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Aeromonas sobria is a Gram-negative pathogen that causes food-borne illness. In immunocompromised patients and the elderly, A. sobria opportunistically leads to severe extraintestinal diseases including sepsis, peritonitis, and meningitis. If A. sobria that infects the intestinal tract causes such an extraintestinal infection, the pathogen must pass through the intestinal epithelial barrier. In our earlier study using intestinal cultured cells (T84 cells), we observed that an A. sobria strain with higher A. sobria serine protease (ASP) production caused a marked level of bacterial translocation across the T84 intestinal epithelial monolayer. Herein, we investigated the effect of ASP on tight junctions (TJs) in T84 cells. We observed that ASP acts on TJs and causes the destruction of ZO-1, ZO-2, ZO-3, and claudin-7 (i.e., some of the protein components constituting TJs), especially in the strains with high ASP productivity. Based on the present results together with those of our earlier study, we propose that ASP may cause a disruption of the barrier function of the intestinal epithelium as a whole due to the destruction of TJs (in addition to the destruction of adherens junctions) and that ASP may assist invasion of the pathogens from the intestinal epithelium into deep sites in the human body.
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Introduction

Aeromonas sobria is a Gram-negative bacterium that is widely distributed in both fresh and brackish water areas. A. sobria generally causes food-borne illness with watery diarrhea as a main symptom (Janda and Brenden, 1987; Janda and Abbott, 2010), and it opportunistically causes severe extraintestinal diseases including sepsis, peritonitis, and meningitis (Janda and Abbott, 1998; Spadaro et al., 2014; Song et al., 2019; Hutchinson et al., 2021) especially in immunocompromised patients and the elderly (Bhowmick and Bhattacharjee, 2018). These extraintestinal infections can be caused by A. sobria that has invaded the body through a wound, but they can be also caused by the bacteria that infect the intestinal tract. If A. sobria that infects the intestinal tract causes such an extraintestinal infection, the pathogen must pass through the intestinal epithelial barrier from the initial infection site in the intestinal tract. For the control of these infections, it is thus important to determine how A. sobria colonizes in the intestinal tract, invades the intestinal epithelial tissue, and passes through the intestinal barrier.

A. sobria extracellularly produces various virulence factors such as cytolysins, enterotoxins, and proteases (Pemberton et al., 1997; Fujii et al., 1998; Okamoto et al., 2000). It is thought that these factors act in concert with each other to increase the pathogenicity of A. sobria. We purified a 65-kDa A. sobria serine protease (ASP) from the culture supernatant and clarified its crystal structure (Kobayashi et al., 2009). The overall structure of ASP is closely related to that of Kex2 (Leibowitz and Wickner, 1976), a member of the kexin family of subtilases expressed by Saccharomyces cerevisiae. We further observed that ASP induces vascular leakage, reduces blood pressure by activating the kallikrein/kinin system (Imamura et al., 2006), promotes human plasma coagulation via the activation of prothrombin (Nitta et al., 2007), and causes the formation of pus and edema through the action of anaphylatoxin C5a (Nitta et al., 2008). ASP thus exerts a variety of effects on biological components and is deeply involved in the pathogenicity of A. sobria.

Human intestinal epithelial tissue acts as a physical barrier to prevent pathogens that have entered the intestinal tract from advancing out of the intestine. Epithelial cell-to-cell binding is essential to this barrier function. Tight junctions (TJs), adherens junctions (AJs), gap junctions (GJs), and desmosomes contribute as junctional complexes that fulfill cell-cell connections (Farquhar and Palade, 1963). These junctional complexes also interact with the actin cytoskeleton and are involved in controlling the actin cytoskeleton’s function, and they are important for the development of polarized epithelium (Hartsock and Nelson, 2008). The destruction of the above-mentioned intercellular junctions would thus permit the invasion of microbial pathogens, leading directly to the progression of a systemic infection.

TJs, AJs, GJs, and desmosomes are composed of protein components. For example, in TJs, the protein ZO-1 provides a link between the transmembrane proteins (such as occludin and claudin) and the actin cytoskeleton (Fanning et al., 1998). In AJs, the protein afadin provides a link between the transmembrane protein nectin and the actin cytoskeleton, and the protein catenin links the transmembrane protein E-cadherin and the actin cytoskeleton (Hartsock and Nelson, 2008; Takai et al., 2008a; Takai et al., 2008b).

Several virulence factors produced by pathogens were reported to cause the degradation of components related to the cell-cell binding of intestinal cells. Among these factors, HtrA, a serine protease produced by various Gram-negative bacteria, has been the subject of many investigations (Schmidt et al., 2016; Backert et al., 2018; Abfalter et al., 2019; Harrer et al., 2019; Sharafutdinov et al., 2020; Radhakrishnan et al., 2021). We hypothesized that ASP may also contribute to the destruction of these protein components and may evoke bacterial translocation across the intestinal epithelial barrier.

To test this hypothesis, we performed an in vitro analysis using cultured T84 cells (Kobayashi et al., 2019), and we observed that ASP acts on AJs and causes the destruction of both nectin-2 and afadin (protein components constituting AJs). We suspect that the destruction of nectin-2 and afadin by the action of ASP (i) increases the ability of A. sobria to pass through intestinal epithelial tissue, and (ii) contributes to the severity of pathological conditions.

However, the intestinal epithelial barrier function is supported not only by AJs but also by other junctional complexes such as TJs, GJs, and desmosomes. In particular, TJs are located on the apical side of the intestinal epithelium, unlike AJs. We thus speculated that ASP may also affect the protein components constituting TJs. To investigate this possibility, we conducted the present study with a more detailed analysis at the molecular level using the same T84 cultured cell line as that used in our earlier investigation (Kobayashi et al., 2019).



Materials and Methods


Bacterial Strains and Culture Conditions

Eleven A. sobria clinical strains isolated from patients with diarrhea (strains 101, 104, 106, 115, 118, 121, 122, 123, 124, 125, and 288) were used. All strains were genetically confirmed to be Aeromonas by a nucleotide sequence analysis using polymerase chain reaction (PCR)-amplified fragments of their 16S rRNA genes (Borrell et al., 1997).

We made a mutant strain in which the asp gene of the 288 strain was disrupted as described (Imamura et al., 2008). We designated the mutant strain ‘A. sobria 288 Δasp.’ Briefly, disruption of the asp gene was carried out by the homologous recombination technique (Kuroda et al., 2005) using a suicide vector, pXAC623 (Nishibuchi et al., 1991; Schweizer and Hoang, 1995). We removed the gene fragment from bp 1,766 to bp 3,408 of the cloned asp gene (the deleted gene encodes from the 110th amino acid residue from the amino terminal of ASP to the 26th amino acid residue from the amino terminal of ORF2). We then introduced the derivative plasmid of pXAC623 carrying the mutant asp into E. coli SM10λpir, from which the plasmid was transferred into wild-type A. sobria 288 by conjugation. We selected a mutant strain of A. sobria 288 whose wild-type asp was replaced with the mutant asp by homologous recombination, as described (Herz et al., 2003). Several candidate colonies were selected by PCR using suitable primers, and the mutation of asp gene was then confirmed by a Southern blot analysis.

Using the above homologous recombination method, we reintroduced the asp gene into the A. sobria 288 Δasp strain to create the complementary strain as described (Imamura et al., 2008). We named the newly created strain ‘A. sobria 288 Δasp::asp.’

Luria-Bertani broth (LB) (BD Biosciences, Franklin Lakes, NJ, USA) and Luria-Bertani agar (BD Biosciences) were used for the shaking culture and the static culture of the Aeromonas strains, respectively.



Purification of ASP

We purified ASP as described (Okamoto et al., 2000). The purity of ASP in the preparation was verified by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as a sample showing a single band as reported (Fujii et al., 1998; Okamoto et al., 2000).



Cells and Cell Culture Conditions

The intestinal epithelial cell line T84 was obtained from the European Collection of Authenticated Cell Cultures (ECACC, Porton Down, England). T84 cells were grown and maintained at 37°C in a 5% CO2 atmosphere in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F-12 nutrient mixture supplemented with 6% fetal bovine serum (FBS), 15 mM HEPES, 14.3 mM NaHCO3, and antibiotics/antimycotics. In the bacterial translocation assay, the cells were grown to a confluent monolayer in collagen-coated polycarbonate Transwell® inserts: 0.33 cm2 (Corning Life Sciences, Corning, NY). The culture medium was changed every 3 days. The transepithelial electrical resistance (TER) was measured directly in the culture medium using an epithelial volt–ohm meter (Millicell-ERS®; Millipore, Cambridge, MA). The TER values were calculated by subtracting the background TER from blank filters and then multiplying the value obtained by the surface area of the filter. Cells were used for experiments when the TER was between 600 and 1000 ohms•cm2, which was 10–14 days post-plating.

In an experiment investigating the degradation of protein components constituting TJs, cells were seeded on a 12-well microplate; the medium was changed every 3 days, and the cells were cultured until they became confluent (culture period 5–7 days).



Bacterial Translocation Assay

The bacterial translocation assay was carried out as described (Kobayashi et al., 2019). Briefly, bacterial cells obtained from the culture in LB were suspended in Hanks’ balanced salt solution (HBSS) containing 15 mM HEPES (pH 7.4). The suspended bacterial cells (2 x 105 cells) were added at a multiplicity of infection (MOI) of 5 to the apical side of T84 cells grown on Transwell filters (pore size 3.0 µm). In this procedure, the number of bacteria in each bacterial suspension was confirmed by the plating method.

To assess the extent of bacterial translocation from the apical side to the basal side by increasing the number of bacteria present in the lower chamber (the basal side) as much as possible, we performed this experiment for the maximum period (9 hr) during which the T84 intestinal epithelial monolayer did not detach from the Transwell. After infection at 37°C with 5% CO2 for 9 hr, the changes in TER were recorded and the number of bacteria present in the culture medium (10 μL) of the lower chamber was calculated by the plating method using LB agar medium (BD Biosciences).



Measurement of the Proteolytic Activity of ASP and the Immunological Detection of ASP Released Outside the Cell

We measured the proteolytic activity of ASP by using a synthetic peptide, Boc-Glu-Lys-Lys-MCA (Peptide Institute, Osaka, Japan) as described (Kobayashi et al., 2009). The immunological detection of ASP using anti-ASP IgG was carried out as described (Kobayashi et al., 2015).



Analyses of the Degradation of the Protein Components Constituting TJs by an Immunoblotting Method

We added bacterial cells (MOI = 5) suspended in HBSS containing 15 mM HEPES (pH 7.4) to the apical side of T84 cells cultured in 12-well microplates. In our earlier study, the degradation of the protein components constituting the junctional complexes was observed to start early (Kobayashi et al., 2019). As in that study, we analyzed the degradation of the protein components constituting TJs at 2 hr post-infection. After infection at 37°C with 5% CO2 for 2 hr, the monolayer was washed three times in ice-cold phosphate-buffered saline (PBS) and incubated in lysis buffer containing 1% Triton X-100, 100 mM NaCl, 10 mM HEPES, pH 7.5, 2 mM EDTA, and Protease Inhibitor Cocktail (Nacalai Tesque, Kyoto, Japan) for 10 min. Cells were then scraped and passed ten times through a 21-gauge needle. Protein was obtained in the supernatant after centrifugation at 15,000 g for 15 min at 4°C. The protein samples were mixed with SDS-sample buffer and heated at 95°C for 5 min before loading onto 15% SDS-polyacrylamide gels.

For the evaluation of the effect of protease inhibitors on the degradation of the protein components constituting TJs, we added bacterial cells of A. sobria strain 288 suspended in HBSS containing 15 mM HEPES and pH 7.4 (MOI = 5) to the apical side of T84 cells cultured in 12-well microplates in the presence of various types of protease inhibitors. The concentrations of the protease inhibitors used were as follows: 15 mM pepstatin A (P5318, Sigma-Aldrich, St. Louis, MO), 5.5 mM chymostatin (C7268, Sigma-Aldrich), 21 mM leupeptin (L2884, Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride (PMSF; 06297-31, Nacalai Tesque), and 1 mM ethylenediaminetetraacetic acid (EDTA; 15130-95, Nacalai Tesque). After these treatments, the electrophoresis samples were prepared by the method described above.

After electrophoresis the proteins were transferred to PVDF membranes (pore size 0.2 µm, Bio-Rad, Hercules, CA). We detected proteins by immunoblotting using primary antibodies against ZO-1 (610966, BD Biosciences) 1:1000 (dilution ratio); ZO-2 (71-1400, Thermo Fisher Scientific, Waltham, MA) 1:250; TJP3 (ZO-3) (HPA053337, Sigma-Aldrich) 1:1000; occludin (33-1500, Thermo Fisher Scientific) 1:500; claudin-1 (37–4900, Thermo Fisher Scientific) 1:250; claudin-3 (ab15102, Abcam, Cambridge, UK) 1:500; claudin-4 (329400, Thermo Fisher Scientific) 1:500; claudin-7 (ab27487, Abcam) 1:100; and GAPDH (016–25523, Wako Pure Chemical Industries, Osaka, Japan) 1:1000. The secondary antibody was horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (111-035-003, Jackson Immunoresearch Laboratories, West Grove, PA) 1:10000 (dilution ratio) or HRP-conjugated goat anti-mouse IgG (115-035-003, Jackson Immunoresearch Laboratories) 1:10000 (dilution ratio). A Clarity™ Western ECL substrate (Bio-Rad) was used to detect the positive bands. All experiments were performed in triplicate.



Immunofluorescence Confocal Laser Scanning Microscopy

T84 cells were grown on Transwell filters (pore size 0.4 µm) and treated with various bacterial solutions suspended in HBSS containing 15 mM HEPES and pH 7.4 at MOI = 5. After incubation for 3 hr at 37°C in a 5% CO2 atmosphere, the monolayer was washed three times in ice-cold PBS and fixed/permeabilized in ice-cold 100% ethanol at −20°C for 20 min. After being blocked with BlockAid™ Blocking Solution (Thermo Fisher Scientific), the samples were incubated with the primary antibodies against ZO-1 (610966, BD Biosciences) 1:500 and claudin-7 (ab27487, Abcam) 1:100. The secondary antibody was Cy5-conjugated goat anti-rabbit antibody (ab6564, Abcam) 1:1000 or Alexa Fluor 594-conjugated goat anti-mouse antibody (ab150116, Abcam) 1:1000. Samples were washed with PBS, and then 4’,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) was applied for 10 min to stain the nuclei. After a final wash with PBS, the membranes were transferred to a glass slide and mounted in ProLong™ Gold mount gel (Thermo Fisher Scientific). Fluorescence signals were visualized with a confocal laser scanning microscope (LSM800, Carl Zeiss, Oberkochen, Germany).



Statistical Analyses

Experimental data were analyzed using GraphPad Prism software (La Jolla, CA). Comparisons between two datasets were performed using the unpaired Student’s t-test. We also tested the significance of differences in some of the data by a one-way analysis of variance (ANOVA) using EZR and the interface program R (Dunnett’s test).




Results


Changes in Barrier Function due to the Addition of Various A. sobria Strains to the T84 Intestinal Epithelial Monolayer

We first examined changes in barrier function due to the addition of the eleven A. sobria strains to the T84 intestinal epithelial monolayer. We measured the electrical resistance (TER) of the T84 intestinal epithelial monolayer before (pre-infection) and after (post-infection) treatment with various A. sobria strains (Figure 1A). To assess the extent of bacterial translocation from the apical side to the basal side of the T84 monolayer, we counted the number of bacteria present in the lower chamber (the basal side) (Figure 1B). We also measured the ASP activity in the culture supernatant of each strain (Figure 1C), and the existence of ASP in the culture supernatant was determined by an immunoblot analysis using anti-ASP antibody (Figure 1D). These experimental procedures were carried out as described (Kobayashi et al., 2019).




Figure 1 | Changes in barrier function due to infection of various A. sobria strains to the apical side of the T84 intestinal epithelial monolayer. (A) T84 cells were grown on a Transwell system and then infected with several A. sobria strains. After 9 hr of infection (MOI = 5) to the apical side of the T84 monolayer, the TER was measured (post-infection). The obtained TER value was compared with the TER value before infection (pre-infection). NT: The TER value was measured without bacterial infection. The experiments were performed in triplicate. The data are mean ± SD (error bars). We performed an ANOVA analysis with Dunnett’s test and showed significant differences (*p < 0.05) between the data obtained from each bacterial strain and the control data (NT). (B) The ability of the A. sobria strains to translocate across the T84 intestinal epithelial monolayer at 9 hr after infection (MOI = 5) was evaluated by calculating the colony forming units per mL (CFU/mL) of the culture medium in the lower chambers (the basal side of the T84 monolayer). The number of bacteria present in the solution (10 μL) of the lower chamber was calculated by the plating method. In this method, the number of bacteria less than 100 CFU/mL cannot be determined. If no bacteria were found in 10 μL of solution in the lower chamber, it was displayed as “<102” in the figure. The experiments were performed in triplicate. The data are mean ± SD (error bars). We performed an ANOVA analysis with Dunnett’s test and showed significant differences (*p < 0.05) between the data obtained from each bacterial strain and the control data (NT). (C) The proteolytic activity in the culture supernatant of each A. sobria strain was measured as described in the text. The experiments were performed in triplicate. ND: The proteolytic activity could not be sufficiently detected in this experimental condition. The data are mean ± SD (error bars). (D) The presence of ASP in the culture supernatant of each strain was immunologically detected by a western blotting analysis as described in the text. The arrow indicates the position of the ASP (65-kDa) band fractionated by SDS-PAGE.



The three strains with the higher ASP productivity (strains 118, 123, and 288) caused a significant decrease in the TER value. Four strains (121, 122, 124, and 125) also caused a significant decrease in the TER value, although their ASP productivity was lower than that of the above three strains. In agreement with these results, bacterial translocation across the T84 monolayer was clearly seen in these seven strains. However, only the data obtained from strain 288, which showed the highest ASP productivity, showed a significant difference from the control data (NT).

In contrast, strain 101, which has low ASP productivity, did not cause bacterial translocation across the T84 monolayer, even though the strain caused a decrease in the TER value to some extent with a significant difference. In addition, two strains without ASP productivity (104 and 106) did not cause bacterial translocation across the T84 monolayer although strain 106 caused a slight decrease in the TER value with a significant difference. Surprisingly, strain 115 allowed bacterial translocation across the T84 monolayer even though it lacks ASP activity and did not alter the TER.



Degradation of Protein Components of TJs Caused by the Addition of Aeromonas Strains to the T84 Intestinal Epithelial Monolayer

We next examined the effects on the protein components of TJs using the T84 culture cells in greater detail. Figure 2 illustrates the degradation of various protein components constituting TJs 2 hr after the addition of the A. sobria strains to the apical side of the T84 intestinal epithelial monolayer. The degradation of the protein components was quantitatively analyzed in a comparison of the amounts of GAPDH, which is constitutively expressed intracellularly, as a control.




Figure 2 | Degradation of the protein components constituting TJs due to infection of various A. sobria strains to the apical side of the T84 intestinal epithelial monolayer. T84 cells were cultured in 12-well microplates and then infected with several A. sobria strains. After 2 hr of infection (MOI = 5) to the apical side of the T84 monolayer, the cell extracts were prepared. The protein components constituting TJs (ZO-1, ZO-2, ZO-3, occludin, and claudin-1, -3, -4, and -7) were detected by using a specific antibody against each protein. The results of the quantitative analysis of the relative ratio (%) of the amount of blotted protein (ZO-1, ZO-2, and ZO-3) to the amount of GAPDH are shown below the western blotting image. Concerning the degradation of claudin-7, the results of the quantitative analysis of the relative ratio (%) of the amount of the blotted claudin-7 degradation fragment (Claudin-7 FG) to the amount of GAPDH are shown. These experiments were performed in triplicate. The data are mean ± SD (error bars). We performed an ANOVA analysis with Dunnett’s test and showed significant differences (*p < 0.05, **p < 0.01) between the data obtained from each bacterial strain and the control data (NT).



From the results shown in Figure 2, the three above-mentioned strains (strains 118, 123, and 288) that showed remarkable ASP productivity seemed to cause the degradation of ZO-1, ZO-2, ZO-3, and claudin-7. Among these strains, strain 288 with the highest ASP productivity caused significant degradation of both the ZO proteins and claudin-7. However, the two strains other than strain 288 did not always show a significant difference in the degradation of these proteins. On the other hand, none of these three strains degraded occludin, claudin-1, -3, or -4 with a significant difference. In contrast, the three strains without ASP productivity (104, 106, and 115) did not significantly degrade any of the ZO proteins or claudin.

For the other strains that showed low ASP productivity (101, 121, 122, 124, and 125), the results were complicated, except that none of these strains degraded occludin, claudin-1, -3, or -4 significantly.

The findings for four strains (121, 122, 124, and 125) that caused both a marked decrease in the TER value and bacterial translocation across the T84 monolayer (Figure 1) were as follows. Judging from the results shown by Western blotting, strains 122 and 125 seem to cause degradation of ZO-1, ZO-2, ZO-3, and claudin-7 to some extent. However, only the degradation of ZO-2 and ZO-3 showed a significant difference at the time of observation. In contrast, strains 121 and 124 did not significantly degrade either the ZO proteins or claudin-7.

On the other hand, strain 101 seems to cause degradation of ZO-1, ZO-2, ZO-3, and claudin-7 to some extent as seen in strains 122 and 125, but only the degradation of ZO-3 showed a significant difference at the time of observation.



The Effects of the Protease Inhibitors on the Degradation of the Protein Components Constituting TJs

The results shown in Figure 2 seem to imply that it is necessary to consider the possibility of various effects in strains with weak ASP productivity (these will be mentioned in the Discussion section). However, we observed that the strains with marked ASP productivity caused the significant degradation of both ZO proteins and claudin-7 and induced a decrease in the barrier function of the T84 intestinal epithelial monolayer. Therefore, we next focused on the contribution of ASP to the degradation of ZO proteins and claudin-7 by using strain 288, which showed the highest ASP productivity.

We first examined the effect of several protease inhibitors on the infection of the apical side of the T84 monolayer. We used several protease inhibitors: pepstatin A (an acidic protease inhibitor), chymostatin (a chymotrypsin inhibitor), leupeptin (a peptidic protease inhibitor for cysteine, serine, or threonine proteases), PMSF (a low-molecular-weight serine protease inhibitor), and EDTA (a metalloprotease inhibitor). As shown in Figure 3, the degradation of ZO-1, ZO-2, and ZO-3 tended to be suppressed by the addition of leupeptin or PMSF compared to the addition of the other inhibitors. The generation of a degraded fragment of claudin-7 (Claudin-7 FG; Figure 3) associated with the degradation of claudin-7 was significantly inhibited by leupeptin and by PMSF. It is therefore likely that ASP, the serine protease produced by A. sobria, contributes to the degradation of ZO-1, ZO-2, ZO-3, and claudin-7 in the strains with sufficient ASP productivity.




Figure 3 | Effects of various protease inhibitors on the degradation of ZO-1, ZO-2, ZO-3, and claudin-7 due to infection of A. sobria strain 288 to the apical side of the T84 intestinal epithelial monolayer. T84 cells were cultured in 12-well microplates and then infected with A. sobria strain 288 in the presence of the protease inhibitors shown. After 2 hr of infection (MOI = 5) to the apical side of the T84 monolayer, the cell extracts were prepared. The protein components (ZO-1, ZO-2, ZO-3, and claudin-7) constituting TJs were detected by using a specific antibody against each protein. The results of the quantitative analysis of the relative ratio (%) of the amount of blotted protein (ZO-1, ZO-2, and ZO-3) to the amount of GAPDH are shown below the western blotting image. Concerning the degradation of claudin-7, the results of the quantitative analysis of the relative ratio (%) of the amount of the blotted Claudin-7 FG to the amount of GAPDH is shown. These experiments were performed in triplicate. The data are mean ± SD (error bars). *p < 0.05; significance was tested by comparison with the control data (NT; without infection with strain 288).





The Effect of the asp Gene Disruption on the Degradation of the Protein Components Constituting TJs

To further evaluate the contribution of ASP to the degradation of the protein components constituting TJs, we carried out a similar in vitro infection study using an A. sobria mutant in which the asp gene was knocked out (288 Δasp). As shown in Figure 4, the degradation of ZO-1, ZO-2, ZO-3, and claudin-7 was decreased by the addition of the 288 Δasp mutant to the T84 intestinal epithelial monolayer. In contrast, the reduction of the degradations of ZO-1, ZO-2, and ZO-3 was restored to some extent when we used the strain complemented with the knocked-out gene (Figure 4, 288 Δasp::asp). Although the results of the in vitro study also confirmed that the complementary strain secreted ASP outside the cells (Figures 4B, C), the degradation of claudin-7 by the complementary strain was weak and did not show a significant difference.




Figure 4 | Effect of the asp gene disruption on the degradation of the protein components constituting TJs. (A) T84 cells were cultured in 12-well microplates and then infected with A. sobria strain 288 and its derivative strains shown in the figure. After 2 hr of infection (MOI = 5) to the apical side of the T84 monolayer, the cell extracts were prepared. The protein components (ZO-1, ZO-2, ZO-3, and claudin-7) constituting TJs were detected by using a specific antibody against each protein. The results of the quantitative analysis of the relative ratio (%) of the amount of blotted protein (ZO-1, ZO-2, and ZO-3) to the amount of GAPDH are shown below the western blotting image. Concerning the degradation of claudin-7, the results of the quantitative analysis of the relative ratio (%) of the amount of the blotted Claudin-7 FG to the amount of GAPDH are shown. These experiments were performed in triplicate. The data are mean ± SD (error bars). *p < 0.01; significance was tested by comparison with the control data (NT). (B) The proteolytic activity in the culture supernatant of each A. sobria strain was measured as described in the text. The experiments were performed in triplicate. ND: The proteolytic activity could not be sufficiently detected in this experimental condition. The data are mean ± SD (error bars). (C) The presence of ASP in the culture supernatant of each strain was immunologically detected by a western blotting analysis as described in the text. The arrow indicates the position of the ASP (65-kDa) band fractionated by SDS-PAGE.





The Contribution of ASP to the Degradation of the Protein Components Constituting TJs

To clarify whether ASP itself engages in the degradation of ZO-1, ZO-2, ZO-3, and claudin-7, we directly added purified ASP to the T84 intestinal epithelial monolayer. The results revealed that ASP is involved in the degradation of ZO-1, ZO-2, and ZO-3 in a dose-dependent manner. In contrast, the degradation of claudin-7 by ASP was weak, even with a high concentration (500 nM) of ASP (Figure 5).




Figure 5 | Effect of the purified ASP on various protein components constituting TJs. T84 cells were cultured in 12-well microplates and then treated with various concentrations (nM) of the purified ASP. For the evaluation of the effect of the serine protease inhibitor, T84 cells were also treated with 500 nM of the purified ASP in the presence of PMSF. After treatment for 2 hr, the cell extracts were prepared. The protein components (ZO-1, ZO-2, ZO-3, and claudin-7) constituting TJs were detected by using a specific antibody against each protein. The results of the quantitative analysis of the relative ratio (%) of the amount of blotted protein (ZO-1, ZO-2, and ZO-3) to the amount of GAPDH are shown below the western blotting image. Regarding the degradation of claudin-7, the results of the quantitative analysis of the relative ratio (%) of the amount of the blotted Claudin-7 FG to the amount of GAPDH are shown. These experiments were performed in triplicate. The data are mean ± SD (error bars). *p < 0.01; significance was tested by comparison with the control data (0 nM ASP).





The Contributions of Factors Other Than ASP to the Degradation of the Protein Components of TJs

The results depicted in Figure 5 indicated that one or more factors other than ASP may be involved in the degradation of protein components of TJs, especially that of claudin-7. To examine this possibility, we performed an in vitro infection study using the A. sobria mutant in which the asp gene was knocked out (288 Δasp) in the presence of various concentrations of purified ASP. The results are depicted in Figure 6. Unlike the results in Figure 5, the degradation of ZO-1, ZO-2, ZO-3 and even claudin-7 progressed efficiently in this experimental condition. These results indicate that one or more factors other than ASP produced by the asp-knockout strain may be involved in the efficient degradation of these protein components of TJs in cooperation with ASP, although the identity of the factor(s) is uncertain at present.




Figure 6 | Degradation of ZO-1, ZO-2, ZO-3, and claudin-7 due to infection of the asp-deficient A. sobria strain (288 Δasp) to the apical side of the T84 intestinal epithelial monolayer in the presence of various concentrations of the purified ASP. T84 cells were cultured in 12-well microplates and then infected with the A. sobria 288 Δasp strain in the presence of various concentrations of the purified ASP. After 2-hr treatment, the cell extracts were prepared. ZO-1, ZO-2, ZO-3, and claudin-7 were detected by using a specific antibody against each protein. The results of the quantitative analysis of the relative ratio (%) of the amount of blotted protein (ZO-1, ZO-2, and ZO-3) to the amount of GAPDH are shown below the western blotting image. Concerning the degradation of claudin-7, the results of the quantitative analysis of the relative ratio (%) of the amount of the blotted Claudin-7 FG to the amount of GAPDH are shown. These experiments were performed in triplicate. The data are mean ± SD (error bars). *p < 0.01; significance was tested by comparison with the control data (NT).





CLSM Observation of the Degradation of the TJs’ Protein Components

The above-described results indicate that ASP is involved in the degradation of the protein components constituting TJs, although one or more additional factors may be indispensable for the degradation of claudin-7. To examine the degradation of the protein components visually, we used confocal laser scanning microscopy (CLSM). We focused on the degradation of ZO-1 and claudin-7 of the T84 intestinal epithelial monolayer by using three strains: A. sobria strain 288 (the wild-type strain), the mutant A. sobria strain 288 Δasp, and its complemented strain, A. sobria strain 288 Δasp::asp. The protein components ZO-1 and claudin-7 were visualized using anti-ZO-1 and anti-claudin-7 antibodies and the fluorescence-labeled secondary antibody. As expected, both ZO-1 and claudin-7 were localized in the intercellular adhesion part of the cell surface in the control experiment (Figure 7, NT, the x-y image).




Figure 7 | Confocal images of the T84 intestinal epithelial monolayer infected with A. sobria strain 288 and its derivative strains. T84 cells were grown on a Transwell system and then infected with A. sobria strain 288 and its derivative strains, A. sobria strain 288 Δasp and A. sobria strain 288 Δasp::asp. ZO-1 (green fluorescence) and claudin-7 (red fluorescence) were immunologically observed. Intracellular DNA was also immunologically detected (blue fluorescence). x-y: The x-y image of the T84 intestinal epithelial monolayer surface. x-z: Cross-sectional image of the deeper layer. White bars: 10 μm.



Compared to the results of the control experiment, the fluorescence intensities of ZO-1 and claudin-7 were markedly diminished in the T84 intestinal epithelial monolayer treated with A. sobria strain 288, which produces a high amount of ASP (Figure 7, 288). This phenomenon was not observed in the same experiment using the A. sobria mutant in which the asp gene was knocked out (Figure 7, 288 Δasp). In addition, a decrease in the fluorescence intensities of ZO-1 and claudin-7 was caused in the same experiment when the complemented strain, A. sobria strain 288 Δasp::asp was used (Figure 7).




Discussion

A. sobria opportunistically causes severe extraintestinal diseases, especially in immunocompromised patients and elderly individuals (Spadaro et al., 2014; Bhowmick and Bhattacharjee, 2018; Hutchinson et al., 2021). Such extraintestinal infectious diseases have resulted in fatalities in Japan (Shimoji et al., 2015; Nakao et al., 2016). As noted in the Introduction, this pathogenic bacterium must pass through the intestinal epithelial barrier of the intestinal tract in order to translocate from the intestinal infection site to outside of the intestinal tract, thus causing an extraintestinal infection.

Various pathogenic microorganisms are known to target intercellular adhesion factors (Zihni et al., 2014; Drolia and Bhunia, 2019; Huber, 2020). Campylobacter jejuni HtrA cleaves the TJ components claudin-8 (Sharafutdinov et al., 2020) and occludin (Harrer et al., 2019), and Helicobacter pylori HtrA recognizes the signature motif of E-cadherin and causes cleavage (Schmidt et al., 2016). It is thus established that the action of the bacterial serine protease HtrA produced by various Gram-negative bacteria is deeply involved in the degradation of protein components that constitute junctional complexes.

In the present study, we infected several Aeromonas strains on the apical side of the T84 intestinal epithelial monolayer and investigated their effects on TJs. Based on the results depicted in Figures 1 and 2, it is apparent that the characteristics of the Aeromonas strains used herein should be discussed separately.

The Aeromonas strains showing high ASP productivity (strains 118, 123, and 288) exhibit the following characteristics. They caused a marked decrease in the TER value of the T84 monolayer, and the bacterial translocation across the T84 monolayer progressed in concert with the decrease in the TER value. Since all three of these strains (especially strain 288) caused degradations of ZO-1, ZO-2, ZO-3, and claudin-7 after infection with the T84 monolayer, we suspect that ASP produced outside the cells may cause or contribute to (i) the degradation of these protein components and (ii) a decrease in the barrier function of the T84 intestinal epithelial cells. It is likely that these actions assist bacterial translocation across the T84 monolayer. Thus, in Aeromonas strains that produce a high amount of ASP, the effect of ASP on TJs appears to be closely related to tissue invasiveness. We thus further investigated the contribution of ASP to the degradation of ZO proteins and claudin-7 by using the strain 288, which showed the highest ASP productivity.

The experiment using several protease inhibitors revealed that (i) the degradations of ZO-1, ZO-2, and ZO-3 tended to be suppressed by the addition of leupeptin or PMSF, and (ii) the generation of a degraded fragment of claudin-7 associated with the degradation of claudin-7 was significantly inhibited by leupeptin and by PMSF (Figure 3). Since both leupeptin and PMSF inhibit serine protease, we speculate that these inhibitors attenuated the action of ASP and suppressed the degradation of ZO proteins and claudin-7.

To further clarify the contribution of ASP to the degradation of ZO proteins and claudin-7, we conducted an in vitro infection experiment using the A. sobria 288 mutant strain in which the asp gene was knocked out (288 Δasp). Since a degradation of ZO-1, ZO-2, ZO-3, and claudin-7 was not observed when the T84 intestinal epithelial monolayer was infected with the mutant strain 288 Δasp, it appears likely that ASP produced by the A. sobria strain contributed to the degradation of those TJ protein components (Figure 4). The experiment using the strain complemented with knocked-out gene (288 Δasp::asp) revealed that the degradation of ZO-1, ZO-2, and ZO-3 occurred again to some extent but the degradation of claudin-7 did not occur to a similar degree. Although the reason for the inadequate recovery of degradation by the complementary strain is unknown, it is possible that the amount of ASP produced in the complementary strain was lower than that in the parent strain (Figures 4B, C). A different approach in a future study may clarify this result.

We then added purified ASP to the T84 intestinal epithelial monolayer to directly determine whether ASP is involved in the degradation of TJ protein components. The results demonstrated that the addition of purified ASP to the T84 intestinal epithelial monolayer resulted in the degradation of ZO-1, ZO-2, and ZO-3 in a dose-dependent manner (Figure 5). However, the degradation of claudin-7 by purified ASP was weak, even with 500 nM ASP, which is much higher than the ASP concentration detected in the culture supernatant (Figure 5). We thus speculate that one or more factors other than ASP may also cause the degradation of TJ protein components, especially claudin-7, while there is no doubt that ASP is involved in the degradation of claudin-7.

To investigate whether unknown factor(s) other than ASP are involved in the degradation of claudin-7, we carried out an in vitro infection study using the A. sobria mutant (288 Δasp) in the presence of various concentrations of purified ASP. As shown in Figure 6, the degraded fragment of claudin-7 was confirmed when the asp gene-knocked-out strain was infected in the T84 intestinal epithelial monolayer in the presence of purified ASP compared to the case in which purified ASP alone was applied to the monolayer. This result suggests that unknown factor(s) other than ASP produced by the A. sobria strain cooperate with ASP to cause the degradation of claudin-7, although the identity of the factor(s) is uncertain at present. These findings are of great interest, and we are planning further research to elucidate the underlying molecular mechanisms, including the identification of the unknown factor(s).

We used CLSM to visually confirm the degradation of the protein components constituting TJs after the T84 intestinal epithelial monolayer was treated with the A. sobria strain 288 derivatives. The results shown in Figure 7 revealed that marked degradations of ZO-1 and claudin-7 occurred when the T84 intestinal epithelial monolayer was infected with the ASP-producing A. sobria strains (i.e., the wild-type 288 strain and the complementary strain 288 Δasp::asp), but these degradations did not occur when the monolayer was treated with the A. sobria mutant strain in which the asp gene was knocked out. We therefore believe that ASP produced from the A. sobria strain acts as at least a major factor in the degradation of protein components constituting TJs such as ZO-1 and claudin-7.

The present findings thus indicate that ASP causes a degradation of protein components that constitute TJs, at least in the Aeromonas strains with higher ASP productivity. There are some other aspects to consider, however. For example, ZO proteins are known to be intracellular scaffold proteins that function in concert with transmembrane proteins such as claudins that are localized on the cell surface (Steed et al., 2010). ASP released from the A. sobria strains to the outside of the cells may act directly on the protein localized on the cell surface but cannot directly act on the proteins existing inside the cells. The question thus arises: how can ASP act on intracellularly localized scaffold proteins such as ZO-1, ZO-2, and ZO-3?

The characteristic structure of TJs is thought to be formed primarily by the accumulation of claudin molecules (Rosenthal et al., 2012). The ZO proteins function by directly binding to transmembrane proteins such as claudin and intracellular actin filaments, and this promotes the accumulation of the membrane proteins to form complete TJs (Itoh et al., 1997; Umeda et al., 2006). The maintenance of epithelial TJs has been shown to be functionally regulated by ZO molecules and the Rho signaling pathway (Itoh et al., 2012). Thus, the protein components constituting TJs are closely linked to each other and contribute to the maintenance of the epithelial barrier function. The barrier function is therefore thought to be significantly impaired no matter where any of these protein factors break down.

When a bacterial virulence factor such as ASP acts on a specific protein component of TJs, it is likely that the homeostasis of the entire TJ will be lost and other protein components of TJs will be also destroyed accordingly. Since ASP is extracellularly secreted from the bacterial cells, we suspect that the target molecule on which ASP acts first is a cell-surface component such as the claudins. Accordingly, we suspect that intracellular scaffold proteins such as ZO proteins may also be damaged as a secondary effect. It is necessary to clarify the underlying molecular mechanisms in future research.

It is also necessary to discuss various possibilities that may explain the results we obtained using the Aeromonas strains other than those with high ASP productivity. Strain 104 did not produce ASP. This strain did not decrease the TER value and did not cause bacterial translocation across the T84 monolayer after infection with T84 cells (Figure 1). Strain 106 also did not produce ASP. Although this strain caused a slight decrease in the TER value with a significant difference, bacterial translocation of this strain across the T84 monolayer was not observed (Figure 1). In addition, neither strain caused degradation of the ZO proteins or claudins after infection with T84 cells (Figure 2). We thus speculate that these strains are not fundamentally tissue-invasive Aeromonas strains.

The properties exhibited by the remaining six strains were very complex. We will first consider the four strains that showed lower ASP productivity (121, 122, 124, and 125). Although strains 122 and 125 seemed to cause the degradation of ZO proteins and claudin-7, it was not always possible to obtain data showing a significant difference in the degradation of ZO proteins and claudin-7 at 2 hr after infection with these strains (Figure 2). In contrast, strains 121 and 124 did not cause the degradation of ZO proteins and claudin-7 significantly at 2 hr after infection. Nevertheless, all four of these strains markedly decreased the TER value and caused bacterial translocation across the T84 monolayer (as seen in the strains with high ASP productivity) at 9 hr after infection with these strains (Figure 1). We therefore presumed that even low-ASP-producing strains can induce disruption of intestinal barrier function but may take longer to cause a decrease of the TER value and cause bacterial translocation. Then we further examined changes in the TER values over time using strains 121, 124, and 288. The ANOVA analysis revealed that even the strains showing low ASP productivity (such as strains 121 and 124) caused a significant decrease in the TER value 3 hr or 4 hr after infection to the apical side of the T84 monolayer (Supplementary Figure S1). From these results, we suspect that the tissue invasion of these four strains after infection may occur by the same strategy as that used by the strains with high ASP productivity, although it takes some time because of their low ASP productivity.

In addition, it is also possible that the progression of the decrease in the TER value may differ slightly between the strains with low ASP productivity. For example, a comparison of the time-courses of the decrease in the TER value using the strains 121 and 124 reveals that the TER value after 4 hr was significantly decreased in strain 124, whose ASP productivity was lower than that of strain 121 (Supplementary Figure S1). In some Aeromonas strains with low ASP productivity, unknown pathogenic factors other than ASP may also be involved to increase the invasiveness of the bacteria, leading to a decrease in the barrier function of the T84 monolayer. It is thus necessary to investigate the pathogenicity of the strains with low ASP productivity at the molecular level to clarify these unresolved issues.

We next consider A. sobria strain 101, which showed low ASP productivity and caused the degradation of ZO proteins and claudin-7 to some extent, like the four strains discussed above (Figure 3). Although the TER value at 9 hr post-infection of strain 101 was decreased to some degree, we did not observe bacterial translocation across the T84 monolayer. This result is inconsistent with the above-described findings. We speculate that strain 101, like the other strains with ASP productivity, can open a paracellular route to some extent but the motility of the strain may be poor, so that sufficient tissue invasion does not occur. We plan to further investigate the characteristics of this strain in a future study to explore this possibility.

On the other hand, the characteristics of the A. sobria strain 115 was completely different from those described above for the other 10 strains examined. Although strain 115 had no ASP productivity and did not cause any degradation of ZO proteins or claudins or a decrease in the TER value after infection with T84 cells, some bacterial translocation across the T84 monolayer was clearly observed. We speculate that strain 115 may invade tissue by another strategy. Sun et al. (2020) reported that the effector protein SpvB, which is transported from a Salmonella strain into intestinal epithelial cells by a type III secretion system (T3SS), causes intestinal epithelial barrier dysfunction. Like this strategy, some Aeromonas strains without the ability to produce ASP may have acquired a new pathogenic gene that enables the strains to invade tissue. Another possibility is that the bacteria themselves permeate the tissue through a transcellular pathway rather than a paracellular pathway, as is the case with other Salmonella spp. (Finlay and Falkow, 1989; Finlay and Falkow, 1990). We plan to test these hypotheses in future research.

In conclusion, our findings demonstrated that ASP produced by the A. sobria strains acts on protein components of TJs such as claudin-7 and ZO proteins, at least in the A. sobria strains with high ASP productivity. ASP also acts on protein components of AJs such as nectin-2 and afadin (Kobayashi et al., 2019). We suspect that the combination of these effects could ultimately lead to the destruction of the barrier function of the intestinal epithelium and progress to the aggravation of the infectious diseases caused by A. sobria.

As mentioned above, another serine protease produced by various Gram-negative bacteria, i.e., HtrA, is reported to be involved in the degradation of protein components constituting junctional complexes (e.g., occludin and claudin-8 constituting TJs, E-cadherin constituting AJs) (Sharafutdinov et al., 2020). However, the pathogenic factors that degrade nectin-2 constituting AJs and claudin-7 constituting TJs (other than ASP) are not yet known. We suspect that ASP acts on the protein components of junctional complexes with a substrate specificity that differs from the substrate specificity of other virulent factors and leads to the disruption of the intestinal barrier function. Investigations of whether an antibody against ASP completely blocks the above effects may be useful for understanding the role of ASP. We hope to clarify the remaining unsolved issues in further studies.
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