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SUMMARY 

Eugenia Faber 

Interaction of intestinal food-borne bacterial pathogens with Toll-like receptor 5 

Pattern recognition receptors (PRR), including Toll-like receptors (TLR), play a key role at the 

first line of defense by the innate immune system of a vertebrate host against pathogenic 

invaders. TLR5 is the PRR for bacterial flagellin and contributes to shaping the intestinal 

microbiota composition and immune homeostasis in the gut. Some gastrointestinal bacterial 

pathogens, among them Campylobacter and Helicobacter species, evolved escape mechanisms in 

order to avoid TLR5 recognition, and their classical flagellins FlaA and FlaB show very low 

activating capacity on TLR5. In addition, numerous intestinal unsheathed Campylobacter and 

closely related species possess a further secreted flagellin-like protein FlaC. No direct 

functionality of FlaC was assigned in previous studies. 

Our first project in this thesis aimed to characterize the function of the unusual flagellin-

like protein FlaC in more detail. Analysis in cell culture suggested an interaction of FlaC with 

human and chicken TLR5. Moreover, cell coincubation experiments demonstrated that FlaC 

triggered a rather partial cellular activation in comparison to the canonical TLR5 ligand, 

Salmonella flagellin FliC. We propose that the observed unusual signaling pattern of FlaC was 

most likely connected to its chimeric amino acid assembly, consisting of TLR5-activating as well 

as non-activating residues. FlaC activity became most evident in the presence of other immune-

stimulating factors. FlaC and FlaC-expressing bacteria led to cell tolerization and reduced cellular 

responsiveness towards other MAMPs (microbe-associated molecular patterns) in time-shifted or 

parallel cell coincubation experiments. Application of purified FlaC in Campylobacter’s natural 

host, the chicken, revealed that FlaC alone was sufficient to dampen local immune responses in 

vivo and to modulate the avian caecal microbiota composition. Based on these findings, we 

conclude that FlaC might play a role during host colonization by Campylobacter in the context of 

resident microbiota and support chronic bacterial persistence by its homeostatic manner of action. 

It remains unknown whether functional differences of FlaC exist in various vertebrate hosts. This 

question should be clarified in future research, since its answer might contribute to the 
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understanding of the differential, and still not understood, host species-specific and individually 

variable outcome of Campylobacter infections. 

In this context, host species-specific alterations regarding anti-microbial immune 

responses and innate receptor variation might also play a role. Therefore, our second manuscript 

focused on a comparative investigation of TLR5 functionality of diverse vertebrate species. The 

expression and subsequent activation of human, chicken, murine, porcine and bovine TLR5 by 

the canonical TLR5 ligand Salmonella flagellin (FliC) revealed signaling restrictions of the 

chicken or porcine receptors within human cells. Since we hypothesized that incompatibility with 

the heterologous expression background is responsible for the observed handicaps in TLR5 

signaling, we designed and generated chimeric receptors. These TLR5 chimeras consist of a 

common human transmembrane and intracellular receptor part, linked to respective heterologous 

(chicken, murine, porcine and bovine) extracellular domains (ECD). All chimeric receptors were 

expressed successfully in human cells. Moreover, the functionality of all chimeras was confirmed 

on the level of NF-κB, p38 phosphorylation, IRAK-1 degradation and secretion of IL-8. Use of 

TLR5 chimeras allowed establishment of a cell-based system for the comparative investigation of 

host species-specific differences in TLR5 activation by the important human zoonotic pathogens 

Campylobacter jejuni and Salmonella enterica. While whole bacterial lysates and flagellins of 

numerous C. jejuni isolates activated the tested TLR5 chimeras only to a minor extent, lysates of 

various Salmonella serovars evoked a stronger, serovar- and host species-specific, ECD-

dependent TLR5 activation. Host species-specific differences in TLR5 stimulation were rather 

not detectable for the corresponding Salmonella flagellins, which all activated strongly in 

preliminary experiments. This suggests that diverse Salmonella strains possess additional factors 

for the modulation of TLR5 responses in a serovar- and host species-specific fashion.  

In summary, this work contributed to the understanding of TLR5 function and host-

pathogen interactions of the important human pathogen C. jejuni by the discovery of new 

functions of its unusual flagellin-like protein FlaC, which is also present in numerous closely 

related bacterial species. The study also revealed novel host-interaction modes of S. enterica 

strains with respect to TLR5. On the host side, comparative analysis of TLR5 from diverse 

vertebrate species identified cross-species functionality barriers. Furthermore, our established 

cell-based system using TLR5 chimeras was verified as a useful tool for the characterization of 

host species-specific activation differences by diverse bacteria and their flagellins.  
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ZUSAMMENFASSUNG 

Eugenia Faber 

Interaktionen von intestinalen bakteriellen Lebensmittel-Pathogenen mit Toll-like Rezeptor 

5 

Mustererkennungsrezeptoren (Pattern Recognition Receptors, PRR), darunter Toll-like 

Rezeptoren (TLR), spielen eine zentrale Rolle bei der primären Verteidigung des angeborenen 

Immunsystems eines vertebraten Wirtes vor pathogenen Eindringlingen. TLR5 ist der für 

bakterielles Flagellin zuständige PRR und darüber hinaus an der Ausprägung der intestinalen 

mikrobiellen Zusammensetzung und der Immunhomöostase im Darm beteiligt. Einige 

gastrointestinale bakterielle Pathogene, wie z. B. einige Campylobacter und Helicobacter 

Spezies, entwickelten immunologische Evasionsmechanismen, um die Erkennung durch TLR5 zu 

vermeiden, und ihre klassischen Flagelline FlaA und FlaB weisen ein sehr geringes 

Aktivierungspotential von TLR5 auf. Außerdem verfügen zahlreiche intestinale Campylobacter 

ohne Flagellenhüllen und weitere eng verwandte Spezies über ein zusätzliches, sezerniertes 

Flagellin-ähnliches Protein FlaC. FlaC konnte keine direkte Funktion in vorherigen Studien 

zugeordnet werden. 

Unser erstes Projekt dieser Arbeit verfolgte das Ziel, die Funktion des ungewöhnlichen 

Flagellin-ähnlichen Proteins FlaC detaillierter zu charakterisieren. Zellkultur-basierte 

Untersuchungen wiesen auf eine Interaktion von FlaC mit menschlichem und Hühner-TLR5 hin. 

Des Weiteren wurde in Zellinkubationsexperimenten gezeigt, dass FlaC im Vergleich zu dem 

kanonischen TLR5 Liganden Salmonella Flagellin (FliC) eine eher partielle zelluläre Aktivierung 

auslöste. Wir schlagen daher vor, dass die ungewöhnliche Art der Signalisierung von FlaC höchst 

wahrscheinlich mit seinem chimären Aminosäureaufbau zusammenhängt, der sowohl aus TLR5-

aktivierenden als auch nicht-aktivierenden Aminosäureresten besteht. Die Wirkweise von FlaC 

zeigte sich am deutlichsten in Anwesenheit von anderen immunstimulierenden Faktoren. FlaC 

und FlaC-exprimierende Bakterien führten zur zellulären Toleranz und reduzierten die zelluläre 

Reaktionsfähigkeit gegenüber anderen MAMPs (Microbe-Associated Molecular Patterns) in 

zeitversetzten und parallelen experimentellen Koinkubationen in Zellkultur. Eine Verabreichung 

von gereinigtem FlaC im natürlichen Wirt von Campylobacter, dem Huhn, zeigte, dass FlaC 

allein ausreichte, um lokale Immunantworten in vivo zu senken und die aviäre, zäkale 
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Zusammensetzung der Mikrobiota zu modulieren. Basierend auf diesen Erkenntnissen kommen 

wir zu dem Schluss, dass FlaC zur Wirtskolonisierung von Campylobacter im Kontext der 

wirtseigenen Mikrobiota beitragen und die chronische bakterielle Persistenz mit Hilfe seiner 

homöostatischen Wirkweise unterstützen könnte. Derzeit ist noch unklar, ob funktionelle 

Unterschiede von FlaC in verschiedenen vertebraten Spezies existieren. Die Beantwortung dieser 

Fragestellung bedarf weiterer Forschung und könnte zum Verständnis von Wirtsspezies-

spezifischen und individuell variablen Krankheitsverläufen von Campylobacter-Infektionen 

beitragen. 

In diesem Kontext könnten Wirtsspezies-spezifische Unterschiede hinsichtlich anti-

mikrobieller Immunantworten sowie Variationen von Rezeptoren des angeborenen 

Immunsystems eine Rolle spielen. Daher fokussierte sich unser zweites Manuskript auf eine 

vergleichende Analyse der Funktionalität von TLR5 verschiedener vertebrater Spezies. Die 

Expression und anschließende Aktivierung von humanem, Hühner-, Maus-, Schweine- und 

Rinder-TLR5 durch den kanonischen Liganden Salmonella Flagellin (FliC) zeigten 

Beeinträchtigungen innerhalb der Signalweiterleitung von Hühner- und Schweine-Rezeptoren in 

humanen Zellen. Da unserer Hypothese nach Inkompatibilitäten mit dem heterologen 

Expressionssystem für die beobachteten Behinderungen der TLR5-Signalweiterleitung 

verantwortlich waren, entwarfen und generierten wir chimäre Rezeptoren. Diese TLR5-Chimären 

bestehen aus einem einheitlichen humanen transmembranen und intrazellulären Rezeptoranteil, 

der an heterologe (Hühner-, Maus-, Schweine- oder Rinder-) extrazelluläre Domänen (ECD) 

gekoppelt ist. Alle chimären Rezeptoren wurden erfolgreich in humanen Zellen exprimiert. 

Darüber hinaus wurde die Funktionalität aller Chimären auf der Ebene von NF-κB, p38 

Phosphorylierung, IRAK-1 Abbau und IL-8 Sekretion bestätigt. Die Nutzung von TLR5-

Chimären ermöglichte die Etablierung eines zellbasierten Systems, um Wirtsspezies-spezifische 

Unterschiede hinsichtlich der TLR5-Aktivierung durch die wichtigen menschlichen, 

zoonotischen Pathogene Campylobacter jejuni und Salmonella enterica vergleichend zu 

untersuchen. Während die bakteriellen Lysate und Flagelline von zahlreichen C. jejuni-Isolaten 

die getesteten TLR5-Chimären lediglich in geringem Maße aktivierten, riefen Lysate 

verschiedenster Salmonella-Serovare eine stärkere, Serovar- und Wirtsspezies-spezifische, ECD-

abhängige TLR5-Aktivierung hervor. Wirtsspezies-spezifische Unterschiede in der TLR5-

Stimulierung konnten für entsprechende Salmonella-Flagelline, die alle stark aktivierten, in 
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vorläufigen Experimenten nicht detektiert werden. Dies deutet darauf hin, dass diverse 

Salmonella-Stämme zusätzliche Faktoren aufzuweisen scheinen, die in der Lage sind, TLR5-

Aktivierungen auf eine Serovar- und Wirtsspezies-spezifische Art zu modulieren.  

Insgesamt hat diese Arbeit zum Verständnis der Funktionalität von TLR5 und von Wirts-

Pathogen-Interaktionen des bedeutenden humanen Pathogens C. jejuni beigetragen, indem sie 

neuartige Funktionen des ungewöhnlichen Flagellin-ähnlichen Proteins FlaC, welches auch in 

zahlreichen eng verwandten Spezies vorhanden ist, aufdeckte. Diese Arbeit zeigt auch neuartige 

Arten von Wirtsinteraktionen von S. enterica-Stämmen in Bezug auf TLR5 auf. Auf Wirtsebene 

konnten vergleichende Analysen von TLR5 verschiedener vertebrater Spezies artübergreifende 

Funktionalitätsdefekte identifizieren. Darüber hinaus konnte unser etabliertes zellbasiertes 

System unter Einsatz von TLR5-Chimären als nützliches Werkzeug verifiziert werden, um 

Wirtsspezies-spezifische Aktivierungsunterschiede diverser Bakterien und ihrer Flagelline zu 

charakterisieren. 
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1. INTRODUCTION 

1.1 Characteristics of the gastrointestinal (GI) niche 

The gastrointestinal (GI) tract has a specific composition, which is adjusted to its function to 

digest food and absorb nutrients and energy out of it. Depending on the measuring technique, 

the surface area of the human intestine ranges from 30 to 400 square meters in size (Helander 

and Fandriks, 2014) and is considered to be one of the largest human organs. The whole 

surface of the GI tract consists of a thin epithelial layer and functions as a primary physical 

and biochemical barrier to shield subjacent tissue from foreign substances or 

microorganisms. The epithelial cells themselves are coated and thereby protected by a mucus 

layer, consisting of a dense net of glycoproteins termed mucins and antimicrobial peptides 

(Gunther et al., 2016; Perez-Lopez et al., 2016). The viscosity of the mucus layer and the 

intestinal motility, which is indispensable for its function, are important mediators for 

hindering external microorganisms to reach the inner mucosa of the GI tract. Moreover, 

specific immune cells, which are arranged in organized structures such as Peyer’s patches 

and solitary lymphoid follicles or separately distributed over the lamina propria (Perez-Lopez 

et al., 2016; Brandtzaeg et al., 2008), make a considerable contribution in protecting and 

maintaining the intestinal mucosal barrier, for example by providing a local mixture of 

immune cells. These cells help in maintaining an immune balance, for instance by maturing 

their immune receptor repertoire which is adjusted to a codevelopment with microbes 

(Lindner et al., 2015), or by secreting antimicrobial peptides (Zasloff, 2002). The immune 

system of the gut with a special focus on innate immunity and resident microbiota will be 

discussed in more detail further below.  

As every epithelial surface of an organism, the GI tract mucosa is colonized by a 

variety of different bacteria, viruses, fungi and archaea, in summary termed the microbiota. 

Indeed, it is remarkable and a specific feature of the intestine that trillions of bacterial cells 

can find their home in this biological niche. Most bacterial species of the gut are Gram-

negative anaerobes, while distal parts are colonized extremely densely. As of today, more 

than 50% of the intestinal species are not culturable by conventional microbiological 

techniques (Tlaskalova-Hogenova et al., 2004; Lagkouvardos et al., 2016). However, in the 

last two years great progress was achieved in terms of establishment of novel culturing 

techniques, which now allows cultivation of the majority of human faecal bacteria and 
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marked a new era of “culturomics” (Lagier et al., 2012; Browne et al., 2016; Lagkouvardos et 

al., 2016). 

For a number of reasons, a stable resident colonization of the gut with commensal 

bacterial species is beneficial for the host. First, intestinal microbiota is able to provide 

“colonization resistance” to external microorganisms by competing with them for nutrients 

and other resources or by producing antimicrobial compounds. However, it was also shown 

that commensals can accidentally (Perez-Lopez et al., 2016), or by coevolution, support the 

colonization of certain bacterial (Kamada et al., 2013) or viral invaders (Jones et al., 2014). 

Furthermore, resident microbiota is crucial for the maturation of the host immune system. As 

shown in studies with germ-free mice, these animals possess a severely impaired intestinal 

immune system in comparison to conventionally raised animals (Deplancke and Gaskins, 

2001; Smith et al., 2007; MacPherson and McCoy, 2015; Palm et al., 2015; Smith et al., 

2007; MacPherson and McCoy, 2015). 

In general, the dense colonization of the intestine represents a major challenge for the 

immune system, as it has to protect the host from overgrowing bacterial communities and 

simultaneously maintain a beneficial microbiota composition. Therefore, the immune system 

has to stay in continuous communication and interaction with resident microorganisms (Palm 

et al., 2015). Gut microbiota is able to shape immune responses of the host by providing both 

pro and anti-inflammatory signaling via various (innate) receptors and mechanisms (Ivanov 

and Littman, 2011; Chinen and Rudensky, 2012; Rakoff-Nahoum et al., 2004). A balance of 

both signaling types is important to generate and maintain homeostasis and a healthy immune 

status of the gut. Not all commensal bacteria share the same features regarding their 

interaction with the immune system of the host. There are special commensal members, 

which trigger rather regulatory and symbiotic effects. These microbes are referred to as 

“autobionts” or “immunoregulatory commensals” (Palm et al., 2015; Geva-Zatorsky et al., 

2017). In contrast, other particular species have rather proinflammatory effects within the host 

and can cause pathological outcomes under certain conditions. Those microbes can be termed 

“pathobionts” or “inflammatory commensals” (Palm et al., 2015; Geva-Zatorsky et al., 2017).  

 

1.2 Pathogens of the GI niche 

Intestinal diseases can be classified by their cause, if known, by their symptoms and by their 

duration. While chronic diseases persist for a month or even longer, acute intestinal diseases 
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are usually overcome in 7 to 14 days (Jiminez et al., 2015). Chronic inflammatory disorders 

of the lower GI tract, such as Crohn’s disease and ulcerative colitis, are in summary referred 

to as inflammatory bowel disease (IBD) and represent a major public health burden (Gismera 

and Aladren, 2008). The cause of IBD remains unknown, but multifactorial mechanisms, 

including genetic predisposition of the host and impacts of an imbalanced intestinal 

microbiota composition (“dysbiosis”), are considered as contributing factors (Nell et al., 

2010; de Souza et al., 2017; Sommer et al., 2017). Acute intestinal infections are promoted by 

bacterial, viral or parasitic pathogens with the aid of various virulence factors, helping to 

overcome and escape the above described first lines of defense of the GI tract and 

subsequently cause diseases. There are primary “obligate” pathogens, which frequently 

promote disease in a healthy host, and there are potential “facultative” pathogens, which 

become pathogenic under the “right” boundary conditions or in a susceptible or 

immunocompromised host. One prominent example for an opportunistic pathogen is 

Clostridium difficile, which can be part of the normal gut flora in lower abundancy. Upon 

antibiotic treatment, the intricately balanced microbiota composition of the gut gets disturbed, 

so that an overgrowth of C. difficile can take place (Buffie et al., 2012; Buffie et al., 2015). 

Pathogenic C. difficile strains express toxins and can cause diarrhea and colitis (Kelly et al., 

1994; Gunther et al., 2016; Abt et al., 2016). 

Some primary “obligate” enteric bacterial pathogens are able to trigger enterotoxin-

mediated acute diarrheal diseases. Among them are Vibrio cholerae or enterotoxin-producing 

E. coli strains. During infection, these pathogens adhere to epithelial cells without actual 

penetration of the mucosal layer (Gorbach, 1996). The characteristic watery secretory 

diarrhea is triggered by the action of enterotoxins instead of cellular disruption (Gorbach, 

1996). Cholera toxin, produced by V. cholerae species, activates the cellular adenylate 

cyclase, causing an elevation of intracellular cyclic AMP and thereby leading to a secretion of 

fluids and electrolytes by the epithelial cells of the upper intestine (Cassel and Selinger, 

1977). V. cholerae is equipped with numerous additional toxins, for instance the accessory 

cholera toxin, NAG-stable toxin or V. cholerae cytolysin and others, which can severely 

disturb intestinal barrier functions and lead to enormous fluid secretion (Hodges and Gill, 

2010). For this reason, cholera is termed as “overflow diarrhea” (Gorbach, 1996). Heat-labile 

toxins of enterotoxigenic E. coli species have the same manner of action as Cholera toxin (Lin 

et al., 2010; Hodges and Gill, 2010), whereas heat-stable toxins affect the guanylate cyclase C 

(Schulz et al., 1990). Enterotoxic pathogens causing non-inflammatory diarrhea preferentially 

colonize the upper small intestine, which is less densely covered by resident microbes, 
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whereas invasive pathogens prefer to target the lower bowel (Navaneethan and Giannella, 

2008).  

Invasive or cell-damaging inflammatory pathogens trigger diarrheal illnesses by 

various mechanisms, including invasion of intestinal epithelial cells and disruption of the 

epithelial barrier, thereby leading to ulceration and inflammation. Acute inflammatory 

diarrhea is marked by massive infiltration of neutrophils to the site of infection and by acute 

inflammatory reactions, including the production of cytokines and prostaglandins (Fournier 

and Parkos, 2012). Inflammatory diarrhea can be distinguished by the presence of red blood 

cells and polymorphonuclear leukocytes in the stool and usually goes along with more severe 

and painful host symptoms (Navaneethan and Giannella, 2008). Besides their invasive 

behavior, pathogens can also produce cytotoxic toxins, which contribute to the destruction of 

mucosal architecture (Gorbach, 1996). For instance, some enterohemorrhagic E. coli (EHEC) 

and Shigella species are not only able to invade epithelial cells, but can also produce the 

cytotoxic Shiga toxin (Hodges and Gill, 2010). This virulence factor is responsible for 

epithelial and in particular renal duct cell death by irreversible inactivation of the 60S 

ribosomal subunit (Su and Brandt, 1995). In addition to bacterial enteric pathogens, 

pathogenic viruses, e. g. rotavirus, are also able to destroy the intestinal mucosa, leading to 

inflammation, malabsorption and diarrhea (Ramig, 2004). Further causative viral agents for 

acute gastroenteritis are astrovirus, calicivirus and enteric adenovirus (Wilhelmi et al., 2003; 

Hodges and Gill, 2010). For parasitic diarrheas, protozoa, such as Giardia lamblia, as well as 

intestinal helminths are of particular importance (Hodges and Gill, 2010). 

Among food-borne bacterial infections, salmonellosis and campylobacteriosis are very 

abundant causes of acute inflammatory and/or invasive intestinal diarrheal diseases that are 

usually self-limiting after a couple of weeks, due to effective defense by the human immune 

system (Young et al., 2007; Barrow, 2000). However, in other vertebrate hosts, for instance 

various farm animals (e. g. chicken, pigs, cattle), these infections manifest as a chronic 

colonization, verging on commensalism (Humphrey et al., 2014; Hendrixson and DiRita, 

2004; Hermans et al., 2012; Young et al., 2007; Barrow, 2000; Kogut and Arsenault, 2017). 

Campylobacter jejuni infections can cause variable symptomatology, ranging from watery 

and non-inflammatory diarrhea to very severe acute enterocolitis (Young et al., 2007). A 

closer introduction of this specific pathogen will follow below. Gram-negative Salmonella are 

also acute pathogens in humans and are able to infect a variety of different host species (Kurtz 

et al., 2017). The genus Salmonella consists of two species, S. bongori and S. enterica. 

Within the two species, more than 2,500 Salmonella enterica serovars are known by today 
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(Grassl and Finlay, 2008). Depending on the serovar and the infected host, symptoms of a S. 

enterica infection can range from enterocolitis to typhoid fever (Grassl and Finlay, 2008). 

Most of the Salmonella serovars are able to breach the epithelial barrier by invading several 

different cell types (Vazquez-Torres et al., 1999; Rescigno et al., 2001; Niess et al., 2005; 

Grassl and Finlay, 2008). This is facilitated by the expression of one or several types of type 

III secretion systems as powerful virulence factors. Type III secretion systems are 

characterized by a needle-like structure on the bacterial surface and employed for transfer of 

bacterial effector proteins directly into host cells (Galan and Curtiss, III, 1989). An important 

and well-studied serovar is S. enterica serovar Typhimurium (S. Typhimurium). This 

pathogen can infect acutely humans but also various animal species, and it was shown that it 

takes advantage of the host immune response in the presence of microbiota to promote its 

multiplication during an infection (Winter et al., 2010; Thiennimitr et al., 2011). By invading 

the intestinal mucosa, an inflammatory response is provoked, which in return changes the 

environmental characteristics within the gut in combination with the metabolites of other 

microbes (Winter et al., 2010). In this newly generated nutrient niche, S. Typhimurium has 

several growth advantages compared to the resident microbiota (Bumann and Schothorst, 

2017), so that commonly a short-term “blooming” of the bacterium takes place, which 

supports a successful transmission of the pathogen to the next host (Thiennimitr et al., 2011). 

All in all, different strategies and a variety of virulence factors exist, which intestinal 

pathogens use to mediate successful colonization and infection. In response, the immune 

system and resident microbiota of the intestinal tract stand out with unique features and 

strategies to fight the various intestinal pathogens.  

1.3 The immune system of the GI tract with a special focus on innate 

immunity  

The immune system of the intestine has to master the difficult task of providing balanced 

immune responses, which on the one hand enable a stable microbiota colonization of the 

organ and on the other hand protect the host against pathogenic invaders. Therefore, the gut-

associated immune system possesses special characteristics, which differ from the systemic 

immune system. As already mentioned above, part of the immune cells reside in gut-

associated lymphoid tissue (GALT), consisting of B-cell follicles surrounded by T-cells and 

forming organized lymphoid structures, such as Peyer’s patches or solitary lymphoid follicles 

(Brandtzaeg et al., 2008; Ohno, 2016). This partially separated microenvironments are 

immune-inductive sites, where sampling of antigens takes place, leading to IgA production by 
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differentiated plasma cells (Ohno, 2016; MacPherson et al., 2008). The other part of the 

immune cells is distributed all over the lamina propria and is mainly responsible for the 

formation of local immunological effector sites (Ohno, 2016). Among these resident cells are 

mature adaptive lymphocytes, like effector T-cells or antibody-producing plasma cells, but 

also a variety of different innate immune cells, e. g. dendritic cells, natural killer (NK) cells, 

various other innate lymphocytes (ILCs, for review: (Eberl et al., 2015)) and macrophages 

(Bailey et al., 2001; Brandtzaeg et al., 2008). Plastic organization of these immune cells into 

small-sized lymphoid aggregates, called solitary intestinal lymphoid tissue (SILT), was also 

observed and seems to be important for the successful induction of intestinal immune 

responses (Herbrand et al., 2008). 

The primary sensing of pathogens by innate immune cells is accomplished by innate 

immune receptors. These pattern recognition receptors (PRRs) are able to recognize 

conserved microbe-associated molecular patterns (MAMPs). For instance, Toll-like receptors 

(TLRs) play a crucial role at the first line of defense against pathogenic microorganism 

(Takeda et al., 2003). TLRs can be separated into two groups according to their localization 

within the cell. Cell-surface expressed receptors (TLR1, TLR2, TLR4, TLR5 and TLR6) 

recognize bacterial proteins or lipids (O'Neill et al., 2013), whereas intracellular, endosomal 

localized TLRs (TLR3, TLR7, TLR8, TLR9) sense bacterial or viral nucleic acids (O'Neill et 

al., 2013). The specific recognition of ligands by TLRs is mediated by a horseshoe-like 

structured ectodomain consisting of leucine-rich residues (Botos et al., 2011). Recognition of 

ligands is followed by a receptor-dimerization (Kim et al., 2007; Wang et al., 2010; Zhou et 

al., 2012; Yoon et al., 2012). Depending on the type of TLR, different types of hetero- and 

homodimers are formed. For instance, it is known that TLR2 of many mammals is able to 

form heterodimers with TLR1 or TLR6 and thereby recognizes two distinct ligands, namely 

tri-acylated or di-acylated lipopeptides respectively (Takeuchi et al., 2001; Takeuchi et al., 

2002), resulting in differential responses against pathogens (Misch et al., 2008; Netea et al., 

2008). Moreover, it was shown that homodimerization of TLR3 is crucial for proper binding 

of double stranded RNA (Wang et al., 2010) and complexing of TLR4 with its coreceptor 

MD-2 for LPS sensing (Kim et al., 2007). Interestingly, in the case of TLR5, formation of 

asymmetric homodimers was also observed in the absence of its ligand flagellin, suggesting a 

cooperative binding of two flagellin molecules by receptor dimers (Zhou et al., 2012; Yoon et 

al., 2012; Song et al., 2017). As formation of homo- or heterodimers by TLRs is a common 

feature during signaling, it is very likely that a dimerization of ECDs is necessary for 

positioning receptor’s cytoplasmic TIR (Toll-interleukin-1 receptor) domains in close 
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proximity to each other, so that they can dimerize with themselves, interact with adaptor 

proteins and evoke cellular responses (Jin et al., 2007; Liu et al., 2008; Park et al., 2009; 

Yoon et al., 2012). Correct trafficking via retrograde transport mechanisms is important for 

proper TLR localization and functionality (McGettrick and O'Neill, 2010; Huh et al., 2014). 

TLR5 is the receptor for bacterial flagellin and highly expressed in many cell types including 

intestinal lamina propria dendritic cells (mouse) (Uematsu et al., 2006; Uematsu and Akira, 

2009; Feng et al., 2012) and at the basolateral surface of intestinal epithelial cells (mouse, 

human) (Uematsu et al., 2006; Gewirtz et al., 2001a; Yu and Gao, 2015). Sensing of flagellin 

by TLR5 is not only important for the recognition of pathogens, but also plays an important 

role for the maintenance of immune homeostasis and the shaping of microbiota composition 

in the gut (Vijay-Kumar et al., 2010; Leifer et al., 2014).  

An additional class of PRRs are the cytosolic NOD-like receptors (NLRs) (Chen et al., 

2009; Philpott et al., 2014). NLRs are capable of sensing a variety of different MAMPs and 

danger signals within the cell and as a result of mediating the assembly of a multiprotein 

complex, termed the inflammasome, which is responsible for a CASPASE-1-dependent 

stimulation of the proinflammatory cytokines IL-1β and IL-18 (Schroder et al., 2010). As an 

additional defense mechanism against pathogens, a special type of macrophage cell death 

(pyroptosis) can be induced via CASPASE-1 (Fink and Cookson, 2006). Like TLR signaling, 

inflammasome activation plays an important role in providing immune tolerance and immune 

homeostasis in addition to detecting infection, mainly by intracellular pathogens (Gagliani et 

al., 2014; Kayagaki et al., 2011). Moreover, it was recently shown that inflammasome 

signaling is strongly involved in a process called “inflammaging”, characterized by low 

grade-chronic inflammation during human aging. This involvement could be directly linked 

to an increased risk for cardiovascular diseases in affected elderly individuals (Furman et al., 

2017). 

The above described mechanisms and further pathways, including RIG-I-like 

receptors, C-type lectin receptors, AIM-2 like receptors or cytoplasmic enzyme receptors, 

such as cGAS, can contribute to innate host defenses (Broz and Monack, 2013). After ligand-

recognition by a PRR and downstream signal transduction, a general strategy of the immune 

system is the recruitment of specialized cells at the site of infection, which is achieved by 

communication through cytokines. For the control of infections by enteric pathogens like 

Salmonella ssp. or C. jejuni, cytokines of the IL-23-TH17 axis are particularly important 

(Korn et al., 2009; Edwards et al., 2010; Godinez et al., 2011; Perez-Lopez et al., 2016; 

Edwards et al., 2010; Godinez et al., 2011). IL-17 is able to enhance proinflammatory 
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responses, e. g. the expression of CXC chemokines and, together with IL-22, to stimulate 

antimicrobial proteins and defensins (Blaschitz and Raffatellu, 2010; Perez-Lopez et al., 

2016). Moreover, IL-22 expression is beneficial for the host, due to its function in tissue 

repair (Rutz et al., 2013; Perez-Lopez et al., 2016). As a consequence of IL-17 production 

induced by invasive intestinal pathogens, such as Salmonella, a potent neutrophil recruitment 

is provoked. Neutrophils possess several powerful effector mechanisms, such as the 

production of reactive oxygen species (ROS), neutrophil extracellular traps (NETs), 

degradative enzymes and antimicrobial peptides, for fighting intestinal invaders (Mantovani 

et al., 2011; Perez-Lopez et al., 2016).  

Despite the variety of mechanisms provided by the immune system of the intestine for 

the protection of the host, pathogens are still able to find loopholes and evade recognition by 

certain immune pathways. For instance, C. jejuni combines several features which allow the 

bacterium to hide from distinct innate recognition mechanisms and to colonize a variety of 

different species (cf. Chapter 1.4). However, the outcome of the infection in turn depends on 

the colonized host, its immune system and the resident microbiota. This and further aspects of 

Campylobacter’s immunobiology will be discussed in detail in the following section. 

 

1.4 Campylobacter, its virulence factors and known aspects of its 

immunobiology 

The genus Campylobacter is positioned within the group of epsilon-proteobacteria and 

currently comprises 26 different species and subspecies (Fitzgerald, 2015). All of the 

Campylobacter members are flagellated Gram-negative bacteria with a cell size of 0.5 to 

5 µm by 0.2 to 0.8 µm and a morphology varying between spirally curved rod-shape and 

curved or straight rods, depending on the species (Nachamkin et al., 2008). The majority of 

Campylobacter species require microaerophilic growth conditions at a temperature between 

37 and 42°C (Nachamkin et al., 2008). Depending on the species, Campylobacter members 

can survive in different environmental niches, e. g. water reservoirs, and colonize a variety of 

different animal species (Young et al., 2007; Gripp et al., 2011). The outcome of colonization 

by Campylobacter is variable and host-dependent. Most animals are infected in a chronic 

fashion, and bacterial persistence causes no or only mild inflammatory symptoms (Young et 

al., 2007; Humphrey et al., 2014). On the contrary, human infections often display an acute, 

self-limiting course and are accompanied by strong inflammatory symptoms (Black et al., 

1988). However, variations in the clinical manifestation of human infections are reported and 
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both host susceptibility and genetic variation of bacteria are discussed in this context (Hamza 

et al., 2017). The species Campylobacter coli and Campylobacter jejuni are of particular 

interest as human zoonotic intestinal pathogens, and the consumption of undercooked chicken 

meat is one of the major risk factors for infections with Campylobacter in Germany (Rosner 

et al., 2017) and other countries (Wingstrand et al., 2006; Friedman et al., 2004; Domingues 

et al., 2012). Since it is not feasible to remove Campylobacter completely from the food 

chain, an interdisciplinary One Health approach is recommended in order to reduce 

campylobacteriosis in humans (Golz et al., 2014). Recently, two studies identified important 

fitness determinants of Camylobacter in vitro as well as within different hosts using 

transposon gene-inactivation libraries (Gao et al., 2017; de Vries et al., 2017). In the 

following, important virulence factors of C. jejuni and its interaction with the host immune 

system will be described and summarized graphically in Fig. 1. 

Interestingly and in contrast to other enteric pathogens, C. jejuni appears fairly limited 

in the number of expressed “classical” virulence factors. One of the “classical” virulence 

factors, produced by several Campylobacter species, including C. jejuni, C. lari, C. coli, 

C. fetus and C. upsaliensis, is the cytolethal distending toxin (CDT) (Johnson and Lior, 1988; 

Young et al., 2007), being the only identified toxin of Campylobacter to date. CDT provokes 

cell distension and can cause cell death by triggering a cell cycle arrest in G2/M translation 

phase by inhibition of CDC2 kinase (Pickett and Whitehouse, 1999). This toxin also shows 

immune-stimulatory characteristics during C. jejuni pathogenesis in humans, as it elicits IL-8 

production and therefore the recruitment of immune cells to the site of infection (Hickey et 

al., 2000; Young et al., 2007). Moreover, adaptive immune responses in terms of neutralizing 

antibodies are induced by CDT in humans (Abuoun et al., 2005; Young et al., 2007). 

Interestingly, this host reaction seem to be missing in chickens, which illustrates species-

specific differences of C. jejuni recognition (Abuoun et al., 2005; Young et al., 2007). 

Most of the Campylobacter species are motile and express one or more polar flagella. 

For C. jejuni, the tightly regulated expression of the flagellum is not only important for 

motility, but also for adherence, protein secretion as well as host cell invasion and thereby 

indispensable for colonization and virulence during pathogenesis (Guerry, 2007). Strikingly, 

C. jejuni flagellin evades recognition by the innate immune system of the host through TLR5, 

by modified formation of its primary structure (Watson and Galan, 2005; Galkin et al., 2008) 

and likely by a complex decoration of the surface-accessible flagellin-portions with 

pseudaminic acid derivative glycans (Logan et al., 2002; Logan, 2006; Szymanski et al., 

2003a). A further immune-evasive mechanism of C. jejuni appears to be the missing 
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activation of human TLR9, which recognizes unmethylated CpG dinucleotides, due to its AT-

rich genome (Dalpke et al., 2006).  

In addition to glycosylated proteins, other surface glycans play an imortnat role for 

Campylobacter and its host interaction. A multitude of intestinal Campylobacter 

variants/isolates express a structurally highly variable capsule, which is considered to play a 

role in immune evasion and was shown to have a crucial function in serum resistance, 

adherence to epithelial cells, colonization and virulence (Karlyshev et al., 2000; Szymanski et 

al., 2003b; Bacon et al., 2001). Moreover, Campylobacter’s glycoconjugates, derived from 

capsular polysaccharides, but also from lipooligosaccharides (LOS) and modified via 

glycosylation and sialyation, are considered as immune-modulatory components (Phongsisay, 

2016). It was recently shown, that C. jejuni expresses at least five different glycoconjugates, 

which are responsible for the activation of the proinflammatory transcription factor NF-κB in 

a murine system (Phongsisay et al., 2015). This activation seems to depend on mouse TLR2 

and TLR4 signaling (Phongsisay et al., 2015). Like the capsule, C. jejuni’s LOS are highly 

variable regarding their compositions, modifications and immune-stimulating properties 

between diverse strains (Stephenson et al., 2013). Moreover, Campylobacter’s LOS is able to 

interact with different human Siglec receptors (lectins), which detect sialic-acid containing 

ligands and are presented on the surface of dendritic cells (Avril et al., 2006). These 

interactions might be responsible for the identified effect of LOS sialyation on the 

differentiation of human T-helper cells (Bax et al., 2011). Furthermore, sialyation seems to 

play a role for bacterial recognition by sialoadhesins, expressed on the surface of murine 

macrophages, resulting in enhanced phagocytosis and stimulated production of 

proinflammatory cytokines and interferon β (Klaas et al., 2012). Other types of PRRs, 

expressed by murine macrophages and targeted by molecules of C. jejuni, are C-type lectin 

and immunoglobulin-like receptors (Phongsisay, 2015). However, the immunological 

significance and influence on bacterial pathogenicity of these carbohydrate-receptor 

interactions within different hosts needs further investigation.   

Also little is known to date about recognition of Campylobacter by host 

inflammasomes. Very recently it was reported that C. jejuni is able to activate murine and 

human NLRP3, but not murine NLRC4, without induction of cytotoxicity, which might 

contribute to the intestinal inflammation induced by the bacterium (Bouwman et al., 2014). 

Synergism with other innate signaling pathways, including TLR signaling, is essential for 

successful activation of inflammasome signaling, since a preceding priming step is necessary 

to induce expression of inflammasome compenents and premature IL-1β (Latz et al., 2013). 
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This priming might be triggered by some of the above mentioned immune-stimulatory 

MAMPs of Campylobacter.  

The above described known aspects of Campylobacter’s immunobiology as well as 

own findings presented in the first manuscript (cf. Chapter 2) are graphically summarized in 

the following Fig.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall there are still gaps in knowledge regarding basic aspects of pathogenicity and 

immunobiology of Campylobacter. Especially the species-specific differences in interactions 

of Campylobacter with the immune system of different hosts need to be investigated in more 

depth. 

 

 
 

Fig. 1. Illustration of known interactions between Campylobacter MAMPs and the host immune 

system. Interactions of Campylobacter MAMPs are presented by solid lined arrows; cellular signaling is 

depicted with dashed arrows; evasion of PRR activation by Campylobacter MAMPs is indicated by red 

crosses. 
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1.5 Aims of the study 

Based on the Community Zoonoses Reports of the European Food Safety Authority (EFSA), 

229,213 cases of campylobacteriosis were reported in the year 2015 in Europe, being the 

prior-ranked cause for human food-borne diseases and making Campylobacter a pathogen of 

particular global relevance. As already mentioned above, our understanding of the 

pathogenesis of Campylobacter, especially the host-dependent variability in infection 

outcome, is still fragmentary and needs further investigation.  

The aim of the first project was to contribute to the understanding of mechanisms used 

by Campylobacter to colonize and promote virulence to its hosts. In this context we 

characterized a novel secreted virulence factor of Campylobacter called FlaC. Despite the 

classical flagellin FlaA and FlaB, which only have weak TLR5-stimulatory properties, several 

Campylobacter species additionally possess the unusual flagellin-like protein FlaC. It was 

already shown that FlaC is a secreted factor, which is able to bind to epithelial cells (Song et 

al., 2004). However, the precise function of FlaC was still not known. Due to its high 

similarity in certain amino acid regions with TLR5-activating flagellins, we aimed to analyze 

possible interactions of FlaC with TLR5 of different species. In this context, possible 

immunostimulatory and immunomodulatory properties of FlaC on different cell types were to 

be investigated. Moreover, chicken experiments should clarify FlaC’s potentially modulatory 

effect on host immune responses and herewith related impact on microbiota composition in 

vivo. 

While the first project concentrated on virulence mechanisms promoted by intestinal 

pathogenic bacteria in the context of microbiota, the main focus of the second project lay on 

defense mechanisms of the host innate immune system, in particular on species-specific 

differences of flagellin recognition by the PRR TLR5. Several studies have already addressed 

the question of species-specificity of TLR5 signaling (Andersen-Nissen et al., 2007b; Keestra 

et al., 2008; Shinkai et al., 2011; Metcalfe et al., 2014; Osvaldova et al., 2014). All of these 

studies used human expression systems for functional testing of TLR5 receptors from 

different animal species. However, to date, it remained unclear which parameters contribute 

to correct trafficking, localization and signaling of the receptors within a heterologous 

expression system. Moreover, conflicting results concerning the signaling capacity of bovine 

TLR5 were reported in published studies (Metcalfe et al., 2014; Osvaldova et al., 2014; 

Tahoun et al., 2015). Therefore, the aim of the second study was to compare activation 

profiles of TLR5 from several vertebrate species (chicken, mouse, pig, cattle) within one 

common cellular system. Additionally, requirements for the proper expression and 
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functionality of TLR5 receptors within heterologous expression systems were to be clarified. 

To ensure that no intracellular determinants impact on the compatibility between the analyzed 

receptors and the used heterologous expression system, analyses with chimeric receptors, 

consisting of human transmembrane plus intracellular domains linked to extracellular 

domains of animal origin, were to be carried out. The use of chimeric receptors as a tool for 

investigating activation exclusively dependent on TLR5’s extracellular domains was 

supposed to be verified to provide new insights on species-specific recognition of important 

intestinal pathogens by TLR5.  
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Abstract 

The human diarrheal pathogens Campylobacter jejuni and Campylobacter coli interfere with 

host innate immune signaling by different means, and their flagellins, FlaA and FlaB, have a 

low intrinsic property to activate the innate immune receptor Toll-like receptor 5 (TLR5). We 

have investigated here the hypothesis that the unusual secreted, flagellin-like molecule FlaC 

present in C. jejuni, C. coli, and other Campylobacterales might activate cells via TLR5 and 

interact with TLR5. FlaC shows striking sequence identity in its D1 domains to TLR5-

activating flagellins of other bacteria, such as Salmonella, but not to nonstimulating 

Campylobacter flagellins. We overexpressed and purified FlaC and tested its 

immunostimulatory properties on cells of human and chicken origin. Treatment of cells with 

highly purified FlaC resulted in p38 activation. FlaC directly interacted with TLR5. 

Preincubation with FlaC decreased the responsiveness of chicken and human macrophage-

like cells toward the bacterial TLR4 agonist lipopolysaccharide (LPS), suggesting that FlaC 

mediates cross-tolerance. C. jejuni flaC mutants induced an increase of cell responses in 

comparison to those of the wild type, which was suppressed by genetic complementation. 

Supplementing excess purified FlaC likewise reduced the cellular response to C. jejuni. In 

vivo, the administration of ultrapure FlaC led to a decrease in cecal interleukin 1β (IL-1β) 

expression and a significant change of the cecal microbiota in chickens. We propose that 

Campylobacter spp. have evolved a novel type of secreted immunostimulatory flagellin-like 

effector in order to specifically modulate host responses, for example toward other pattern 

recognition receptor (PRR) ligands, such as LPS. 
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Abstract 

 

Toll-like receptors (TLRs) are conserved innate immune receptors which play a crucial role in 

the first line of defense during host-pathogen interactions. By the recognition of conserved microbial 

structures, TLRs are also contributing to the maintenance of immune homeostasis. Flagellin of various 

bacteria is a strong stimulus of Toll-like receptor 5 (TLR5) activation. TLR5 is highly conserved in 

many vertebrate species, underlining its functional importance. We compared TLR5 activation and 

signaling of different vertebrate species (human, chicken, mouse, pig, cattle) within one common 

cellular system based on the expression of chimeric TLR5. 

Chimeric TLR5 receptors were successfully generated and expressed in different cell lines. 

Activation assays using purified Salmonella flagellin FliC confirmed the functionality of all designed 

chimeric receptors within human cells, marked by elevated NF-κB activation, IL-8 secretion and 

posttranslational modification of downstream signaling molecules. Comparison of the activation 

profiles of chimeric TLR5 and their counterparts from different vertebrate species revealed significant 

differences regarding their functionality within the human cellular background. Exploitation of 

chimeric receptors as a tool allowed for the identification of activation potential exclusively dependent 

on receptor ectodomains. Thereby, species-specific differences using Salmonella lysates were 

determined using the heterologous expression system. These differences were not observed for 

purified Salmonella flagellins, and the overall TLR5-dependent stimulation by Campylobacter lysates 

and purified Campylobacter flagellins was low.  

We conclude that intracellular and extracellular determinants of TLR5 are crucial for 

compatibility with the species background and for TLR5 trafficking, and hence for proper receptor 

functionality. TLR5 receptors with a common intracellular domain provide a useful system to tackle 

bacteria-specific differences in receptor activation. 
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Introduction 

 

Toll-like receptor 5 (TLR5) is a crucial determinant of pathogen-host interaction and essential for 

immune homeostasis (1,6,8,57) . Bacterial flagellins of diverse bacteria are the molecular stimuli that 

ligate and activate TLR5 in various vertebrates (3,17,20,24,50). TLR5 recognition of bacteria also 

contributes to non-infectious disease. In particular in the intestinal tract of vertebrates, TLR5 is active 

to mediate various functions such as shaping the microbiota and immune balance as well as 

contributing to metabolic tolerance (33,57). Some bacterial species avoid TLR5 recognition by 

changing their flagellin primary sequence and by structural diversification (4,19,21,32). These 

evolutionary adaptations might benefit their lifestyle as pathogens or environmental colonizers, 

possibly with a symbiont function.  

In general, the recognition of TLR5 ligands is followed by TLR5 receptor dimerization and an 

interaction of their intracellular Toll-interleukin-1 receptor (TIR) domains with TIR domains of 

adaptor proteins Myeloid Differentiation primary response protein 88 (MyD88) and TIR-domain-

containing adapter-inducing interferon-β (TRIF) (9), leading to the stimulation of downstream 

responses (44,63). The MyD88-dependent intracellular signaling cascade includes phosphorylation of 

mitogen-activated protein (MAP) kinases, NF-κB activation, transcriptional activation, and finally the 

secretion of proinflammatory cytokines (15,20,29,36,37). Feedback modulation of the signaling 

cascade after initial activation also leads to the expression and activation of inhibitory molecules of the 

pathway, such as Toll-interacting protein (Tollip) (64), the induction of inhibitory miRNAs (40) and to 

the degradation of Interleukin-1 receptor-associated kinase 1 (IRAK-1) (60), which, in a secondary 

line of signaling, dampen the proinflammatory response (for review: (34)).  

Previous studies have addressed the question of species-specific recognition of bacterial 

flagellins by different vertebrate TLR5 (3,13,18,28,39). These approaches mostly relied on 

heterologous expression systems, whereby the different receptor variants were expressed in human 

cells or in stably transfected reporter cell lines (HEK293 cells, HeLa 57 A, CHO-K1). These settings 

have produced conflicting evidence concerning the activation potential of TLR5 from different 

species, such as TLR5 of bovine origin (39,43,55). It has so far remained unclear which requirements 
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have to be met by heterologous TLR5 in human cells to be properly expressed, localized and able to 

signal. Likewise, the limited construction and use of chimeric Toll-like receptors including TLR5 in 

human cells (3,27,42,47,62) have not been able yet to fully clarify the basis of signal transduction by 

flagellins and other TLR ligands, which is needed to address the question of specific signal uptake via 

the TLR5 extracellular domain (ECD).  

 To investigate some of these open questions, we have taken the approach in the present study 

to express and functionally test TLR5 from different vertebrate species in human cells comparatively, 

either as heterologous receptors or as chimeric receptors with a human TLR5 intracellular domain 

(ICD). We have clarified some requirements for functional expression of these heterologous TLR5 

receptors. Furthermore, we have used the newly established systems to compare the activation 

potential of diverse TLR5 ECDs by bacteria and flagellins purified from different bacterial species 

colonizing the intestinal tract.  
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Results 

 

Cloning and expression of TLR5 receptors from different vertebrates.  

As a prerequisite for testing TLR5 activation of diverse TLR5 receptors, we cloned the avian (chicken, 

Gallus gallus), mouse (Mus musculus) and porcine (Sus scrofa) TLR5 de novo from cDNAs of 

respective cell lines (Suppl. Table S3 for used oligonucleotides and Suppl. Table S2 for plasmids). In 

multiple rounds of cloning, we were not able to clone the bovine (Bos taurus) TLR5 (bTLR5) de novo, 

therefore we acquired a commercially available expression construct (Methods) and then subcloned 

the bTLR5 receptor into the suitable expression vector pEF6-V5 (32), similarly to the other constructs 

(Suppl. Table S2), for functional comparison with TLR5 receptors from other species. Functionality of 

the hTLR5 receptor cloned in pEF6-V5 had been verified in previous work (32,50). We transfected 

human cell lines with the TLR5 plasmid constructs, carrying their original leader peptides, and 

verified the expression of all receptors using Western blots and immunofluorescence-based automated 

quantification (Fig. 1). All TLR5 constructs were expressed to comparable amounts in human 

HEK293-T cells and HeLa cells (Fig. 1). 

 

Expression of TLR5 ectodomain chimeras in human cells and identification of compatibility 

barriers between TLR5 receptors from different species. 

Reporter cell assays for the analysis of NF-κB activation and cytokine measurements in supernatants 

of non-activated versus flagellin-activated (see Suppl. Fig. S1 for purity of recombinant flagellin) cells 

were performed to assess the activation potential of expressed TLR5 receptors from different species. 

Various vertebrate TLR5 receptors showed different activities towards the canonical ligand 

Salmonella FliC (Fig. 2). Chicken and porcine TLR5 receptors showed considerably lower activation 

levels in HEK293-T and HeLa cells in contrast to the other receptors (Fig. 2, Fig. 3). Reduced 

activation potency of these receptors was more pronounced in human HEK293-T cells in comparison 

to human HeLa cells, most likely due to a differential expression and/or activity of TLR downstream 

signaling components within the two tested human cell lines (Suppl. Fig. S2). The hypothesis that 

nucleotide differences in the promoter region or the Kozac sites introduced by the cloning procedure 
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or an interference by the C-terminal V5 tag might be responsible for the differential activation 

potential of the receptors was negated by respective control experiments (Suppl. Fig. S3). Therefore, 

we suspected potential species barriers between the human cells and the non-human receptors in the 

intracellular TIR domain or the adjacent transmembrane segment of the TLR5. In order to clarify the 

origin of these potential species barriers, we designed TLR5 chimeras. Expression plasmids for the 

chimeric receptors expressed ectodomains of diverse vertebrate TLR5 (chicken, mouse, porcine and 

bovine) fused to the transmembrane segments and intracellular domain of human TLR5 (Suppl. Fig. 

S4). We anticipated that these heterologous TLR5 ectodomain constructs can be useful for 

comparative activation studies within one common cellular background, at the same time preserving 

the natural route of TLR5 vesicle trafficking for glycosylation and insertion of TLR5 into the plasma 

membrane. The activation potential of the chimeras was verified using IL-8 secretion and reporter-

based assays for NF-κB activation as read-out. All chimeras were efficiently expressed after transient 

transfection, verified by Western blotting and immunofluorescence-based automated quantification 

(Fig. 1). Moreover, all chimeric receptors activated cells efficiently upon flagellin stimulation (Fig. 2 

A and 3 C and D).  

 

Functionality and downstream signaling of heterologous TLR5 and TLR5 chimeras in human 

cells.  

All chimeric and non-chimeric constructs were compared for particular arms of TLR5 downstream 

signaling, namely p38 activation by phosphorylation and the activation and degradation of IRAK-1 

(30), which is a feedback mechanism after successful docking of the TLR5 TIR domain to 

downstream adaptors. Thereby, we confirmed the hypothesis that chicken and porcine TLR5 had a 

functional deficit in human cells, since they activated p38 poorly (weak p38 phosphorylation) and did 

not lead to the degradation of IRAK-1 (Fig. 4). In contrast, all TLR5 chimeras activated both 

downstream pathways (Fig. 4). In order to identify a potential basis of species barriers between 

chicken and human TLR5 receptors respectively, one point mutation was introduced into chicken 

TLR5 at amino acid position 744 in the C-terminal domain (Suppl. Fig. S5). This residue was 

divergent between the heterologous TLR5 variants and was changed to the human-specific amino acid. 
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Interestingly, this point mutant did not recover functionality and was very poorly expressed in 

transiently transfected human cells (Suppl. Fig. S5). The low expression was accompanied by strong 

degradation of the receptor and by a massive phosphorylation of p38, which suggests cellular 

endosomal stress activation, possibly due to a trafficking impairment and leading to downstream stress 

signaling (35). Two polymorphisms in the ectodomain sequence were also identified for the coding 

sequence of the cloned chicken TLR5 in comparison to the original reference sequence in the NCBI 

database (NP_001019757.1). These exchanges were non-synonymous (aa 29D to V and aa 90S to G), 

and localized far apart from the leucine-rich repeat 9 (LLR9) which is thought to directly interact with 

the flagellin ligand. Plasmid sequencing verified that the coding region for porcine TLR5 harbored the 

original sequences (NP_001335700.1). 

 

Reciprocal expression of selected TLR5 constructs in chicken cells for functionality testing.  

In order to analyze a species barrier suspected when regarding chicken TLR5 functionality in human 

expression systems, a reciprocal approach was conducted. The chicken macrophage-like cell line 

HD-11 or a stably transfected NF-κB luciferase reporter line (HD-11_Luc, (16)) was used for transient 

transfection with chicken, human and the corresponding TLR5 chimera via nucleofection. 

Surprisingly, human and chicken TLR5 were both functional in the chicken cellular background, and 

activation with recombinant Salmonella FliC for two hours resulted in stimulation of NF-κB and 

enhanced transcriptional levels of chicken IL-8 and IL-1β cytokines (Fig. 5). Moreover, the expression 

and the activation capacity were comparable between the two tested constructs in HD-11 cells, 

demonstrating compatibility of human TLR5 with chicken cells. The tested chicken/human TLR5 

chimera was more highly expressed in the chicken cells and responded stronger to purified FliC 

flagellin. Also of note is that nucleofection of chicken cells with chimeric TLR5 resulted in high 

background activation on the level of NF-kB and enhanced cell death two days after nucleofection 

(Fig. 5).  

 

Differential cell activation via TLR5 chimeras by Salmonella enterica serovars and their purified 

flagellins. 
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The constructed TLR5 chimeras offer the possibility to compare activation potential exclusively 

dependent on ECDs of TLR5 from different vertebrate species. Using our system, we focussed on the 

investigation of the important human enteric pathogens Salmonella enterica (different serovars) and 

Campylobacter jejuni. We compared ECD-dependent activation potential of various respective 

serovars (S. enterica) or strains (C. jejuni) on human, chicken, mouse, porcine and bovine TLR5. With 

this aim, a reporter cell line (HEK Blue Null1 SEAP reporter cells, Invivogen) for NF-κB-dependent 

activation was transiently transfected with human or chimeric TLR5 constructs and activated with 

various inactivated bacterial lysates (Fig.6). Interestingly, lysates of different S. enterica isolates 

showed a differential, serovar-dependent activation potential in this system. Lysates of Salmonella 

serovars Choleraesuis and Typhi were highly activating stimuli, whereas lysates of S. enterica 

serovars Enteritidis and Infantis showed an overall lower, intermediate, activating phenotype. Tested 

isolates of S. enterica serovars Bovismorbificans, Typhimurium, Paratyphi A and Paratyphi B showed 

comparably a very low activation potential in this setting using 100 ng of bacterial lysate per well. A 

higher activation by these latter Salmonella lysates could, in principle, be provoked concentration-

dependently by increased amounts of applied lysate. This was exemplarily confirmed for the activation 

of hTLR5 by various amounts (500 ng to 3 µg) of S. Typhimurium lysate (Suppl. Fig. S6 B). On the 

level of single chimeras, all receptors with human and porcine ECDs resulted in higher stimulation 

levels with all of the analyzed Salmonella lysates, followed by mouse and chicken chimeric receptors 

in the order of decreasing activation. Relative NF-κB activation of the bovine chimera was very low 

for the chosen lysate amounts with all tested Salmonella lysates.  

To compare the composition of the selected Salmonella lysates, in particular for respective 

amounts of flagellins, Western blotting of lysates was performed using anti-E. coli flagellin antibody 

(see methods for preparation of flagellar fractions). Lysates of the respective different Salmonella 

serovars contained comparable amounts of flagellin (Suppl. Fig. 7). Only S. Enteritidis B 554 and 

Salmonella Typhi lysates exhibited clearly lower flagellin amounts, but both showed an overall strong 

activation with all chimeric TLR5 constructs. Flagellins from eleven selected serovars that had been 

tested as lysate preparations were subsequently purified and used to activate human cells in the 

chimeric, SEAP-dependent human reporter cell system. In contrast to whole bacterial lysates, all of the 
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purified flagellar fractions activated the tested chimeras to a comparable extent, independently of the 

analyzed serovar (Fig. 7 A). No or just minor differences between the flagellar fractions were also 

confirmed on the level of secreted IL-8 (Fig. 7 B). In line with these results, sequencing of phase one 

and two flagellins, respectively, from the tested Salmonella serovars did not reveal sequence 

differences at positions deemed important for TLR5 activation (Suppl. Fig. S9 and S10). 

 

Cell activation of human TLR5 chimeras by various Campylobacter jejuni strains from different 

origins.  

C. jejuni flagellin was reported to have a low activation capacity on TLR5 (4,14,58). However, this 

was so far not analyzed in a comparative setting for TLR5 from a variety of vertebrate species nor 

various C. jejuni strains/STs. In order to analyze species-specific TLR5 activation by C. jejuni, 

inactivated bacterial lysates and flagellar fractions of selected human and animal C. jejuni isolates 

were generated and tested for ECD-dependent vertebrate TLR5 activation. The tested C. jejuni lysates 

did not stimulate a significantly enhanced NF-κB activation of the various chimeric TLR5 constructs 

(Fig. 6 B), independently of the applied amounts. Concentration-dependent maintenance of low 

activation was exemplarily tested for C. jejuni lysates 73 and 75 (500 ng to 3 µg) and hTLR5 (Suppl. 

Fig. S6 B). No significant activation on the level of NF-κB was detected in the ECD-dependent TLR5 

activation setting by isolated flagellin-enriched fractions of the tested Campylobacter species (Fig. 7 

C).  
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Discussion 

 

TOLL-like receptors are among the most important innate immune pattern recognition receptors 

(PRR) (of animals) (for reviews see: (1,2,25). They are not only important for defense reactions of 

cells and the whole organism against invading pathogens, but also, in conjunction with the resident 

microbiota at different body sites, they aid the establishment of an immune balance (8,45,57) and 

prevent excessive immune activation (8,11,31,53). TLR5 is especially important to mediate both of 

these tasks, in particular with respect to bacterial defense and colonization in the intestinal tract 

(7,11,33). Thereby TLR5 signaling is not only required for proper functionality of the innate arm of 

the immune system, but moreover contributes to the development of specific adaptive mechanisms, in 

order to hold back motile members of the microbiota, reduce the immunostimulatory load in the gut 

(11), and to provide temporal stability to microbiota composition (33).  

Of note, TLR5 is the only PRR so far that recognizes a specific bacterial protein, flagellin, 

which is the subunit of the outer portion of a bacterial motility organelle, the flagella (24). Flagellin is 

a very abundant protein in most motile, host-associated or free-living bacteria. Numerous intestinal 

bacterial species, pathogens as well as commensals, carry flagella and can be recognized by TLR5 

(3,50,52). Evasion of specific bacterial flagellins towards TLR5 recognition have been described 

(4,21,32), which may be of relevance in particular for chronic colonizing bacteria, pathobionts and 

pathogens of the gastrointestinal tract.  

The importance of functional TLR5 for colonization resistance against pathogenic bacteria 

becomes apparent in humans carrying a stop-codon polymorphism resulting in a truncated form of 

TLR5. These individuals were more susceptible to legionnaires disease (23) and, more recently 

reported, also to bronchopulmonary dysplasia (46) and urinary tract infections (22). Some non-

synonymous polymorphisms within the coding sequence of human TLR5 were shown to affect its 

signaling capacity and human disease susceptibility (38,48). Moreover, non-synonymous sequence 

polymorphisms in tlr5 and connected changes in functionality were also identified within various 

animal species (5,26,49,61). In this context, several non-synonymous polymorphisms were described 

to attenuate TLR5 responses towards flagellin, e. g. demonstrated for porcine (polymorphisms R148L 
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and P402L) (49) or canine TLR5 (polymorphisms C100T and T1844C) (26). In contrast, other amino 

acid exchanges resulted in higher activation and might even be linked to enhanced IBD susceptibility, 

as was described for the canine TLR5 (polymorphism G22A) (26). In passerine birds, even a fixation 

of a non-functional TLR5 variant in combination with several independent pseudogenisation events of 

TLR5 were reported (5). Despite the clear general importance of TLR5, the described variations in 

TLR5 functionality on the level of host species populations or individual animal breeds complicate 

general conclusions about TLR5 signaling for a whole species and require further clarification. In this 

context, we have clarified in the present study basic requirements for TLR5 receptor function across 

vertebrate species and generated a system to test the contribution of the TLR5 ECD to host- and 

pathogen-species-specific signal transduction and signal strength.  

Several questions remain to be clarified with respect to the role of TLR5 in the immune 

response in different species. Most genomes of vertebrate species characterized to date contain one 

TLR5 gene copy (51,59). Although mouse and human TLR5 have been characterized in some detail 

(3,18), and a structure of zebrafish TLR5 dimer ligated with flagellin has been published (63), detailed 

mechanisms of TLR5-dependent or -independent signaling by bacterial flagellins are not completely 

understood. Likewise, the role, expression of, and signaling by TLR5 of other vertebrate species are 

poorly characterized so far. It is also largely unknown, whether host species-specific traits of TLR5 

signaling may exist. In particular, the role of the receptor transmembrane domains and intracellular 

domains in signaling has not been studied before, including the compatibility of intracellular TLR5 

TIR domains with downstream adaptors (e. g. MyD88) between species. It is also insufficiently 

understood, whether various bacterial species can induce differential TLR5-mediated responses in a 

bacteria- or host-specific manner. In the present study, we have therefore asked the question, how 

TLR5 variants from different host species support signaling and whether a cell-based test system can 

be developed to determine host specificity of various vertebrate TLR5 variants. We have thereby 

reciprocally tested various vertebrate receptors in human cells and vice versa. This approach has 

helped us to elucidate that there are potential incompatibilities at the molecular level, both in the 

receptor’s ECD and ICD, that may impair the functionality of some vertebrate TLR5, for instance 

porcine and chicken, in human cells. Since it became quickly apparent that there were functional 
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differences of some vertebrate TLR5 (chicken, porcine) when expressed in human cells, we also 

established an expression system using chimeric TLR5 with various vertebrate ECDs fused to the 

intracellular domain of human TLR5. We have validated the functionality of the chimeric test system, 

which served as an indicator of ECD-dependent ligand recognition. Using this test system, we 

subsequently compared the activation potential of various S. enterica and C. jejuni isolates and their 

flagellins in cells expressing chimeric TLR5 variants. 

Conflicting evidence was previously published on the functionality of bovine TLR5 variants 

when expressed in human cells (39,43,55). One group observed no functionality of bovine TLR5 

within the human HEK293-T cellular background, which could be partially restored by substitution of 

phenylalanine by tyrosine at position 798 (aa 798 F � T), suggested to be a putative binding site for 

phosphatidylinositol 3-kinase (39,43). Another group successfully activated bovine TLR5 within 

human HEK293 cells by H7 flagellin from E. coli. In our hands, wild-type bovine TLR5, which 

exhibited phenylalanine at position 798, was active when expressed in human cells (e.g. HEK293-T). 

Differences between the studies might be explained by the different reporter systems used. We 

conclude from our comprehensive results that native bovine TLR5 (F798) is fully functional in human 

cells in contrast to what was published before (39,43). Full-length porcine TLR5 showed some 

functionality defects within human cells which could be recovered in the porcine ECD/human ICD 

chimera. This result suggested that incompatibility of the porcine receptor with the downstream human 

cellular system is restricted to the receptor’s ICD, which underlines the validity of the chimera 

approach.  

Chicken (avian) TLR5 deviates most in sequence from other TLR5 of various mammals 

(Suppl. Fig. S8). We recovered functionality of the chicken TLR5 ECD in human cells by fusion to the 

human TLR5 intracellular TIR domain. This result seemed to indicate mainly amino acid sequence-

based incompatibility of the chicken ICD with downstream factors or adaptors in the human cells. This 

might be due to unknown differences in intracellular trafficking or signaling potential, e. g. by 

interplay between heterologous ECD, TM and ICD, similar to porcine TLR5. It is also possible that 

frequent non-synonymous SNPs of chicken TLR5 (in our case, SNPs in the cloned chicken TLR5 

ECD distant to LLR9 lead to two amino acid changes) may be modulating the TLR5 binding and 
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signaling capacities, possibly by changing structural features, and thereby indirectly impacting on 

receptor glycosylation, dimerization, LLR9 positioning, or signaling. These aspects should be clarified 

in further analyses.  

In our hands, the responses to a reference flagellin, recombinant Salmonella FliC, seemed to 

confirm and expand the previously reported (3,18) existence of host-species specific differences 

between various tested vertebrate TLR5s on the level of NF-κB signal. The significant concentration-

dependent differences observed between human TLR5 and the chimeric receptors with the NF-κB 

reporter system might reflect amino acid differences within TLR5’s ECD, which may be responsible 

for direct interactions with the TLR5 ligand flagellin. Particularly the amino acids 265 (chicken: T) 

and 275 (chicken and cattle: L) in LLR9, which were proposed to interact directly with flagellins of 

different bacterial species (52), deviate from the TLR5 sequence of the other tested animal species. 

We cannot exclude that other sequence variations between species in the ECDs outside of LLR9 

impact on the signal perception strength. Differences of TLR5 signal output on the species level were 

less pronounced at the level of IL-8 secretion, which may be partially due the temporal accumulation 

of IL-8. This underscores the importance of a multi-pronged approach to comprehensively analyze 

cellular signaling pathways downstream of TLRs.  

Reports of host species-specific TLR5 responses to flagellins have been published before 

(3,13,18,28). Previously published comparative activation analysis of full length human, chicken and 

murine TLR5, carried out in heterologous expression systems, including hamster or human cellular 

background, showed distinctive recognition abilities in dose-response relationship assays towards 

purified bacterial flagellins, with overall higher responses by murine and chicken receptors over 

human TLR5 for most flagellins (3,28). Moreover, mutations of single residues within murine TLR5 

itself allocated certain amino acids to distinctive species-specific recognition (3,28). Observed host 

species-specific differences in response to purified flagellins in the previous studies were reproducible 

between mouse and human TLR5 (more robust activation by mTLR5; (3,18,28)). Our results for 

mTLR5 and hTLR5 dose-dependent activation allow a similar conclusion. The divergent amino acid 

268 between mouse (P) and human TLR5 (A), localized within the LLR9, was proposed to be 

responsible for the observed species-specific signaling differences (3). Interestingly, this amino acid is 
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also not conserved within the other tested vertebrate species (S for chicken, porcine and bovine 

TLR5). One available study reported a species-specific difference between human and chicken TLR5 

(better response by chTLR5 over hTLR5; (28)). This result is in apparent contrast to our study, since 

we determined lower response activity of native chTLR5 and the chicken/human chimera in human 

cells. In our hands, chicken TLR5 seemed to possess impaired activity in human cells despite good 

expression. The previous study (28) was relying just on selective reporter systems in stably transfected 

cells, and the observed host species-specific differences in response to purified flagellins were small. 

Further aspects complicating the comparisons between results from different studies are the use of 

expression constructs which replace the natural signal peptide of the receptor with an artificial signal 

peptide and might lead to changes in trafficking and localization, and the high abundance of SNPs 

within the coding sequence of TLR5, especially of domesticated animal breeds, which might affect 

receptor signaling capacity. Particularly the previously tested chicken TLR5 variant (28) exhibited 

seven polymorphisms located within the extracellular domain of TLR5, mostly at positions being 

highly conserved between the tested vertebrate animal species, which might explain the observed 

discrepancies between previously reported and our present results. In addition, answering questions 

regarding the affinities of physical binding of specific flagellins to specific TLR5 ECDs would require 

complex biochemical approaches which have not been achieved so far. The functional implications of 

abundant SNPs in chicken TLR5 and differences between signaling results reported by various 

laboratories will require more detailed clarifications, for which we have now provided some basic 

tools.   

The chimeric ectodomain constructs were expressed and functional in human cells and were 

used for all further experiments to minimize ICD-dependent disparities between host-species. Previous 

reports regarding serovar-specific activation by Salmonella flagellins of different serovars included 

only two serovars, S. Enteritidis (28) and S. Typhimurium (3,28). Differences between the two 

serovars had remained inconclusive. In our settings, purified flagellins of various Salmonella serovars 

did not show strong bacterial or host-species specific differences in cell activation potential. This 

result may indicate that TLR5 ECD do not provide a large discriminatory potential for flagellins of 

different Salmonella serovars. This preliminary evidence will still need to be verified by more detailed 
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dose-dependent activation studies. In tune with this hypothesis, sequencing of flagellin genes of our 

tested Salmonella isolates revealed high sequence conservation within the regions (Q89, N100, I411, 

L415), used for mutational approaches of bacterial flagellins in the previous studies (3,18,28). Amino 

acid conservation at these sites was independent of flagellar phase status or bacterial serovar. Lower 

NF-ĸB activation levels found for human and chimeric TLR5 receptors by flagellar fractions from two 

S. Enteritidis strains require further investigation. In the future, the chimeric test system can be used to 

characterize the flagellin-dependent responses in more detail, also including flagellins from different 

bacterial species. 

In contrast to the effects of purified Salmonella flagellins, TLR5-dependent cell activation 

with the corresponding bacterial lysates revealed striking differences. The Salmonella lysates 

provoked differential activation outcomes, depending on the respective TLR5 variant expressed. Our 

present results permit us to conclude that specific inhibitory mechanisms acting on TLR(5) signaling 

must exist in certain serovars, which may down-modulate the cell-activating responses induced by 

flagellins in a host species-specific manner. Salmonella serovars may be able to modulate TLR5 

signaling to different extents, by flagellin-independent mechanisms. Modulation and inhibition of TLR 

signaling according to our present results seem to be specific for the TLR5 origin as well as 

Salmonella serovar-specific. Signal modulation could be dependent on bacterial outer membrane 

determinants or Type III secretion effectors. Effectors such as TlpA (TIR-like protein A) or AvrA, 

might mediate serovar-specific inhibition on TLRs and other TIR-domain containing adaptor proteins 

or on NF-κB activation, respectively (10,41). This attractive hypothesis should be tested in future 

studies. 

Extending previous studies using five different C. jejuni strains (and only human and chicken 

TLR5 (4,13,14,58)), diverse C. jejuni isolates, including species isolated from human but also animal 

origin, provided very little activation potential in cells expressing the chimeric TLR5 constructs. This 

suggests that C. jejuni, independently of host species, does not activate cells greatly via TLR5 

ectodomain of any of the tested host species. This corroborates previous results obtained in human 

reporter cells, which showed that C. jejuni, via different molecules including glycans (12,54) or the 

TLR5 ligand protein FlaC (16), induces rather homeostatic responses which can downmodulate TLR 
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signaling. In line with these findings, purified flagellins of selected C. jejuni isolates also did not 

activate ECD-dependently TLR5 from any of the tested vertebrate species either, which confirms and 

expands previous studies (4,13,14,58).  

 In conclusion, we have characterized signaling limitations for the heterologous expression of 

TLR5 variants from various heterologous species in human cells and established a test system for the 

functional characterization of ligands and signal transduction by host-specific TLR5 ectodomains. 

Various Salmonella appear to inhibit TLR5 signaling in a strain-specific manner by flagellin-

independent mechanisms, while C. jejuni variants or flagellins did not activate any tested TLR5. We 

found that TLR5 variants from human and chicken TLR5 both could be activated in chicken cells 

(macrophages) in the inverse setting. The established test system will serve in the future to 

characterize TLR(5) signaling requirements, activation and inhibitory effects by diverse ligands and 

bacteria in more detail. 
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Materials and Methods 

 

Bacterial strains and culture conditions. Cloning was performed in Escherichia coli strains DH5α, 

MC1061, XL1-Blue (NEB) NEB5α (NEB). For overexpression of proteins, E. coli strain BL21(DE3) 

was used. E. coli was cultured in Luria–Bertani (LB) broth (Difco™ LB Agar, Lennox, BD 

Biosciences, Heidelberg, Germany) or on LB plates containing 1.5% Bacto agar. When appropriate, 

ampicillin (500 mg/l) was added to the medium. For the differential activation of cells, lysates and 

whole bacteria of various S. enterica serovars and C. jejuni strains according to Suppl. Table S1 were 

used. Bacterial strains were collected and characterized in-house at Hannover Medical School. 

C. jejuni were cultured at 37°C under microaerobic conditions (10% CO2, 5% O2, 85% N2) in vented 

jars on blood agar plates (Blood Agar Base II, Oxoid, Wesel, Germany), supplemented with 10% 

defibrinated horse blood (Oxoid) and standard antibiotics (10 mg/l vancomycin, 3.2 mg/l 

polymyxin B, 5 mg/l trimethoprim, 4 mg/l amphotericin B), or in brain-heart infusion broth (Oxoid) 

with the addition of 2.5 g/l yeast extract (Merck, Darmstadt, Germany). Salmonella enterica were 

grown on Columbia agar plates, containing 5% sheep blood at 37°C. For bacterial lysate preparations, 

bacteria were grown on plates for approximately 24 h before harvest.  

 

Cell types and culture conditions. HEK293-T, HeLa or HEK-Blue Null1 cells (#hkb-null1, 

Invivogen) were used for transfection and coincubation assays and propagated in Dulbecco’s MEM 

(Biochrom, Berlin, Germany) supplemented with 10% [v/v] fetal bovine serum (FBS). Growth 

medium of HEK-Blue Null1 cells was additionally supplemented with 100 µg/ml of Zeocin as 

selective antibiotic. HD-11 chicken macrophage-like cell line used for nucleofection experiments was 

maintained in Iscove’s basal medium (IBM) supplemented with 10% [v/v] FBS. HD-11 cells stably 

transfected with the firefly luciferase gene under control of a NF-κB promoter were cultured in 

medium containing puromycin as selective antibiotic (5 g/liter). All cell lines were routinely kept at 

37°C in a 5% CO2 humidified atmosphere.  
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DNA methods and cloning of TLR5 expression plasmids. (Schematic shown in Fig. S4) DNA 

methods were performed according to standard protocols using enzymes purchased from New England 

Biolabs (NEB, Ipswich, NJ, USA), Invitrogen (Carlsbad, California, USA) or Roche (Basel, 

Switzerland). Taq polymerase (Roche), Phusion polymerase (NEB) or Q5 polymerase (NEB) were 

used for PCRs. TLR5 genes from different species (human, mouse, chicken, pig and cattle) were PCR- 

amplified using primers listed in Suppl. Tab. S3. Specifically: amplification of the entire mouse TLR5 

was achieved by mTLR5_F2 and mTLR5_R2 primers and J774 cDNA as template. Complete chicken 

TLR5 was amplified by chTLR5_F1 and chTLR5_R1 primers and HD-11 cDNA as template, and 

complete pig TLR5 by piTLR5_F1 and piTLR5_R1 primers and template cDNA from IPEC-J2 cells. 

All of the amplified TLR5 genes were cloned into pEF6-V5 expression vector (Novagen modified 

from (32)) using appropriate restriction enzymes. Bovine TLR5 was recloned from commercially 

available pUNO1-bTLR05 plasmid (Invivogen, # puno1-btlr5) into pEF6-V5 vector using boTLR5-

BstXI and boTLR5_NotI_R2 primers. Sanger sequencing technology was applied for sequencing of 

the cloned plasmids to verify sequence accuracy (used primers depicted in Suppl. Tab. S4). 

Additionally, chimeric TLR5 receptors containing extracellular domains of animal origin, linked to a 

human intracellular domain were designed and generated. Gene sequence encoding for extracellular 

domains of TLR5 receptors from different animal species were PCR amplified using the following 

primers (see also Suppl. Tab. S3): mouse: mTLR5_F2 mTLR5_R4; chicken: chTLR5_F1 and 

chTLR5_R2; pig: piTLR5_F2 and piTLR5_R2 and cattle: boTLR5_BstXI_F and boTLR5_BsaI_R. 

These amplified and correspondingly digested gene fragments were ligated to gene sequence encoding 

for the intracellular domain of human TLR5 using an integrated AflII restriction site. The connection 

point of ECD and ICD domains was placed within the transmembrane part of the receptor (see Suppl. 

Fig. S4) and leads to very few, mostly conservative amino acid exchanges (ch/h: none; pi/h: none; 

m/h: aa 651 Arg � Thr, aa 652 Ser � Gly, aa 653 Leu � Thr; bo/h: aa 636 Glu � Ser, aa 637 Ser � 

Gly, aa 638 Leu � Thr). The expression of all cloned receptors was controlled by Western 

Immunoblotting and Immunofluorescence (see Fig. 1). Exchanges of single nucleotides within 

plasmids, leading to amino acid exchanges, were generated by usage of Quick Change Site-Directed 
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Mutagenesis Kit (Agilent) or Q5 kit (NEB) according to the manufacturers’ instructions (used primers 

listed in Suppl. Table S5). 

 

Transient cell transfection or nucleofection with plasmid DNA and protein expression analysis. 

HEK293-T or HeLa cells were seeded in 24-well plates and HEK-Blue Null1 cells in 96 well–plates. 

Cells were used for transfection experiments at 60% confluency. 30 min before transfection, the 

medium was changed to 0.5 ml (24-well plate) or 50 µl (96-well plate) OptiMEM medium (Gibco) 

containing 5% fetal calf serum (FCS). Indicated amounts (usually 200 to 50 ng) of plasmids of interest 

(see Suppl. Tab. S2 for plasmids used in this study), which were prepared by endo-free plasmid Midi-

Kit (Qiagen, Hilden, Germany), were transfected using Lipofectamine 2000
TM

 (Invitrogen) according 

to the manufacturer’s instructions. Nucleofection of HD-11 cells was performed according to 

manufacturer’s instructions for murine RAW264.7 cells using the SF cell line 4D-Nucleofector Kit 

(Lonza) and 4D-Nucleofector Device (Lonza). Further incubation for 24 h to 48 h allowed expression 

of transfected or nucleofected constructs. Cell lysis and harvesting was performed directly within the 

wells on ice using modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH = 

7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail 

Complete (Roche), phosphatase inhibitor cocktail PhosStop (Roche)). Analyses by Western 

immunoblotting were carried out to ensure that all constructs showed comparable expression levels.  

 

Protein methods. Protein amounts were determined by bicinchoninic acid (BCA) Protein Assay 

(Thermo Scientific - Pierce, Rockford IL, USA) and protein analysis was achieved by separation on 

denaturing 12% sodium dodecyl sulphate (SDS) polyacrylamide gels and Western immunoblot 

detection according to standard methods (56). Equal amounts (usually 30 µg) of protein were loaded 

on each gel lane. Antibodies for labelling are indicated in the corresponding results and listed in Suppl. 

Tab. S6. Immuno-reactive bands were visualized by Super Signal West Pico chemiluminescent 

substrate (Pierce, Thermo Scientific, Bonn, Germany) and ECL hyperfilm (GE Healthcare, Piscataway 

NJ, USA). Additional normalization of gel loading was performed against the corresponding loading 

controls visualized by using anti-actin antibody (Chemicon, MAB1501; mouse monoclonal antibody; 
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used at a 1:30,000 dilution). In the case of sequential antibody application, membranes were stripped 

with Restore™ Western Blot Stripping Buffer (Thermo Scientific – Pierce).  

 

Recombinant expression and purification of S. enterica serovar Typhimurium FliC. Expression 

and purification of S. enterica serovar Typhimurium FliC was performed according to our own 

published work (16,32). For coincubation experiments of eukaryotic cells with purified flagellin, FliC 

was additionally purified by elution of the protein from an SDS gel in an Electro Eluter (Model 422, 

Bio-Rad, Munich, Germany). Eluted protein was dialysed several times against cell culture grade PBS 

using dialysis cassettes (Slide-A-Lyzer, MWCO 3.500 cut-off, Thermo Scientific). Purity and amounts 

of ultrapure recombinant flagellin were checked on Commassie blue-stained SDS gels (see Suppl. Fig. 

S1). Limulus assays (LAL chromogenic endpoint assay; Cambrex) of recombinant flagellins prepared 

by this method did not detect LPS above the detection limit of 1 endotoxin unit (EU) per �g of protein 

(32), so that we do not expect contamination by other TLR ligands.  

 

Bacterial lysates and preparation of flagellar fractionations. Whole cell lysates were generated 

from bacteria grown for 1.5-2 d on blood agar plates and resuspended in NaCl (0.9%). Lysis was 

achieved via sonication (Branson Sonifier) 3 times for 3 min.  

For flagellar fractions, one day-old bacteria, grown on the corresponding blood agar plates, 

were resuspended in 0.9% NaCl at an O.D.600 of 4 to final volume of 500 µl. Surface-associated 

proteins including flagella proteins were sheared off the bacteria by repeatedly (30 times) pushing the 

bacterial suspension through a 23-gauge needle. Separation from bacterial cells was achieved by 

differential centrifugation: 20 min at 9,000 x g, 4°C, followed by ultracentrifugation for 1 h, 

40,000 rpm, 4°C (Beckman Optima 100 ultracentrifuge). Surface-associated proteins were 

resuspended in Tris buffer (100 mM Tris-HCl, pH = 7,5). Enriched isolated flagellins were verified by 

Western blotting using an anti-E. coli-flagellin antibody (Suppl. Tab. S6), and protein amounts were 

determined by comparison to a bovine serum albumin (BSA) standard on SDS PAGE.  
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Coincubation of eukaryotic cells with recombinant flagellins, bacterial lysates or flagellin-

enriched bacterial fractions. For coincubation experiments with purified flagellins or bacterial 

lysates, cells were seeded onto 96- (2 x 10
4
 cells in 100 µl per well), 24- (2 x 10

5
 cells in 1 ml per 

well) or 6-well plates (1 x 10
6 

cells in 3 ml per well) 24 h prior to the coincubation. Media were 

replaced 30 min before the coincubation starting. Activation potential of purified flagellins or bacterial 

lysates on TLR5 receptors from different species was tested by coincubation of TLR5-transfected cells 

with various amounts of ultrapure and sonicated FliC (1 to 200 ng per Well), bacterial lysates (100 ng 

per Well) or flagellin-enriched bacterial surface-fractions (25 ng per Well) for 4 h to 12 h. Optimal 

time frame and concentrations were determined by time- and concentration-dependent measurements 

(Fig. 3) and regression analysis (Suppl. Fig. S6 A). Activation of NF-κB was determined using HEK-

Blue Null1 reporter cells in 96-well plate format. NF-κB-dependent production of secreted embryonic 

alkaline phosphatase (SEAP) was detected by application of HEK-Blue Detection Medium 

(Invivogen), which allows real-time detection of produced SEAP amounts by colorimetric 

measurements at 620 nm. NF-κB-dependent activation of single TLR5 receptors by bacterial lysates 

and bacterial flagellin-enriched fractions is always depicted relative to a respective reference, which is 

the corresponding TLR5-V5 construct activated by 20 ng of the reference flagellin (recombinant 

Salmonella FliC) and set to 100%. Background activation of empty vector-transfected and analogous 

lysate- or flagellin-activated cells was subtracted in order to obtain a TLR5 signaling specific read-out. 

For the analysis of NF-κB-mediated activation of chicken cells, stable luciferase HD-11 reporter cells 

were stimulated in a 96-well plate format and analyzed using SteadyGlo assay (Promega). HEK293-T, 

HeLa or HEK-Blue Null1 cells in 24-well plate format were used for transfection and subsequent 

coincubation experiments and for further quantitative analysis of cytokine secretion (IL-8). IL-8 in 

supernatants of activated cells was determined by a commercially available ELISA (IL-8 OptEIA
TM

 

ELISA system, Becton Dickinson, Inc, BD Biosciences), according to the manufacturer's 

recommendations. 6-well plate format was chosen for experiments with subsequent RNA-preparations 

and RT-PCR analysis. 

 



22 

 

RNA preparation and quantitative real-time (RT) PCR. RNA from nucleofected HD-11 cells was 

isolated as already described (16). DNAse I treatment of the isolated RNA was performed with Turbo 

DNA-free Kit (Ambion) according to manufacturer’s instructions. 1 µg of total DNA-free RNA was 

used for cDNA synthesis with Superscript III reverse transcriptase (Invivogen) and oligo(dT) primers 

(Invivogen). 1 µl of synthesized cDNA was used for quantitative RT-PCR based on SYBR green 

(Qiagen) chemistry. Normalisation of the results was carried out according to transcriptional 

expression of chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All primers used for 

RT-PCRs are listed in Suppl. Table S7. RT-PCR reactions were performed in a Bio-Rad thermocycler 

(Bio-Rad C1000/CFX96 combined system) with following cycling conditions: denaturation for 10 min 

at 95°C, amplification for 40 cycles at 95°C for 15-45 s, 15 s at an annealing temperature optimized 

individually for each primer pair, 30 s at 72°C.  

 

Immunofluorescence-based automated quantification by Cytation 3. For expression-analysis of 

different TLR5 constructs, HEK293-T cells were seeded onto coverslips coated with 0.3% gelatin and 

transfected with TLR5-coding plasmids using Lipofectamine 2000
TM

. Two days later, cells were fixed 

with 2% paraformaldehyde in potassium phosphate buffer (pH = 7) two times for one h, followed by a 

quenching step with quenching buffer (0.1% glycine in PBS) over night at 4°C. Afterwards, cells were 

washed three times with PBS and blocked and simultaneously permeabilized for 30 min in buffer 

containing 1% BSA, 1% goat serum, 0.05% saponin in PBS. Anti-V5 (1:500) primary antibody was 

applied over night at 4°C in PBS containing 1% BSA and 1% FCS. After washing the cells three times 

using washing buffer (PBS with 0.1% BSA), secondary antibody goat anti-mouse Alexa Fluor
TM

 488 

(1:5,000) was applied in PBS with 1% BSA and 1% FCS for 30 min at room temperature. Cells were 

repeatedly washed again and finally counterstained for the nucleus with DAPI (1:5,000, Sigma-

Aldrich) for 15 min. The coverslips were mounted using Mowiol 4-88 (Merck) supplemented with 

2.5% DABCO (Sigma-Aldrich) on microscope slides. Automated microscopical cellular analysis was 

performed using Cytation 3 Cell Imaging Multi-Mode Reader (Biotek) using constant settings for the 

green channel for all constructs (LED intensity: 10; Integration time: 136; Camera gain: 15.6) and the 
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following cellular parameters (minimal size: 18 µm; maximal size: 34 µm, intensity threshold in the 

green fluorescence channel: 3,000). Automatically recorded doublet cells were excluded manually.  
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Faber et al., Figure 1

Fig. 1: expression of TLR5 in transiently transfected human cells is comparable between

TLR5 from different species. HeLa cells (A) or HEK293-T cells (B to D) were transiently
transfected with adjusted amounts of plasmids coding for TLR5 receptors from different
vertebrate species or for chimeric receptors (empty vector pEF6-V5: 200 ng, human (h) TLR5-
V5: 100 ng for A or 200 ng for B, chicken (ch) TLR5-V5: 200 ng, chicken/human (ch/h) TLR5-
V5: 100 ng, mouse (m) TLR5-V5: 100 ng for A and 200 ng for B, mouse/human (m/h) TLR5-V5:
100 ng, porcine (p) TLR5-V5: 200 ng, porcine/human (p/h) TLR5-V5: 100 ng, bovine (b) TLR5-
V5: 200 ng, bovine/human (b/h) TLR5-V5: 200 ng). 48 h post transfection, cells were harvested
and cleared lysates analyzed for TLR5 expression using anti-V5 antibody (A and B) or stained
for immunofluorescence analysis (anti-V5 and anti-mouse AlexaTM 488) using the automated
microscope device Cytation 3. C) Immunofluorescence images for TLR5 expression of different
species and corresponding chimeras. D) Mean immunofluorescence intensity per single cell,
calculated for every construct; for each condition 124 cells were measured. Significant
differences between hTLR5 and corresponding constructs are indicated by asterisks (Student’s
t-test, unpaired, two-tailed) as follows: **, 0.001<p<0.01; and ***, p<0.001, n.s. non-significant.
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B

Fig. 2: comparative cell activation (IL-8 secretion, reporter activation) of TLR5 plasmid-

transfected cells after stimulation with purified FliC. HeLa cells (A) or HEK293-T cells (B)
were transiently transfected with adjusted amounts of plasmid DNA encoding for TLR5 from
different species or chimeric receptors (empty vector pEF6-V5: 200 ng, human (h) TLR5-V5:
100 ng in A and 200 ng in B, chicken (ch) TLR5-V5: 200 ng, chicken/human (ch/h) TLR5-V5:
100, mouse (m) TLR5-V5: 100 ng in A and 200 ng in B, mouse/human (m/h) TLR5-V5: 100 ng,
porcine (p) TLR5-V5: 200 ng, porcine/human (p/h) TLR5-V5: 100 ng, bovine (b) TLR5-V5: 200
ng, bovine/human (b/h) TLR5-V5: 200 ng). 48 h after transfection, selected wells were
coincubated with purified recombinant Salmonella FliC (50 ng/well) for four hours. IL-8
secretion in the cell supernatants was determined by ELISA. IL-8 secretion of hTLR5-
transfected, FliC-stimulated cells was set to 100 % (reference); relative IL-8 secretion of all
constructs with regard to the reference is depicted. Significant differences between FliC-
activated hTLR5 and corresponding activated constructs are indicated by asterisks (Student’s t-
test, unpaired, two-tailed) as follows: *, 0.01<p<0.05; **, 0.001<p<0.01; and ***, p<0.001, n.s.
non-significant.
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Fig. 3: concentration dependency and time course of activation of NF-ĸB reporter cells
expressing heterologous and chimeric TLR5 receptors from different vertebrate species
by Salmonella FliC. HEK-Blue Null1 reporter cells (Methods) were transiently transfected with
adjusted amounts of plasmid DNA encoding for TLR5-V5 from different species or with chimeric
receptor constructs (empty vector pEF6-V5: 100 ng, human (h): 50 ng, chicken (ch): 50 ng,
chicken/human (ch/h): 50 ng, mouse (m): 100 ng, mouse/human (m/h): 50 ng, porcine (p): 100
ng, porcine/human (p/h): 100 ng, bovine (b): 100 ng, bovine/human (b/h): 100 ng). 24 h post
transfection, the cells were coincubated with different amounts of purified recombinant
Salmonella FliC (1 to 200 ng) over a time course of 13 h. NF-κB-dependent SEAP production
by the reporter cells was determined by colorimetric measurements at 620 nm (see Methods)
and served to determine the optimal concentration and time parameters for further
coincubation assays. Panels A) and B) show concentration-dependent activation of all non-
chimeric (A) and chimeric (B) constructs. Panels C) and D) show time-dependent activation of
all non-chimeric (C) and chimeric (D) constructs. Significant differences between FliC-activated
hTLR5 and the corresponding non-chimeric and chimeric activated constructs are indicated by
asterisks (multiple comparison by two-way ANOVA, Dunnett’s multiple comparison test of
activation by 20 ng FliC in A and B and for whole activation course in C and D as follows: *,
0.01<p<0.05; **, 0.001<p<0.01; and ***, p<0.001, n.s. non-significant.

Faber et al., Figure 3
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Fig. 4: comparative analysis of downstream signaling after heterologous TLR5
activation. HeLa cells transiently transfected with TLR5-V5 plasmids (according to Fig. 1) and
subsequently activated by recombinant Salmonella FliC (50 ng/well) for four hours were
analyzed by Western immunoblot for posttranslational modification of p38 and IRAK-1.
Phosphorylation of p38 (detected by anti-P-p38 antibody; Suppl. Tab. 6) and degradation of
human IRAK-1 (detected by anti-human IRAK-1 antibody, Suppl. Tab. 6), triggered by induced
TLR5 signaling, revealed signaling defects for full-length chicken and porcine TLR5 within the
human expression background and verified that all other TLR5 constructs are functional.

Faber et al., Figure 4
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Fig. 5: reciprocal expression and functionality of human, chicken and chimeric TLR5
within chicken cellular background. Chicken HD-11 (A, B and D) or NF-κB reporter HD-11
cells (C) were nucleofected with expression plasmids coding for human (h), chicken (ch) or
chimeric (ch/h) TLR5 from different species. 24 h post nucleofection, selected wells were
coincubated with purified recombinant Salmonella FliC (200 ng/well in 6-well plate format or 25
ng FliC in 96-well plate format). For quantitative RT-PCR, cells were stimulated for 30 min and
transcript amounts of chicken IL-8 (A) and IL-1β (B) were determined. Transcript values were
normalized to chicken GAPDH and are presented in [%] relative to FliC-activated ch/hTLR5,
set to 100%. NF-κB-dependent luciferase activity was measured after 3.5 h of stimulation
using SteadyGlo luciferase assay (C). Western Blot analysis for expression of TLR5 constructs
using cleared lysates of nucleofected HD-11 cells (D). Western blot was detected using anti-V5
or anti-actin antibody (loading control).
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Fig. 6: comparison of NF-ĸB reporter cell activation of chimeric TLR5 receptors by
lysates of various Salmonella enterica serovars (A) and Campylobacter jejuni (B)
isolates. HEK-Blue Null1 NF-κB reporter cells were transiently transfected with appropriate
amounts of expression plasmids coding for human TLR5-V5 or for chimeric receptors (empty
vector pEF6-V5: 100 ng, human (h): 50 ng, chicken/human (ch/h): 50 ng, mouse/human (m/h):
50 ng, porcine/human (p/h): 100 ng, bovine/human (b/h): 100 ng). After 24 hours, transfected
cells were coincubated with Salmonella or C. jejuni lysates (100 ng total protein content per
well) for 11 h; NF-κB-dependent SEAP production was determined by colorimetric
measurements at 620 nm (see Methods). Values are depicted relative to the corresponding
construct, activated by 20 ng of recombinant FliC as reference. Empty vector-transfected cells
activated by lysate were defined as background and subtracted for each strain separately.
Activation by single strains of each serovar is separately highlighted by alternating white or
grey background shading. Additionally, strains are subdivided according to their serovar or
sequence type by dashed lines.
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Fig. 7: comparison of activation of chimeric TLR5 receptors by flagellar fractions of

selected Salmonella serovars (A and B) and C. jejuni isolates (C). A) HEK-Blue Null1 NF-
κB reporter cells were transiently transfected with appropriate amounts of expression plasmids
coding for human TLR5-V5 or for chimeric receptors (empty vector pEF6-V5: 100 ng, human
(h): 50 ng, chicken/human (ch/h): 50 ng, mouse/human (m/h): 50 ng, porcine/human (p/h): 100
ng, bovine/human (b/h): 100 ng). After 24 hours, transfected SEAP reporter cells were
coincubated with Salmonella flagellar protein-enriched fractions (25 ng protein per well) for 11
h; NF-κB-dependent SEAP production was determined by colorimetric measurements at 620
nm (see Methods). Values are depicted relative to the activation of the corresponding
construct, stimulated by 20 ng of recombinant Salmonella FliC as reference. Background of
empty vector-transfected, flagellin-activated cells was subtracted. B) IL-8 release of HeLa cells
was determined after 4 h of coincubation with Salmonella flagellin-enriched fractions (125 ng
protein) or recombinant FliC as positive control (50 ng/well) of transiently transfected cells (200
ng plasmid) for 48 h. C) Activation by C. jejuni flagellin-enriched fractions of chimeric TLR5-
transfected HEK-Blue Null 1 cells was determined as described for Salmonella flagellin in A. A)
and C) Activation by single strains of each serovar is separately highlighted by alternating white
or grey background shading. Additionally, strains are subdivided according to their serovar or
sequence type by dashed lines.

Faber et al., Figure 7



FliC BSA

Fig. S1: determination of protein amount and purity of highly purified recombinant S.

Typhimurium FliC. Different amounts of recombinantly expressed and purified S.
Typhimurium FliC were loaded on an SDS gel and stained with Simply Blue Safestain (Novex):
M: protein molecular mass standard (Bench marker prestained, Novex), lane 1: 20 ng FliC;
lane 2: 100 ng FliC, lane 3: 200 ng FliC, lane 4: 100 ng BSA, lane 5: 200 ng BSA, lane 6: 300
ng BSA, lane 7: 500 ng BSA, lane 8: 1 µg BSA.

Faber et al., Supplementary Figure S1
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A B

Fig. S2: comparative expression of TLR signaling pathway components in HEK293-T and
HeLa cells. A) Semiquantitative PCRs for MyD88 transcript were performed using cDNA of
HEK293-T or HeLa cells as template and the following primers: hMyD88_F1 and hMyD88_R1.
5 µl of the amplified PCR product (after 20, 25 or 30 amplification cycles) was loaded on a 1%
agarose gel. B) Western blot analysis using cleared lysates of empty vector (200 ng) or TLR5-
V5 construct-transfected HEK293-T (h: 75 ng, ch: 200 ng, ch/h: 200 ng and 250 ng) or HeLa
cells (h: 50 ng, ch: 500 ng, ch/h: 50 ng and 100 ng) using anti-MyD88, anti-IRAK-1, anti-IRAK-
M and anti-GAPDH antibodies.

Faber et al., Supplementary Figure S2
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Fig. S3: C-terminal V5-tag or an alternative 3’ upstream sequence have minor influence

on the activation efficiency of expression constructs for chicken TLR5 by Salmonella

FliC. HEK293-T (A, C) or HeLa cells (B, D) were transiently transfected with empty vector
pEF6-V5: 200 ng; human TLR5-V5: 100 ng; chicken TLR5-V5 or same construct without V5
tag: 200 ng. For comparison, expression constructs for chicken TLR5-V5 with alternative
upstream (AL) sequences were analyzed. 48 h post transfection, cells were coincubated with
purified recombinant Salmonella FliC (50 ng/well), followed by a measurement of secreted IL-8
in cell supernatants. C and D: IL-8 secretion of hTLR5-transfected and FliC-activated cells was
set to 100 % (reference); relative IL-8 secretion of other constructs with regard to the reference
is depicted in [%]. Significant differences between FliC-stimulated hTLR5 and activated
chicken TLR5 variants as well as between activated chTLR5 and activated mutated chTLR5
variants are indicated by asterisks (Student’s t-test, unpaired, two-tailed) as follows: *,
0.01<p<0.05; **, 0.001<p<0.01; and ***, p<0.001, n.s. non-significant.
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zfTLR5      errteklrlvlfisctvliilftastivyisrrgvifkmykkligelvdekreepdpdrf 

chTLR5      delqqtlrfsvfvflsvtllmflmstiiftrcrgicfvwyktitktligshppaadtsey 

mTLR5       eeamrslkfslfilctvtltlflvitlvvikfrgicflcyktiqklvfkdkvwslepgay 

hTLR5       eevlkslkfslfivctvtltlflmtiltvtkfrgfcficyktaqrlvfkdhpqgtepdmy 

boTLR5      eevleslkfslfilvtvtltlflvitlavtkfrgfcficykkaqsllfkdpikgresdty 

piTLR5      eevleslkfslfilftvtltllfvailvvmkfrgfcficykkvqrlvfkdpslgresdty 

            :.  ..*:: :*:  :* : ::    :     **. *  **.    :. .     :   : 

 

zfTLR5      lydvylcfsskdmkwverallkrldsqfsehntlrccfeerdfipgedhltnmrsaiqns 

chTLR5      mydaylcyskndfewvqnsllkhldsqyfdknrftlcfeerdflpgeehinnirdaiwks 

mTLR5       rydayfcfsskdfewaqnallkhldahyssrnrlrlcfeerdfipgenhisniqaavwgs 

hTLR5       kydaylcfsskdftwvqnallkhldtqysdqnrfnlcfeerdfvpgenrianiqdaiwns 

boTLR5      kydaylcfsskdfewvqnallkhldvqyhsqnrfnlcfeerdfmpgenhianiqdavwss 

piTLR5      kydaylcfsgkdfewvqeallknldaqysdqnrlnlcfeerdfvpgedrisniqdavwss 

             **.*:*:* :*: *.:.:***.** :: .:* :  *******:***::: *:: *:  * 

 

zfTLR5      rkticvvsehflkdgwcletftlaqkrmqaeledilvvlvvgnipqyrllkykqvrsfie 

chTLR5      rkticvvtrqflkdgwcveafnfaqsryfsdlkevlimvvvgslsqyqlmkhkpiriflq 

mTLR5       rktvclvsrhflkdgwcleafryaqsrslsdlksilivvvvgslsqyqlmrhetirgflq 

hTLR5       rkivclvsrhflrdgwcleafsyaqgrclsdlnsalimvvvgslsqyqlmkhqsirgfvq 

boTLR5      rkivclvsrhflrdgwcleafsyaqsrcladlngalimvvvgslsqfhlmrhqsirgfvq 

piTLR5      rkvvclvsrhflrdgwcleafsyaqsrcladlngtlimvvvgslpqyqlmkhqsirgfvr 

            ** :*:*:.:**:****:*:*  ** *  ::*:  *:::***.: *::*:::: :* *:. 

 

zfTLR5      nrsylvwpddgqdlewfydqllhkirkdikinqttketkreeanfntntav-- 

chTLR5      rsrylrwpedyqdigwfldnlssqilkekkvqrnvsgiel-----qtiatvsh 

mTLR5       kqqylrwpedlqdvgwfldklsgcilkeekgkkrsssiql-----rtiatis- 

hTLR5       kqqylrwpedlqdvgwflhklsqqilkkekekkkdnnipl-----qtvatis- 

boTLR5      krqylrwpedlqdvdwflnklsqwlpkkkkerkkdmwipl-----qnvptis- 

piTLR5      kqqylrwpedlqdvswflnklsqyilkkvkekkkdsdiql-----qsvtis-- 

start TIR βA AA αA BBβBAB
αB

βCBC αC αC‘ CD βD DD

αE

αD

βEDE EE

transmembrane domain

TIR 

zfTLR5      lslmnndfrcdcdlkdfqtwlnqtnvtfvhsiedvtcaspedqymvpvvrssiqcedeee 

chTLR5      ldithnkyvcdcalksllvwlnetnvtlagsesdrycvyppalagvpvsflt--yddcde 

mTLR5       ldithnefvcncelstfiswlnqtnvtlfgspadvycmypnsllggslynis--tedcde 

hTLR5       ldithnkficecelstfinwlnhtnvtiagppadiycvypdsfsgvslfsls--tegcde 

boTLR5      idithnnficecelsafihwlnqtnitiagspadmycmypnslagvsiysls--tescee 

piTLR5      vdlshnkfvcdcelstfinwlnqtnvtifgsrddiycmypsslagsplntvs--magcse 

            :.: .*.: *:* *. :  ***.**:*:     *  *  *       :   :      .* 

 

Faber et al., Supplementary Figure S4 

Fig. S4: alignment of TLR5 amino acid sequences (focus on transmembrane and
intracellular TIR domain) from different vertebrate species. Amino acid sequences of TLR5
receptors from different vertebrate species (zf: zebrafish, ch: chicken, m: murine, h: human, bo:
bovine, pi: porcine) were aligned using ClustalW2 (Larkin et al., 2007). Structural components
of intracellular TIR domains were assigned according to (Xu et al. 2000). The start residue of C-
terminal human segment after the non-human N-terminal ECD domain within the chimeric
receptor constructs is marked in red. Amino acid exchanges in chimeric mouse/human and
bovine/human TLR5s generated by the cloning strategy are marked in green and result in a
changed amino acid sequence as follows: m/h: rsl to tgt and bo/h: esl to sgt. Acidic residues in
the linker domain upstream of the transmembrane domain, which are most likely important for
the interaction of TLR5 with UNC93B1 (as shown for mouse UNC93B1 and murine nucleotide-
sensing TLRs (Kim et al., 2013) and for proper TLR5 functionality (Huh et al., 2013)), are not
affected by the cloning strategy of the chimeric molecules and are depicted in blue.



Faber et al., Supplementary Figure S5 
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Fig. S5: mutation of amino acid 744 in the chicken TIR domain to human counterpart
results in abolished expression of receptor. HeLa cells were transiently transfected with
human (h) TLR5-V5: 100 ng; chicken/human chimeric (ch/h) TLR5-V5: 100 ng or mutated
chicken (ch*) TLR5-V5 (amino acid 744 N to A): 200 ng. 48 h post transfection, cells were
coincubated with purified recombinant Salmonella FliC (50 ng/well), followed by a measurement
of secreted IL-8 in cell supernatants (A). Western Blot analysis of cleared lysates of transfected
HeLa cells detected using anti-V5 antibody, anti-P-p38 antibody and anti-p38 antibody (B).

B

HeLa

α-V5

α-P-p38

α-p38

kDa

120 
85

60

50
60

50 



Faber et al., Supplementary Figure S6

Fig. S6: controls for experimental setup of ECD-dependent TLR5 signaling screening
system. A) Non-linear regression curves of dose responses of chimeric TLR5 receptors for
determination of optimal activation doses for the system (measured original values shown in
Fig. 3 B). Values are depicted relative to a reference (corresponding TLR5 construct activated
by maximal dosage of FliC), set as 100%. Regression was performed using GraphPad Prism 6
using variable slope model (four parameter dose-response curve). B) NF-ĸB activation of
human TLR5 by increasing amounts of C. jejuni and S. Typhimurium lysates (dose dependency
determination). HEK-Blue Null1 NF-κB reporter cells were transiently transfected with 100 ng
DNA of human TLR5-V5. After 24 hours, transfected cells were coincubated with 200 ng to 3 µg
protein content of C. jejuni (isolate Cj 73 or Cj 75) or S. Typhimurium whole bacterial lysates
per well for 11 h; NF-κB-dependent SEAP production was determined by colorimetric
measurements at 620 nm (see Methods). Background activation was determined by activation
of empty vector-transfected cells by the corresponding lysate and subtracted to quantify
specifically TLR5-dependent activation level.
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Fig. S7: comparison of flagellin expression by selected Salmonella enterica serovars (A)
and C. jejuni (B) isolates in whole cell lysates. Western Blot analysis of selected Salmonella

or C. jejuni lysates (5 µg total protein/lane) using anti-E. coli flagellin antibody.
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Faber et al., Supplementary Figure S7
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Fig. S8: pairwise amino acid sequence comparison of TLR5s from various vertebrate
species. A to F: matrix depiction of pairwise amino acid sequence comparison of TLR5 from
different vertebrate species regarding amino acid sequence identity (in [%], A to C) or amino
acid sequence similarity (in [%], D to F) using pairwise alignment and final analysis with Needle
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/). ECD: ectodomain, TM: transmembrane
domain, TIR: Toll/interleukin-1 receptor homology domain. ECD (A, D), TM plus TIR (B, E) and
complete sequences (C, F) were analyzed separately. G and H) Maximum Likelihood Trees of
ECD (G) and TM plus TIR (H) of TLR5 from different species (human (h), chicken (ch), mouse
(m), pig (p) and bovine (b) TLR5) generated with MEGA5.2 including 500 bootstrap repetitions
(Nicholas et al., 1997).

Faber et al., Supplementary Figure 8 
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Faber et al., Supplementary Figure 9

Fig. S9: amino acid alignment of FliC flagellin sequences of Salmonella isolates used in

this study. fliC genes of Salmonella isolates were amplified using the primer FSa1 and rFSa1
(Dauga et al., 1998) and Sanger-sequenced using the same primers and additionally primer
rFSa1_2 (see Suppl. Tab. 7). Derived amino acid sequences (first 17 amino acids not
sequenced) were aligned with ClustalOmega (Sievers et al., 2011) and depicted according to
their physico-chemical properties using GeneDoc (Nicholas et al., 1997).
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Faber et al., Supplementary Figure 10 

Fig. S10: amino acid alignment of FljB flagellin sequences of Salmonella isolates used in
this study. fljB genes of Salmonella isolates were amplified using the primer FSa2 and rFSa2
(Dauga et al., 1998) and Sanger-sequenced using the same primers and additionally primer
rFSa1_3 (see Suppl. Tab 7). Derived amino acid sequences (first 16 or 17 amino acids not
sequenced) were aligned with ClustalOmega (Sievers et al., 2011) and depicted according to
their physico-chemical properties using GeneDoc (Nicholas et al., 1997).
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗς�

6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����&�ΠΣ∴ΟΡΕ�Φ
ΗΥΜΗΜΞΘΛ�ΡΥ�6�ΟΠΡΘΗΟΟ�ΗΘ
ΗΥΛΦ��ΛςΡΟ��Ης�

ΞςΗΓ�ΛΘ��ΚΛς�ς�ΞΓ∴��

Bacterial isolate 
Isolate 

designation Isolated from 
 

Host species 

Campylobacter jejuni (ST 50) 68 Human stool Humans, poultry, 

swine, cattle, 

sheep, cats, dogs 

Campylobacter jejuni (ST45) 69  Human stool s. a. 

Campylobacter jejuni (ST 50) 70  Human stool s. a. 
Campylobacter jejuni (ST 21) 71 Human stool s. a. 

Campylobacter jejuni (ST 50) 72 Human stool s. a. 

Campylobacter jejuni (ST 21) 73 Human stool s. a. 
Campylobacter jejuni (ST 45) 75 Human stool s. a. 

Campylobacter jejuni (ST 21) 87 Human stool s. a. 

Campylobacter jejuni (ST 21) 89 Human stool s. a. 
Campylobacter jejuni (ST 21) 90 Human stool s. a. 

Campylobacter jejuni ATCC 700819 NCTC 11168  s. a. 

Campylobacter jejuni (ST 21) FBI 04321 
A 

Aviary bird s. a. 

Campylobacter jejuni (ST 21) FBI 04371 
A 

Sheep s. a. 

Campylobacter jejuni (ST 21) 1 Broiler s. a. 

Campylobacter jejuni (ST 21) FBI 04197 
A 

Cattle feces s. a. 

Campylobacter jejuni (ST 21) FBI 02626 
A 

Broiler s. a. 

Campylobacter jejuni (ST 21) FBI 04199 
A 

Cattle feces s. a. 

Salmonella enterica serovar Bovismorbificans xy 82 n. s. Cattle, horses 
Salmonella enterica serovar Choleraesuis B 815 Human blood Swine 

Salmonella enterica serovar Choleraesuis xy 810 n. s. s. a. 

Salmonella enterica serovar Typhimurium RV 269 n. s. Humans, cattle, 

swine, sheep, 

horses, rodents, 

poultry 
Salmonella enterica serovar Enteritidis B 554 Human feces Humans, rodents, 

poultry, horses 

Salmonella enterica serovar Enteritidis B 558 Human feces s. a. 
Salmonella enterica serovar Enteritidis B 560 Human feces s. a. 

Salmonella enterica serovar Enteritidis B 571 Human feces s. a. 

Salmonella enterica serovar Enteritidis B 2334 Human blood s. a. 
Salmonella enterica serovar Enteritidis  B 2359 Human feces s. a. 

Salmonella enterica serovar Enteritidis B 2486 Human feces s. a. 

Salmonella enterica serovar Infantis B 1040 Human urine Humans, poultry 
Salmonella enterica serovar Infantis B 1050 Human feces s. a. 

Salmonella enterica serovar Infantis B 1085 Human feces s. a. 

Salmonella enterica serovar Infantis B 2075 Human feces s. a. 
Salmonella enterica serovar Infantis B 2078 Human feces s. a. 

Salmonella enterica serovar Infantis B 2183 n. s. s. a. 

Salmonella enterica serovar Infantis B 2257 n. s. s. a. 
Salmonella enterica serovar Infantis B 2396 Human feces s. a. 

Salmonella enterica serovar Infantis xy 92 n. s. s. a. 
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Salmonella enterica serovar Paratyphi A B 1951 Human blood Humans 
Salmonella enterica serovar Paratyphi B RV 160 n. s. Humans 

Salmonella enterica serovar Typhi B 1533 Human feces Humans 

Salmonella enterica serovar Typhi B 1830 Human blood s. a. 

 

ST: sequence type 

n. s.: not specified 

s. a.: see above 
A
: C. jejuni isolates published in (Gripp et al., 2011) 
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����3Ο�ςΠΛΓς�ΞςΗΓ�ΛΘ��ΚΛς�ς�ΞΓ∴��
 

Plasmid Vector Description Resistance
 

Reference or 

Source 

pEF6-

hTLR5 

pEF6-V5 protein expression vector for human 

TLR5 

Amp
R
 (Smith, Jr. et al., 

2003) 

 pEF6-V5 mammalian protein expression vector, 

originated from pEF6-TLR5-V5 by 

excision of the insert, EF-1� promoter, 

V5-tag 

Amp
R
 (Lee et al., 

2003) 

pCJ800 pEF6-V5 protein expression vector for mouse 

TLR5 (pER6-mTLR5-V5) 

Amp
R
 This study 

pCJ801 pEF6-V5 protein expression vector for chicken 

TLR5 (pER6-chTLR5-V5) 

Amp
R
 This study 

pCJ1413 pEF6 Protein expression vector for chTLR5 

without V5 

Amp
R
 This study 

pCJ1414 pEF6-V5 protein expression vector for pig TLR5 

(pER6-piTLR5-V5) 

Amp
R
 This study 

pCJ1406 pEF6-V5 protein expression vector for bovine 

TLR5 (pER6-boTLR5-V5) 

Amp
R
 This study 

pCJ1045 pEF6-V5 protein expression vector for chimeric 

mouse/human TLR5 (pER6-m/hTLR5-

V5) 

Amp
R
 This study 

pCJ1040 pEF6-V5 protein expression vector for chimeric 

chicken/human TLR5 (pER6-ch/hTLR5-

V5) 

Amp
R
 This study 

pCJ1044 pEF6-V5 protein expression vector for chimeric 

pig/human TLR5 (pER6-pi/hTLR5-V5) 

Amp
R
 This study 

pCJ1407 pEF6-V5 protein expression vector for chimeric 

bovine/human TLR5 (pER6-bo/hTLR5-

V5) 

Amp
R
 This study 

 pET28a Protein expression vector, T7 lac 

promoter, 6xHis tag, T7 tag 

Km
R
 S. K. Lee and C. 

Josenhans, 

unpublished  

pCJ375 

 

pET28a S. enterica serovar Typhimurium LT2 

fliC cloned into pET28a via BamHI and 

XhoI 

Km
R
 S. K. Lee and C. 

Josenhans, 

unpublished  

 

Amp
R 

: ampicillin resistance, Km
R 

: kanamycin resistance 
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����2ΟΛϑΡΘΞΦΟΗΡ�ΛΓΗς�ΞςΗΓ�ΙΡΥ�ϑΗΘΗ��ΠΣΟΛΙΛΦ��ΛΡΘ��ΘΓ�

ΦΟΡΘΛΘϑ� 

�

Gene Primers Sequence (5’-3’)
a
 Tm

 
(°C)

 
Reference 

SalTy LT2 

fliC 

SalLT2FliCBamHI(F) CGGGATCCATGGCACAAGTCAT

TAATAC 

49 S. K. Lee and 

C. Josenhans, 

unpublished 

 SalT2FliCEcoRI(R) CGGAATTCCGCAGTAAAGAGAG

GACG 

51 S. K. Lee and 

C. Josenhans, 

unpublished 

chTLR5 chTLR5_F1 AAAGGTACCGAGTCCGGATCCA

TGATGTTACA 

ATCAACGGCTAATAATTG 

65 This study 

 chTLR5_R1 AAAAGCGGCCGCCGTGTGAGA

CTGTCGCTATA 

GTTTG 

69 This study 

 chTLR5_R2 AGAACTTAAGTGTCTGCTGGAG 55 This study 

mTLR5 mTLR5_F2 AAAAGGTACCGCCGCCACCATG

GCATGTCAACTTGACTTG 

65 This study 

 mTLR5_R2 AAAAGGTACCGCCGCCACCATG

GCATGTCAACTTGACTTG 

51 This study 

 mTLR5_R4 GGAAAACTTAAAGAGACCCATG

GCTTC 

57 This study 

piTLR5 piTLR5_F1 AAAAGGTACCGAGTCCGGATCC

ATGGGAGACTGCCTGGTCCTG 

59 This study 

 piTLR5_F2 ACCAAGTACATGGGAGTCCGGA

TCCATGGGAGACTGCCTGGTC 

53 This study 

 piTLR5_R1 AAAAGCGGCCGCCGGAGATGG

TCACGCTTTGCAAC 

67 This study 

 piTLR5_R2 AAAACTTAAGGGACTCTAAGAC 55 This study 

boTLR5 boTLR5_BstXI_F AAACCAAGTACATGGGCCGCCA

CCATGGGAGACTGCCTTGA 

51 This study 

boTLR5_NotI_R2 AAAGCGGCCGCCGGAGATGGT

GGTTACATTTT 

51 This study 

 boTLR5_BsaI_R GGAAAACTTAAAGAGACCTAAA

ACTTC 

51 This study 

hMyD88 hMyD88_F1 TAAGAAGGACCAGCAGAGCC 59 S. K. Lee and 

C. Josenhans, 

unpublished 

 hMyD88_R1 CATGTAGTCCAGCAACAGCC 59 S. K. Lee and 

C. Josenhans, 

unpublished  
 

a
restriction sites in oligonucleotides are underlined; Tm: annealing temperature.� �
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����2ΟΛϑΡΘΞΦΟΗΡ�ΛΓΗς�ΞςΗΓ�ΙΡΥ�ςΗΤΞΗΘΦΛΘϑ��

�

Gene Primers Sequence (5’-3’)
a
 Tm

 
(°C)

 
Reference 

 pEF6_R2 ACAGATGGCTGGCAACTAGAAG 61 C. Josenhans, 

unpublished 

hTLR5 hTLR5_2025_

R 

CTGGGCTGTCTTATAACAG 56 This study 

chTLR5 chTLR5_F1 AAAGGTACCGAGTCCGGATCCATG
ATGTTACATCAACGGCTAATAATTG 

65 This study 

 chTLR5_R2 AGAACTTAAGTGTCTGCTGGAG 55 This study 

piTLR5 piTLR5_F1 AAAAGGTACCGAGTCCGGATCCAT

GGGAGACTGCCTGGTCCTG 

59 This study 

 piTLR5_R2 AAAACTTAAGGGACTCTAAGAC 55 This study 

boTLR5 boTLR5_738_

F 

AGCAATGCCATCAATGGGAG 55 This study 

 boTLR5_1438

_F 

TTGGAGAAAATATGTTGCAGC 53 This study 

 pUNO1_hEF1

-HTLV_F 

TCCCTTGGAGCCTACCTA 51 This study 

 pUNO1_SV40

_R 

ATTGCAGCTTATAATGGTTAC 51 This study 

Sal_fliC FSa1 CAAGTCATTAATACMAACAGCC 55 (Dauga et al., 

1998) 

 rFSa1 TTAACGCAGTAAAGAGAGGAC 55 (Dauga et al., 

1998) 

 rFSa1_2 CGTAGCCGTATCGAAGAT 49 This study 

Sal_fljB rFSa2 CAAGTAATCAACACTAACAGTC 58 (Dauga et al., 

1998) 

 rFSa2 TTAACGTAACAGAGACAGCAC 58 (Dauga et al., 

1998) 

 rFSa1_3 CAACCTGTCTGAAGCGCGTAG 61 This study 

 

 

� �
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����2ΟΛϑΡΘΞΦΟΗΡ�ΛΓΗς�ΞςΗΓ�ΙΡΥ�ςΛ�Η�ΓΛΥΗΦ�ΗΓ�ΠΞ��ϑΗΘΗςΛς��

 

�

Gene Primers Sequence (5’-3’)
a
 Tm

 
(°C)

 
Reference 

Insertion of 

stop codon in 

front of V5 tag 

pEF6_noV5_F CCGCTCGAGTCTATAGGGCCCGC

GGTTCG 

>81 This study 

 pEF6_noV5_R CGAACCGCGGGCCCTATAGACTC

GAGCGG 

>81 This study 

Change N to A 

in chTLR5  

(aa 744) 

chTLR5_Ala_F 

 

GCCTGGGGAAGAACATATCGCCA

ATATTCGTGATGCTATTTGG 

>81 This study 

 chTLR5_Ala_R CCAAATAGCATCACGAATATTGGC

GATATGTTCTTCCCCAGGC 

>81 This study 

 

aa: amino acid 
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����∃Θ�ΛΕΡΓΛΗς�ΞςΗΓ�ΛΘ��ΚΛς�ς�ΞΓ∴��

�

Antibody Application Description/Dilution Source 

α-V5 WB, IF  Mouse, monoclonal/ 

1:5000 (WB), 1:500 (IF) 

Invitrogen, R960-25 

α-actin WB Mouse, monoclonal/1:30,000 Chemicon, MAB1501 

α-GAPDH WB Rabbit, monoclonal/1:1,000 Cell Signaling, 14C10 

α-p38 WB Rabbit, polyclonal/1:1,000 Cell Signaling, 9212 

α-P-p38 

(Thr180/Tyr182) 

WB Rabbit, polyclonal/1:1,000 Cell Signaling, 9211 

α-IRAK-I WB Rabbit, polyclonal/1:500 Cell Signaling, 4359 

α-IARK-M WB Rabbit 1:1,000 Abcam, ab16534 

α-MyD88 WB Rabbit, polyclonal/1:1,000 Abcam, ab2068 

α-E. coli flagellin WB Mouse, monoclonal/1:500 Hölzel Diagnostika, 15D8 

Goat �-rabbit IgG 

(H+L) 

WB Peroxidase-conjugated, 

AffiniPure/1:10,000 

Dianova/Jackson 

Goat �-mouse IgG 

(H+L) 

WB  Peroxidase-conjugated, 

AffiniPure F(ab’)2 /1:10,000 

Dianova/Jackson 

Goat α-mouse 

Alexa Fluor
TM 

488 

IF 1:5,000 Molecular Probes/ 

ThermoScientific 
 

WB: Western Blot 

IF: Immunofluorescence 
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6ΞΣΣΟΗΠΗΘ�	Υ∴�7	ΕΟΗ����2ΟΛϑΡΘΞΦΟΗΡ�ΛΓΗς�ΞςΗΓ�ΙΡΥ�57�3&5�ΡΙ�ΦΚΛΦΝΗΘ��∗�ΟΟΞς

ϑ�ΟΟΞς �ϑΗΘΗς��

�

Gene Primers Sequence (5’-3’)
a
 Tm

 
(°C)

 
Reference 

chGAPDH chGAPDH_F2 AGGGTGGTGCTAAGCGTGTT 59 (Faber et al., 

2016) (B.K.) 

 chGAPDH_R2 AAGGGTGCCAGGCAGTTG 59 (Faber et al., 

2016) (B.K.) 

chIL-CXCLi2 

(chIL-8) 

chIL-8_F1 CTGGCCCTCCTCCTGGTTTC 59 (Faber et al., 

2016) (B.K.) 

 chIL-8_R1 TGGCGTCAGCTTCACATCTTG 59 (Faber et al., 

2016) (B.K.) 

chIL-1� chIL-1_F1 CTGAGTCATGCATCGTTTATGTTT

C 

59 (Faber et al., 

2016) (B.K.) 

 chIL-1_R1 AAATACCTCCACCCCGACAAG 59 (Faber et al., 

2016) (B.K.) 
 

B.K. designed by Bernd Kaspers (LMU) 
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4. DISCUSSION 
 

The attached manuscripts contain detailed discussions of the respective results. The following 

chapter will discuss the work in a more global context and highlight the findings in the 

context of relevant, recently published publications. 

 

4.1 The Campylobacter flagellum as a secretion-competent multipurpose 

organelle 

As already mentioned in the introduction (cf. Chapter 1.4), Campylobacter’s flagella are not 

only indispensable for motility, but have a crucial role in processes connected to adhesion, 

invasion of host cells, biofilm formation and generally contribute to colonization and 

pathogenesis of the bacterium (Morooka et al., 1985; Black et al., 1988; Wassenaar et al., 

1991; Grant et al., 1993; Yao et al., 1994; Guerry, 2007; Svensson et al., 2009). An additional 

key function of Campylobacter’s flagellum is the specialized secretion of effector proteins 

into the environment (Guerry, 2007; Scanlan et al., 2017). 

Our first publication focused on the functional characterization of one such secreted 

effector protein, namely the unusual flagellin-like protein FlaC. We could show that FlaC was 

able to interact with the innate PRRs TLR5 of different species, thereby activating different 

cell types in vitro. Comparing to the activation profile of the classical TLR5 ligand 

Salmonella flagellin FliC, C. jejuni’s FlaC showed rather a partial activation, mainly causing 

immune-tolerogenic effects towards other PRR stimuli. Furthermore, in vivo experiments 

involving cloacal administration of purified FlaC into Campylobacter’s natural host the 

chicken resulted in modulation of local innate immune responses and alterations within the 

caecal microbiota composition of the animals. 

The flagellin-like nature of FlaC is unique in comparison to other, already described, 

secreted effector proteins of C. jejuni. Among them is a group of proteins termed as Feds 

(flagellar coexpressed determinants). In a publication from 2012, Barrero-Tobon and 

Hendrixson identified the genes encoding for four of the Fed proteins and for CiaI to be 

dependent on the transcriptional factor σ
28

 and coexpressed simultaneously with 

Campylobacter flagellins (Barrero-Tobon and Hendrixson, 2012). These proteins were not 

required for motility, but instead contributed to the commensal colonization of chickens 

(Barrero-Tobon and Hendrixson, 2012). For FedB and CiaI, a secretion in a flagellar-
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dependent manner was observed. Additionally, Poly et al. identified two variants of the 

secreted small acidic FspA protein, expressed by different Campylobacter strains and 

dependent on σ
28 

for expression. Only the second variant, FspA2, promoted apoptosis of 

eukaryotic cells (Poly et al., 2007). Moreover, Konkel and colleagues described in a series of 

publications a group of at least eight secreted proteins which were termed Cia, for 

Campylobacter invasion antigens (Konkel et al., 1999; Konkel et al., 2004). Interestingly, 

secretion of Cia proteins, except for CiaI, seemed to be dependent on the presence or signals 

from eukaryotic cells or bile salts (Rivera-Amill and Konkel, 1999), which is not applicable 

for the other known secreted proteins of C. jejuni including FlaC. The precise function of 

most of the Cia proteins is not clear by today. However, CiaB was shown to be translocated 

after secretion into eukaryotic INT407 cells and, at least for some strains, to be involved in 

cell invasion (Konkel et al., 1999; Goon et al., 2006; Novik et al., 2010). More recently, 

Samuelson et al. reported among other findings that C. jejuni deletion mutants for ciaD 

induced less activation of the MAP kinases p38 and Erk 1/2, triggered less IL-8 secretion by 

human epithelial cells and showed less pronounced invasion in comparison to wild type 

bacteria (Samuelson et al., 2013). The authors concluded that CiaD was responsible for this 

phenotype due to a Mitogen-activated protein kinase docking (MKD) motif within the 

protein. Activation experiments using purified or cell-expressed CiaD protein would be 

necessary to verify this conclusion to full extent.  

However, it is an interesting concept that C. jejuni is able to secrete a set of different 

immune-stimulatory proteins to modulate cellular responses of the host. In this context, FlaC 

would have a rather tolerogenic function. A tolerogenic-primed immunological surrounding 

might be beneficial for the bacterium to remain “invisible” for the host immune system and 

would fit to other immune-evasive characteristics of Campylobacter (cf. Chapter 1.4). In fact, 

usage of flagellin in order to modulate cellular host immune responses is not just restricted to 

Campylobacter, but was also shown for enteropathogenic E. coli (Badea et al., 2009) or 

pathogenic Salmonella (Subramanian and Qadri, 2006; Gewirtz et al., 2001b). In the case of 

Salmonella, de novo synthesis and secretion of monomeric flagellin was found to be initiated 

by direct sensing of host-produced lysophospholipids by the bacteria (Subramanian and 

Qadri, 2006). As already mentioned (cf. Chapter 1.2), Salmonella species can profit from an 

immunologically activated, inflamed surrounding which provides a growth advantage and 

supports successful transmission of the bacteria (Winter et al., 2010; Thiennimitr et al., 

2011). Therefore, it is not surprising that Salmonella acquired a mechanism to make use of 

their potent innate immune activator flagellin, in order to specifically provoke inflammatory 
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reactions upon immediate need. Another inflammation-causative strategy of Salmonella is the 

utilization of different types of Type III secretion systems for direct transmission of effector 

proteins to host cells (McGhie et al., 2009). These rather direct and highly activating types of 

interactions of bacteria with cellular immune components of the host are without any doubt 

beneficial and specialized for a bacterium like Salmonella, a pathogen inducing acute 

symptoms, but might be counterproductive for a rather chronically persistent pathogen like 

Campylobacter. In this case, usage of a secretion-competent flagellar export apparatus can 

avoid direct contact to host cells and modulate immunological environments and the local 

microbial communities by specialized effector proteins like FlaC in a more gentle fashion. As 

Campylobacter’s flagellins FlaA and FlaB have a rather low activation propensity on the 

innate receptor TLR5 (Lee et al., 2003; Andersen-Nissen et al., 2005; Watson and Galan, 

2005), the acquisition of an additional partially-activating, secreted, flagellin-like protein 

could be beneficial for the bacterium, in order to promote modulatory effects by interaction 

with innate PRRs of the host. The tolerogenic signaling nature of FlaC thereby fits to 

Campylobacter’s chronic infection mode and differs essentially from the highly activating 

signaling profile of flagellin from acute infecting bacteria such as Salmonella. 

Furthermore, the strong homology of FlaC to Campylobacter’s main flagellins might 

lead to an alternatively regulated temporal secretion of this effector protein in comparison to 

other secreted factors. Barrero-Tobon and Hendrixson showed in 2014 that Campylobacter’s 

secretion of the non-flagellar proteins FedB, CiaI and FspA1 was positively influenced after 

successful flagellar hook synthesis, but temporally impaired in the later stages of flagellar 

biosynthesis during filament elongation (Barrero-Tobon and Hendrixson, 2012). It is known, 

that the flagellar export apparatus is able to perform a substrate-specificity switch during 

assembly from rod-/hook-type substrates to filament-type substrates during morphogenesis 

(Ferris and Minamino, 2006). Therefore differences in the N-terminal region (initial 14-26 

residues) of FedB, CiaI and FspA1, which were shown to be responsible for specific 

recognition and secretion by Campylobacter’s flagellar secretion organelle (Barrero-Tobon 

and Hendrixson, 2012), in comparison to flagellar proteins might be responsible for the 

observed temporal regulation phenotype. The high conservation between flagellins, especially 

of the D0 and D1 domains located at the N- and C-terminus, would plead for a rather similar 

recognition and secretion region between FlaC and the classical flagellins of Campylobacter 

(Young et al., 2007). Consequently, FlaC might be secreted predominantly during later 

flagellar biosynthesis steps, in contrast to other effector proteins, since the flagellar secretion 

machinery would recognize FlaC most likely as a flagellin. This suggests that Campylobacter 
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acquired a set of different secreted effector proteins, which can be utilized in a temporally 

divergent manner, depending on the flagellar elongation and respective growth status of 

single bacterial cells during infection.  

 

4.2 New aspects on the role of TLR5 in intestinal homeostasis and bacterial 

infection 

Today it is widely accepted that the intestinal expression of functional TLR5 has a crucial 

function in maintenance of gastrointestinal health. Leifer and colleagues showed 2014 by 

time-serial sequencing, metagenomic and metatranscriptomic analyses that the temporal 

stability of the murine microbiome can be significantly affected in the absence of TLR5 

(Leifer et al., 2014). Moreover, the microbiota of TLR5-lacking mice was more prone to 

sporadic overgrowth by Proteobacteria, which was likely due to an evasive mechanism of 

these bacteria from IgA antibodies in animals lacking TLR5 (Cullender et al., 2013; Leifer et 

al., 2014). Comparison of gene expression profiles revealed an upregulation of flagellin by 

flagellated microbiota members, rendering them more motile and simultaneously generating a 

higher amount of proinflammatory mediators within the gut of TLR5-deficient mice (Leifer et 

al., 2014). In the same year, Chassaing et al., highlighted the importance of intestinal TLR5 

by showing that mice lacking TLR5 just on the surface of intestinal epithelial cells exhibited 

low-grade inflammation, metabolic syndrome and were prone to development of colitis 

(Chassaing et al., 2014). The link between altered microbiota composition and observed 

metabolic disorders in TLR5 knock-out mice might be explained by differential bacterial 

fermentation within these animals marked by elevated loads of SCFA (intestinal short chain 

fatty acids) and decreased amounts of oligosaccharides within the caecal content (Singh et al., 

2015). Though SCFA were mostly discussed in a beneficial context (Wong et al., 2006; 

Hamer et al., 2008), an excess of these metabolites in immune-deficient animals with 

dysbiotic microbiota compositions might render these animals more susceptible to metabolic 

diseases due to the accumulation of hepatic lipids (Singh et al., 2015). However, controversial 

results were reported in different studies, contradicting the appearance of metabolic disorders 

in TLR5-deficient mice and suggesting housing conditions as responsible factors (Letran et 

al., 2011; Ubeda et al., 2012; Zhang et al., 2016). 

Interestingly, SCFA themselves were recently reported to be involved in the regulation 

of TLR5 expression within the intestine (Thakur et al., 2016). Maintenance of a gradual 

expression pattern of TLR5, with maximal receptor levels in the proximal colon and a gradual 
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decline towards distal parts, seems to be crucial for a healthy gut status in mice (Ortega-Cava 

et al., 2006; Stanislawowski et al., 2009). Therefore, a stringent regulation of receptor 

expression appears to be essential. Thakur and colleagues showed that the SCFA butyrate was 

able to initiate differential binding of the transcription factors Sp1 and Sp3 to the promoter 

region of tlr5 through PKC (protein-kinase C)-dependent interactions, and thereby 

transcriptionally activated TLR5 expression in intestinal epithelial cells. This upregulation 

resulted in enhanced proinflammatory responses against flagellin (Thakur et al., 2016) and 

might be an important mechanism contributing to TLR5-dependent control of microbiota 

homeostasis in the gut. However, this mechanism seems not to be restricted to the intestinal 

organ, as butyrate-dependent response toward flagellin was also detected in human bronchial 

epithelial cells (Kulkarni et al., 2015).  

To understand the crucial function of TLR5 in intestinal homeostasis, it is also 

important to be aware of its restricted localization within the gut. Already in 2001, Gewirtz 

and colleagues reported that TLR5 is expressed exclusively on the basolateral surface of 

intestinal epithelial cells, thereby protecting the intestinal tissue from overstimulation through 

luminal bacterial flagellins (Gewirtz et al., 2001a).  

A great effort was made to study the function of TLR5 in immune homeostasis and 

bacterial infection in vivo during the last years. However, the mouse as experimental animal, 

frequently used in this type of studies, shows different characteristics regarding its 

immunological properties and microbiota composition in comparison to humans (Mestas and 

Hughes, 2004) or other animals (Bailey et al., 2013; Dawson et al., 2017). Several single 

nucleotide polymorphisms (SNPs) occurring in the gene coding for TLR5 among human 

populations allow association studies to get closer to the biological importance of TLR5 in 

humans in health and disease. Of particular interest is a dominant stop codon polymorphism 

at the amino acid position 392 of TLR5, which results in a truncated protein with reduced 

signaling capacities towards flagellin and occurs in about 7.5% of human individuals (Hawn 

et al., 2003). This polymorphism was initially reported to be associated with enhanced 

susceptibility of affected humans to legionnaires disease (Hawn et al., 2003). More recently, 

the same stop codon polymorphism was shown to predispose women of two Saudi Arabian 

cohorts to Type 2 Diabetes, which fits to the metabolic syndrome phenotype repeatedly 

observed in TLR5-deficient mice (Al Daghri et al., 2013; Leifer et al., 2014). Beyond that, 

current cohort studies observed associations of TLR5 gene polymorphisms with a variety of 

different diseases: Grave’s disease (Xiao et al., 2014), bronchopulmonary dysplasia (Sampath 

et al., 2012) and ulcerative colitis (Meena et al., 2015). Interestingly, TLR5 furthermore 
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seems to have an important function during carcinogenesis. A German study analyzed the 

impact of functionally different TLR5 variants on the survival of colorectal cancer patients. 

The authors suggested a mechanistical involvement of TLR5-driven changes in IL-6 levels in 

colorectal cancer progression (Klimosch et al., 2013). In addition, mouse studies supported 

the influence of TLR5-driven IL-6 expression on the progression of extraintestinal cancers 

and made a link to the commensal microbiota (Rutkowski and Conejo-Garcia, 2015), thereby 

illustrating that TLR5 function within the gut is not only connected to intestinal health, but 

moreover has an impact on various biological processes within the human body. However, 

there is still a large knowledge gap linking TLR5 polymorphisms to distinct changes of 

microbiota or intestinal pathogen colonization and disease susceptibility in humans. For 

example it is not excluded and should be further studied, whether, in addition to general 

dysbiotic tendencies, frequent apparent or inapparent infections with certain intestinal 

bacterial pathogens, which influence or are dependent on TLR5 signaling, such as 

Campylobacter or Salmonella, can be linked to the above described disease phenotypes. The 

findings in the context of this thesis also call for a more detailed functional and adaptation-

related analysis of TLR5 polymorphisms in various vertebrate species. 

 

4.3 Heterogeneity in vertebrate TLR5 function and difficulties of its inter-

species comparative analysis 

So far, TLR5 is the only known receptor among the TLRs which recognizes a bacterial 

protein as its ligand, namely bacterial flagellin (Hayashi et al., 2001; Andersen-Nissen et al., 

2007b). Interestingly, evolutionary studies revealed that TLRs sensing bacterial components 

show more positively selected sites in comparison to their viral-sensing counterparts, which is 

most likely connected to the more conserved and ancient character of viral recognition motifs 

in comparison to bacterial (Lewis and Obbard, 2014). Not only flagellin, but also mammalian 

TLR5 itself show ample evidence of adaptive positive selection (Reid et al., 1999; Wlasiuk et 

al., 2009; Areal et al., 2011; Smith et al., 2012), suggesting co-evolved features of this 

specific host-pathogen interaction type. Sequence variations of TLR5 from different species 

were already suggested to be responsible for modified signaling capacities of the receptor and 

differential susceptibilities of certain species (e. g. human) towards pathogenic infections or 

disease outcome (Hawn et al., 2003; Shinkai et al., 2011; Ma et al., 2007; Kathrani et al., 

2012) (cf. Chapter 4.2). 
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Our second manuscript aimed to analyze and compare the functionality and signaling 

capacity of five vertebrate TLR5s, originating from human, chicken, mouse, porcine and 

bovine vertebrate species. The initial analyses with full length TLR5 receptors revealed 

functionality defects of chicken and porcine TLR5 within human cells, whereby mouse and 

bovine signaling appeared not to be affected. In contrast, TLR5 chimeras, consisting of 

extracellular domains from the same animal species fused to human transmembrane and 

intracellular domains, recovered signaling capacity within human cells. We could 

demonstrate that a partial incompatibility of tested chicken and porcine intracellular TLR5 

domains with the human expression background existed. However, an influence on receptor’s 

signaling capacity of non-synonymous polymorphisms in the extracellular domain of chicken 

TLR5 can not be excluded. Since we observed a certain, but unexplained, influence of SNPs 

in the extracellular domain on intracellular signaling output, this hypothesis needs further 

investigation. Activation screening of various Salmonella lysates revealed species-specific 

differences exclusively dependent on TLR5’s extracellular domains, which unexpectedly 

were not observed for isolated flagellar fractions. These results suggest that there is little 

species-specific discrimination by TLR5’s extracellular domains of the tested vertebrate 

species towards different Salmonella flagellins. Instead, we rather favor the hypothesis that 

other factors produced by the bacteria are able to influence TLR5 signaling in a species-

specific manner. We propose in manuscript II that Type III-secreted effectors of Salmonella 

might influence TLR activation in a bacterial strain- or serovar-dependent manner.  

Species-specific differences in TLR5 signaling in response to pure flagellins were 

already proposed for several host species (human, mouse, chicken, cattle) by previous 

publications (Andersen-Nissen et al., 2007b; Keestra et al., 2008; Forstneric et al., 2016; 

Metcalfe et al., 2014; Osvaldova et al., 2014). However, direct comparisons of previously 

published and our results can be difficult due to numerous reasons. 

Firstly, comparison of studies addressing species-specific differences of TLR5 

signaling can be problematic due to technical reasons, such as different expression systems or 

analyzed read-outs. Moreover, the presence of SNPs between specific tlr5 genes can affect 

the signaling capacity of the receptor and complicate the interpretation of results. These 

limitations do not allow for generalized conclusions regarding TLR5 functionality in one host 

species. Our own observations and studies by others showed high numbers of SNPs occurring 

in the tlr5 gene of livestock animals, which can result in modified signaling capacities of the 

receptor, and might be connected to the breeding process as an evolutionary driving force 

(Shinkai et al., 2011; Bainova et al., 2014; Ruan et al., 2012). A high variation of the tlr5 
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gene repertoire and hereto related alterations in the signaling profiles might provide a 

regulatory strategy for species missing important TLR5 cross-reacting and therefore cross-

regulatory pathways. For example pigs were reported to lack functional NLRC4 

inflammasome signaling (Sakuma et al., 2017; Dawson et al., 2017). Moreover, heterozygous 

tlr5 phenotypes of different pig populations were shown to result in altered proinflammatory 

responses (Yang et al., 2013). The exploitation of heterozygous genotypes could additionally 

expand the repertoire of TLR5 functionality within one single species and thereby on the one 

hand adjust signaling profiles and on the other hand modify recognition specificities to certain 

ligands among populations within one common species. Further mechanisms to enlarge gene 

and functionality variations could include alterations within the promoter region of tlr5 and 

were already reported for the porcine tlr5 (Dominguez et al., 2014). Interestingly, 

evolutionarily more distant animals like some fish species seem to have specialized regulatory 

mechanisms for TLR5 signaling. Several publications reported about two types of TLR5 in 

piscinae, a membrane-bound and a soluble form, which might be involved in mutual cross-

regulatory and scavenging receptor effects for responses against bacterial flagellin (Bai et al., 

2017; Munoz et al., 2013).  

Further challenges for comparative work with TLR receptors from different species lie 

in the choice of an appropriate test system. Work with our own constructs clearly 

demonstrated that TLR5 receptors from chicken and porcine origin showed major 

functionality problems within several tested human expression backgrounds. Since the 

according chimeras recovered signaling capacity, intracellular determinants were likely 

responsible for the observed results. Possible explanations might be the disturbed interactions 

of chicken and porcine TLR5 with human downstream adaptor molecules, such as MyD88. 

Although the region of TLR5 comprising the BB-loop, which is believed to be responsible for 

interactions with the downstream adaptor MyD88 (Toshchakov et al., 2007; Poltorak et al., 

1998; Verstak et al., 2013), shows an overall strong conservation among the tested vertebrate 

species, own observations suggested that even changes of single residues within the 

intracellular domain, not directly located at the proximity of the BB loop, can alter the 

signaling ability of the receptor or even provoke a complete disruption of expression 

(manuscript II, shown for amino acid 744 of chicken TLR5). Variations within the coding 

sequence of TLR5, present among the tested vertebrate species, may be involved in 

differential posttranslational modifications. Ivison and colleagues showed already in 2007 

that phosphorylation of tyrosine 798 within the human intracellular TLR5 domain is 

important for receptor functionality (Ivison et al., 2007). This residue is conserved among the 
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analyzed vertebrate species except for bovine TLR5 (Osvaldova et al., 2014), which was still 

functional in our hands, demonstrating that requirements for posttranslational modification 

are variable for TLR5 in different species. On the other side of the medal, the chosen 

expression system itself impacts on the types of posttranslational modification. For instance, 

it is known that glycosylation shows species-specific variations, which was nicely shown for 

recombinant IgG, analyzed in various animals (Raju et al., 2000). Different glycosylation 

patterns depending on the tested species might additionally impact on TLR5 structure and 

signaling potential and lead to modifications in heterologous cell systems. In manuscript II, 

we have now provided a workable system, which allows comparisons at least of basic 

differences in signaling and ligand binding of human and other vertebrate TLR5 ECDs using 

chimeric receptors. This can now be employed to test for concentration-dependent responses 

or dose-response relation by different purified flagellin types or live bacteria.  

In previous literature, TLR chimeras were frequently used for functional interaction 

studies of different receptor types including TLR-TLR interactions (Sandor et al., 2003; 

Keestra et al., 2007; Yeh et al., 2013; Nishiya and DeFranco, 2004) or interactions of TLRs 

with downstream adaptor molecules (Medzhitov et al., 1998; Lee et al., 2013). Interestingly, 

one of the above publications identified with their chimeric approach inter-species 

incompatibility of a chicken-specific TLR receptor, TLR16, with human TLR2 (Keestra et 

al., 2007). Moreover, usage of TLR chimeras of the same receptor type can be applied for 

inter-species comparisons, but was rarely practiced in the past. One study is available, which 

generated murine/human chimeric TLR5 molecules and used them for identification of the 

recognition sites in the ECD of TLR5 for bacterial flagellin (Andersen-Nissen et al., 2007b). 

The chimeric TLR5 molecule, consisting of a murine extracellular and a human intracellular 

domain, showed in this study a comparable activation profile as its murine counterpart, 

similarly to the results of our second manuscript. 

Taken together, our results suggest that the extracellular domains of human, chicken, 

mouse, porcine and bovine TLR5 are able to recognize flagellin of various Salmonella 

serovars comparatively efficiently. However, numerous, above described reasons complicate 

direct comparisons of previously published results on the host species-specificity of TLR5. 

Our system can serve now for a more comprehensive analysis of TLR5 activation towards 

bacterial flagellins of various bacterial species.  
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4.4 Aspects of the innate immune system and TLR5 in Campylobacter and 

Salmonella host specificity  

Campylobacter and Salmonella cause acute inflammatory infections in humans, while both 

species are rather chronic and show low inflammation in farm animal species. Thus a 

different host interaction potential has to exist. Campylobacter is able to induce innate 

immune signaling in a variety of different human cells (Hickey et al., 1999; Mellits et al., 

2002; Jones et al., 2003; Watson and Galan, 2005; Hu et al., 2006; Al Sayeqh et al., 2010) 

but also in cells from other vertebrate species (Murphy et al., 2011). On the level of single 

PRRs, TLR2 (Friis et al., 2009), TLR4 (Rathinam et al., 2009; Stephenson et al., 2013) 

NOD1 (Zilbauer et al., 2007) and presumably others (Al Sayeqh et al., 2010) are triggered by 

Campylobacter’s MAMPs. However, species-specific alterations in PRR repertoire 

composition in terms of presence of alternative homologous PRR variants, appearance of 

unique PRRs within single species and changed overall numbers of PRRs (Bryant and Monie, 

2012), as well as species-specific alterations downstream at the level of single signaling 

cascade components (Sun et al., 2016) might influence differential outcomes of innate 

immune responses in distinct hosts. Thereby, signaling abilities of specific MAMPs, but also 

cross-regulation of several innate immune pathways might be affected by the changed innate 

immune receptor equipment of different species. For the downstream signaling cascade of 

chicken TLR4, variations were already described (Keestra and van Putten, 2008) and concern 

missing IFN-β induction in response to LPS, most likely due to the absence of TRAM (TRIF-

related adaptor molecule) in the avian genome (Brownlie and Allan, 2011). Moreover, 

chicken TLR21, which is uniquely present in the avian genome and believed to function as a 

homologue to human TLR9 in the recognition of bacterial DNA, was able to respond to 

Campylobacter’s AT-rich DNA in contrast to human TLR9 (Keestra et al., 2010). In addition, 

alterations on the level of innate cellular populations, e. g. absence of neutrophils in chickens 

in combination with differential functionality of avian heterophils (Genovese et al., 2013), 

might be linked to differential outcomes of Campylobacter infection within different species.  

Species-specific differences were also proposed with regard to functionality of the 

innate immune receptor for bacterial flagellin, TLR5 (Keestra et al., 2008; Andersen-Nissen 

et al., 2007b; Metcalfe et al., 2014; Osvaldova et al., 2014). However, as already discussed in 

the second manuscript and in section 4.3, comparisons of TLR5 functionality between 

different species can get complicated. Consequently, we designed and established a cell-based 

system in order to comprehensively compare ECD-dependent TLR5 activation of different 

species. Testing of several human and animal C. jejuni lysates and flagellar fractions revealed 
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very low activation of human, chicken, murine, porcine and bovine chimeric TLR5. These 

observations are in line with already published results for a few host species (Watson and 

Galan, 2005; Andersen-Nissen et al., 2005; Galkin et al., 2008; de Zoete et al., 2010). 

However, the absence of a strong proinflammatory response does not necessary indicate an 

absence of signaling at all. As demonstrated in the first manuscript for the flagellin-like 

protein FlaC, Campylobacter is able to trigger tolerogenic signaling, which becomes obvious 

to a larger extent in the presence of other, additional innate immune activators. A cross-

reactive influence on other MAMPs by Campylobacter’s classical flagellins is also 

conceivable, but was not analyzed so far. Species-specific differences might be observed in 

this context. Consistent with this idea, comparison of the partially activating, tolerogenic 

signaling by FlaC, provoked most likely by TLR5 interactions, in human and chicken 

macrophage-like cells appeared heterogeneous, with a more activating nature for the avian 

cells. A stronger effect of FlaC on avian cells fits to the impact of the protein in vivo within 

the avian host. In our first manuscript we observed that just the application of purified FlaC 

alone into living chickens was sufficient to alter local immunological responses and 

microbiota composition. Moreover, FlaC was recently identified as an important fitness 

determinant of Campylobacter for chicken colonization (de Vries et al., 2017). However, 

signaling of FlaC was not analyzed in detail comparatively for different hosts, and direct 

comparisons between two distinct cell lines can be challenging due to variable general 

immunological reactivities as observed in the second manuscript for the human HEK293-T 

and HeLa cells. 

A totally different activation pattern was detected when we compared ECD-dependent 

TLR5 signaling of various species by stimuli from selected Salmonella serovars. An overall 

strong activation of TLR5 was observed for flagellar fractions of all tested Salmonella 

serovars. Moreover, the level of ECD-dependent activation was comparable for TLR5 of all 

tested species (human, chicken, mouse, pig, cattle), implicating that TLR5 generally plays an 

important role in proinflammatory signaling and defense against Salmonella for a variety of 

different vertebrate species. In line with this, sequencing of phase one and two flagellins of all 

tested Salmonella serovars did not reveal any amino acid exchanges in proposed hotspots of 

interactions with TLR5 (Yoon et al., 2012; Song et al., 2017). The importance of efficient 

flagellin recognition by the innate immune signaling system in the course of a Salmonella 

infection is also underpinned for the avian host by the observation that the flagella-missing, 

poultry-restricted Salmonella serovars Gallinarum and Pullorum are able to cause severe 

systemic infections within birds, which is believed to be connected to the missing initial 
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recognition of the pathogens by TLR5 (Chappell et al., 2009). Furthermore, non-flagellated 

S. Typhimurium mutants showed an enhanced ability for systemic colonization of one day-

old chickens (Iqbal M et al., 2005) and increased virulence in mice or the calf enterocolitis 

model (Schmitt et al., 2001). Interestingly and in contrast to other pathogenic bacteria 

(Andersen-Nissen et al., 2007a), infection of mice lacking TLR5 with Salmonella revealed no 

enhanced susceptibility to the pathogen (Uematsu et al., 2006; Letran et al., 2011) and in 

some cases even a more resistant phenotype (Vijay-Kumar et al., 2008). The above described 

unexpected phenotypes of TLR5 knock-out animals are most likely reflecting multifactorial 

effects, connected to altered resident microbiota composition, lack of colonization-promoting 

inflammation, and changed immunological balances within the animals, rather than 

exclusively illustrating the function of flagellin-receptor relationship during infection.  

In contrast to the observed homogeneous results by Salmonella’s flagellar fractions, 

stimulation by bacterial whole cell lysates resulted in a species-specific ECD-dependent 

activation of TLR5 receptors, which was in addition varying dependent on the used serovar. 

Different modulatory mechanisms of innate immune signaling pathways were already 

described for some Salmonella serovars, ranging from direct suppressive effects on TLR 

pathways by inhibitory mimicry of TIR-domain containing proteins to more cross-reactive 

effects through inhibition of general cellular pathways like apoptosis (Zaki et al., 2014; Owen 

et al., 2016; Ye et al., 2007). With regard to our established cellular read-out system, a 

species-specific interference by TIR-domain containing effectors is likely to be less relevant, 

due to consistent composition of all TLR5 chimeras with a common, human intracellular 

signaling domain. In this case, involvement of other innate immune signaling pathways, 

including TLR signaling (Zhan et al., 2015), which cross-talk and thereby influence the 

TLR5-dependent flagellin recognition in a species-specific manner might be a more relevant 

explanation. One further relevant cross-talking innate immune recognition pathway might be 

inflammasome signaling in response to intracellular bacterial flagellin (Zhao et al., 2011). 

The extent of cross-regulation of TLR5 signaling by this pathway is most likely variable 

between species and might be absent for porcine hosts, as non-functional NLRC4 and NAIP 

genes were identified in pigs (Dawson et al., 2017; Sakuma et al., 2017). In chicken, 

expression of NLRP3 was detected in several tissues (Ye et al., 2015), but yet no functional 

data is available in this context. Since the annotation of several vertebrate species is still far 

from being complete and comprehensive, we need to exercise caution, and it is not advisable 

to overinterpret results in the context of reported “missing genes” in these animal genomes at 

this point in time. 
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All in all, innate immune signaling, especially by the PRR TLR5, plays a highly 

important role in control of enteric pathogens as Campylobacter and Salmonella for a variety 

of different vertebrate species. Even in the case of campylobacteriosis within the avian host, 

which is often regarded as commensalism despite low-level chronic inflammation, the innate 

immune system has the function to constantly control and protect the host from overgrowing 

and spreading bacteria (Vaezirad et al., 2017). Besides alterations within innate immune 

system characteristics, other factors as adhesion (Morgan et al., 2004) or resident microbiota 

composition (see following section) might influence species-specific outcomes of infections 

by enteric pathogens. More research is clearly needed to elucidate mechanisms of host-

specific defense and inflammation against Salmonella and Campylobacter infection. 

 

4.5 Role of the resident microbiota in Campylobacter or Salmonella 

infection and host specificity in the context of TLR signaling 

As already mentioned, Campylobacter is able to colonize a variety of different species, 

although some animals like mice display a natural colonization resistance, mediated by their 

resident microbiota (Bereswill et al., 2011a). Great effort was put into creating suitable 

murine models to study campylobacteriosis. All of these models include alterations within the 

resident microbiota composition or immune status of the animals, either by antibiotic 

treatment (Jesudason et al., 1989; O'Loughlin et al., 2015), knock-out of important immune 

mediators like MyD88 (Watson et al., 2006) or others (Haag et al., 2012a; Stahl et al., 2014), 

parasitic infections with Toxoplasma gondii (Heimesaat et al., 2006), dietary-induced changes 

(Bereswill et al., 2011b) or by recolonization with selected human intestinal microbial species 

(Bereswill et al., 2011a). Although model-induced immunological and microbial alterations 

as well as species-specific differences between different hosts complicate interpretations for 

campylobacteriosis in humans, some common aspects were reported. Infant mice, which were 

susceptible to Campylobacter infection, showed increased numbers of intestinal E. coli 

(Proteobacteria). In line with these findings, artificial modification of microbiota towards 

supra-physiological E. coli levels prevented colonization resistance against Campylobacter in 

healthy adult mice (Haag et al., 2012b). In parallel to these finding, elevated levels of E. coli 

were also observed to correlate with infectivity by Salmonella in murine models, thus 

proposing the abundance of closely related species being a susceptibility marker for 

colonization by certain bacterial species: “like-will to like” (Stecher et al., 2010). This might 

be explained by shared similarity of growth requirements e. g. regarding nutritional or 
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immunological aspects within a niche by related bacterial species and might, as reported for 

Salmonella and E. coli, also be an applicable explanation for the positive association of 

Campylobacter and E. coli. Interestingly, Dicksved et al. analyzed Campylobacter infection 

of poultry abattoir workers in Sweden and found a significantly higher abundance of 

Escherichia and Bacteroides in individuals becoming culture-positive for Campylobacter 

(Dicksved et al., 2014). Moreover, a follow up study by Kampmann et al. dealt with 

microbiota analysis of healthy Swedish adults before and after traveling to countries with 

estimated high risk for Campylobacter infections and revealed limited original microbial 

diversity as a risk factor for campylobacteriosis (Kampmann et al., 2016). These results 

demonstrate that susceptibility to Campylobacter infections can be linked to microbiota 

composition not just in murine models, but also in humans. However, the character of this 

connection needs further investigation, since it is not clear whether Campylobacter 

colonization is directly supported by the shifted bacterial species, e. g. in terms of allocation 

of nutrients or more favorable intraluminal milieu, or whether the altered species are just 

marking a changed balance in the overall microbial composition. Such dysbiosis might be 

also connected to immunological variations, rendering these individuals more susceptible to 

enteropathogenic infections in general. It remains also questionable, whether the lack or 

existence of single species can be linked to enhanced risk for campylobacteriosis. Very 

recently, Geva-Zatorsky et al. performed a comprehensive screen, analyzing the 

immunomodulatory characteristics of 53 different human gut bacterial species (Geva-

Zatorsky et al., 2017). Although the use of germ-free mice as experimental animals 

complicate interpretations of the obtained results, due to handicapped immunological profiles 

of the animals, the main message of the study, namely that multiple different, also unrelated 

bacterial species are able to induce comparable, but also contradictory immunological effects, 

respectively, in order to generate a robust immunological impact was conclusive. Under this 

assumption, it would be very unlikely that susceptibility to campylobacteriosis is determined 

by an impact on single bacterial level, but is rather connected to multifactorial changes within 

the microbiota composition. Grouping/Subdivision of individual human gut microbiota into 

three major enterotypes, marked by the predominance of certain bacterial genera, was already 

proposed (Arumugam et al., 2011) and might be connected to Campylobacter susceptibility 

of certain enterotypes. 

More recently, the intestinal microbiota of chickens was also classified into 

enterotypes (Kaakoush et al., 2014). Thereby, Firmicutes were identified as dominant 

contributors just as for humans. However, strong differences in the microbiota composition of 
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humans and chickens on the taxonomical level were reported. Moreover, several bacterial 

species were positively or negatively associated with chicken colonization by C. jejuni. 

Interestingly, E. coli was found as a major positive contributor, as were low abundancies of 

Lactobacillus (Kaakoush et al., 2014). In humans, a diet-induced decrease of Lactobacillus 

spp. was already associated with enhanced susceptibility to C. jejuni (Bereswill et al., 2011b). 

Very recently, Luethy et al. reported about the role of microbiota-derived SCFAs as 

important modulators for the in vivo expression of a number of colonization and virulence 

factors of C. jejuni within the chicken. Among the positively impacted factors by the SCFAs 

acetate and butyrate was also the flagellin-like, tolerogenic (cf. Manuscript I) protein FlaC 

(Luethy et al., 2017), which was recently shown to play a role during colonization of the 

avian host by C. jejuni (de Vries et al., 2017). Sensing of and reacting to the SCFAs acetate 

and butyrate, present in a higher abundance in the distal intestinal tract, was proposed to be a 

mechanism by which Campylobacter is able to find its colonization niche (Luethy et al., 

2017). In contrast, Luethy et al. showed lactate to be responsible for the inhibition of the 

expression of SCFA-inducible genes, which fits to the presence of higher lactate amounts in 

the proximal intestine, where Campylobacter is less colonizing. This finding might moreover 

provide one mechanistical connection between the negative association of Lactobacillus, as 

the main lactate producer, and Campylobacter within the chicken gut.  

Our own in vivo chicken experiment, comprising microbiota analysis after cloacal 

administration of purified Campylobacter FlaC, revealed a contribution of FlaC to stimulation 

of microbiota changes on the single species level. Strikingly, sole administration of purified 

FlaC was sufficient to modulate the caecal microbiota composition towards undetectable 

levels of a certain Lactobacillus species and greatly enhanced levels of two Blautia species. 

This microbial modulation might in turn be connected to alterations on the level of produced 

SCFA and suit Campylobacter for successful colonization of its chicken host. In line with 

these findings, positive associations between Blautia species and Campylobacter infections in 

chickens was already reported (Kaakoush et al., 2014). Beyond that, our results demonstrate 

that Campylobacter is not only able to sense the products of the resident microbiota to find 

the appropriate colonization niche, but is moreover equipped with the potent effector FlaC 

(cf. Manuscript I), and maybe others, to actively modulate the microbial composition and 

thereby its colonization environment and overall immune milieu most likely for its benefit.  

Sensing of specific microbiota-derived SCFAs in order to find the appropriate 

colonization niche is not a new concept for enteropathogenic bacteria and was already 

proposed a while ago for Salmonella (Lawhon et al., 2002; Gantois et al., 2006; Hung et al., 
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2013). Salmonella is furthermore able to exploit the microbiota, by directly using microbiota-

produced or liberated molecules for its nutrition or respiration (Winter et al., 2010; 

Thiennimitr et al., 2011; Ng et al., 2013; Maier et al., 2013). The already described 

phenomenon of induced inflammation, being beneficial for Salmonella replication, is a potent 

mechanism for direct competition with resident microbial species of the gut. Strictly 

anaerobic phyla like Clostridiales or Bacteroidetes suffer from the enhanced oxidative 

environment provoked by Salmonella infections and hereto connected release of reactive 

nitrogen or oxidative species (RNS, ROS) (Behnsen et al., 2015). Moreover, Salmonella 

utilizes the ROS-dependent, host-driven formation of tetrathionate as electron acceptor for 

respiration (Winter et al., 2010). Even though Campylobacter avoids massive immune 

activation by the host, mild inflammation was also reported for Campylobacter-infected 

chickens (Humphrey et al., 2014) and might, at a lower extent, also be beneficial for this 

pathogen. In tune with this, tetrathionate respiration was recently described for some 

Campylobacter strains under oxygen-limited conditions (Liu et al., 2013). Tetrathionate 

respiration allows the use of new carbon sources such as ethanolamine in the gut (Thiennimitr 

et al., 2011) and might be important for Campylobacter, as it was already shown to use 

ethanolamine as a carbon source in vivo (Gripp et al., 2011). In this context, the term of 

“nutritional virulence” becomes increasingly important for Campylobacter infections (Gao et 

al., 2017). Overall and in addition to the direct microbiota-influencing effector FlaC, host-

adapted, virulence-associated nutritional alterations within the host might be responsible for 

indirect Campylobacter infection-dependent changes within the resident microbiota 

composition in different hosts (Haag et al., 2012b; Dicksved et al., 2014; Sofka et al., 2015).  

 

4.6 Conclusion and Outlook 

This thesis aimed to expand the understanding of host-dependent interactions of important 

food-borne bacterial pathogens of our time. Our results clearly demonstrated that 

Campylobacter’s flagellin-dependent interaction mechanisms with its host are completely 

different in comparison to more acutely-infecting pathogens as Salmonella. Campylobacter’s 

additional secreted flagellin-like protein FlaC provoked a tolerogenic signaling via the innate 

immune receptor TLR5, thereby reducing immunological reactivity of host cells towards 

other MAMPs and presumably supporting bacterial evasion from the immune system of the 

host. Additionally, FlaC itself was able to influence the resident microbiota composition, at 

least in the chicken, which may be beneficial for Campylobacter’s chronic colonization 
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ability. In line with this more gentle-fashioned interaction types, Campylobacter’s classical 

flagellins did not enhance a strong proinflammatory response by the innate PRRs TLR5 of 

any of five different vertebrate species.  

Overall stronger activation levels and species-specificity were observed in 

experiments using whole bacterial Salmonella lysates, suggesting interference and cross-

influence of other bacterial factors, than flagellin, on extracellular-dependent TLR5 signaling 

ability. More studies are necessary to characterize these effects in more detail. Furthermore, 

our established cellular system for the analysis of ECD-dependent TLR5 activation is 

providing a useful tool to screen species-specific activation of flagellins of various bacterial 

species and to enlarge our knowledge of innate immune recognition of diverse vertebrate 

species.
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