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Abstract

:

Corynebacterium silvaticum is a newly identified animal pathogen of forest animals such as roe deer and wild boars. The species is closely related to the emerging human pathogen Corynebacterium ulcerans and the widely distributed animal pathogen Corynebacterium pseudotuberculosis. In this study, Corynebacterium silvaticum strain W25 was characterized with respect to its interaction with human cell lines. Microscopy, measurement of transepithelial electric resistance and cytotoxicity assays revealed detrimental effects of C. silvaticum to different human epithelial cell lines and to an invertebrate animal model, Galleria mellonella larvae, comparable to diphtheria toxin-secreting C. ulcerans. Furthermore, the results obtained may indicate a considerable zoonotic potential of this newly identified species.
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1. Introduction


Of the about 130 species [1] comprising the genus Corynebacterium (C.), more than half were isolated from animal and human sources or clinical material indicating a considerable pathogenicity potential of the genus [2]. Moreover, different corynebacteria can be lysogenized by tox gene-carrying corynephages [3] and as a result may produce the extremely potent diphtheria toxin (DT). Based on this characteristic, the species Corynebacterium diphtheriae, Corynebacterium ulcerans and Corynebacterium pseudotuberculosis were clustered together in the group of toxigenic corynebacteria [4]. The most prominent member of these putatively toxin-secreting bacteria is C. diphtheriae, the type strain of the genus and etiological agent of diphtheria. Interestingly, today diphtheria cases in Western Europe are more frequently connected to infections by C. ulcerans, a closely related zoonotic pathogen, which was isolated from a case of diphtheria-like illness already in 1927 [5] and is considered an emerging pathogen today [6,7].



C. ulcerans is often found as a commensal of mammals, which may serve as reservoir for zoonotic transmission [8,9,10,11]. With isolates reported from camels, cats, cattle, dogs, foxes, goats, ground squirrels, hedgehogs, monkeys, orcas, otters, owls, pigs, platypus, roe deer, shrew-moles, water rats and wild boars, the host spectrum of C. ulcerans is extremely broad [7,12]. Based on the rising number of human infections, this species is recognized as an emerging pathogen [13]. Even nematodes and wax moth larvae can be colonized successfully and have been used as invertebrate model systems to investigate pathogenicity determinants of this species [14,15,16,17,18].



C. pseudotuberculosis is an important animal pathogen, which predominantly infects small ruminants, but has also been observed as a pathogen of other farm animals, e.g., cattle and horses [19]. The bacterium is a significant cause of morbidity in sheep and goats and caseous lymphadenitis in these animals leads to significant economic losses in meat, milk and wool production [20].



In 2009, two putative C. ulcerans strains were isolated from wild boars with caseous lymphadenitis in Germany, which could not be unequivocally differentiated from C. pseudotuberculosis [21]. The isolates were grouped as porcine cluster [21]. Later, another C. ulcerans strain was added to this cluster by Rau and co-worker [22]. The following characterization revealed that the isolates within this cluster are non-toxigenic tox gene-bearing (NTTB) bacteria and are positive for the secretion of phospholipase D (PLD) [22]. The cluster was extended with further C. ulcerans isolates in a study by Berger and co-workers [12] and entitled as the NTTB wildlife cluster. The first designation of the novel species C. silvaticum was introduced by Dangel and collaborators [23]. The species currently comprises 38 strains, including isolates from Germany, Austria and Portugal [23,24,25,26].



Recently, the genome sequence of an atypical C. ulcerans strain was published [27]. Strain W25 was isolated from a wild boar shot during a hunt near Ilfeld, Thuringia, Germany. The male piglet had an age of approximately 11 months and a bad nutritional status with a body weight of only 16 kg. Hairless regions at chest and flanks gave rise to the suspicion of mange, which could, however, not be confirmed by detection of mites. Lymph nodes at head, neck and groin (Lymphonodi parotidei, Lymphonodi cervicales, Lymphonodi inguinales) were swollen and purulent and showed necrotic lesions, the typical symptoms of necrotizing lymphadenitis. W25 was isolated from the abscesses, while other pathogens like Salmonella, yeasts, dermatophytes, different viruses and Trichinella parasites were not detected by standard methods. When genome sequence data of isolate W25 were generated, assembled and analyzed, a close taxonomical relationship of the strain to C. pseudotuberculosis was initially observed [27]. Later, more detailed taxonomic analyses revealed that isolate W25 is a member of a newly defined species, Corynebacterium silvaticum, which mainly infects forest animals such as roe deer and wild boars [23,25,26].



Since we are interested in the virulence of pathogenic corynebacteria [16,28,29,30,31,32,33,34], we started to characterize the newly identified C. silvaticum strain W25 with respect to its zoonotic potential. Recent genome analyses indicated a considerable number of virulence factors [26,35] and in proteome analyses a number of pathogenicity determinants were observed already under laboratory conditions [35]. In the study presented here, interaction of C. silvaticum strain W25 with human epithelial cell lines was characterized. The results obtained revealed significant cytotoxicity of W25, which is comparable to diphtheria toxin-secreting C. ulcerans, and may indicate a zoonotic potential of the newly isolated pathogen.




2. Results


2.1. In Vitro Colonization of Epithelial Cells by W25


Despite the fact that W25 is a non-toxigenic tox-bearing strain, which does not secrete diphtheria toxin [26], the infected piglet was in rather poor condition. This observation may hint at a high virulence and we suspected a strong pathogenic potential towards human cells as well. Pathogenic corynebacteria typically adhere to epithelia and skin. Therefore, in vitro adhesion assays were carried out. Interestingly, W25 showed inferior adhesion rates to human epithelial cell lines compared to C. ulcerans. In case of the pharyngeal cell line Detroit 562 and HEK cells, the adhesion rates of C. ulcerans strains exceeded the rate of W25 by a factor of 5. When HeLa cells were tested, C. ulcerans strain KL756 reached adhesion rates of 151.90 ± 29.51% after two hours of incubation, i.e., bacteria were not only able to colonize HeLa cells, but were also growing attached to their surface. In contrast, an adhesion rate of only 11.07 ± 2.65% was measured for strain W25 (Figure 1).



For other corynebacteria such as C. diphtheriae, it was shown that adhesion and invasion are not strictly coupled processes [36]. Therefore, invasion of different epithelial cell lines was also tested. Again, in comparison to C. ulcerans KL756, C. silvaticum W25 showed significantly lower invasion rates with less than 2% for all cell lines tested (data not shown).



Taken together, the poor adhesion and invasion rates did not explain or support a high virulence of C. silvaticum strain W25. A possible alternative explanation of the poor status of the piglet infected with strain W25 may be a direct detrimental effect on cells.




2.2. Microscopic Inspection of Infected Cells


During the assays described above, cell vitality seemed to be impaired upon infection with C. ulcerans and C. silvaticum. This observation was investigated in more detail by microscopic techniques.



As first approach, HeLa cells were infected with GFP-labelled bacteria and fluorescence microscopy was carried out. In the case of the untreated cells (Figure 2a) and infection with the non-pathogenic Corynebacterium glutamicum strain ATCC13032 pERP1p45_gfp (Figure 2b), a dense monolayer of spindle-shaped cells attached to the surface was observed. In the case of C. ulcerans KL756 pERP1p45_gfp (Figure 2c), a partial detachment of cells was seen, which was even pronounced in the case of C. silvaticum W25 (Figure 2d). In both cases of pathogenic corynebacteria, morphologic changes from spindle to disc-shaped forms were also observed indicating similar detrimental effects on the HeLa cells.



The gold standard to investigate cytotoxic effects is the Vero cell assay, which was already applied in a modified form to investigate a Shiga-like toxin expressed by C. ulcerans and C. diphtheriae strains [16]. When Vero cells, a monkey kidney cell line, were infected with UV-killed bacteria at MOI 1 cells showed an intact surface layer of flat spindle-shaped cells. Due to fast and strong bacterial growth, Vero cells were not detectable microscopically after infection with viable C. glutamicum ATCC13032. When cells were infected with active C. ulcerans KL756 or C. silvaticum W25 at an MOI of 1, loss of the even cell monolayer structure and the appearance of rounded cells was observed (Figure 3), further indicating a high cytotoxicity of KL756 and W25. An influence of bacterial growth cannot completely be excluded; however, non-pathogenic C. glutamicum showed the highest numbers of bacteria in this assay, followed by C. ulcerans KL756. The lowest numbers of bacteria were detected for C. silvaticum W25.




2.3. Transepithelial Electrical Resistance


Using an alternative and more quantitative approach, cytotoxic effects were determined by measuring the transepithelial electrical resistance (TEER) of polarized cell monolayers. While Detroit 562 cells showed an overall increase in transepithelial resistance during the first 5 h and subsequently a constant resistance for 19 h, DT-secreting C. ulcerans KL756 and C. silvaticum W25 led to a continuous decrease of transepithelial resistance during the first 12 h of infection, resulting in an almost complete breakdown of TEER (Figure 4). Cells infected with the non-pathogenic C. glutamicum strain ATCC13032 showed only a slight decrease in transepithelial resistance until 12 h post infection. After 24 h infection, the wells showed strong bacterial growth, acidified medium and a reduction of the transepithelial electrical resistance to 70.2 ± 7.9%. Deduced from this experiment, C. silvaticum W25 is as detrimental to cells as diphtheria toxin-producing C. ulcerans and C. glutamicum shows, due to growth effects, after 24 h a decrease in TEER.




2.4. Recognition of Infection with Corynebacteria by Host Cells


Recently published experiments showed a recognition of infection with C. diphtheriae by TLR2 and TLR9 [34]. Therefore, TLR receptor activation was monitored using corresponding HEK reporter cell lines to study the recognition of W25 by human cells.



In fact, in case of an infection by C. glutamicum ATCC13032, C. ulcerans KL756 and C. silvaticum W25, TLR2 activation was also observed (Figure 5). Interestingly, when challenged with a high MOI of 100 of viable bacteria, reporter cells showed only a weak TLR2 response, while activation increased from MOI 10 to MOI 1, which indicates that either high numbers of bacteria are detrimental to the reporter cells or TLR activation is actively suppressed by the bacteria. In the case of UV-killed bacteria, TLR2 was activated in a dose-dependent manner with increasing signal strength from MOI 1 to MOI 10 and MOI 100 (Figure 5). No activation was observed for TLR9 (data not shown).



To exclude a putative indirect effect of bacterial growth on TLR2 receptor activation, culture medium color was monitored. Phenol red served as an indicator for acidified, spent medium, and changes from red to yellow were correlated with strong bacterial growth, as seen for C. glutamicum ATCC13032 at MOI 100 to MOI 10 and C. ulcerans KL756 from MOI 100 to MOI 1. No color change was recognized when cells were incubated with UV-killed bacteria, PBS, HKLM and in the case of uninfected cells. In addition, no color change was recognized, when cells were incubated with C. silvaticum W25, which may indicate minor or no bacterial metabolism and growth in cell culture medium (Figure 6).




2.5. Galleria mellonella Infection Assay


In addition to the in vitro experiments described above, an invertebrate infection model system was applied, which is suitable for characterization of bacterial pathogens in general [37,38,39] and was already successfully tested for the characterization of pathogenic corynebacteria [15,16]. In accordance with the TEER measurements described above, the NTTB strain W25 showed similar detrimental effects as DT-producing KL756, while C. glutamicum had no effect (Figure 7).





3. Discussion


In this study, we examined the zoonotic and virulence potential of C. silvaticum W25, a recently described species isolated from roe deer and wild boars [23,26,27], which may serve as a reservoir for human infections. As basic pathogenicity parameters, adhesion, invasion and cytotoxicity were characterized.



Adhesion of corynebacteria to host cells is a multifunctional process with pili of C. diphtheriae being the best investigated adhesion factors [36]. Pilus expression and adhesion efficiency are correlated in C. diphtheriae [36,40] and are important for cell line-dependency of adhesion. For example, spaA pili are crucial for adhesion to human pharyngeal carcinoma cells [41]. Pili may also be the reason for the low adhesion rates of C. silvaticum W25 to different epithelial cell lines observed in this study. A phylogenetic study by Möller and co-workers [26] revealed a lack of spaA and two truncated spaBC and spaDEF gene clusters, which were suspected to be not functional in this strain. The basal level of adhesion measured may be the result of other factors like NanH, the multifunctional membrane protein DIP0733 (A0A5C5EZI6) or DIP1546 (A0A5F0ACF0), which were shown to be involved in adhesion to host cells in other corynebacteria [42]. Adhesion and invasion are not strictly coupled processes; nevertheless, invasion of epithelial cells by C. silvaticum strain W25 is extremely low (supplemental material Figure S1) compared to other corynebacteria [31,42].



The release of lactate dehydrogenase (LDH) due to a loss of membrane integrity served as an indicator of a cytotoxic effect to eukaryotic cells. When cytotoxicity to D562 and Vero cells was examined by LDH assays, a strong cytotoxic effect of C. silvaticum W25, but a negative value for C. ulcerans KL756, was observed, when cells were infected with viable bacteria at a MOI of 1. No cytotoxicity was detected when cells were infected with UV-killed bacteria at the same MOI or incubated with C. glutamicum ATCC13032. An incubation of LDH with bacteria and a following LDH assay revealed that viable C. silvaticum W25 and C. ulcerans KL756 were able to reduce LDH activity (Cs: 40%; Cu: 95%). This effect was not detected when LDH was incubated with UV-killed bacteria, as well as for C. glutamicum, indicating an active and strain-dependent process. It has to be further examined whether an inhibition of LDH activity, an enrichment of pyruvate or a deprotonation of NADH+H+ is accountable for this effect (data not shown).



Nevertheless, a strong detrimental effect on epithelial cells was detected. The cytotoxic potential of C. silvaticum W25 is demonstrated by a breakdown of the transepithelial resistance of infected polarized cell monolayers and in fact no difference was recognized between the toxigenic C. ulcerans strain KL756 and the NTTB C. silvaticum strain W25, suggesting that cytotoxicity is not coupled to DT expression. This is supported by Western blot experiments showing that DT expression is not active in cell culture media (supplemental material Figure S2 and Table S1). Besides DT, the main virulence factor of C. ulcerans is phospholipase D (PLD) [7]. PLD most likely contributes to spread of the bacterium within the host from primary location of infection to secondary infection sites followed by death of inflammatory cells as shown for C. pseudotuberculosis [43,44]. The exotoxin acts as a sphingomyelinase degrading ester bond in sphingomyelin components of mammal cell membranes [45], causing an increased vascular permeability resulting in cell lysis [46], and therefore a breakdown of the transepithelial electrical resistance. PLD exotoxin may also act as a major virulence factor in C. silvaticum [26].



Recognition of multiple pathogens via pathogen-associated molecular patterns (PAMPs) occurs by Pattern Recognition Receptors (PRRs) located on the surface of human cells [47]. Toll-like receptors (TLRs) are integral transmembrane receptors, located on the cell surface, and play a crucial role in activating host defense mechanisms to prevent or fight off infections. TRL2 receptors are activated by peptidoglycan, lipomannan, lipoarabinomannan or lipoproteins and initiate MyD88-dependent and -independent signaling pathways [48,49]. In the initial step, TLR2 forms heterodimers with TLR1 or TLR6 and activates an intracellular signaling pathway, which results in NFкB and AP-1 induction. NFкB activates gene transcription and production of inflammatory cytokines; whereas AP-1 influences transcription of inflammatory genes and the stability of their mRNA [48,50]. TLR2 reporter cell lines infected with UV-killed bacteria revealed a MOI-dependent TLR2 receptor activation, with highest SEAP induction at a MOI of 100. Inverse results were obtained after infection with viable bacteria, where cells infected with MOI 1 showed the highest SEAP production and MOI 100 low SEAP production. This indicates a detrimental effect to epithelial cells due to viable bacteria, which was also observed in infections studies with C. diphtheriae strains [34]. Non-pathogenic C. glutamicum strain ATCC13032 showed also an effect to HEK293 hTLR2 cells. Decreasing SEAP release from MOI 1 to MOI 100 was detected when cells were infected with viable bacteria. When the plates were analyzed 16 h post infection, strong growth of C. glutamicum ATCC13032 and C. ulcerans KL756 was detected, while wells incubated with C. silvaticum showed no turbidity or color change of medium, suggesting reduced bacterial growth. This indicates an influence to SEAP release in case of strong bacterial growth. Nevertheless, the decreasing SEAP release with increasing MOI of viable C. silvaticum W25 cannot be explained by this effect, suggesting a direct detrimental effect to the cells.



TLR9 is a receptor located to the endosome, activated by A/D-type CpG oligodeoxynucleotide (CpG-A) and triggers MyD88-dependent host signaling cascades to produce type I interferon [51,52,53,54]. TLR 9 receptors play a crucial role in detecting invading pathogens to activate innate immune response. The results from TLR9 receptor activation assay, where no activation was detected, correlates with the low invasion rates of C. silvaticum W25. A study of non-toxigenic C. diphtheriae showed strain-dependent TLR9 receptor activation, which correlates with invasion effectivity. It was suggested that bacteria with low TLR9 receptor activation were not internalized by cell [34].



In vivo experiments using Galleria mellonella as model system showed no significant differences in melanization, immobility and death of wax moth larvae between C. silvaticum W25 and toxigenic C. ulcerans KL756. Melanization is a defense mechanism of the innate immune system of G. mellonella and serves as an indicator for bacterial virulence as shown for Gram-positive and Gram-negative bacteria [15,16,37,38,55]. Melanin leads to encapsulation, coagulation and opsonization of invading pathogens. This process is analogous to abscess formation in mammalian infections [39,56]. A former study by Weerasekeera and co-workers [16] showed only slight impact of G. mellonella infected with C. glutamicum ATCC13032. An infection with C. ulcerans 809 larvae showed similar results after five days post infection compared to C. ulcerans KL756 and C. silvaticum W25 after three days post infection. The results support the zoonotic and pathogenic potential of this newly described Corynebacterium species.



Taken together, C. silvaticum strain W25 showed cell line-dependent, but generally low adhesion and invasion rates. Despite lacking DT expression, a strong cytotoxic effect on epithelial cell lines was observed. Although C. silvaticum showed reduced growth and impaired metabolism in cell culture medium, the strain had a strong detrimental effect on epithelial cells. In contrast, despite strong growth in cell culture medium, C. glutamicum had no effect at least during the first twelve hours of the experiments. Obviously, not overgrowth of cells but an active process is responsible for the observed cytotoxic effect of C. silvaticum on epithelial cells. The use of different model systems—cell culture with human and animal cell lines and the in vivo model organism G. mellonella—indicated zoonotic potential with probable transmission to other species and risk of infections in humans.




4. Materials and Methods


4.1. Bacterial Strains and Culture Conditions


Bacteria used in this study (Table 1) were incubated in brain–heart infusion broth (BHI) at 37 °C. Bacterial strains used in this study are listed in Table 1. For infection assays, the bacterial strains were inoculated from an overnight culture to an OD600 of 0.1 and grown to an OD600 of 0.4 to 0.6. Bacteria were harvested by centrifugation, washed with PBS and adjusted to an OD600 of 1 in PBS.




4.2. Cell Cultures


Detroit 562 were cultivated in Dulbecco’s Modified Eagle Medium (DMEM), high glucose with l-glutamine and sodium pyruvate (Gibco, Grand Island, NY, USA), containing 120 µg/mL penicillin, 120 µg/mL streptomycin and 10% heat-inactivated fetal calf serum (FCS). HEK-Blue 293 hTLR2 were incubated in DMEM with L-glutamine and 4.5 g/L glucose (Gibco, Grand Island, NY, USA), supplemented with 10% heat-inactivated FCS, 50 U/mL penicillin, 50 µg/mL streptomycin, 100 µg/mL normocin, 100 µg/mL hygromycin, 100 µg/mL zeocin and 10 µg/mL blasticidin. HeLa cells were cultured in DMEM (4.5 g/L glucose, l-glutamine (Gibco, Grand Island, NY, USA)) supplemented with 100 mg/mL gentamicin, 12 mg/mL ciprofloxacin and 10% heat-inactivated FCS. All cells were cultured in a CO2 incubator at 37 °C. Cells were passaged at a ratio of 1:10 twice per week.




4.3. Adhesion and Invasion Assays


For adhesion experiments, HeLa cells were infected with bacteria (MOI = 50) for 1.5 h, rinsed three times with PBS and subsequently lysed by addition of sterile water. For invasion experiments, cells were additionally incubated for 2 h with gentamicin (100 µg/mL) before lysis. Serial dilutions of cell lysates were plated on BHI agar plates and relative adhesion and invasion efficiency was calculated based on the ratio of colony-forming units (CFU) prior to infection and CFU on the lysate plates after infection, multiplied by 100.




4.4. Transepithelial Electrical Resistance (TEER) Measurements


Detroit 562 cells were seeded in transwells (12 mm, 0.4 µm pore size, polyester membrane, 12-well plate, Corning Incorporated Costar) at a density of 1 × 105 cells per well and incubated under cell culture conditions (37 °C, 5% CO2 and 95% humidity) until a polarized cell monolayer with a TEER of at least 800 Ω cm−2 was formed. For infection, bacteria were grown in 50 mL BHI medium with 10% FCS and 0.05 M Tween 80 until they reached the exponential phase (OD600 of 0.4 to 0.6), harvested by centrifugation at 4000× g, washed with PBS and adjusted to an OD600 of 5. One hundred µL of this suspension were used for infection. Transepithelial resistance was measured with an epithelial Volt/Ohm Meter (World Precision Instruments, Friedberg, Germany) for every 60 min; after 180 min the supernatant of the infected Detroit 562 cells was removed and the cells incubated overnight in fresh DMEM medium without antibiotics to avoid detrimental effects of bacterial growth.




4.5. Reporter Assay for TLR Receptor Activation


TLR2 and TLR9 binding by corynebacteria was analyzed by infection of HEK Blue 293 hTLR2 and hTLR9 cells (InvivoGen, San Diego, CA, USA). HEK Blue 293 cells carry a stably integrated NFкB- and AP1-inducible secreted embryonic alkaline phosphatase (SEAP) reporter construct. The assay was carried out according to a protocol published by Weerasekera and co-workers [34]. Cells were seeded in 96-well plates, infected with viable and UV-killed bacteria at MOI values of 100, 10 and 1 and incubated at 37 °C in a CO2 incubator. Heat-killed L. monocytogenes (HKLM) were used as positive control and PBS buffer as negative control. After an incubation period of 16 h, the 96-well plates were centrifuged (350× g, 5 min) and 20 µL of the cell-free supernatant was mixed with 180 µL pre-warmed SEAP detection reagent QUANTI-Blue (InvivoGen, San Diego, CA, USA) according to the manufacturer’s protocol. After a 2 h incubation under cell culture conditions, the absorbance at 620 nm was measured using a microplate reader (TECAN Infinite M nano plus, Männerdorf, Switzerland). HEK Blue 293 hTLR9 cells were infected with MOI 1 and MOI 50 with viable and UV-killed bacteria in HEK Blue detection medium and incubated for 24 h under cell culture conditions. SEAP activity was measured as mentioned above.




4.6. Fluorescence Microscopy


For fluorescence microscopy, 5 × 104 HeLa cells per well were seeded on round coverslips in 24-well plates. After 24 h incubation, the cells were infected at a MOI of 10 with GFP-expressing Corynebacterium strains for 90 min. Cells were washed 3 times in PBS and fixed with 4% paraformaldehyde in PBS for 20 min at 37 °C. After an additional washing step in PBS, cells were stored at 4 °C until staining. Subsequently, the fixed cells were stained with 30 µL Phalloidin-iFluor 647 reagent (Abcam, Cambridge, UK) diluted 1:1000 in Image-iT FX signal enhancer (Life Technologies) for 90 min in the dark. Cells were washed 3 times with PBS and mounted on glass slides using ProLong Gold Antifade Mountant with DAPI (Life Technologies, Carlsbad, CA, USA) and stored at 4 °C. Fluorescence microscopy was carried out using a Zeiss invert AX10 microscope (Carl Zeiss AG, Jena, Germany) and analyzed using the ZEN 2 (blue edition) software package.




4.7. Cytotoxicity and LDH Activity Assay


The release of lactate dehydrogenase (LDH) from infected cells due to a loss of membrane integrity as well as LDH activity were measured using the Cytotoxicity Detection Kit (Roche, Basel, Switzerland) according to the supplier’s protocol. Additionally, cell morphology was observed and photographed using a Bio-Rad ZoeTM Fluorescent Cell Imager (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) microscope. For LDH activity, 2 U/mL LDH in cell culture medium were incubated with viable and UV-killed bacteria for 24 h and for cytotoxicity testing, epithelial cells were infected for 16 h with viable and UV-killed bacteria. For measurement, 100 µL supernatant of both were mixed with the provided catalyst solution and incubated in the dark for 30 min. Absorbance was measured in a plate reader (TECAN Infinite M nano plus, Männerdorf, Switzerland) at 490 nm and 620 nm for wavelength correction.




4.8. Galleria Mellonella Infection


Infection of G. mellonella larvae were conducted as described before [15]. Therefore, bacteria were cultured as described above. Bacteria were harvested by centrifugation (4500× g, 10 min) at an OD600 of 0.4 to 0.6, resuspended in 10 mM MgSO4 and adjusted to OD600 of 10. A 50 µL Hamilton syringe was used to inject 5 µL of bacteria via the hindmost left proleg. Uninfected larvae and larvae injected with 10 mM MgSO4 were used as control. For each bacterial strain, five wax moth larvae were infected and incubated at 22 °C. Each infected individual larva was monitored at the day of infection and daily for three days using the Health Index Scoring System [39]. A score between 9 and 10 suggests healthy, uninfected larvae, whereas a lower score indicates impaired health.
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	CFU
	Colony-forming units



	DT
	Diphtheria toxin



	HEK
	Human embryonal kidney



	LD
	Linear dichroism



	LDH
	Lactate dehydrogenase



	NTTB
	Non-toxigenic toxin-bearing



	OD
	Optical density



	SEAP
	Secreted alkaline phosphatase



	TEER
	Transepithelial electrical resistance



	TLA
	Three-letter acronym
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Figure 1. Colonization of epithelial cells. Adhesion of the toxigenic C. ulcerans strain KL756 and the non-toxigenic C. silvaticum isolate W25 to different human epithelial cell lines: (a) Detroit 562 cells, (b) HEK-Blue 293 hTLR2 cells, (c) HeLa cells. The respective cell line was seeded 24 h prior to infection and infected with bacteria at a multiplicity of infection (MOI) of 50 for 90 min. Columns and error bars represent the results and standard deviations of three independent biological replicates carried out with three technical replicates each (n = 9). Adhesion efficiency was calculated based on the ratio of colony-forming units (CFU) prior to infection and CFU on the lysate plates after infection, multiplied by 100. 
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Figure 2. Fluorescence microscopy of epithelial cells infected with different corynebacteria. (a) Untreated HeLa cells, cells infected (b) with C. glutamicum ATCC13032 pERP1p45_gfp, (c) with C. ulcerans KL756 pERP1p45_gfp and (d) with C. silvaticum W25 pERP1p45_gfp. Red: Phalloidin-iFluor 647, blue: DAPI, green: GFP. Arrows indicate HeLa cells with morphological changes from spindle to disc-shape forms. 
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Figure 3. Vero cell assay. Vero cells infected with UV-killed (dead) and viable bacteria at an MOI of 1 after 16 h of incubation under cell culture conditions. Images were done using Bio-Rad ZoeTM Fluorescent Cell Imager. 
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Figure 4. Transepithelial electrical resistance of Detroit 562 cell monolayers. Cells were uninfected (circles) or challenged by C. glutamicum ATCC13032 for negative control (rhombi), Salmonella enterica serovar Typhimurium NCTC 12023 as positive control (stars), C. ulcerans KL756 (triangles) and C. silvaticum W25 (squares) with 100 µL bacterial suspension with an OD600 of 5. Experiments were carried out as three independent biological replicates, each with three technical replicates and means and standard deviations are shown. Based on the resistance before infection, the relative TEER was calculated for each time point. 
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Figure 5. TLR2 receptor activation by C. glutamicum ATCC13032, C. ulcerans KL756 and C. silvaticum W25. HEK-Blue 293 hTLR2 receptor cells were infected at a MOI of 100 (white), 10 (light grey) and 1 (dark grey) with viable (*) and UV-killed (†) bacteria. Heat-killed Listeria monocytogenes (HKLM) (blue) were used as positive and phosphate-buffered saline (PBS) (light blue) as negative control. Experiments were performed in three independent biological replicates each in technical triplicates and mean values and standard deviations are shown. 
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Figure 6. HEK 293 hTLR2 reporter cell assay. Cells were infected with viable (*) and UV-killed (†) bacteria at MOI 100, MOI 10 and MOI 1 for 16 h. Heat-killed L. monocytogenes (HKLM) served as positive and PBS as negative control. 
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Figure 7. Health score index of G. mellonella larvae. Health scores were determined prior and 24, 48 and 72 h after infection. Cycles: MgSO4 injection used as a negative control; stars: Salmonella enterica serovar Typhimurium NCTC 12023 used as positive control; rhombi: injection of C. glutamicum ATCC13032; triangles: injection of C. ulcerans KL756; squares: injection of C. silvaticum W25. 
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Table 1. Bacterial strains, plasmids and cell lines used in this study.
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	Strain
	Description/Source
	Reference



	C. glutamicum ATCC13032
	Type strain, non-pathogenic
	[57]



	C. ulcerans KL756
	Dog (tox+)
	[58]



	C. silvaticum W25
	Wild boar (tox+)
	[27]



	Salmonella enterica serovar Typhimurium NCTC 12023
	Wild-type (identical to ATCC 14028)
	National Collection of TypeCultures (Colindale, UK)



	Plasmids
	Description
	Reference



	pERP1p45_gfp
	gfpuv, KmR, rep, per, T1, T2
	[59]



	Cell lines
	Description
	Reference



	HeLa
	Human cervical carcinoma cells
	[60,61]



	HEK-Blue 293 hTLR2
	Human TLR2/NFкB/SEAP reporter HEK293 cells
	Invivogen



	HEK-Blue 293 hTLR9
	Human TLR9/NFкB/SEAP reporter HEK293 cells
	Invivogen



	Vero
	African green monkey kidney epithelial cells
	[62]



	Detroit 562
	Human hypopharyngeal carcinoma cells
	[63]
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