed for NLRP3 or ASC after stimulation with C. 

jejuni (viable or lysate) compared with LPS. (D) 

Caspase-1 mRNA expression levels were upregulated 

after stimulation with LPS (p < 0.001), C. jejuni (p < 

0.01), and lysate (p < 0.001). (E) Caspase-11 

mRNA transcript showed a minimal increase (p < 

0.05) after stimulation with LPS or C. jejuni (viable 

or lysate). (F) Macrophage IL-1β secretion after 

stimulation (12 h) of non-primed (open bars) or lysate 

primed (closed bars) cells with ATP (5 mM) or E. coli 

(m.o.i. 20). In primed macrophages, ATP and E. coli 

significantly increased IL-1β secretion (p < 0.01). 

Values are presented as the mean ± SEM of three 

independent experiments performed in duplicate. 

 

C. jejuni infection activates the inflammasome 

Pro-IL-1β is processed by activated inflammasomes and subsequently secreted from 

the cell. To assess the activation of the inflammasome by C. jejuni, the amount of 

IL-1β secreted from primed macrophages was determined using ELISA. Infection of 

primed macrophages with live C. jejuni resulted in a dose-dependent secretion of IL-

1β (Figure 2A) and was observed for several C. jejuni strains (Figure 2B). Western 

blot analysis of the supernatant confirmed the presence of the active IL-1β (17 kDa) 

form upon infection with C. jejuni strain 108 (Figure 2C). The C. jejuni lysate alone did 

not cause IL-1β secretion, suggesting the requirement for intact bacteria to activate 

inflammasomes. To ascertain that the release of IL-1β from the macrophages was 

caused by activation of the inflammasome, we determined whether caspase-1 was 

cleaved and secreted into the supernatant upon infection (6 h) with E. coli or C. jejuni. 

The presence of the p20 cleavage fragment (containing the active domain) of caspase-

1 in the supernatant was determined using Western blotting.  
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Both E. coli and C. jejuni strain 108 induced caspase-1 cleavage, as evident from the 

increased appearance of the p20 protein band (Figure 2D). For unknown reasons, 

the cleavage pattern for E. coli- and C. jejuni-infected macrophages were different. 

As expected, cleavage was most evident for primed macrophages. Inflammasome 

activation was also confirmed by the formation of the ASC speck (a large multiprotein 

complex is being formed containing ASC) upon infection with C. jejuni or E. coli (2 

h) as determined by confocal microscopy (Figure 2E). Clearly, these results 

demonstrate that C. jejuni is capable to activate the inflammasome. 

 

FIGURE 2. C. jejuni activates the 

inflammasome.  

(A and B) IL-1β secretion by primed 

J774.A1 macrophages infected (12 h) with 

different numbers of C. jejuni, C. jejuni 

lysate (∼m.o.i. 20) (A) or with different 

C. jejuni strains (m.o.i.200) (B). 

Infection with an m.o.i. higher than 20 

(p < 0.05) or with different strains (p < 

0.01) increased IL-1β secretion. Values are 

presented as the mean ± SEM of three 

independent experiments performed in 

duplicate. (C) Western blot probed for 

active IL-1β (17 kDa) (arrowhead) in the 

supernatant of primed J774.A1 

macrophages post-infection (12 h) with C. 

jejuni strain 108 (m.o.i. 20 or 200), 

108cheY:: cat (m.o.i. 20), E. coli (m.o.i 

20), or without bacteria (non- 

stimulated). Lanes were loaded with 50 

µ g  protein. (D) Western blot probed for 

the cleaved caspase-1 p20 fragment in the 

supernatant of non-primed or primed 

J774.A1 macrophages post-infection (6 h) 

with C. jejuni strain 108 (m.o.i. 200), E. 

coli (m.o.i. 20), or without bacteria (non-stimulated). Lanes were loaded with 10 µ g  protein. (E) 

Confocal microscopy showing ASC speck formation (< ) in primed J774.A1 macrophages post-infection 

(2 h) with mCherry fluorescent C. jejuni strain 108 (m.o.i. 40) or E. coli (m.o.i. 20) (red). ASC foci 

were stained with anti-ASC Ab in combination with goat-anti-rabbit-Alexa Fluor 488 (green). Cell 

surface was stained with WGA-Alexa Fluor 633 (blue). Scale bar, 10 µm. 
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Cellular infection–dependent inflammasome activation by C. jejuni 

To learn more about the mechanism(s) of C. jejuni–induced inflammasome activation, 

a series of C. jejuni mutants with defects in putative virulence determinants was tested 

for their ability to induce IL-1β secretion (Figure 3A–C). In these experiments an 

intermediate dose of C. jejuni (m.o.i. of 20) was used to infect the cells to avoid IL-

1β secretion as result of bacterial depletion of media components or possible C. jejuni 

induced cell toxicity. Genetic manipulation resulted in successful inactivation of a vast 

number of putative virulence genes, albeit in different C. jejuni strains. Infection 

assays demonstrated that genetically defined mutants with defects in bacterial 

capsule assembly (kpsM::cat), LOS assembly (waaF::cat), bacterial motility 

(motAB::cat), production of flagellin and flagellin-like proteins (flaAB::cat; flaAB::cat 

+ flaC::kana), cytolethal distending toxin (CDT) production (cdt::cat), or the type 6 

secretion apparatus (hcp::kana + kpsM::cat) induced similar levels of IL-1β secretion 

as their corresponding parental strain (Figure 3A–C). In contrast, mutants lacking 

the chemotaxis protein CheY or the energy taxis protein CetA elicited a strongly 

increased (cheY::cat) or reduced (cetA::cat) IL-1β secretion compared with the parent 

strain (Figure 3A). Western blotting confirmed the presence of more cleaved IL-1β in the 

supernatant of cells infected with strain 108cheY::cat compared with the parent strain 

(108) (Figure 2C). This suggests that bacterial taxis strongly influences the level of 

inflammasome activation.  

 

The CheY- and CetA-defective bacterial phenotypes show, respectively, 

hyperinvasive and hypoinvasive behavior toward epithelial cells (18, 19, 37, 38). 

Therefore, we examined a possible correlation between the number of bacteria that 

infected the macrophages and IL-1β secretion for both taxis mutants and the parental 

strain 108 using a luciferase reporter assay (20). Macrophages were infected with 

different strains of C. jejuni-producing luciferase. The amount of luciferase produced 

correlates to the number of viable intracellular bacteria. After 6 h of incubation, the 

supernatant of the cells was removed, and the cells were lysed to determine bacterial 

luciferase activity. In addition, after 12 h of infection, the IL-1β secretion in the 

supernatant was determined. This demonstrated that the cheY::cat mutant yielded 

highest luciferase activity, whereas the cetA::cat mutant yielded lower levels than the 

parent strain C. jejuni 108 (Figure 3D), thus following a similar pattern as observed 

for the IL-1β secretion. Although several strain of C. jejuni induced IL-1β secretion 
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(Figure 2B), there was some variation among the strains. This variation again 

corresponded with the amount of intracellular bacteria as determined with the 

luciferase reporter assay (Figure 3E). Taken together, these results highlight a 

correlation between the amount of intracellular bacteria and inflammasome 

activation. 

 

 

FIGURE 3. Cellular infection-induced activation of the inflammasome.  

(A–C) Induction of IL-1β secretion in primed J774.A1 macrophages (12 h) exposed to different C. jejuni 

mutants and their respective parent strains 108, 81–176, and 81116 (m.o.i. 20). (D) Effect of C. jejuni 

infection of primed J774.A1 macrophages (m.o.i. 20) on IL-1β secretion (open bars) (after 12 h) and 

bacterial viability (closed bars) (after 6 h) as measured via the luciferase reporter assay (relative light 

unit [RLU]). The p values (A–D) for all mutant strains compared with the parent strain were not 

significantly different, except for the cheY::cat and cetA::cat (p < 0.05). (E) Intracellular bacterial 

viability of several C. jejuni strains (m.o.i. 20) in primed J774.A1 macrophages (6 h) as measured via 

the luciferase reporter assay. Strain 81–176 was significantly (p < 0.01) more present intracellular 

than strain 108. Values are the mean ± SEM of three in- dependent experiments performed in 

duplicate. 
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C. jejuni does not cause cell death 

Besides IL-1β secretion, a common downstream effect of inflammasome activation 

is cell death via pyroptosis. Indeed, incubation of primed J774.A1 macrophages with 

ATP, Salmonella, or E. coli (12 h) induced cytotoxicity as estimated from the release of 

LDH in the culture supernatants (Figure 4A). In contrast, incubation of the cells with 

C. jejuni did not result in the release of detectable amounts of LDH despite activation 

of the inflammasome (Figure 3A–C). Even the hyperinvasive cheY::cat mutant did 

not cause any LDH release. Measurement of PI uptake in J774.A1 macrophages 

infected with C. jejuni (strain 108 and cheY::cat, 12 h) revealed a minor yet not 

significant increase (Figure 4B). In contrast, infection with Salmonella did increase PI 

uptake in these cells, whereas E. coli had a minimal effect under the conditions used. 

Taken together, these results suggest that C. jejuni activates the inflammasome 

without causing cell death. 

 

To assess whether the lack of cytotoxicity may be related to rapid killing of the 

intracellular C. jejuni, we measured the intracellular survival in primed J774.A1 

macrophages using the bacterial luciferase reporter assay (Figure 4C). After 12 h of 

infection, very few viable intracellular bacteria were detected and none after 24 h. 

There was also no major difference in survival between strain 108 and the 

hyperinvasive strain 108cheY::cat. 
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FIGURE 4. Cell viability and intracellular survival after C. jejuni induced 

inflammasome activation.  

(A–C) Cytotoxicity and bacterial survival in infected primed J774.A1 macrophages. (A) LDH release 

from primed cells at 12 h of incubation with ATP (5 mM), Salmonella (m.o.i. 20), E. coli (m.o.i. 20), 

or several C. jejuni (m.o.i. 20) or mutants of strain 108. ATP (p < 0.001), Salmonella (p < 0.01), 

and E. coli (p < 0.01) caused significant cytotoxicity. None of the C. jejuni strains induced 

cytotoxicity. (B) PI uptake by primed macrophages incubated (12 h) with the indicated strains. 

Salmonella (p <  0.001) caused a significant increase in F.I. The increase F.I. induced by C. jejuni 

cheY mutant was not statistically significant. (C) Intracellular survival of C. jejuni strain 108 and its 

cheY derivative (m.o.i. 20) in primed J774.A1 macrophages as measured via the luciferase reporter 

assay. Luciferase activity (relative light unit [RLU]) after 6 h infection was set as 100% value. Values 

are the mean ± SEM of three independent experiments performed in triplicate. 

 

C. jejuni activates the NLRP3 inflammasome in primary mouse macrophages 

To determine which type of inflammasome is activated by C. jejuni, we used BMMs 

derived from either C57BL/6 wild-type or knockout mice deficient in distinct 

inflammasome components. The wild-type BMMs showed the expected secretion of 

IL-1β after stimulation with ATP and the enhanced IL-1β secretion post-infection with 

Salmonella (Figure 5A). Both ATP and Salmonella required priming of the primary 

macrophages to be effective. Infection of the wild-type macrophages with C. jejuni 

strain 108cheY::cat also elicited the release of IL-1β but without the need to previous 

prime the macrophages. In fact, in primed cells, C. jejuni did not induce IL-1β 

secretion (Figure 5A). 
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The type of inflammasome that was activated by the various stimuli was 

determined using BMMs from caspase-1-/-/11-/-, ASC-/-, NLRP3-/-, and NLRC4-/- mice 

(Figure 5B, 5C). As expected, ATP induced IL-1β secretion in wild-type and NLRC4-/- 

BMM but not in BMMs deficient in NLRP3, ASC, and caspase-1/11, which all are 

components of the NLRP3 inflammasome (Figure 5B). Infection with Salmonella 

induced IL-1β secretion in both wild-type and NLRP3-/- BMMs, whereas secretion 

was severely reduced in NLRC4-/- and ASC-/- macrophages, consistent with previous 

reports (Figure 5B) (39). C. jejuni strain 108 and the cheY::cat mutant induced equal 

levels of IL-1β secretion in wild-type BMM and BMMs isolated from NLRC4-/- mice 

(Figure 5C). C. jejuni–induced IL-1β secretion was not detected post-infection of 

caspase-1-/-/11-/- and ASC-/- BMMs and severely reduced in NLRP3-/- BMMs. This 

suggests that C. jejuni activates the NLRP3 inflammasome and that caspase-1/11 and 

ASC are critical for the activation. 

 

To ensure that the lack of inflammasome activation in C. jejuni-infected NLRP3-

/- BMMs was not caused by poor infection of these cells, we determined the number 

of intracellular bacteria. Wild-type and NLRP3-/- cells were incubated (1 h) with 

mCherry-producing C. jejuni strains 108 and 108cheY::cat, and bacteria were 

visualized by confocal microscopy (Figure 5E, 5F). Both cell types contained equal 

numbers of C. jejuni strains 108 and 108cheY::cat. The cheY::cat mutant was more 

infective (4-fold) than the parent strain, as was already noted for the J774.A1 

macrophages (Figure 3D). The increased infectivity of the cheY::cat mutant compared 

with the parent strain likely explains the higher production of IL-1β (Figure 5C). 

Complementation of the cheY::cat mutant with the plasmid pcheY restored IL-1β 

secretion to parent levels (Figure 5D). 
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FIGURE 5. C. jejuni 

activation of the NLRP3 

inflammasome in primary 

mouse macrophages.  

(A) Secretion of IL-1β by non-

primed (open bars) and primed 

(closed bars) BMMs incubated 

(12 h) with Salmonella (m.o.i. 

2), C. jejuni (m.o.i. 20), or ATP 

(2.5 mM). ATP (p < 0.05) and 

Salmonella (p < 0.001) 

significantly increased IL-1β 

secretion; C. jejuni significantly 

increased IL-1β in non-primed 

cells only (p < 0.001). (B) 

Similar assay but with primed 

BMMs isolated from the 

indicated knockout mice and 

incubated with Salmonella 

(open bars) (m.o.i. 2) or ATP 

(2.5 mM) (closed bars). IL-1β 

secretion was significantly lower 

in caspase-1-/-/11-/- and NLRC4-

/- BMMs upon infection with 

Salmonella (p < 0.05). Upon 

ATP stimulation, IL-1β secretion was significantly reduced in caspase-1-/-/11-/-, ASC-/-, or NLRP3-/- 

BMMs (p < 0.05). (C) IL-1β secretion by non-primed BMMs from several knockout mice infected (12 h) 

with C. jejuni strain 108 (open bars) or 108cheY::cat (closed bars) (m.o.i. 20). Significant lower secretion 

was observed for caspase-1-/-/11-/- (p < 0.001), ASC-/- (p < 0.001), and NLRP3-/- (p < 0.01) BMMs upon 

stimulation with both C. jejuni strains. Strain cheY::cat induced more IL-1β secretion (p < 0.05) than 

the parent strain. (D) Secretion of IL-1β in non-primed BMMs infected (12 h) with C. jejuni strain 108, 

108cheY::cat, or 108cheY::cat+pcheY (m.o.i. 20). Complementation of the defective cheY restored the 

high IL-1β secretion induced by strain 108cheY::cat (p < 0.01) to parental levels (p > 0.05). (E) Confocal 

microscopy on BMMs (wt and NLRP3-/-) infected (1 h) with mCherry fluorescent (red) C. jejuni 108 and 

108cheY:: cat (m.o.i 200); cells were counterstained with WGA- Alexa Fluor 633 (green). (F) 

Quantification of the number of intracellular bacteria in the wild-type (wt) (open bars) and NLRP3-/- 

(closed bars) BMMs showed no significant difference in the number of intracellular bacteria between 

the wt and NLRP3-/- BMMs. Strain 108cheY::cat was more invasive (p < 0.001) than the parent strain 

in the BMMs. Values are the mean ± SEM of three independent experiments performed in duplicate.
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Activation of the human NLRP3 inflammasome by C. jejuni 

Although C. jejuni efficiently infects both mouse and human macrophages, mice 

normally do not establish infection after C. jejuni exposure in contrast to humans. 

In addition, species differences between the human and mouse inflammasomes have 

been reported (40). To ascertain that C. jejuni also activates the human 

inflammasome, PMA-differentiated human THP-1 monocytes and THP-1 cells 

deficient in NLRP3 (THP-1 defNLRP3) were infected with Salmonella, E. coli, or C. 

jejuni. This experimental setup abolished the need for additional priming of the cells 

because the PMA treatment (100 nM PMA for 48 h) already activates NF-κB. 

Infection of the cells with Salmonella and E. coli induced IL-1β secretion in the THP-

1 cells but not in THP-1 defNLRP3 cells (Figure 6A), indicating that these bacteria 

activate the human NLRP3 inflammasome. All C. jejuni strains tested also induced IL-

1β secretion in a NLRP3-dependent fashion (Figure 6B). Furthermore, the C. jejuni 

108cheY::cat mutant caused more and the C. jejuni 108cetA::cat less secretion than 

the parent strain, as was found for the mouse macrophages (Figure 3A, 5C). 

Inflammasome activation by C. jejuni in PMA-differentiated THP-1 cells (2 h infection) 

was confirmed by the visualization of an ASC speck (Figure 6C) and the presence 

of active caspase-1 (FLICA- positive cells) (Figure 6D) as determined by confocal 

microscopy and the secretion of cleaved IL-1β (17 kDa) into the culture supernatant 

as shown via Western blotting (12 h infection) (Figure 6E). 

 

Luciferase assays on the infected THP-1 cells demonstrated higher bacterial 

values for the 108cheY::cat than for the parent strain (Figure 6F), suggesting that 

also in human cells inflammasome activation varies with cellular infection levels. 

THP-1 defNLRP3 macrophages showed similar levels of luciferase activity as 

measured for the infected THP-1 cells excluding that the difference in IL-1β secretion 

in the deficient cells was caused by low infection rates. Finally, intracellular survival 

of C. jejuni strain 108 (Figure 6G) and 108cheY::cat (Figure 6H) was followed by 

the luciferase reporter assay in differentiated THP-1 and THP-1 defNLRP3 cells. 

Intracellular levels of both strains severely reduced overtime and were almost absent 

after 24 h of infection. No difference in bacterial survival was observed between the 

THP-1 and the THP-1 defNLRP3 cells, indicating that the poor intracellular survival 

of C. jejuni occurs independent of inflammasome activation. Overall, these results 
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show that C. jejuni also activates the human NLRP3 inflammasome and that activation 

varies with the amount of infection. 
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FIGURE 6. C. jejuni activation of the NLRP3 inflammasome in human 

macrophages.  

(A and B) Secretion of IL-1β by PMA differentiated THP-1 (open bars) and THP-1 defNLRP3 (closed 

bars) cells infected with Salmonella (m.o.i. 2), E. coli (m.o.i. 20), or different C. jejuni strains (m.o.i. 

20) (12 h). Salmonella (p < 0.01), E. coli (p < 0.01), and all C. jejuni strains (p < 0.05) induced IL-1β 

secretion upon infection. Strain cheY::cat induced more IL-1β secretion (p < 0.01) than the parent 

strain. (C and D) Confocal microscopy on PMA-differentiated THP-1 cells infected (2 h) with mCherry 

positive C. jejuni strain 108 (m.o.i. 40) and E. coli (m.o.i. 20) (red). Cell surface was stained with 

WGA-Alexa Fluor 633 (blue). ASC foci [< and >in (C)] were stained with an anti-ASC Ab in 

combination with goat-anti-rabbit-Alexa Fluor 488 (green). Active caspase-1 (D) was detected with 

FLICA (green) at 1 h of infection. Scale bars, 10 µm. (E) Western blot showing the presence of active 

(cleaved) IL-1β (17 kDa) in the supernatant of non-infected and C. jejuni strain 108 (m.o.i. 20)-infected 

(12 h) PMA-differentiated THP-1 cells. Lanes were loaded with 50 µg protein. (F) Intracellular viability 

of C. jejuni mutants and parent strain in 6 h infected PMA-differentiated THP-1 (open bars) and THP-

1 defNLRP3 (closed bars) as measured with the bacterial luciferase reporter assay. No significant 

differences in RLU were measured between the THP-1 and THP-1 defNLRP3. Strain 108cheY::cat 

was more invasive (p < 0.001) than the parent strain. (G and H) Intracellular survival (24 h) of C. jejuni 

strains 108 (G) or 108cheY::cat (H) in THP-1 (open bars) or THP-1 defNLRP3 (closed bars) cells. 

Luciferase activity at 6 h of infection was set as 100%. The decrease in intracellular C. jejuni (108 

and 108cheY::cat) at 12 h of infection was statistically significant (p < 0.05). Values are the mean 

± SEM of three independent experiments performed in duplicate.  
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Discussion 

 

In the current study, we provide evidence that the principal bacterial food-borne 

pathogen C. jejuni induces the secretion of IL-1β via activation of the NLRP3 but not 

the NLRC4 inflammasome. The effect required the inflammasome components 

NLRP3, ASC and caspase-1/11 and was observed upon infection of both mouse and 

human macrophages. Inflammasome activation required viable bacteria and varied 

with the severity of the cellular infection. Strikingly, inflammasome activation by C. 

jejuni did not lead to cell death and occurred in primary mouse macrophages without 

the need of a priming signal. 

 

The secretion of IL-1β and the structurally related IL-18 are important in the 

innate immunity and systemic response against bacterial infections (41). Many 

flagellated bacterial pathogens (Legionella pneumophila, Pseudomonas aeruginosa, 

Salmonella Typhimurium, Shigella flexneri, and enteropathogenic E. coli) activate the 

NLRC4 inflammasome (42, 43). Crucial for this activation is the translocation of flagellin 

or components of the T3SS into the cytosol, which are sensed by members of the NAIP 

family (8-10, 44-46). Our results with mouse NLRP3-/- and NLRC4-/- knockout cells and 

human NLRP3-/- macrophages demonstrate that C. jejuni fails to activate the NLRC4 

inflammasome. This is consistent with the absence of a T3SS or T4SS in this pathogen. 

The apparent absence of translocation of flagellin or other NAIP ligands into the cytosol 

makes C. jejuni invisible for the NLRC4 inflammasome. 

 

In this study, a large body of evidence indicates that C. jejuni activates the 

NLRP3 inflammasome. The C. jejuni-induced secretion of mature IL-1β in primed 

J774.A1 macrophages, the formation of an ASC speck, the generation of caspase-1 

cleavage fragments, and the absence and severe reduction of IL-1β secretion in human 

and mouse NLRP3-negative cells respectively, all indicate NLRP3-dependent IL-1β 

secretion. Interestingly, some low residual IL-1β secretion remained in the NLRP3-

deficient mouse macrophages, whereas this was not observed for the caspase-1/11 and 

ASC-deficient macrophages. This suggests a possible role for an additional 

inflammasome contributing to the response. 
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The NLRP3 inflammasome can be formed in response to a diverse array of 

agents (4, 7, 43) but, to our knowledge, for none of them binding of a specific ligand 

to NLRP3 has been demonstrated. The mechanism driving the activation of the 

NLRP3 by C. jejuni was investigated using different C. jejuni strains and series of 

genetically defined mutants. All of the tested strains induced IL-1β secretion, 

suggesting that inflammasome activation is a stable trait of the pathogen. This trait 

was preserved in mutants with defects in capsule formation, LOS biosynthesis, flagella 

synthesis and flagellin (-like) secretion, T6SS needle protein, CDT, and several 

assumed bacterial adhesion/invasion promoting factors. Inflammasome activation 

was affected after disruption of the cheY gene and, to a lesser extent, the cetA gene. 

The strong increase in IL-1β production observed for the CheY mutant was 

accompanied by increased cellular infection. The hyperinvasive CheY phenotype was 

evident from microscopy and luciferase bacterial gene reporter assays and was 

observed for both mouse and human macrophages. The exact signal(s) that drive(s) 

C. jejuni-induced NLRP3 formation remain to be defined but likely cause a 

transmembrane ion flux (e.g., K+-efflux), which seems the common denominator of 

NLRP3 activation (12). At this time, it is tempting to speculate that C. jejuni-induced 

cell damage caused by the cellular infection contributes to the NLRP3 activation, 

although this was not evident from increased release of LDH from the cells (Figure 4). 

 

Our results indicate that C. jejuni activates the NLRP3 inflammasome in murine 

J774.A1 macrophage cells, primary mouse BMMs, and human-differentiated THP-1 

cells. A striking difference among these cell types however, was the apparent lack of 

need to prime the primary cells to establish a strong IL-1β production upon C. jejuni 

infection. ATP only activated the inflammasome in primed BMMs, indicating that the 

cells were not already primed. Viable C. jejuni were most effective in inflammasome 

activation in non-primed primary cells. In primed cells, IL-1β production was minimal 

probably because of the more efficient bacterial uptake and killing in activated 

macrophages. 

 

Another unexpected finding was that C. jejuni activates the inflammasome 

without apparent cytotoxicity as evidenced by the absence of LDH release or an 

increased PI uptake by the infected cells. LDH release was noted post-infection with 

E. coli or Salmonella, indicating that the pyroptosis pathway is intact in these cells. 
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Inflammasome activation by other bacterial species always seems to be followed by 

pyroptosis (2, 4, 6, 7, 42, 47). This has been linked with the presence of LPS in the 

cytosol (48, 49). It can be imagined that different bacterial metabolic demands, a 

low level of bacterial LPS in the cytosol, and/or the relative poor intracellular survival 

of C. jejuni prevents C. jejuni-induced cytotoxicity. Activation of the inflammasome 

was not required to kill the intracellular C. jejuni. Alternatively, the pathogen may 

have evolved a strategy to prevent bacteria-induced pyroptosis. 

 

Our results that C. jejuni induces inflammasome activation in both murine and 

human cells without apparent cytotoxicity and in primary cells without a need of 

priming extends the known repertoire of inflammasome activation by bacterial 

pathogens. The data provide a molecular basis for the observed IL-1β secretion 

during C. jejuni infection and for key features in C. jejuni pathogenesis (22, 23, 31, 

33, 50–52). 
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pyrin domain–containing 3; PI, propidium iodide; T3SS, type 3 secretion system; 
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Supporting information  

 

Table S1. Bacterial strain and plasmids used in this study 

Strain Relevant characteristics Source 
 

C. jejuni 

  

108 Bacteremia (intestinal isolate) (1) 

   

81-176 Human enteritis (2) 

81116 Human enteritis (3) 

108 + pMA-1 mCherry mCherry positive strain (4) 

108cheY::cat + pMA-1 mCherry mCherry positive strain This study 

108cheY::cat + pMA-1 GFP GFP positive strain This study 

108 + pMA5-metK-luc Strains contains luciferase reporter (4) 

81-176 + pMA5-metK-luc Strains contains luciferase reporter (4) 

81116 + pMA5-metK-luc Strains contains luciferase reporter This study 

108cheY::cat + pMA5-metK-luc Strains contains luciferase reporter This study 

108cetA::cat + pMA5-metK-luc Strains contains luciferase reporter This study 

108cheY::cat Hyperinvasive This study 

108cetA::cat Hypoinvasive This study 

108kpsM::cat Lacks a capsule (5) 

108kpsM::cat + hcp::kana No capsule and no functional T6SS (5) 

108motAB::kana Non-motile (6) 

81-176cdt::cat Whole CDT operon removed This study 

81116flaAB::cat No flagellin production (7) 

81116flaAB::kana No flagellin production (8) 

81116flaC::cat FlaC mutant This study 

81116flaAB::kana/flaC::cat No flagellin or flagellin-like proteins  This study 

81116waaF::kana Truncated LOS (9) 

   

Other   

E. coli DH5α Non-invasive E. coli NCCB 

E. coli S17.1 Used for conjugation NCCB 

Salmonella Typhimurium SL1344 

(SGSC # 438) 

hisG46 strain SSC 

Salmonella Typhimurium SL1344 

+ pMW85  

GFP positive strain R. van Aubel 

   

Plasmids   

pAV35 cat cassette (10) 

pMA5-metK-luc Luciferase reporter gene under metK promoter (4) 

pMA1-GFP Plasmid carrying GFP gene under metK promoter (11) 

pMA1-mCherry Plasmid carrying mCherry gene under metK promoter (4) 

pMW85 Plasmid carrying GFP under PpagC promoter (12) 

pcdt::cat Complete CDT operon replaced with cat in pJet1.2 This study 

pcheY::cat ~300 bp of cheY replaced with cat in pGEM-T easy This study 

pcetA::cat ~300 bp of cetA replaced with cat in pGEM-T easy This study 

pflaC::cat flaC gene replaced with cat in pGEM-T easy This study 
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Abstract 

 

Bacterial activation of the NLRP3 inflammasome results in the secretion of the central 

inflammatory mediator IL-1β. Previously, we showed that Campylobacter jejuni 

stimulates NLRP3 formation and IL-1β release. Here we investigated the route of 

NLRP3 inflammasome activation by C. jejuni. IL-1β secretion induced by C. jejuni is 

blocked at high extracellular potassium concentrations and by the K+-channel inhibitor 

glybenclamide, indicating the requirement of a potassium efflux. Infection of caspase 

1-/- and caspase 11-/- knock out cells demonstrated that C. jejuni activated NLRP3 via 

two distinct routes both requiring caspase-1 yet only one caspase-11. NLRP3 

inflammasome activation was not caused by leakage of the plasma membrane upon 

infection as determined via propidium iodide uptake. Furthermore, the P2X7 receptor 

was dispensable for IL-1β secretion tested by using P2X7-/- knock out cells. 

Remarkably, IL-1β secretion by C. jejuni was reduced by the ATP diphosphohydrolase 

apyrase and the P2X7 inhibitor A-438079. Use of cytoskeleton disrupting agents 

enhanced C. jejuni-induced IL-1β secretion and increased the number of cell-

associated bacteria. On the other hand, blocking lysosomal acidification with 

bafilomycin A1 resulted only in a minor decrease in IL-1β secretion, suggesting that the 

majority of NLRP3 activation occurs at the cell membrane. Inhibition of bacterial 

protein synthesis prevented C. jejuni-induced IL-1β secretion but not bacterial uptake 

into the cells. Overall, our results indicate that C. jejuni activates the NLRP3 

inflammasome via a novel route during tight bacteria-host cell contact by inducing a 

bacterial protein synthesis dependent potassium efflux. 
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Introduction 

 

Inflammasomes are large multiprotein complexes in the cytosol of eukaryotic cells that 

respond to (non-)microbial or endogenous danger signals. Inflammasomes typically 

consists of sensor proteins (members from the Nod-like receptor (NLR) or Pyrin and 

HIN200 domain (PYHIN) protein family) that, following ligand recognition, induce 

the oligomerization of the adaptor protein apoptosis-associated speck-like protein 

(ASC) and subsequent recruitment of effector procaspases (caspase-1 and potentially 

caspase-11) (1). Oligomerization of procaspase-1 results in autocatalytic cleavage and 

processing into its active form, which in turn leads to the maturation of the IL-1 family 

of cytokines (i.e., IL-1β and IL-18) via cleavage of their precursors (2, 3). These 

cytokines are central mediators of innate immunity and inflammation. Activation of 

the inflammasome has also been linked to cell death (referred to as pyroptosis), 

enterocyte extrusion, increased early endosome acidification, and increased 

membrane synthesis (1, 4–8).  

 

 Several types of inflammasomes can be distinguished dependent on the nature 

of the sensor protein. Best characterized regarding a role in bacterial pathogenesis are 

the NLRC4 and NLRP3 inflammasomes (9–12). The murine NLRC4 inflammasome is 

assembled in response to cytosolic flagellin and components of the bacterial type III 

secretion system (T3SS) using neuronal apoptosis inhibitory protein (NAIP) receptors 

as adapters that determine ligand specificity (13–16). Canonical NLRP3 inflammasome 

activation involves a two-step process. First, the cells are primed by stimuli that signal 

through pathogen recognition or cytokine receptors. This enhances, among others, the 

expression of the proform of IL-1β and caspase-11, the de-ubiquitination of NLRP3 

and, in certain cell types, the expression of NLRP3 (17, 18). A second signal then 

triggers the formation of the NLRP3 inflammasome. The nature of this second stimulus 

can be highly diverse (e.g. uptake of large particles, pore-forming toxins, membrane 

leakage, extracellular ATP) but typically involves an efflux of potassium from the cell 

(19, 20). How this potassium efflux triggers NLRP3 inflammasome formation is still 

obscure.  
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 Gram-negative bacteria can activate the NLRP3 inflammasome also via a non-

canonical route (21). This pathway involves the activation of caspase-11 (human 

homologues caspase-4/5) by cytosolic bacterial lipopolysaccharide (LPS) in type I 

interferon primed cells and leads to cell death (22, 23). Active caspase-11 can induce a 

potassium efflux leading to the activation of the NLRP3 inflammasome (21, 24). 

 

 The Gram-negative pathogen Campylobacter jejuni (C. jejuni) is a major cause 

of bacterial food-borne illness (25). C. jejuni colonizes mainly the intestinal crypts of 

the colon and induces a fulminant mucosal inflammation with strong neutrophil 

recruitment, activation of T- and B-cell responses, and high secretion of IL-8 and IL-

1β (26). C. jejuni activates several TLRs and NLRs including NLRP3 and is capable to 

invade host cells via subvasion, enters the host cell via the endo-lysosomal trafficking 

pathway, and secretes proteins into the cytosol (27–32). Which of these features or 

behaviors is required for C. jejuni-induced NLRP3 inflammasome activation and the 

strong IL-1β secretion observed during the natural infection is still unknown (31, 33). 

In the present study, we investigated through which mechanism C. jejuni activates the 

NLRP3 inflammasome.  
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Materials and Methods 

 

Cell culture and reagents 

J774.A1 cells (ATCC TIB-67) were routinely cultured in DMEM plus 10% FCS at 37˚C 

and 10% CO2. L929 cells were cultured in RPMI plus 10% FCS at 37˚C and 5% CO2. 

The following reagents were used: ampicillin, kanamycin, chloramphenicol, 

spectinomycin, gentamicin, cytochalasin D (cytD), colchicine (col), 2,3-dinitrophenol 

(DNP), KCl, glybenclamide, bafilomycin A1, DMSO, acetone, ethanol, A-438079, 

apyrase, Triton X-100, Tris, paraformaldehyde (PFA), propidium iodide (P.I.) (Sigma 

Aldrich); FCS and Dulbecco`s Phosphate Buffered Saline (DPBS) (PAA); DMEM, 

RPMI, Opti-MEM, penicillin and streptomycin (Gibco); WGA-Alexa fluor633, goat 

anti-rabbit-Alexa fluor488, (Life technologies); ATP (Thermo); Mouse IL-1β ELISA 

Ready-SET-Go (eBioscience); Reporter Lysis Buffer (RLB) and Luciferase Assay Agent 

(Promega); Saponin agar plates, Luria-Bertani (LB) plates, LB broth, Heart Infusion 

(HI) broth (Biotrading); RAB7 (ab137029) (Abcam); Fluorsave (Calbiochem). 

 

Cultivation of primary mouse macrophages 

Bone marrow cells were isolated as described previously (34). Bone marrow derived 

macrophages (BMM) were cultured as described before (31). In short, after thawing 

and washing (5 min, 485 x g, 20oC), cells were differentiated in six days into BMMs in 

10 ml of BMM medium (RPMI plus 10% heat-inactivated FCS, 30% L929 conditioned 

medium) with penicillin (100 IU) and streptomycin (100 μg/ml) at 37˚C and 5% CO2. 

Additional medium (10 ml) was added to the cells after three days. Differentiated cells 

were collected, counted and seeded into a 96-well (1*105 cells/well) or into a 24-well 

plate containing a 12 mm circular glass slides (2.5*105 cells/well) in BMM medium. 

Cells were used the following day. L929 conditioned medium was collected from L929 

cells grown in 40 ml of medium for 10 days in a T75 flask, filter sterilized (0.22 μm 

pore size), and stored at -20oC until use. 

 

Bacterial culture 

C. jejuni strains 81-176 (27), 108 (35), 108cheY::cat (31), 108cheY::cat + pcheY (31), 

108cheY::cat + pMA1-mCherry (31) were routinely grown under microaerophilic 

conditions at 37°C on saponin agar plates containing 4% lysed horse blood or in 5 ml 

of HI broth at 160 rpm for 16 h. 108cheY::cat, 108cheY::cat + pcheY and the strain 

carrying the pMA1-mCherry plasmid were grown in presence of chloramphenicol (20 
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μg/ml) and/or kanamycin (50 µg/ml) when appropriate. E. coli DH5α (Netherlands 

Culture Collection of Bacteria) was grown on LB agar plates or in 5 ml of LB broth at 

37°C in air. Salmonella enterica serovar Typhimurium SL1344 (SGSC 438) and a GFP-

expressing variant SL1344+pMW85 (R. van Aubel) were grown on LB agar for 16 h at 

37°C in air or in HI medium for 2 h at 37°C. For SL1344+pMW85 the medium was 

supplemented with ampicillin (100 μg/ml). C. jejuni lysate was prepared as described 

previously (36). In short, grown bacteria (16 h, standard conditions) were collected by 

centrifugation (10 min, 3,000 x g), resuspended in DPBS (final OD550 of 1), heat killed 

(65°C for 30 min), sonicated on ice (15 s pulse, 30 s pause, 6 times), aliquoted, and 

stored at -20˚C until further use.  

 

Infection assay 

J774.A1 macrophages were seeded into 24-well or 96-well plates in DMEM plus 10% 

FCS. BMMs were seeded as described above. The next day cells were primed by the 

addition of C. jejuni 108 lysate (equivalent of m.o.i. 20) for 16 h when appropriate. 

Primed J774.A1 cells were inoculated with C. jejuni (m.o.i. 20, or 40), Salmonella 

(m.o.i. 2 or 20) or E. coli (m.o.i. 20) or stimulated with 2.5 or 5 mM ATP. The inhibitors 

KCl (20 mM), glybenclamide (100 µM), A-438079 (100 µM), apyrase (20 U/ml), 

streptomycin (50 µg/ml), bafilomycin (0.1 µM), cytochalasin D (3 µM), colchicine (10 

µM), DNP (3 mM) or there solvents (ethanol (0.2%), DMSO (0.2%), acetone (0.3%)) 

were added 1 h before infection. After 6 hours the experiment was stopped and samples 

collected unless mentioned otherwise. BMMs were inoculated with C. jejuni (m.o.i. 20 

or 200), Salmonella (m.o.i. 2) or E. coli (m.o.i. 20) or stimulated with 2.5 mM ATP for 

12 h unless indicated otherwise. ATP was removed after 20 min of incubation and fresh 

medium was given. Extracellular Salmonella and E. coli were removed after 2 h by 

replacing the medium with fresh medium containing 50 μg/ml of gentamicin and one 

of the inhibitors. For the inhibitors affecting bacterial uptake (cytochalasin D, 

colchicine and DNP) and their controls, medium was replaced with fresh medium 

containing 50 μg/ml of gentamicin. When DNP was used, fumaric acid (50 mM) and 

sodium nitrate (50 mM) were added to the medium.  

 

ELISA 

Cell culture supernatants were stored at -80°C after collection and removal of dead 

cells, bacteria, and other debris via centrifugation (10 min, 485 x g). IL-1β levels were 

determined by ELISA according to the manufacturer's protocol. To stay within the 
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working range of the assay (8-1,000 pg/ml) samples were diluted in assay diluent. 

Plates were measured at 450 nm and 570 nm for wavelength correction on the 

FLUOstar omega (BMG Labtech). Presented results are from three individual assays 

performed in duplicate.  

 

Confocal microscopy 

J774.A1 cells or BMMs were grown on 12 mm circular glass slides, optionally primed 

for 16 h with the C. jejuni lysate, and inoculated with fluorescent C. jejuni (m.o.i. 40 or 

200) and/or fluorescent Salmonella (m.o.i. 20). The above-mentioned inhibitors or 

their solvents were added 1 h before infection. After incubation (1-2 h) cells were 

washed twice with DPBS and fixed with 4% of PFA in 100 mM phosphate buffer, pH 

7.4 (1 h, RT). Fixed cells were washed with DPBS and stained with WGA-Alexa 

Fluor633 (1:500 for 1 h in DPBS). When required cells were permeabilized with 1% 

Triton X-100 plus 1% BSA in DPBS (30 min 20˚C). Rab7 was stained (16 h, 4°C) with 

anti-Rab7 in DPBS plus 0.01% Triton X-100 and 2% BSA and goat anti-rabbit-Alexa 

fluor488 (1:100) secondary antibody in DPBS plus 2% BSA (1 h, 20°C). After each 

incubation step the slides were washed three times with DPBS and after the final 

incubation once with MilliQ. Slides were embedded in Fluorsave and viewed in the 

Biorad Radiance2000 system or Leica SPE-II system. Data were analyzed with ImageJ 

software. 

 

Propidium iodide uptake 

Primed J774.A1 macrophages were infected with C. jejuni (m.o.i. 20), Salmonella 

(m.o.i. 20), E. coli (m.o.i. 20) or stimulated with ATP (2.5 mM) or Triton x-100 (0.5%) 

in a 96-blackwell plate with a transparent bottom (see infection assay) with some 

minor changes. The assay was performed in Opti-MEM without phenol red with P.I. (3 

µM). ATP was added after 90 min. Fluorescence intensity was measured at the 

indicated time points during the total of seven hours of incubation. Plates were excited 

at 492 nm and measured at 610 nm using a fixed gain, with bottom optics (orbital 

averaging, 35 flashes) on the FLUOstar omega (BMG Labtech). Fluorescence intensity 

(F.I.) was corrected for background fluorescence from an unstained non-stimulated 

well. Presented results are a representative from two individual assays performed in 

triplicate. 
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Statistical analysis 

Results were analyzed using GraphPad Prism 5 software. Where appropriate 

significance was calculated using a paired Student’s t-test. 
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Results 

 

C. jejuni activates the NLRP3 inflammasome by inducing a potassium efflux. 

The requirement of a host cell potassium efflux as part of C. jejuni NLRP3 

inflammasome activation was investigated in mouse J774.A1 macrophages. Cells were 

primed (16 h) with C. jejuni lysate and stimulated (6 h) with the hyperinvasive C. jejuni 

strain 108 cheY::cat or with ATP as control. IL-1β secretion was used as a readout for 

inflammasome activation. In the presence of a high concentration of KCl (20 mM) in 

the culture medium, which blocks a potassium efflux, C. jejuni-induced IL-1β secretion 

was severely reduced (Figure 1A). In an alternative approach, the potassium channel 

blocker glybenclamide (100 µM) was used to prevent a potassium efflux from the cells. 

The addition of glybenclamide severely inhibited IL-1β secretion induced by both ATP 

and C. jejuni but not Salmonella (Figure 1B). Under the growth conditions used, 

Salmonella induces potent IL-1β secretion through the NLRC4 inflammasome, which 

is not dependent on K+ efflux (37). The addition of KCl or glybenclamide did not affect 

the number of intracellular C. jejuni or Salmonella as determined by confocal 

microscopy (Figure 1C). These results show that a potassium efflux is a critical step in 

C. jejuni activation of the NLRP3 inflammasome. 

 

Figure 1. 

Inflammasome activation by C. 

jejuni requires a potassium efflux. 

(A-B) IL-1β secretion by primed J774.A1 

macrophages stimulated (6 h) with C. 

jejuni strain 108cheY::cat (m.o.i 20), 

Salmonella (m.o.i. 2) or ATP (5 mM) in the 

presence of KCl (20 mM) (A) or 

glybenclamide (100 µM) (B). (C) Primed 

J774.A1 macrophages were infected (2 h) 

with mCherry fluorescent (red) C. jejuni 

108cheY::cat (m.o.i 40) or GFP fluorescent 

(green) Salmonella (m.o.i. 20) in presence of KCl (20 mM) or glybenclamide (100 µM); cells were 

counterstained with WGA-Alexa fluor633 (blue). % of activation was calculated by setting the IL-1β 

release of the stimulus with the solvent as 100%. IL-1β secretion by ATP (p<0.05) and C. jejuni (p<0.05) 

in presence of KCl or glybenclamide were significantly reduced. Values are the mean ± SEM of three 

independent experiments performed in duplicate. 
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NLRP3 inflammasome activation is independent of the trafficking of C. jejuni to 

lysosomes. 

As a first step to determine how C. jejuni induces a potassium efflux, the role of 

intracellular trafficking in the host cells was assessed. Confocal microcopy on J774.A1 

cells infected with mCherry-fluorescent C. jejuni 108 cheY::cat (2 h) revealed the 

presence of large numbers of intracellular C. jejuni. Immunostaining of infected cells 

indicated that the bacteria mainly reside in a RAB7-positive late endosomal 

compartment (Figure 2A). Acidification of the endosomal compartment can be 

important for inflammasome activation as it leads to killing of C. jejuni and potential 

release of NLRP3 ligands, or in the case of Salmonella leading to the up-regulation of 

a 2nd T3SS, located on the Salmonella pathogenicity island 2, and subsequent release 

of flagellin (a known NLRC4 activator) into the cytosol (29, 37–39). Prevention of 

vacuole acidification and fusion of early and late endosomes using the vacuolar proton-

ATPase inhibitor bafilomycin A1 (0.1 µM) only had a minor effect (20% inhibition) on 

C. jejuni-induced IL-1β secretion, whereas bafilomycin A1 strongly (>75%) inhibited 

Salmonella-induced IL-1β secretion (Figure 2B). Uptake of C. jejuni and Salmonella 

were unaffected by bafilomycin (Figure 2C). Together, these results confirm that C. 

jejuni and Salmonella activate inflammasomes via different mechanisms and suggest 

that lysosomal localization of C. jejuni is not required for IL-1β secretion. 
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Figure 2.  

C. jejuni resides in 

a rab7 positive 

compartment and 

acidification is 

not required for 

inflammasome 

activation. 

(A) Primed J774.A1 

macrophages were 

infected (2 h) with 

mCherry fluorescent 

(red) C. jejuni 108cheY::cat (m.o.i 40) and fixed. After fixation, the cell surface was stained with WGA-

Alexa fluor633 (Blue) and, after permeabilization, Rab7 (Green) was stained with a RAB7 specific 

antibody in combination with goat anti-mouse-Alexa fluor488. Infected cells were visualized with 

confocal microscopy. (B) Inhibition of IL-1β secretion by primed J774.A1 macrophages stimulated (6 h) 

with C. jejuni strain 108cheY::cat (m.o.i 20) or Salmonella (m.o.i. 2) in the presence of bafilomycin (0.1 

µM) (C) Primed J774.A1 macrophages were infected (2 h) with mCherry fluorescent (red) C. jejuni 

108cheY::cat (m.o.i 40) or GFP fluorescent (green) Salmonella (m.o.i. 20) in presence of bafilomycin 

(0.1 µM); cells were counterstained with WGA-Alexa fluor633 (blue). % of activation was calculated by 

setting the IL-1β release of the stimulus with the solvent as 100%. IL-1β secretion by Salmonella 

(p<0.05) and C. jejuni (p<0.05) in presence of bafilomycin was significantly reduced. Values are the 

mean ± SEM of three (B) independent experiments performed in duplicate. 

 

C. jejuni activates NLRP3 via caspase-11 and a second mechanism. 

Gram-negative pathogens, when internalized into host cells, can activate caspase-11 

(23, 40). Caspase-11 induces NLRP3-dependent caspase-1 activation and IL-1β 

secretion but also causes cell death that is independent of NLRP3 (21–24). Although 

C. jejuni does not cause cell death of J774.A1 macrophages (unlike Salmonella and E. 

coli), we determined caspase-11 activation in C. jejuni infected cells (31). Hereto, 

caspase-1-/- or caspase-11-/- BMMs from C57BL/6 mice were stimulated with C. jejuni, 

after which IL-1β secretion was measured (Figure 3). C. jejuni required caspase-1 for 

IL-1β secretion (Figure 3) consistent with the central role of this caspase in the NLRP3 

inflammasome. The lack of caspase-11 resulted in a reduced IL-1β secretion by C. 

jejuni-infected cells, suggesting that C. jejuni activates the NLRP3 inflammasome via 

caspase-11 dependent and independent mechanism in a potassium efflux dependent 

manner. 
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Figure 3. C. jejuni activates caspase-11. 

IL-1β secretion from non-primed BMMs isolated from wt, 

caspase-1, or caspase-11 knockout mice stimulated (12 h) 

with several C. jejuni strains (m.o.i. 20). Absence of caspase-

1 caused significantly lower IL-1β secretion induced by all 

stimulus (p<0.05). Absence of caspase-11 resulted in 

significantly lower IL-1β for all C. jejuni strains (p<0.05). 

Values are the mean ± SEM of three independent 

experiments performed in duplicate. 

 

 

 

C. jejuni does not increase membrane permeability.  

To identify the caspase-11 independent NLRP3 activation pathway, we investigated 

whether C. jejuni infection causes destabilization of the membrane leading to increased 

membrane permeability and subsequent efflux of potassium. Hereto cells were 

stimulated with C. jejuni, Salmonella, E. coli, ATP (2.5 mM) or Triton X-100 (0.5%) in 

presence of Propidium iodide (P.I.). This fluorescent DNA-binding compound is 

membrane impermeant and only enters the cells when the membrane is compromised. 

Treatment of the macrophages with Triton X-100, Salmonella, E. coli or ATP, all 

caused a loss of membrane integrity as evidenced by the increased fluorescence (Figure 

4). In contrast, infection with C. jejuni showed minimal P.I. uptake (Figure 4), 

indicating the absence of major changes in membrane integrity during C. jejuni 

infection of the cells. 

 

Figure 4. C. jejuni does 

not induce membrane 

permeability. 

P.I. (3 µM) uptake of C. jejuni 

(m.o.i. 20), Salmonella 

(m.o.i. 20), E. coli (m.o.i. 

20), ATP (2.5 mM) or Triton 

x-100 (0.5%) stimulated (7 h) in primed J774.A1 macrophages. ATP was added ninety minutes after the 

start of stimulation. Fluorescence intensity (F.I.) was corrected for background fluorescence from an 

unstained non-stimulated well. Values represent a single representative from two individual assays 

performed in triplicate. 
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C. jejuni activates the NLRP3 inflammasome independent of the P2X7 receptor. 

As binding of extracellular ATP to the purinogenic receptor P2X7 induces a potassium 

efflux that activates the NLRP3 inflammasome, we tested whether ATP, either released 

from the host cell or the bacteria, was involved in NLRP3 activation by C. jejuni. The 

P2X7 inhibitor A-438079 (100 µM) strongly inhibited IL-1β secretion induced by both 

ATP and C. jejuni (Figure 5A). As expected, the inhibitor did not block Salmonella-

induced IL-1β secretion through NLRC4. The addition of apyrase (20 U/ml), which 

degrades ATP and ADP to AMP, decreased IL-1β secretion during C. jejuni stimulation, 

indicating that ATP and/or ADP are involved in NLRP3 activation by this bacterium 

(Figure 5B). Uptake of C. jejuni and Salmonella by the cells was unaffected by both A-

438079 and apyrase as determined by confocal microscopy (Figure 5C).  

 

 To verify the apparent role of the P2X7 receptor in NLRP3 inflammasome 

activation by C. jejuni, IL-1β secretion by primary BMM derived from C57BL/6 wild-

type and P2X7-/- knock out mice was compared. As expected, ATP induced IL-1β 

secretion in primed wild-type but not P2X7-/- BMM (Figure 5D). Surprisingly, C. jejuni-

mediated IL-1β secretion was not dependent on a functional P2X7 receptor, as the 

non-primed wild-type and P2X7-/- knock out cells showed identical results (Figure 

5E). Comparable P2X7-independent IL-1β secretion was also observed for Salmonella 

and E. coli (Figure 5D). These findings indicate that C. jejuni-induced IL-1β secretion, 

although sensitive to the inhibitor A-438079 and apyrase, occurs independent of the 

P2X7 receptor. 
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Figure 5. Inflammasome activation by C. jejuni is P2X7 independent. 

(A-B) Inhibition of IL-1β secretion by primed J774.A1 macrophages stimulated (6 h) with C. 

jejuni strain 108cheY::cat (m.o.i 20) or Salmonella (m.o.i. 2) or ATP (2.5 mM) in the presence 

of A-438079 (100 µM) or apyrase (20 U/ml). (C) Primed J774.A1 macrophages were infected 

(2 h) with mCherry fluorescent (red) C. jejuni 108cheY::cat (m.o.i 40) or GFP fluorescent 

(green) Salmonella (m.o.i. 20) in presence of A-438079 (100 µM) or apyrase (20 U/ml); cells 

were counterstained with WGA-Alexa fluor633 (blue). (D-E) IL-1β secretion from primed 

(D) and non-primed (E) BMMs isolated from wt or P2X7 knockout mice stimulated (12 h) with 

ATP (2.5 mM), Salmonella (m.o.i. 2), E.coli (m.o.i. 20) or several C. jejuni strains (m.o.i. 20). 

% of activation was calculated by setting the IL-1β release of the stimulus with the solvent as 

100%. IL-1β secretion by Salmonella (p<0.05) and C. jejuni (p<0.01) in presence of A-438079 

or apyrase was significantly reduced. IL-1β secretion by ATP (p<0.001) was significantly lower 

in the P2X7-/- BMMs. Values are the mean ± SEM of three independent experiments performed 

in duplicate. 
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Bacterial protein synthesis and cell association are required for NLRP3 

inflammasome activation. 

As C. jejuni induced NLRP3 dependent IL-1β secretion can occur independent of the 

P2X7 receptor, membrane leakage and the need for C. jejuni trafficking to lysosomes, 

we investigated whether bacterial uptake and viability were required for 

inflammasome activation. Hereto, primed J774.A1 macrophages were incubated with 

2,3-dinitrophenol (DNP) (3 mM) during a short (2 hour) infection with C. jejuni or 

Salmonella. DNP blocks the production of mitochondrial ATP, causing an ATP 

shortage and thereby inhibiting Salmonella and Shigella invasion (ATP-dependent 

uptake processes) by more than 95% (41). DNP treatment did not block C. jejuni-

induced IL-1β secretion, although it significantly reduced Salmonella-induced IL-1β 

production (Figure 6A). Active ATP-dependent cell-mediated uptake of C. jejuni seems 

not to be required for NLRP3 inflammasome activation. 

 

 Similar type of experiments using a mixture of the cytoskeleton disrupting 

agents cytochalasin D (3 µM) and colchicine (10 µM) that prevent phagocytosis 

demonstrated no inhibition but rather enhanced C. jejuni-induced IL-1β secretion 

(Figure 6B). As expected, the compounds significantly inhibited IL-1β secretion from 

Salmonella-infected cells. Confocal microscopy on the cytochalasin D/colchicine 

treated macrophages revealed less intracellular Salmonella, but much more cell-

associated C. jejuni than in the controls cells (Figure 6C), suggesting a relationship 

between the number of cell-associated C. jejuni and inflammasome activation.  

 

 Finally, to assess whether bacterial viability and/or protein synthesis were 

required for inflammasome activation, lysate primed J774.A1 macrophages were 

stimulated with live or heat-killed (dead but not disintegrated bacteria) C. jejuni or live 

bacteria in presence of the bacterial protein synthesis inhibitor spectinomycin (50 

µg/ml) (Figure 6D-F). Only live C. jejuni with active protein synthesis induced IL-1β 

secretion (Figure 6D-E) whereas heat-killed C. jejuni or C. jejuni treated with the 

protein synthesis inhibitor failed to activate the inflammasome (Figure 6E). Infection 

with Salmonella yielded similar results. Confocal microscopy indicated comparable 

numbers of intracellular bacteria in the absence or presence of spectinomycin (Figure 

6F). These results indicate that not bacterial ingestion but active protein-synthesis of 

cell-associated C. jejuni is required for the stimulation of IL-1β secretion. 
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Figure 6. Metabolic active C. jejuni present at the cellular membrane activates the 

NLRP3 inflammasome. 

Primed J774.A1 macrophages were stimulated with ATP (5 mM), Salmonella (m.o.i. 20), E. coli (m.o.i. 

20) or (heat-killed) C. jejuni (m.o.i. 20). IL-1β secretion (6 h) on Salmonella or 108cheY::cat infected 

macrophages in presence of DNP (3 mM) (A), cytochalasin D (3 µM)/colchicine (10 µM) (B). After 2 h 

of infection the bacteria and inhibitors were washed away with DMEM plus 10% FCS and the incubation 

continued for another 4 h with gentamicin (50 µg/ml). (C, F) Confocal microscopy (2 h) on mCherry 

fluorescent (red) C. jejuni 108cheY::cat (m.o.i 40) or GFP fluorescent (green) Salmonella (m.o.i. 20) 

infected macrophages in presence of cytochalasin D (3 µM)/colchicine (10 µM) (C) or spectinomycin 

(50 µg/ml) (F). Cells were counterstained with WGA-Alexa fluor633 (blue). (D-E) IL-1β secretion after 

infection with live or heat-killed C. jejuni strain 108cheY::cat (D) or live Salmonella and C. jejuni in 

presence of spectinomycin (50 µg/ml) (E). IL-1β secretion was significantly increased upon C. jejuni 

infection in presence of DNP (p<0.05) or cytochalasin D/colchicine (p<0.001). On the other hand, 

secretion by Salmonella was decreased (p<0.05). Heat-killing (p<0.05) or treatment of spectinomycin 

(p<0.001) significantly reduced IL-1β secretion by C. jejuni or Salmonella (p<0.05). Spectinomycin 

treatment on ATP was not significant. (A, B, D, E) Values are the mean ± SEM of three independent 

experiments performed in duplicate. 
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Discussion 

 

The present study was designed to identify the bacterial factors and features 

responsible for C. jejuni activation of the NLRP3 inflammasome. Our results indicate 

that C. jejuni stimulates IL-1β secretion via a caspase-11 independent and dependent 

pathway (Figure 7), both requiring the induction of a potassium efflux. The caspase-11 

independent mechanism is activated via a bacterial protein synthesis dependent 

process that requires bacterial association with the cells. Interestingly, this activation 

does not require a functional purinergic P2X7 receptor, pore-forming toxins, or 

bacterial trafficking to endo-lysosomes which can all contribute to NLRP3 

inflammasome activation. In contrast to what is seen for other bacteria, the induction 

of caspase-11 activation by C. jejuni does not result in cell death. This illustrates the 

unusual and specific properties of C. jejuni. Exactly how C. jejuni activates NLRP3 

independent of caspase-11 requires further investigation. 

 

 

Figure 7. NLRP3 inflammasome activation by C. jejuni 

C. jejuni activates the NLRP3 inflammasome via two distinct route. While both routes require caspase-

1, only one is dependent on caspase-11. Several key characteristics for C. jejuni-mediated NLRP3 

inflammasome activation were identified, including the presence of cell-associated bacteria, bacterial 

protein synthesis, potassium efflux, independent of the P2X7 receptor, sensitivity to A-438079 and 

apyrase and lack of requirement for membrane leakage. Which factors are important for which route 

remains to be determined. Finally, activation of NLRP3 leads to IL-1β processing and secretion but not 

pyroptosis. 
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 A common feature of NLRP3 inflammasome activation is the efflux of 

potassium (19). Indeed, the IL-1β secretion induced by C. jejuni was abolished in the 

presence of high concentrations of extracellular potassium and the inhibitor 

glybenclamide that blocks opening of ATP-sensitive K+-ion channels. Conditions 

associated with a potassium efflux include the presence of extracellular ATP (42). 

Extracellular ATP binds to and regulates ATP-gated cation channels like the purinergic 

P2X7 receptor. The unaltered IL-1β secretion in BMM from P2X7-/- knockout mice 

versus wild type mice (Figure 4D) seems to exclude that this mechanism is exploited 

by C. jejuni. Yet, the assumed selective P2X7 antagonist A-438079 (43) and the ATP 

diphosphohydrolase apyrase blocked C. jejuni NLRP-3 inflammasome activation (but 

not the K+-efflux independent Salmonella-induced NLRC4-mediated IL-1β secretion) 

(Figure 5A-B). One likely explanation for the chemical inhibition of A-438079 may be 

promiscuity of the inhibitor towards other P2X7-related ion channels (44, 45) at the 

used high concentration of the compound (100 μM). Other possibilities would be the 

unusual high activity of caspase-11 dependent activity in the P2X7-/- cells. Caspase-11 

has been shown to activate the NLRP3 inflammasome via a potassium efflux 

independent of p2X7 (21, 24, 46). 

 

 Lysosomal destabilization may also act as a trigger of potassium influx and 

NLRP3 activation. This is most evident from the effects of ingestion by the cells of 

particulate matter such as silica, aluminum salts or uric acid crystals (47). These 

materials apparently disturb the membrane integrity of the phagosomes resulting in 

cathepsin B release into the cytosol which leads to cell stress and trigger a potassium 

efflux (19). Alternatively, some pathogens secrete large multimeric cytolysins like 

Listeriolysin O, that cause membrane damage and leakage of vacuole content into the 

cytosol, resulting in the same effects (48, 49). C. jejuni resides within endo-lysosomes 

and co-localizes with lysotracker, a marker known to accumulate in acidic organelles 

(29, 39, 50). Yet, our results clearly indicate that C. jejuni induced IL-1β secretion is 

mainly independent of bacterial trafficking to the late endo-lysosomal compartment. 

Inhibition of vacuole acidification and endo-lysosome formation using bafilomycin had 

only a minor effect on IL-1β secretion (Figure 2B). Furthermore, C. jejuni lacks effector 

proteins known to cause lysosomal leakage and is not capable to escape from the 

phagosome, unlike Listeria (51).  
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The apparent absence of intracellular mechanisms of NLRP3 inflammasome 

activation triggered during C. jejuni cellular infection, led us to focus on the possible 

role of plasma membrane permeability and initial uptake in the activation process. C. 

jejuni lacks classical Type III or Type IV Secretion Systems that may inject effector 

molecules into the cytosol. Furthermore, the flagella secretion apparatus and Type 6 

Secretion System are not required for inflammasome activation (31). Pore-forming 

toxins may cause membrane leakage and a K+-efflux (52). The only C. jejuni toxin 

discovered so far is the cytolethal distending toxin (CDT) which is not needed for 

NLRP3 inflammasome activation (31, 53, 54). The absence of membrane leakage as 

measured via P.I. uptake indicates that C. jejuni does not cause major cell damage, but 

small pores (1-1.5 kDa) or self-inserting K+-ionophoric toxins (55) may have gone 

unnoticed. Of note here is that during the natural infection C. jejuni induces a strong 

fluid response that has been attributed to disturbance of epithelial cells ion-fluxes. In 

human intestinal cells (T-84), C. jejuni suppresses the Cl- secretion upon infection (56). 

In rat ileum C. jejuni caused increased secretion of Na+ and Cl- into the supernatant 

which was a calcium-dependent process (57). In addition, a Ca2+ influx was observed. 

Calcium influxes have been linked to potassium effluxes and NLRP3 inflammasome 

activation, although a calcium influx itself is not required for activation (19, 58–60). 

The mechanism behind these C. jejuni-induced ion fluxes is still unresolved but could 

be involved in NLRP3 activation. 

  

C. jejuni uptake per se is not sufficient for inflammasome activation as 

evidenced from the absence of IL-1β after ingestion of heat-killed microorganisms 

(Figure 6D). The strongest inflammasome activation by C. jejuni was observed after 

disruption of the cell cytoskeleton (Figure 6B). This procedure was effective as 

indicated by the reduced bacterial numbers and IL-1β secretion after infection with 

Salmonella. The high levels of IL-1β secretion observed for C. jejuni in the presence of 

the cytoskeleton disrupting agents coincided with a much higher number of cell-

associated bacteria, suggesting that tight contact of the bacteria with the membrane 

relates with the strength of the inflammasome response. Together with the need for 

active protein synthesis during infection (Figure 6E), these findings may indicate that 

C. jejuni activates the inflammasome by producing compounds that interact or are 

transferred upon tight contact with the macrophage membranes, which is a novel 

mechanism for activation. 
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In mouse macrophages Gram-negative bacteria can activate the non-canonical 

inflammasome pathway. Via TRIF activation, bacterial LPS can up-regulate caspase-11 

via type I IFN signaling (61), an event that is necessary for caspase-11 induction and 

subsequent activation via cytosolic LPS (22, 23). Caspase-11 subsequently activates 

NLRP3 and induces caspase-1-independent cell death (21). C. jejuni does activate this 

non-canonical inflammasome pathway as shown by the reduced IL-1β secretion in 

primary BMMs deficient in capase-11 (Figure 3). Yet, in J774.A1 mouse macrophages 

no cell death was observed after inflammasome activation (31), suggesting, that 

caspase-11 activation does not in all cases lead to cell death.  

  

In conclusion, our findings indicate that C. jejuni activates the NLRP3 

inflammasome via two different routes. The first activation route is via caspase-11 

activation, general for Gram-negative bacteria. The second activation route occurs via 

a novel caspase-11 independent mechanism where an interaction, requiring bacterial 

protein synthesis, at the cell membrane induces a potassium efflux leading to NLRP3 

inflammasome activation without causing cell death.  
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Aim of the study 

 

Campylobacter jejuni is the most common cause of bacterial foodborne disease. Yet, 

little is known about how this pathogen causes disease. Research on the pathogenesis 

of C. jejuni has been hampered by its highly variable in vitro behavior and the lack of 

a suitable animal model of infection (1). However, it is generally accepted that C. jejuni 

lacks the classical virulence factors present in many other enteropathogens, whereas 

the clinical pathology points to invasive bacterial behavior and the induction of potent 

pro-inflammatory factors during human infection (reviewed in Chapter 2).  

 

The goal of the study described in this thesis was to better understand 

Campylobacter pathogenesis by focusing on the molecular events that drive the direct 

interaction of the pathogen with epithelial cells and macrophages, and its interaction 

with the innate immune system. These topics were selected as our lab recently 

discovered that C. jejuni displays highly invasive behavior under conditions of nutrient 

limitation (2) and that C. jejuni is capable to elicit a powerful innate immune response 

(3, 4). The noted invasive phenotype of C. jejuni involves a process in which the 

pathogen first forces its way underneath epithelial cells (referred to as subvasion) 

before efficiently invading the cultured cells from the basal side. The attention for the 

innate immune system followed our previous work showing that C. jejuni interacts with 

several Toll-like receptors (3) and the recent discoveries of the inflammasome as innate 

defense mechanism for intracellular bacteria (5). The discovery of a C. jejuni-specific 

innate immune agonist described in this thesis fits the emerging concept of the 

existence of bacterial species-specific immune stimuli that contribute to the innate 

immune response, in addition to the more broadly recognized pathogen-associated 

molecular patterns (PAMPs) that are present on most bacterial species and that are 

typically recognized by Toll-like receptors (TLRs) (6).  
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During our studies we discovered that C. jejuni invades epithelial cells via a 

novel mechanism independent of the known actin filament or microtubules-mediated 

cellular uptake processes (Chapter 3). After this highly efficient invasion process C. 

jejuni enters the endolysosomal pathway. We also discovered a novel species-specific 

PAMP secreted by C. jejuni that induces a potent inflammatory immune response in 

epithelial cells (Chapter 4). Activation was independent of TLRs and Nod-like 

receptors (NLRs) and could be of great importance in C. jejuni pathogenesis. Finally, 

we demonstrated for the first time that C. jejuni activates the NLRP3 inflammasome 

in macrophages (Chapter 5). This activation proceeded via a potassium efflux-

dependent process and required ongoing bacterial protein synthesis (Chapter 6). The 

inflammasome activation resulted in the secretion of the potent inflammatory cytokine 

IL-1β and thus may provide a molecular basis for the presence of this cytokine in 

patient sera during natural C. jejuni infection (7). Overall our results support the 

scenario that C. jejuni is capable to breach the human epithelial barrier, to invade 

epithelial cells and that the host senses the pathogen through different innate immune 

response mechanism, which generate the potent pro-inflammatory environment 

typically present during natural symptomatic infection. 
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Role of epithelial invasion in C. jejuni pathogenesis 

Invasion of epithelial cells is for many enteropathogens a crucial step in the infection 

process (8). Enteropathogens can use epithelial cells as a niche to replicate and spread 

to other tissues while avoiding detection by the immune system. During C. jejuni 

infection the pathogen can be found inside epithelial cells, yet the mechanism(s) of 

entry and the contribution of the intracellular bacteria to the infection process as a 

whole were poorly defined (9). A major obstacle in studying this aspect of pathogenesis 

has been the low numbers of bacteria that invaded the epithelial cells under the in vitro 

conditions employed (1, 10). The discovery of a highly efficient invasion mechanism 

that follows the bacterial subvasion event enabled us to better investigate the dominant 

C. jejuni invasion mechanism. Our results (described in Chapter 3 and illustrated in 

Figure 1) show that C. jejuni invades polarized epithelial cells independent of actin 

filament formation or the microtubule cytoskeletal network—unlike the majority of 

bacterial pathogens. Furthermore, the bacterial invasion does not require cellular ATP 

but is crucially dependent on chemotactic sensing and flagellar function, suggesting 

that it is a largely bacterial motility driven process. To our knowledge no other bacterial 

pathogens can invade host cells without the need of ATP and/or involvement of the 

host cytoskeleton. How C. jejuni specifically enters the cells remains to be determined, 

but our results illustrate again the unique characteristics of this fascinating pathogen.  

  

Once intracellular, C. jejuni resided in a membrane-bound cellular 

compartment with characteristics of endolysosomes, suggesting that the invaded 

bacteria enter the endocytic pathway. After 48 h of cellular infection, only a small 

subset of intracellular bacteria could be recovered from the cells or could be detected 

using a bacteria-driven luciferase reporter assay. This suggests that the majority of the 

intracellular bacteria may have lost their viability. We found no evidence that 

intracellular bacteria were able to exit the cells. The high number of intracellular 

bacteria (up to 50 bacteria per cell) also did not cause measurable immune activation 

in the host polarized epithelial cells and no massive cell death was observed 

(unpublished results). Together these results question the significance of epithelial 

invasion to the establishment of C. jejuni infection. However, it should be noted that 

the results were obtained using established cell lines that were often of tumor origin 

and may have lost typical characteristics and the architecture of the natural tissue. It 

cannot be excluded that in the natural situation the intracellular presence of C. jejuni 
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alters natural cell division kinetics or characteristics that favor bacterial survival or 

passage through (transcytosis) or between (paracytosis) the cells. Translocation 

experiments did show that C. jejuni can pass polarized epithelial monolayers 

independent of invasion and disruption of the tight junctions (unpublished results). 

This process seems to occur independent of the subvasion and invasion event as it was 

neither affected by mutation in the chemotaxis system (that drives motility) nor the 

(un)availability of nutrients in the medium (that drives the subvasion event). C. jejuni 

has also been reported to translocate to the subepithelial space via specialized portal 

cells named M-cells and via a paracellular transport route after opening of tight 

junctions (11). One attractive scenario that unifies all these different findings is that C. 

jejuni breaches the mucosal barrier via a paracellular route and subsequently invades 

the cells from the basal cell side as observed in our cell system. The use of human 

organoids that have the original tissue architecture may proof to be a valuable tool to 

further resolve this issue. 

 

 

Figure 1. C. jejuni invasion in polarized epithelial cells.  

Under nutrient-limited conditions C. jejuni subvades the cells and from there invades the cells without 

the use of the actin filament formation, the microtubule cytoskeletal network or an ATP-dependent 

uptake mechanism. Once intracellular the bacteria will enter the endosomal pathway were the majority 

of the bacteria will die within 48 hours. 
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Identification of a novel PAMP from C. jejuni and it role in 

pathogenesis 

Activation of the innate immune system is a key event in the inflammatory response. 

Disbalance of the innate immune system can have major effects on the health of the 

patient. Part of the pathology observed in C. jejuni infection likely results from innate 

immune activation and the subsequent inflammatory response. C. jejuni is known to 

activate several TLRs and NLRs of humans but also of other mammals that do not show 

symptoms of disease (3, 12, 13). This suggest that C. jejuni either does only come into 

contact with these innate receptors in susceptible but not resistant hosts (e.g. due to 

differences in colonization of the mucus layer) or that other host-specific innate 

immune recognition mechanisms exist and contribute to the inflammation.  

 

In Chapter 4 we identified a new mechanism of innate immune activation in 

epithelial cells by C. jejuni (summarized in Figure 2). Upon cessation of growth C. 

jejuni releases a small β-glucan (referred to as a non-classical PAMP) that is sensed by 

the host, activates NF-κB, and induces an early inflammatory response in epithelial 

cells. Importantly, activation was independent of TLRs and NLRs and the factor 

appeared absent in most other pathogens. Activation of NF-κB was dependent on the 

signaling kinases FAK, TAK and p38. These kinases are known to be activated by 

numerous groups of receptors including G-coupled protein receptors and integrins (14, 

15). The observed variable responsiveness of cell types to the β-glucan maybe explained 

by a variable expression of the receptor in different cell types. The observed lack of 

response of mouse cells additionally suggests the existence of species specificity of 

receptor expression or ligand recognition. A still unexplained feature is the strong 

increase in response when the DMSO was mixed with the β-glucan. As DMSO is a 

solvent and a vehicle to deliver compounds into tissues (16), it can be imagined that 

DMSO increases the transport of the β-glucan over the membrane, hinting on the 

possibility of an intracellular receptor or a direct activation of an intracellular signaling 

pathway by the glucan. Identification of the potential receptor and activated cellular 

pathways may require the elucidation of the exact chemical structure and synthesis of 

the beta-glucan. 
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In third world countries individuals that are repeatedly exposed to C. jejuni still 

can be heavily colonized with C. jejuni but often do not develop symptoms of disease 

(17). The basis for this apparent protection against disease is unclear. One possible 

scenario is that repeated exposure results in an increased repertoire of secreted IgA 

(sIgA) that can target a broad set of the antigenically diverse circulating C. jejuni 

strains. The sIgA may prevent the bacterium to deeply enter and replicate into the 

intestinal crypts and thus limit disease development. However, whether C. jejuni can 

survive in the intestinal lumen without penetrating the mucus layer is unknown. 

Alternatively, the sIgA may neutralize the inflammation-inducing behavior of the 

bacterium. Analysis of the antigen specificity of the neutralizing sIgA may aid to resolve 

this issue and even form the basis of a future vaccine. This however does not explain 

the selective protection against disease but not colonization. A more speculative 

explanation may be that repeated exposure to the pathogen induces temporary 

tolerization of the innate immune system and therefore affecting the Th1 and Th17 

response. Repeated activation of the innate immune system is known to promote 

tolerization raising the threshold for activation (18, 19). Blocking NF-κB activation by 

the β-glucan would be a possible strategy to prevent disease, by indirectly influencing 

the adaptive immune response. 

 

 The discovery of the species-specific PAMP in C. jejuni opens new scenarios 

regarding C. jejuni pathogenesis. Upon colonization of the crypts C. jejuni may release 

the β-glucan, which could influence the epithelial lining and the intestinal stem cells 

that are located at the bottom of the crypts (21). It would be interesting to determine 

the effects of the β-glucan on these cells and on key processes like intestinal lining 

renewal. While it has been demonstrated that activation of TLRs and the innate 

immune system influence the function of stem cells (22), TLR and NLR expression in 

the crypts is low, preventing over-activation of the immune system. Circumventing the 

traditional innate immune sensors, the β-glucan may drive potent immune activation 

in the crypts. During C. jejuni infection disruption of the epithelial monolayer is 

observed via a yet unknown mechanism (9). While theoretically, barrier disruption can 

be caused by the cytolethal distending toxin (CDT), CDT negative strains also cause 

disease, excluding this toxin as a major contributor to pathogenesis (23). Our results 

shows that chemokines are strongly upregulated upon β-glucan stimulation, 

suggesting a potential role for the β-glucan in the disruption of the epithelial barrier—
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either directly by targeting intestinal stem cells or indirectly by recruiting high levels 

of neutrophils and macrophages to the site of infection. The precise effect of the β-

glucan on the host cells as well as the receptor remain unknown and deserve further 

investigation. 

 

 

Figure 2. Immune activation by a Campylobacter specific β-glucan. 

Upon cessation of growth C. jejuni releases a small periplasmic β-glucan capable to activate NF-κB in a 

FAK-TAK1-p38 dependent manner. Remarkably, NF-κB activation is independent of TLRs and NLRs. 

Activation of NF-κB leads to pro-inflammatory responses characterized by the upregulation of IL-8, IL-6, CXCL2 

and CCL2. 

 

Macrophages in C. jejuni pathogenesis 

So far we have focused on the interaction of C. jejuni with epithelial cells, however, 

once C. jejuni translocates to the subepithelium, it will encounter the resident and 

recruited macrophages. A main function of macrophages is to ingest and digest foreign 

particles such as bacteria, and to further enhance the innate defenses and instruct the 

adaptive immune system. The interaction of C. jejuni with professional phagocytic cells 

will likely be different than with epithelial cells. One of the open questions at the 

beginning of this project was whether C. jejuni invades macrophages via a bacteria-

driven subvasion-like event as occurs with epithelial cells or is phagocytosed and 
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rapidly killed by the professional phagocytes. The research described in Chapter 5 

and 6 shows that disruption of the chemotaxis system results in more intracellular 

bacteria within the macrophages as was observed for epithelial cells. However, we were 

unable to determine whether the bacteria first subvaded the macrophages prior to the 

invasion of the cells possibly due to the firm attachment of the macrophages to the 

matrix. Furthermore, disruption of the cytoskeleton in macrophages had a different 

effect than in epithelial cells, as it did not enhance bacterial uptake (like in epithelial 

cells) but largely prevented bacterial uptake and trafficking inside the cells and caused 

virtually all bacteria to be located at or near the cell membrane (Chapter 3). This 

suggests that C. jejuni entry and processing of epithelial cells and macrophages may 

occur at least in part via different mechanisms, although after both events the pathogen 

enters the endolysosomal compartment. On the basis of recovery rates of intracellular 

C. jejuni, it seems unlikely that the pathogen displays prolonged intracellular survival 

within the epithelial cells and macrophages. However, the intracellular presence of the 

pathogen may further direct the nature of the immune response e.g. via activation of 

the inflammasome.  

 

Inflammasome activation and its role in C. jejuni pathogenesis 

A typical feature of C. jejuni infection is the relatively high level of IL-1β in patient sera. 

IL-1β has a broad range of local and systemic effects and is known to induce fever and 

inflammation (24). The cytokine is released after cleavage in the cytosol of the IL-1β 

precursor protein by the caspase-1 enzyme. The production of pro-IL1β and the 

cleavage of the precursor are tightly controlled. The precursor is made in response to 

NF-κB stimulation, e.g. via TLR agonists. Activation of the caspase enzyme requires 

the formation of the inflammasome (5). Inflammasomes are multiprotein complexes 

that are formed often in response to intracellular danger stimuli including bacterial 

products or cellular danger signals. Dysregulation of the inflammasome has been 

linked to several auto-immune and auto-inflammatory diseases (25).  

 

In Chapter 5 and 6 C. jejuni was found to activate the NLRP3 inflammasome 

leading to the release of active IL-1β. The exact signals and mechanisms that drive 

NLRP3 inflammasome activation during bacterial infection, while studied intensively, 

have thus far not been completely elucidated. NLRP3 inflammasome activation, by 

Gram-negative bacteria, is assumed to cause cell death. Furthermore, Gram-negative 
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bacteria induced cell death can occur via caspase-11 activation by cytosolic LPS (26–

28). However, infection with C. jejuni did not induce cell death of the macrophages, 

even though caspase-11 was activated by C. jejuni (Chapter 6). These results imply 

that the induction of cell death after inflammasome activation may be more complex 

than previously thought. One possible explanation of the aberrant inflammasome 

behavior upon C. jejuni infection may be the existence of different gradients of 

inflammasome activation. For instance, pathogenic bacteria such as Salmonella can 

exploit macrophages as niche for replication (29); potent inflammasome activation 

resulting in cell death may prevent this to some extent (30). Upon cell death, the 

bacteria will be expelled in the environment alongside several inflammatory promoting 

(e.g., neutrophil-attracting) compounds, which limits the infection. For C. jejuni and 

possibly other less aggressive pathogens that do not use macrophage as an intracellular 

niche, such a full blown immune activation is not required and can even aggravate the 

pathology observed.  

  

In Chapter 6 we focused on how C. jejuni activates the NLRP3 inflammasome. 

Activation can be triggered by a whole range of ligands and processes, yet the common 

factor seems to be an induction of a potassium efflux (31). Indeed our results showed 

that C. jejuni induces a potassium efflux. The mechanism behind the potassium release 

induced by bacterial pathogens is still unknown. Yet, based on our findings and 

published work, the following scenario can be envisioned: once C. jejuni crosses the 

epithelial lining of the intestine it will come in contact with macrophages (9, 11, 32). 

Interaction with the macrophages will results in activation of NF-κB via TLRs and NOD 

receptors, resulting in priming of the macrophages (3, 12, 13, 33–40). At the same time, 

the bacteria will interact at the cell surface leading to phagocytosis or invasion and at 

some point the induction of a potassium efflux via a bacterial protein synthesis-

dependent but cytoskeleton-independent process. The potassium efflux in turn will 

lead to NLRP3 inflammasome activation, the activation of caspase-1 and caspase-11, 

and the secretion of IL-1β without causing cell death (Figure 3). 

 

The role of the inflammasome in natural C. jejuni infection remains to be fully 

determined, although the presence of IL-1β in patient sera indicates its involvement 

(7). Inflammasome activation could be a two sided coin during infection. On the one 

hand, activation will most likely aid clearance of the infection. On the other hand, 
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activation could lead to a too strong inflammatory response resulting in the observed 

pathology. Clearly, more in-depth investigation of inflammasome activation during the 

natural C. jejuni infection is needed to value its role in pathogenesis. It would be 

interesting to investigate whether other types of inflammasome are also activated. Our 

results indicate that despite the presence of C. jejuni flagellin, the NLRC4 

inflammasome remains silent during infection, but several other inflammasomes have 

been identified in macrophages or in intestinal epithelial cells that could play a role 

during infection.  

 

 

Figure 3. NLRP3 inflammasome activation by C. jejuni. 

Upon contact C. jejuni causes NF-κB and IRF3 activation via several PRRs (TLRs, NODs and MGL) 

leading to the production of pro-inflammatory cytokines and priming the macrophage for 

inflammasome activation. At the same time C. jejuni presumably interacts at the cell surface and is taken 

up leading to caspase-11 activation. Both events lead to a potassium efflux activating the NLRP3 

inflammasome. Activation of the NLRP3 inflammasome leads to secretion of active IL-1β but not cell 

death. 
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Unraveling C. jejuni pathogenesis 

The work described in this thesis has added a number of key pieces to the C. jejuni 

pathogenesis puzzle. Based on these new insights the following model of C. jejuni 

pathogenesis can be proposed: driven by flagella and the chemotaxis system, C. jejuni 

colonizes the crypts and replicates while feeding on the serine and fucose present in 

the mucus (41). At a certain point bacterial replication will plateau, possibly due to the 

decreasing amount of nutrients, and start secreting/releasing the β-glucan. The β-

glucan causes immune activation of the epithelial cells and possibly intestinal stem 

cells that reside at the bottom of the crypts. From this point C. jejuni starts to 

translocate to the subepithelium, either by directly damaging the epithelial lining or 

because of the damage that infiltrating immune cells will cause. C. jejuni can invade 

the epithelial cells in order to evade immune recognition, or is detected by PRRs 

present on the basolateral side of the epithelial cells and professional immune cells. 

Immune cells, like neutrophils and macrophages, have likely infiltrated the site of 

infection due to the released chemokines after immune activation by the β-glucan. 

Together, this will lead to a robust immune response, via inflammasome activation, 

causing recruitment of more inflammatory cells and lymphocytes. Phagocytosed C. 

jejuni by macrophages and dendritic cells will lead to killing of the bacteria and the 

presentation of C. jejuni antigens to T-cells. Combined, both the innate and adaptive 

immune responses, while causing the observed pathology, in the end will lead to 

clearance of the infection.  

  

One of the still unanswered questions is whether the observed intestinal 

inflammation and diarrhea are caused by bacteria-mediated damage to the intestine or 

collateral damage due to (over)activation of the immune system. The results described 

in this thesis suggest that C. jejuni by itself is not particularly harmful to epithelial cells, 

polarized monolayer of cells, or macrophages. Yet, C. jejuni can activate NF-κB in 

epithelial cells as well as the inflammasome in macrophages, suggesting that indeed 

the real culprit in C. jejuni pathogenesis is the over-activation of the innate immune 

system leading to inflammation. The induction of diarrhea may be beneficial for the 

pathogen as it may facilitate the spread to new intestinal niches within the infected as 

well as in new hosts. 
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Diarrhea can be induced via several mechanisms (42). The diarrhea observed 

during a C. jejuni infection resembles the inflammatory diarrhea caused by 

enteropathogens like Shigella. Inflammatory diarrhea is characterized by the presence 

of blood and polymorphonucleocytes (PMNs) in the stool and is accompanied by fever, 

all are observed during C. jejuni infection (1, 42). In Shigella infection, the PMNs are 

the major force behind diarrhea by increasing Cl- secretion, decreasing the absorptive 

surface of the epithelium, and increasing permeability of the epithelial monolayer (42). 

Whether this is also the case in C. jejuni infection remains to be determined but the 

similarity between the infections does suggest that the inflammation is causing the 

majority of the symptoms observed. However, since Shigella pathogenesis is mediated 

by a Type III Secretion System and toxins, it is clear that the molecular basis of 

inflammation is different between the two enteric pathogens. 

 

Another factor in C. jejuni pathogenesis, which has not received a lot of 

attention, is the role of the microbiota. Even though C. jejuni is the most common cause 

of bacterial enterocolitis worldwide, the number of colonized individuals is even much 

larger (43). The reason for the discrepancy in colonized versus diseased individuals 

may be multifactorial but may include the nature of the strain involved, diet, general 

health and the composition of the microbiota. The microbiota shapes the environment 

of the intestine by breaking down food, competing for nutrients, competing with each 

other and foreigners' like Campylobacter, keeping the innate immune system in check 

(44), and instructing the adaptive immune system (45). We noted that the 

pathogenicity of C. jejuni highly varies with nutrient availability, which may mean that 

the microbiota may influence C. jejuni growth and pathogenicity. This is supported 

with the observation that in gnotobiotic mice complemented with a human, but not 

murine, microbiota, C. jejuni colonizes and induces a pro-inflammatory response (46). 

One way to investigate the role of microbiota in pathogenesis, is by comparing the 

microbiota during non-symptomatic and symptomatic C. jejuni infection. The 

microbiota could also have a role in the inflammation observed. During infection, 

thinning of the mucus and barrier disruption was observed that could cause an 

increased proximity of the microbiota to the epithelial cells and immune cells like 

macrophages, DCs, and neutrophils. In this scenario both C jejuni and the microbiota 

are driving intestinal inflammatory responses.  
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Concluding remarks and future perspective 

 

Two major questions remain to be answered in C. jejuni research. First, how does C. 

jejuni cause disease in humans and second, how can we prevent this. Preventing 

disease can only occur if we understand C. jejuni pathogenesis. Four decades of C. 

jejuni research showed us that this is not an easy task; Campylobacter is a ‘non-

traditional’ pathogen quite different than the well-studied enteropathogens like E. coli 

and Salmonella. The research described in this thesis has expanded the knowledge of 

the interaction between C. jejuni and it host focusing on invasion and immune 

activation. Our findings show that indeed the interaction with the innate immune 

systems could play a major role in C. jejuni pathogenesis and could even be a 

contributor to the observed pathology. Our results indicate that nutrient availability 

and growth phase influence bacterial invasion and immune activation. Therefore a 

proper knowledge on bacterial gene regulation, growth, metabolism, sugar synthesis 

and taxis systems are likely crucial for explaining C. jejuni pathogenesis. This is 

different as compared to most other enteropathogens, where defined virulence factors 

are major contributors to pathogenesis. The knowledge on basic bacterial metabolism 

and function should of course be linked with studies on host interactions. There are 

still some areas in C. jejuni host-pathogen interaction that remain poorly defined. More 

research in the role of sugars and lectins, T-cell responses, DCs, inflammasomes, and 

the microbiota will be key to fully understand the host-pathogen interaction. Of course 

this does require use of more complex infection models, like organoids, animal models 

or even human-volunteer studies to really solve the mysteries regarding C. jejuni 

pathogenesis. It is evident that a combined approach, using different fields of expertise 

(microbiology, cell biology, and immunology), will greatly advance the field of C. jejuni. 

Since the fastest and cheapest route to reduction of C. jejuni infection, via education 

on proper cooking skills and better access to clean water worldwide, appears to be not 

very successful, the development of effective therapeutical intervention approaches 

remains a key priority. 
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Inleiding 

Het is algemeen bekend dat kip door en door gaar moet zijn voor het gegeten kan 

worden. Als het rauwe vlees besmet is, kan dit leiden tot een bacteriële infectie met alle 

gevolgen van dien. De meeste mensen zullen een dergelijke infectie associëren met 

Salmonella, maar wereldwijd is de bacterie Campylobacter de voornaamste oorzaak 

van ontstekingen in de darm. In Europa alleen worden er jaarlijks al meer dan negen 

miljoen Campylobacter infecties geregistreerd. Campylobacter komt voor in het 

darmkanaal van een groot aantal dieren, zoals kippen, runderen, reptielen en 

huisdieren. Deze dieren hebben hier geen last van. Gebleken is dat meer dan 50% van 

het kippenvlees in de supermarkt besmet is met Campylobacter. Andere (niet-vlees) 

bronnen van infecties zijn besmet oppervlaktewater of het drinken van 

ongepasteuriseerde koemelk.  

 

De meerderheid van de Campylobacter infecties worden veroorzaakt door 

Campylobacter jejuni (C. jejuni). C. jejuni is een Gram-negatieve, spiraalvormige 

bacterie met een zweepstaart (flagellen) aan beide kopse kanten die de bacterie 

gebruikt om zich voort te bewegen. Door zijn vorm en flagellen kan C. jejuni zich goed 

voortbewegen in een viscose omgeving, zoals de slijmlaag in de darm. Deze slijmlaag 

zorgt voor een natuurlijke barrière in de darm en beschermt tegen de meeste bacteriën. 

Na inname van de bacterie (vijfhonderd zijn al genoeg) zal deze diep in de slijmlaag 

van de darm koloniseren, dichtbij de darmcellen. Na besmetting duurt het ongeveer 

twee tot vijf dagen voordat symptomen zich manifesteren. De infectie gaat gepaard met 

koorts, braken, en (bloederige) diarree. Pathologisch onderzoek heeft uitgewezen dat 

C. jejuni veel ontsteking/inflammatie veroorzaakt in de darm en de darmwand kan 

doorbreken. Meestal duren de symptomen vijf tot zeven dagen en gaat de infectie 

vanzelf over, hoewel patiënten tot op een maand na infectie nog last kunnen hebben 

van darmkrampen. In sommige gevallen kan een infectie met C. jejuni leiden tot 

ernstige complicaties, zoals het Guillain-Barré syndroom. Deze auto-immuun ziekte 

leidt meestal tot tijdelijke, maar zeer ernstige, verlammingsverschijnselen. In zeer 

uitzonderlijke gevallen kan een Campylobacter infectie dodelijk zijn. 
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 C. jejuni infectie bij mensen 

Het mechanisme via welk C. jejuni ziekte veroorzaakt in de mens is nog steeds 

onduidelijk. Een aantal factoren hebben het onderzoek naar de pathogenese 

gecompliceerd. Zo is het kweken van de bacterie in het laboratorium lange tijd erg 

lastig geweest. Ook kwamen de infectie experimenten in het laboratorium vaak niet 

overeen met de waargenomen bevindingen tijdens een infectie in de mens. Vanwege 

de mogelijke ernstige complicaties worden humane infectie experimenten slechts bij 

uitzondering gedaan. Daarnaast zijn er ook geen goede diermodellen. Wel is bekend 

dat beweging (motiliteit) en de omgeving van de bacterie grote invloed hebben op het 

vermogen van de bacterie om infectie te veroorzaken (infectiviteit). Hoe de bacterie de 

darmwand kan binnendringen en hoe de symptomen worden veroorzaakt is echter nog 

steeds grotendeels onbekend. 

 

Inflammatie  

Wanneer het lichaam geïnfecteerd wordt is een van de eerste 

verdedigingsmechanismen het ontstaan van een ontstekingsreactie (inflammatie) op 

de plek van infectie. Deze reactie wordt gekenmerkt door zwelling, roodheid, warmte 

en pijn. Het in toom houden van de ontstekingsreactie is ontzettend belangrijk. Te veel 

of te lange (chronische) inflammatie kan serieuze nadelige gevolgen hebben. 

Inflammatie wordt grotendeels gereguleerd door het “aangeboren” (innate) 

immuunsysteem. Naast het innate bestaat het menselijke immuunsysteem uit het 

“verworven” (adaptieve) immuunsysteem. Het adaptieve immuunsysteem kan zich 

aanpassen aan specifieke pathogenen door onder andere de aanmaak van 

antilichamen, en heeft als belangrijkste taak het neutraliseren van de infectie.  

 

Het innate immuunsysteem is in staat om heel snel gevaarlijke signalen te 

herkennen en daar passend op te reageren. Gevaarlijke signalen kunnen 

geconserveerde bacterie-specifieke onderdelen zijn, maar ook uitgescheiden eiwitten 

door beschadigde cellen. Om deze variatie aan signalen te herkennen bestaat er een 

repertoire van receptoren (innate receptoren). Die na herkenning van hun specifieke 

gevaarsignaal via verschillende routes het innate immuunsysteem kunnen activeren. 

De bekendste innate receptoren zijn de Toll-like receptoren. Toll-like receptoren 

herkennen verschillende componenten van bacteriën zoals de flagel, DNA, en de 

bacteriële celwand. Tijdens een C. jejuni infectie worden verschillende van deze 
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receptoren geactiveerd, wat gedeeltelijke een verklaring is voor de waargenomen 

ontsteking van de darm. Een andere groep van receptoren van belang bij het ontstaan 

van inflammatie zijn de Nod-like receptoren, die na activatie in de cel een groot 

complex kunnen vormen genaamd het inflammasoom. Er bestaan verschillende 

soorten inflammasomen en deze zijn vaak vernoemd naar de receptor die in het 

complex aanwezig is. Het inflammasoom activeert de cytokine IL-1β (koorts-

inducerend eiwit), dat vervolgens zowel lokaal als systemisch het immuunsysteem 

verder activeert. Het inflammasoom en IL-1β zijn centrale spelers in het ontstaan van 

inflammatie.  

 

Doel van het onderzoek 

 

Aangezien het nog zeer onduidelijk is hoe C. jejuni ziekte veroorzaakt, is verder 

onderzoek noodzakelijk. Het doel van het in dit proefschrift beschreven onderzoek was 

om de pathogenese van Campylobacter infecties beter te begrijpen, in het bijzonder de 

directe interactie van de pathogeen met epitheel cellen en de interactie met het innate 

immuunsysteem. Voorheen heeft onze groep ontdekt dat wanneer C. jejuni honger 

heeft ze onder de cellen kruipt (subvasie) en erg invasief wordt. Door dit mechanisme 

waren wij voor het eerst in staat om de rol van invasie van gastheercellen door C. jejuni 

goed te onderzoeken. Recentelijk is gebleken dat bacteriën naast de algemene 

gevaarlijke signalen ook specifieke immuun activators kunnen hebben. Daarom zijn 

wij op zoek gegaan naar nieuwe immuun activators van C. jejuni. Hierbij is niet alleen 

gekeken naar de activator zelf maar ook naar hoe het immuunsysteem geactiveerd 

wordt en wat de gevolgen hiervan zijn. Als laatste hebben we gekeken of C. jejuni in 

staat is om het inflammasoom te activeren en welk mechanisme hierachter zit. Door 

deze verschillende aspecten te verhelderen, kunnen we een beter beeld vormen van hoe 

C. jejuni infectie veroorzaakt. 
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Invasie en intracellulaire overleving van C. jejuni  

Tot vrij recent was de rol van invasie en intracellulaire overleving van C. jejuni in de 

pathogenese niet goed te onderzoeken. Vaak werden maar enkele intracellulaire 

bacteriën gedetecteerd. Met de ontdekking dat de bacteriën pas invasief worden als ze 

honger krijgen, konden we voor het eerst de rol van invasie onderzoeken met grote 

aantallen intracellulaire C. jejuni. Met behulp van fluorescentie microscopie en 

bacteriën die fluorescent zijn gemaakt, konden we het invasie mechanisme, de 

lokalisatie in de cel en de overleving bestuderen (Hoofdstuk 3).  

 

 Cellen nemen continu partikels op uit de omgeving en aangezien die allemaal 

verschillend zijn bestaan er verschillend mechanismen (endocytose). Onderliggend is 

altijd het celskelet, bestaande uit actine en microtubuli, uiteindelijk bepalend voor de 

mechaniek van opname. Pathogene bacteriën hebben geleerd om deze systemen te 

misbruiken voor hun eigen opname. Dit doen ze door onder andere bepaalde stoffen 

in de cellen te injecteren. Wij hebben gevonden dat C. jejuni via een unieke manier de 

cel binnenkomt. De bacterie zwemt eerst onder de cel waar hij vervolgens heel efficiënt 

naar binnen gaat. Het unieke hieraan is dat C. jejuni dit doet zonder hulp van het 

celskelet. Tot nog toe is C. jejuni de enige bacterie die op deze manier naar binnen kan. 

 

 Eenmaal binnen kunnen intracellulaire bacteriën in verschillende cel 

compartimenten gaan zitten. Ons onderzoek laat zien dat C. jejuni in de standaard 

route van opgenomen partikels (endocytose) terecht komt en dat de meerderheid van 

de bacteriën binnen achtenveertig uur dood zijn. Een andere opmerkelijke observatie 

was dat de geïnfecteerde cellen niet dood gingen noch dat er tekenen waren van 

immuunactivatie. Deze resultaten roepen vragen op bij de rol van darmcel invasie in 

de pathogenese van C. jejuni. Om deze vraag goed te kunnen beantwoorden is er 

aanvullend onderzoek nodig in een meer natuurlijk celkweek of orgaanmodel.  

 
Identificatie van een nieuwe Campylobacter immuun activator  

Een cruciale stap bij het ontstaan van een ontstekingsreactie is de activatie van het 

innate immuunsysteem. De symptomen van een C. jejuni infectie suggereren dat deze 

gedeeltelijk worden veroorzaakt door ontsteking en dus innate immuunactivatie. C. 

jejuni activeert het innate immuunsysteem via verschillende bekende routes (o.a. via 

Toll-like receptoren en Nod-like receptoren). Echter deze routes worden ook in dieren 
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geactiveerd en deze worden niet ziek. Een verklaring hiervoor zou kunnen zijn dat C. 

jejuni nog op meer manieren inflammatie veroorzaakt. NF-κB is een centrale regulator 

van het innate immuunsysteem, die als functie heeft de expressie van genen te 

reguleren, waaronder genen die belangrijk zijn voor inflammatie. Door naar NF-κB 

activatie te kijken hebben we een nieuwe immuun activator (NF-κB activator) van C. 

jejuni gevonden (Hoofdstuk 4).  

 

De NF-κB activator wordt uitgescheiden nadat de bacteriën gestopt zijn met 

groeien. Verdere analyse laat zien dat de NF-κB activator een kleine suiker is bestaande 

uit meerdere glucosemoleculen. Deze suiker is uniek voor Campylobacter en afwezig 

in de andere tot nog toe geteste bacteriën. Activatie van NF-κB door deze activator 

induceert een inflammatoire reactie in epitheelcellen die geen van de bekende innate 

receptoren hebben. Welke receptor verantwoordelijk is voor de activatie door de 

nieuwe factor is op dit moment nog niet bekend. Wel hebben we een globale route (via 

de kinasen FAK, TAK en p38) van activatie kunnen identificeren. Opmerkelijk was dat 

de activator niet werkte in muizencellen. Dit zou erop kunnen wijzen dat het een 

humaan specifieke receptor is. Voor de identificatie van de receptor is het 

waarschijnlijk nodig om de precieze chemische structuur van de NF-κB activator te 

weten en het te kunnen reproduceren. Met de zuivere NF-κB activator in hand kunnen 

we vervolgens gaan vissen naar de receptor.  

 
Macrofagen in C. jejuni pathogenese 

Nadat C. jejuni door de darmwand heen is, komt de bacterie in contact met 

professionele immuuncellen, waaronder macrofagen. Macrofagen kunnen heel goed 

micro-organismen uit de omgeving opeten (fagocytose) en onschadelijke maken. 

Verder kunnen ze de activatie van het innate immuunsysteem versterken en instructies 

doorgeven aan het adaptieve immuunsysteem. Ons onderzoek toont aan dat hongerige 

bacteriën ook meer invasief worden voor macrofagen (Hoofdstuk 5). C. jejuni kan 

dus via twee manieren de macrofaag in: 1) via fagocytose en 2) via hun eigen unieke 

invasie mechanisme. Opvallend was dat het verstoren van het celskelet (actine en 

microtubuli) een ander effect heeft bij macrofagen dan bij darmcellen. Bij macrofagen 

zorgde dit ervoor dat de bacterie voornamelijk aan het celoppervlakte bleef en niet, 

zoals bij de darmcellen, leidde tot meer intracellulaire bacteriën. Na opname is er 

echter geen verschil tussen de twee celtypes en ging de meerderheid van de bacteriën 
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binnen 48 uur dood. Naast het opnamemechanisme verschillen de celtypes ook in de 

activatie van het innate immuun systeem. De intracellulaire C. jejuni bij de macrofagen 

kan zorgen voor een versterkte ontstekingsreactie onder andere door activatie van het 

inflammasoom. 

 

Inflammasoomactivatie door C. jejuni 

Een C. jejuni infectie wordt gekenmerkt door een enorme inflammatie van de darm. 

Een ander kenmerk is de hoge concentratie van IL-1β in het bloed van patiënten. IL-

1β, het koorts-inducerende eiwit, is cruciaal bij inflammatie en wordt dan ook strak 

gereguleerd middels zijn productie en activatie. Activatie van NF-κB leidt tot de 

productie van pro-IL-1β, een voorloper van het uiteindelijke eiwit. Pro-IL-1β moet 

vervolgens geknipt worden, door het enzym caspase-1, tot een actieve vorm van het 

eiwit en wordt dan uitgescheiden. Voor activatie van het caspase-1 enzym is de vorming 

van het inflammasoom nodig.  

 

 Om inflammasoomactivatie te onderzoeken hebben we gekeken naar de 

hoeveelheid uitgescheiden IL-1β na C. jejuni infectie van macrofagen (Hoofdstuk 5). 

Duidelijk was dat C. jejuni het inflammasoom activeert en dat dit leidt tot uitscheiding 

van IL-1β. Om te bepalen welk inflammasoom geactiveerd wordt, hebben we gebruikt 

gemaakt van cellen met een deletie in inflammasoom-specifieke genen. Op deze wijze 

werd het NLRP3 inflammasoom geïdentificeerd als verantwoordelijke voor de C. jejuni 

geïnduceerde IL-1β productie. Vaak leidt inflammasoomactivatie tot de dood van de 

cel. Tijdens C. jejuni infectie van macrofagen is dit niet het geval, ook al werd het enzym 

verantwoordelijk voor de celdood wel geactiveerd. 

 Ondanks veel onderzoek is het onbekend hoe het NLRP3 inflammasoom wordt 

geactiveerd door bacteriën. Activatie kan plaatsvinden op veel verschillende manieren, 

al lijkt kalium uitstroming van de cel (efflux) een algemene factor. Onze resultaten 

laten inderdaad zien dat ook NLRP3 inflammasoomactivatie door C. jejuni afhankelijk 

is van de uitstroom van kalium (Hoofdstuk 6). Verder hebben we ontdekt dat voor 

inflammasoomactivatie de bacterie levend en metabool actief moet zijn, en ook dat de 

bacterie niet opgenomen hoeft te worden door de cel maar dat de interactie met het 

celoppervlak al voldoende lijkt te zijn. Verder onderzoek naar het mechanisme is 

belangrijk, zowel voor het onderzoek naar C. jejuni pathogenese als voor het onderzoek 

naar de functie van inflammasomen.  
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Conclusie en toekomstperspectief 

 

In het onderzoek naar C. jejuni zijn er nog twee open vragen: 1) hoe veroorzaakt C. 

jejuni ziekte bij mensen en 2) hoe valt dit te voorkomen. Ruim veertig jaar aan 

onderzoek naar C. jejuni heeft ons echter laten zien dat dit geen makkelijke taak is: C. 

jejuni is geen “standaard” ziekteverwekker. Het onderzoek beschreven in dit 

proefschrift heeft de kennis over de interacties van C. jejuni en de mens verbreed, met 

een nadruk op invasie en immuunactivatie. Zo hebben we een nieuw invasie 

mechanisme van C. jejuni ontdekt, een nieuwe immuunactivator geïdentificeerd, en 

aangetoond dat C. jejuni het NLRP3 inflammasoom activeert. Onze ontdekkingen 

tonen aan dat de interactie van C. jejuni met het innate immuunsysteem een 

belangrijke rol kan spelen in C. jejuni pathogenese en zouden zelfs kunnen bijdragen 

aan de geobserveerde pathologie. Verder laten onze resultaten zien dat de infectiviteit 

van C. jejuni sterk beïnvloed word door omgevingsfactoren, zoals de aanwezigheid van 

bacteriële voeding. Een gedegen kennis over de invloed van deze factoren op de 

bacterie is daarvoor noodzakelijk om C. jejuni pathogenese te verklaren. Vervolg 

onderzoek, voornamelijk in het gebied van het adaptieve immuunsysteem en in 

complexere infectiemodellen is nodig om de gehele gastheer-pathogeen interactie te 

begrijpen. Het ophelderen van de pathogenese van C. jejuni zal de weg vrijmaken voor 

de ontwikkeling van effectieve interventie therapieën.
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Dankwoord 
 

En dan nu het laatste en misschien wel het moeilijkste stuk van mijn proefschrift. Een 

kromme zin of spelfout zal in dit hoofdstuk namelijk het vaakst gelezen worden, en ik 

denk dat iedereen wel weet hoe goed ik daar in ben. Naast zorgen om eventuele 

spelfouten is dit vooral ook een erg leuk hoofdstuk, omdat ik hier terug kan blikken op 

de afgelopen jaren en iedereen die geholpen heeft. Ik hoop maar dat ik niemand 

vergeet.  

 

Als eerste wil ik natuurlijk mijn promotor Jos van Putten bedanken. Ik kwam 

eigenlijk bij toeval bij jou terecht voor mijn stage. Ik wilde aan bacterie-gastheer 

interacties werken en aangezien ik al in het UMCU stage had gelopen dacht ik: dan 

maar naar Diergeneeskunde naar de andere Jos (van de Jos & Jos cursus). Tijdens die 

cursus had ik niet echt indruk gemaakt, aangezien je geen idee had wie ik was. Aan het 

einde van mijn stage was dat wel anders. Mijn stage was voor zowel mij als jullie een 

succes. En na een klein uitstapje naar het NVI was ik dan ook blij dat ik als AIO bij jou 

aan de slag kon. De twee voornaamste redenen om bij jou AIO te worden waren toch 

wel het onderwerp (gastheer-pathogeen interacties) en jou als promotor. En dat is geen 

verkeerde keuze geweest. Jij hebt me geleerd om het grote plaatje in zicht te houden 

en niet te verzanden in details. De vrijheid die ik kreeg in mijn onderzoek en je 

enthousiasme heb ik zeer gewaardeerd. Jouw supervisie heeft ervoor gezorgd dat ik nu 

een zelfstandige kritische onderzoeker ben. Favoriet waren bij mij toch wel de 

vrijdagmiddag besprekingen, die over veel meer gingen dan het onderzoek van die 

week. Hier werd de nieuwste literatuur doorgesproken of gediscussieerd over de 

nieuwste theorieën, wat zorgde voor een leuke afsluiter van de week. Het werd voor mij 

weer extra leuk als die evil smile op je gezicht verscheen, waardoor ik wist dat ik extra 

scherp moest zijn. Bedankt voor je vertrouwen in mij en je steun in de afgelopen jaren. 

 

Mijn copromotor Marcel wil ik ook bedanken. Vanaf het eerste gesprek voor 

mijn stage was het gezellig en had ik er vertrouwen in dat het een topstage zou worden. 

En dat was het ook. Hoeveel mensen hebben uiteindelijk hun stageproject van 8 jaar 

geleden als hoofdstuk in hun proefschrift. Je hebt me vanaf het begin gestimuleerd om 

zelfstanding onderzoek te doen en niet alleen maar meer technieken te leren. Ook heb 

je me betrokken bij je eigen project en me het gevoel gegeven dat we een team waren. 
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Dat heb ik ontzettend gewaardeerd. Toen ik eenmaal als AIO aan de slag ging was je 

niet heel enthousiast over het feit dat ik aan Campylobacter invasie ging werken. Maar 

ook nu was je bereid om mee te denken, kritisch te zijn en vooral enthousiast over de 

resultaten. Ook dit heb ik het kunnen waarderen en was voor mij extra motiverend. 

Toen ik eindelijk weer aan “interessante” dingen ging werken konden we ook weer 

samenwerken en het resultaat mag er wel wezen (we moeten alleen dat sup verhaal nog 

even oplossen). Ik ben dan ook blij dat je uiteindelijk mijn copromotor bent. Nu mag 

je zelf echt je eerste AIO’s begeleiden en ik ben ervan overtuigd dat dit ook een succes 

wordt. Super bedankt voor al je hulp, advies en gezelligheid in de afgelopen jaren.  

 

Ik wil ook al mijn collega’s van Infectiebiologie bedanken voor de leuke tijd en 

alle wijze lessen die ik van jullie geleerd heb. Nancy, ondanks dat we op hetzelfde lab 

zaten, heb ik het idee dat we er maar weinig tegelijkertijd waren. Maar als we elkaar 

zagen was het altijd wel erg gezellig en informatief. Bedankt voor al je hulp en 

Campylobacter advies, jij zorgt er echt voor dat wij allemaal ons onderzoek kunnen 

doen. Heel veel succes nog de komende jaren. Marc, heel veel succes met je onderzoek 

en ik heb veel gehad aan je kritische blik op mijn onderzoek. Linda, jij was voor mij 

vooral de gezelligheidsfactor op het lab. Al is het alleen maar dat op de dagen dat jij 

werkt we meestal wel een kopje koffie gaan drinken ☺. We hebben de afgelopen jaren 

heel wat af gelachen maar ook goede serieuze gesprekken gehad. Ik wens jou en je 

familie dan ook alle geluk toe in de toekomst. Karin, heel veel succes met het opzetten 

van je eigen groep. Je bent stiekem toch wel een voorbeeld voor mij. Grazyna, good 

luck with everything in your life. It was nice working with you. Claudia, heel veel succes 

met je promotie en je plannen daarna. Anita succes met de volgende stap in je carrière. 

  

Ook de twee collega’s die er helaas niet meer zijn wil ik bedanken voor al hun 

wijze raad. Wim, ik heb genoten van al onze gesprekken. Vooral als het weer over een 

mooie cruise ging. Het was altijd leuk als je in de ochtend even de kamer in kwam om 

met mij en May Young een praatje maken. Ik ga je echt missen op de dag van de 

verdediging, waar je niet achter de tafel zal zitten. Maar ik onthoud dan wat je gezegd 

hebt: “De mensen achter de tafel zijn net zo zenuwachtig of misschien nog wel meer 

dan de kandidaat”. Dus dat ik me nergens zorgen over hoef te maken. Geb, je was altijd 

bereid om mij te helpen met mijn project, alleen schoot ik maar niet op. Voor mij ben 

je echt een onderzoeker zoals die hoort te zijn. Geïnteresseerd in alles en iedereen en 
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een doorzettingsvermogen waar ik een groot respect voor heb. Vriendelijk en bereid 

om te helpen met de enorme kennis die je verzameld had. De lunch was weer iets 

gezelliger wanneer jij er was. 

 

Verder wil ik ook mijn oud-kamergenoten bedanken. May Young, wat hebben 

wij het gezellig gehad. Onze eerste ontmoeting was toen we dim sum gingen eten in 

Den Haag en dat was meteen al top. En wat zijn we daarna toch nog vaak wezen eten 

met zijn allen. Jij, Marcel en Andreas hebben me echt wel geïntroduceerd in de wereld 

van sushi en Chinees eten. Wat ben ik jullie daar dankbaar voor. Naast alle gezelligheid 

was je ook een grote steun voor mij in mijn eerste jaar als AIO. Bedankt. Medi, (dit gaat 

gewoon in het Nederlands) wat hebben wij eigenlijk lang op deze afdeling gezeten ☺. 

Heel veel succes met de laatste loodjes van je promotie, het word vast een mooi 

proefschrift.  

 

Ik wil natuurlijk ook mijn oud-studenten, Paula, Job en Carlos bedanken. Paula, 

jij was mijn eerste student en wat was ik in het begin nerveus. Je had namelijk nogal 

een goede reputatie. Vanaf het begin konden we het goed vinden en uiteindelijk hebben 

we samen toch een mooie assay opgezet. Ik vind het zo stoer van je dat je daarna AIO 

bent geworden in Australië. Ik wil je bedanken voor de leuke tijd en het feit dat we nu 

nog steeds vrienden zijn. Ooit gaan we weer in hetzelfde land werken. En dan mijn 

laatste student, die zo gek was om na zijn stage zowel mijn kamergenoot als labgenoot 

te worden. Dat laat wel zien dat je echt doorzettingsvermogen hebt. Carlos, het was 

ontzettend leuk om met je te werken. De eerste zomer dat je er was hebben we echt in 

een korte tijd de basis gelegd voor het paper: een productieve en gezellige tijd. We zijn 

allebei koppig of moet ik zeggen strongly opinionated en houden van een discussie. Ik 

heb dus echt genoten van al onze (on)zinnige discussies. Ik wens je ontzettend veel 

succes en geef je als tip mee te ontspannen en te genieten. Je zal het hoe dan ook 

fantastisch doen. 

 

Mijn andere kamergenoot Ax, bedankt voor de leuke tijd. Ik ben weer onder de 

indruk als je de meest ingewikkelde schema’s weer super gemakkelijk uitlegt. Het was 

altijd mooi om te zien hoe je steeds weer ongeschonden uit alle geintjes/complotten 

bent gekomen. Heel veel succes met de laatste jaren. 
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De Haagsmannetjes, of zoals zij zichzelf noemen de MHD-ers, heel erg bedankt 

voor de leuke tijd, de gezellige (lab)-uitjes, Sinterklaas vieringen, werkbesprekingen en 

natuurlijk de dagelijkse lunch. Henk, het was leuk om met je te discussiëren. Er zijn 

maar weinig onderwerpen waar wij het over eens zijn, wat de lunch interessant maakte. 

Ook bedankt voor al je adviezen voor mijn onderzoek. Edwin, wat hebben wij een hoop 

onzinnige gesprekken gevoerd. Het is constant gezellig met jou. Wat me vooral nog bij 

zal blijven is jouw introductie van de koekjes bij de W.I.P. en de parade bezoeken. 

Albert, bedankt voor je interesse en het feit dat je altijd bereid bent om te helpen. Ik 

heb genoten van onze wetenschappelijke gesprekken, vaak bij de koffie automaat. 

Martin, de rocker van de groep. Succes met je onderzoek en je band. Hanne, ook jij 

bedankt voor de leuke gesprekken. Marina en Maaike wat was het leuk dat jullie erbij 

zijn gekomen. Allebei heel veel succes met jullie postdocs. Maaike succes met het 

afschrijven van je boekje. 

 

Ook de AIO’s van de MHD groep ontzettend veel succes gewenst met het 

afronden van jullie proefschrift of voor degene die al klaar zijn met de stap daarna. Ik 

heb onze gezamenlijke AIO borrels en het gourmetten leuk gevonden. Victoria, ik ben 

onder de indruk van je zelfstandigheid en doorzettingsvermogen. En ook dat je gewoon 

accentloos Nederlands spreekt. Tryntsje, ik heb van jou een hoop geleerd over kippen 

en het vaccineren van eieren. Maarten, jammer dat onze samenwerkingen nooit tot iets 

geleid hebben, maar het was leuk om informatie uit te wisselen. Soledad, it is amazing 

how you combine your art with your science. You always made the most amazing 

pictures. Weidong, good luck with your PhD. 

 

Verder wil ik nog bedanken oud-collega’s Marijke, Andreas, Moniek en Andries 

voor alle adviezen en gezellige gesprekken. En ook alle oud-studenten van het lab waar 

er teveel van zijn om ze op te noemen. Jullie zorgden vaak voor de leuke ontspannen 

sfeer op het lab. Jaap, from the “darkside”. Het was weer gezellig als jij weer verscheen 

op vrijdagmiddag om te kijken of Jos en ik al uitgepraat waren of om te vragen waar 

Jos was. Gelukkig heb ik ook nog even met je mogen samenwerken, wat erg leuk was. 

Lydia en Marloes bedankt voor alle gezellige etentjes waar toch de projecten en 

frustraties even besproken werden. Het was goed om te horen dat iedereen 

verschillende periodes kent tijdens het promoveren. Laura, na een pauze hebben we 

weer een aantal gezellige etentjes gehad. Ik hoop dat die in de toekomst gewoon 
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doorgaan. Eveline, wat ben je toch een fantastisch mens en een top vriendin. Ik heb 

altijd het gevoel dat je dwars door me heen kijkt. Een vriendschap die is begonnen 

tijdens de Coca-Cola breaks van onze stage bij Diergeneeskunde. Jij zorgde er vaak 

voor dat ik weer eens mijn hoofd uit de wetenschap haalde om iets leuks te gaan doen. 

Ik ben ontzettend blij met onze vriendschap en ik wens jou en je gezin al het geluk in 

de wereld toe. 

 

Mijn paranimfen Floor en Kasia, bedankt. Floor, ik ken je al mijn hele leven en 

jij bent echt mijn “illegale” zus. Het maakt niet uit of we elkaar even niet gezien hebben 

maar zodra we bij elkaar zijn is het weer oud en vertrouwd. Ik ben altijd onder indruk 

geweest van je intelligentie, strijdkracht en creativiteit. En daarnaast ben je ook nog 

eens aardig ☺. Ik zie ons later nog samen genieten als twee oude omaatjes en praten 

over foute series. Kasia (Nederlands of English), you have been a great friend and my 

support at the lab. I always enjoyed it when I could scare you in the lab or just distract 

you for a second. It is sad to know that we will probably be working in different 

countries. I suggest we visit each other at least once a year to catch up.  

 

Mijn familie wil ik ook bedanken. Jullie hebben nog steeds geen idee wat ik doe 

of wat het nou uiteindelijk oplevert, maar dat maakt ook niet uit. Bedankt voor alle 

leuke verjaardagen en andere feestjes. Oma van Heezik, mijn naamgenoot en co-

verjaardag vierder, u bent een voorbeeld voor mij en als het tegen zit hoef ik alleen 

maar te denken wat u zou zeggen en ik kan er weer tegen aan. Opa en Oma Bouwman 

bedankt dat jullie altijd voor me klaar hebben gestaan en dat jullie me geïntroduceerd 

hebben in de mooie wereld van de natuur en Texel. Peter, Bea en Berend nog bedankt 

voor die super vakantie in Italië die ervoor zorgde dat ik weer met een volgeladen 

batterij aan het derde deel van mijn promotie begon. En voor jullie interesse in mijn 

werk en leven. Peter en Thijs (en Suzanne) mijn grote broers die me toch wel 

aangespoord hebben om toch nog dat stapje harder te werken. Ik ben blij dat jullie mijn 

broers zijn en kijk uit naar een leuke toekomst met jullie samen.  

 

Als laatste wil ik mijn ouders bedanken. Joke en Richard zonder jullie 

onvoorwaardelijke steun en liefde was dit alles me nooit gelukt. Jullie hebben altijd in 

me geloofd ook wanneer ik dat niet deed. Bedankt voor alles. 

 



 

 

208 | Appendices 

& 

 

 

 

 

 

 

 

 

 

 

Bedankt allemaal!!! 
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Curriculum Vitae 

 

Lieneke Ita Bouwman werd geboren op 5 juli 1985 te Maarssen. In 2000 behaalde zij 

het MAVO diploma aan de Rientjes MAVO in Maarssen, gevolgd met het behalen van 

een HAVO diploma in 2002 aan R.S.G. Broklede in Breukelen. Vervolgens is zij gestart 

met de studie Biologie en Medisch Laboratoriumonderzoek met als specialisatie 

moleculaire biologie aan de Hogeschool van Utrecht. Tijdens deze opleiding heeft zij 

succesvol stage gelopen bij de afdeling Medische Microbiologie van het UMCU onder 

begeleiding van dr. Janetta Top. Hier werd zij geïntroduceerd in de moleculaire 

technieken van de microbiologie. Voor haar afstudeer stage is zij naar het Oregon Stem 

Center van OHSU, in Portland OR, USA gegaan. Onder begeleiding van dr. Henri van 

der Vrugt werkte zij aan de rol van DNA reparatie in Fanconi anemie. Na het behalen 

van haar Bachelor of Applied Science in 2007 is zij gestart met de master Biomedical 

Sciences, Infection and Immunity aan de Universiteit van Utrecht. Haar eerste stage, 

over een NF-κB activator uitgescheiden door Campylobacter, voerde zij uit bij Prof. dr. 

Jos van Putten van de afdeling Infectiebiologie aan de faculteit Diergeneeskunde van 

de Universiteit Utrecht. Vervolgens heeft zij zich verdiept in T-cel activatie bij influenza 

infectie door stage te lopen bij het NVI onder begeleiding van dr. dvm. Ernst Soethout. 

Na het behalen van haar Master of Science in 2009 is zij begonnen aan haar promotie 

onderzoek bij de afdeling Infectiebiologie aan de faculteit Diergeneeskunde van de 

Universiteit Utrecht onder begeleiding van Prof. dr. Jos van Putten en dr. Marcel de 

Zoete. De bevindingen van haar onderzoek zijn beschreven in dit proefschrift 
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