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Gonorrhea is the second most common sexually transmitted infection in the world and is caused by Gram-negative diplococcus Neisseria gonorrhoeae. Since N. gonorrhoeae is a human-specific pathogen, animal infection models are only of limited use. Therefore, a suitable in vitro cell culture model for studying the complete infection including adhesion, transmigration and transport to deeper tissue layers is required. In the present study, we generated three independent 3D tissue models based on porcine small intestinal submucosa (SIS) scaffold by co-culturing human dermal fibroblasts with human colorectal carcinoma, endometrial epithelial, and male uroepithelial cells. Functional analyses such as transepithelial electrical resistance (TEER) and FITC-dextran assay indicated the high barrier integrity of the created monolayer. The histological, immunohistochemical, and ultra-structural analyses showed that the 3D SIS scaffold-based models closely mimic the main characteristics of the site of gonococcal infection in human host including the epithelial monolayer, the underlying connective tissue, mucus production, tight junction, and microvilli formation. We infected the established 3D tissue models with different N. gonorrhoeae strains and derivatives presenting various phenotypes regarding adhesion and invasion. The results indicated that the disruption of tight junctions and increase in interleukin production in response to the infection is strain and cell type-dependent. In addition, the models supported bacterial survival and proved to be better suitable for studying infection over the course of several days in comparison to commonly used Transwell® models. This was primarily due to increased resilience of the SIS scaffold models to infection in terms of changes in permeability, cell destruction and bacterial transmigration. In summary, the SIS scaffold-based 3D tissue models of human mucosal tissues represent promising tools for investigating N. gonorrhoeae infections under close-to-natural conditions.
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INTRODUCTION

Neisseria gonorrhoeae is a Gram-negative diplococcus and a causative agent of the second most prevalent sexually transmitted infection in the world. More than 78 million new infections per year and the rapid increase in antibiotic resistance make it a serious threat to the public health worldwide (Ohnishi et al., 2011; Wi et al., 2017).

Infection with N. gonorrhoeae takes place at the mucosal surfaces of the female cervix and the male urethra, as well as at the anorectal, pharyngeal, and conjunctival mucosa. The infection can ascend, causing salpingitis, pelvic inflammatory disease, and bacteremia. In a small number of cases, the bacteria can cross the endothelial barrier leading to disseminated gonococcal infection (DGI) (Eisenstein and Masi, 1981).

N. gonorrhoeae contain different types of virulence factors including lipooligosaccharide (LOS), type IV pili, opacity-associated (Opa) proteins, and an outer membrane porin PorB, which enable the bacteria to attach to the epithelial cells, invade them, or survive in the presence of serum. LOS are modified through sialylation during infection and play a role in molecular mimicry, because they resemble host glycosphingolipids (Mandrell and Apicella, 1993; Moran et al., 1996). Pili mediate adhesion to epithelial cells, twitching motility, and microcolony formation of N. gonorrhoeae (Punsalang and Sawyer, 1973; Craig et al., 2004). After the initial contact, Opa proteins mediate an efficient invasion into the host cells (Makino et al., 1991). Additionally, N. gonorrhoeae express one of the two subtypes of PorB, PorBIA, or PorBIB, of which PorBIA has been implicated in gonococcal resistance to serum and in DGI (Ram et al., 1999; Rechner et al., 2007).

The immune reaction upon infection differs between different tissues, as well as between females and males (Edwards and Apicella, 2004). In the male urethra primary cell model, the levels of interleukin (IL)-6 and -8 increase upon challenge with gonococci (Harvey et al., 2002). In female cervical cells, upregulation of IL-8 and IL-6, as well as of the intercellular adhesion molecule 1 (CD54), and the non-specific cross-reacting antigen (CD66c) has likewise been observed (Fichorova et al., 2001). There is evidence for upregulation of IL-8, tumor necrosis factor alpha (TNFα) and chemokine (C-C motif) ligand 20 (CCL20), but not of IL-6 in endometrial cell models, which requires living bacteria and appears to be pilus-dependent (Christodoulides et al., 2000; Łaniewski et al., 2017). Whereas TNFα secretion was increased upon infection independently of pilus expression, pilus-positive gonococci caused an increase in IL-8 and suppression of IL-6 secretion (Christodoulides et al., 2000).

N. gonorrhoeae has also been shown to cause a disruption of the apical junction of infected cells. Apical junction complexes enable strong adhesion between epithelial cells and serve to protect the integrity of the underlying compartments. They include the apical most tight junction, also known as zonula occludens, and the adherens junction, or zonula adherens (Wang and Margolis, 2007). Upon gonococcal infection, the redistribution of adherens junction proteins E-cadherin and β-catenin takes place. Tight junction proteins Occludin and Zonula Occludens Protein 1 (ZO-1) were reported not to be modified in non-polarized cells (Rodríguez-Tirado et al., 2012), whereas a redistribution of ZO-1 was observed for polarized cells infected with gonococci (Edwards et al., 2013). Since the formation of apical junction is related to cell polarization, it is obvious that the usage of appropriate models when studying gonococcal infection greatly affects the relevance of the obtained data.

Regarding models, human cancer cell lines of epithelial tissues have often been used to investigate the host cell side during the contact with N. gonorrhoeae, although animal studies on chimpanzee and especially transgenic mouse opened new opportunities for understanding the gonococcal infection (Rice et al., 2017). These models were successful in recreating the early stages of infection, but show differences in susceptibility and immune response (Packiam et al., 2010).

The examples of human tissue and polarized cell models include endocervical tissue explants and epithelial cells grown on Transwell® inserts, which were used to show effects of N. gonorrhoeae on immune response, disruption of apical junction and shedding of epithelial cells (Buckner et al., 2011; Stein et al., 2015; Wang et al., 2017). Furthermore, three-dimensional (3D) models of human endometrial epithelial tissue in rotating wall vessel bioreactor could be successfully infected for studying gonococcal pathogenicity (Łaniewski et al., 2017). Apart from tissue explants, all other models are limited in terms of morphology or absence of other cell types besides epithelial cells.

To generate 3D tissue models, natural scaffolds such as decellularized tissue have been successfully used. Such scaffolds keep extracellular matrix characteristics of the native organ and provide suitable conditions for cell proliferation and differentiation (Costa et al., 2017). Among them, porcine small intestinal submucosa (SIS) scaffold has been widely used in many studies in order to establish a human tissue barrier for drug delivery investigations (Liu et al., 2017; Schweinlin et al., 2017). This type of biological scaffold supported by cell crowns is comparable to the commonly used Transwell® insert system, with two separated compartments being present (Schweinlin et al., 2016).

In this study, we have developed novel tissue models based on SIS scaffold that are comprised of two types of cells, primary human dermal fibroblasts (HDFib) and target epithelial cells of N. gonorrhoeae. We show that SIS-based models demonstrate improved charateristics in comparison to the Transwell® models in terms of tissue permeability and resistance to bacterial infection. With the aid of SIS models, we show that the effects of N. gonorrhoeae on the tissue, which we measure in terms of bacterial transmigration, tissue permeabiliy and cytokine response, depend both on the type of tissue, as well as on the pathogenicity determinants present in the bacterial strain. Taken together, our models represent a solid and reproducible tool for studying the interaction of bacteria with host tissue during long-term gonococcal infection.

RESULTS

Establishment and Characterization of SIS-Based 3D Tissue Models

We established different mucosal tissue models for gonococcal infection: a tight epithelial barrier model with highly polarized cells based on the colon carcinoma T84 cell line, a model representing female reproductive tract mucosal tissue using endometrial adenocarcinoma cell line HEC-1-B, and a model for the male urogenital tissue consisting of the immortalized uroepithelial cell line SV-HUC-1. Epithelial cells were seeded on SIS scaffold that was previously populated with HDFib for 2 days to obtain a biomimetic model (Figure 1A, Supplemental Figure 1). Tissue models were allowed to mature over the course of 12 to 14 days, and maturation was followed by measuring parameters such as transepithelial electrical resistance (TEER) or barrier permeability using FITC-dextran assay (Figures 1C–F). In comparison, we seeded the same epithelial cells on the apical side in combination with HDFib cells seeded on the basal side of the Transwell® inserts (Figure 1B). The TEER values for the Transwell® models showed an increase with time, reaching the maximum of ~320 Ω*cm2 for T84, ~160 Ω*cm2 for HEC-1-B and ~130 Ω*cm2 for SV-HUC-1 on day 10 of cultivation (Figure 1B). The SIS tissue models showed comparable values of TEER, however only after 12 days for T84 and SV-HUC-1 cells and 14 days for HEC-1-B cells. The introduction of shear stress to models through cultivation on the orbital shaker only slightly improved the barrier formation and cell polarization, and in the case of HEC-1-B cells had even a slightly negative effect (Figures 1C–E). For this reason, all subsequent SIS models were grown in static culture. The permeability of both Transwell® and SIS models was tested using the FITC-dextran permeability assay. Mature SIS models with epithelial cells were much less permeable with 1–2% permeability in comparison to only SIS scaffold with HDFib (12% permeability), but also when compared to the respective Transwell® models (3–5% permeability) (Figure 1F).
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FIGURE 1. Establishment of mucosal tissue models on porcine small intestinal submucosa (SIS) scaffold. (A) Schematic representation of the preparation of epithelial/fibroblast co-culture tissue models on SIS using cell crowns with an optional infection step. (B) Transwell® inserts were coated with collagen on both sides of the membrane. HDFib were seeded on the basal side, followed by the seeding of epithelial cells on the apical side 48 h later (day 0). TEER was measured at indicated time points. (C–E) HDFib and specified epithelial cells were seeded on the SIS as described in (A). Tissue models were grown either under static conditions, or shaking using an orbital shaker. TEER was measured at indicated time intervals. (F) Tissue models on Transwell® or SIS were generated as described in (A,B). Permeability was measured by 4 kDa FITC-dextran assay at day 10 for Transwell® models, at day 12 for SIS models for T84 and SV-HUC-1 cells and at day 14 for HEC-1-B cells. The graph shows fluorescence intensity from the lower compartment normalized against the fluorescence intensity obtained when empty Transwell® or SIS were used. All graphs represent mean values ± SD from at least three independent replicates.



Histological characterization of SIS tissue models using hematoxylin eosin (HE) staining and immunofluorescence on tissue sections made after paraffin embeding showed a monolayer of epithelial cells located on the appical side of the scaffold, where occasionally fibroblasts could be observed growing within the SIS scaffold (Figure 2). T84 polarized to a tall columnar phenotype and were stained with E-cadherin and mucin 1 (Muc1) antibodies, demonstrating cell-cell contacts and mucus production. Mucus could be occasionally identified in large vesicles inside cells. HEC-1-B cells on the other hand did not always grow in a monolayer and were not as polarized as T84 cells, consistent with what has been described previously (Edwards et al., 2013). In addition to Muc1, they were also positive for E-cadherin and anti-fibroblast staining, which is characteristic for endometrial adenocarcinoma cells that demonstrate epithelial-to-mesenchymal transition (Mirantes et al., 2013). Finally, SV-HUC-1 cells appeared as a flat monolayer positive for both E-cadherin and Muc1 staining (Figure 2).
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FIGURE 2. Histological characterization of SIS mucosal tissue models. (A) Epithelial/fibroblast co-culture tissue models were grown as described in Figure 1A for 12 days (T84 and SV-HUC-1 cells) or 14 days (HEC-1-B cells). Tissue models were fixed, paraffin embedded, sectioned, and hematoxylin and eosin staining was performed. (B) Tissue models were prepared as in (A) and decorated with anti-E-cadherin, anti-mucin 1 (Muc1) and anti-fibroblast antibodies. Cell nuclei were stained with DAPI. Scale bar is 50 μm.



We adapted the technique for immunofluorescence staining after paraformaldehyde fixation followed by confocal microscopy to SIS models and analyzed the morphology of the tissues, as well as the distribution of the tight junction marker ZO1. Whereas, T84 cells showed a strong staining for ZO1 present at the very apex of the cell layer (Figure 3, left hand panels), HEC-1-B cells were less clearly stained, although still positive for ZO1 (Figure 3, middle panels). SV-HUC-1 cells presented a continuous layer as visualized by phalloidin staining of actin (Figure 1, right hand panels). The ZO1 staining was also present, but was hard to visualize by confocal microscopy on the flat sheet that SV-HUC-1 cells formed (Supplemental Figure 2). The 3D reconstruction of stacks of confocal images showed continuous layers of tall (T84), medium tall (HEC-1-B) and flat (SV-HUC-1) epithelial cells (Supplemental Movies 1–3).
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FIGURE 3. Confocal microscopy of SIS mucosal tissue models. Epithelial/fibroblast co-culture tissue models were cultured for 12 days (T84 and SV-HUC-1 cells) or 14 days (HEC-1-B cells) as represented in Figure 1A. Tissue models were fixed on cell crowns, then decorated using anti-zonula occludens 1 (ZO1) antibody, phalloidin (actin), and DAPI. Z-stacks were made using fluorescence confocal microscope from the top of the epithelial layer to the beginning of collagen scaffold and reconstructed using FIJI. Shown are Z-projections (XY), orthogonal view (XZ), or a snapshot of a reconstructed 3D image (XYZ). Scale bar is 25 μm. See also Supplemental Movies 1–3.



We were next interested in the ultrastructure of the SIS tissue models and analyzed them using transmission (TEM) and scanning (SEM) electron microscopy. The SIS scaffold was seen as a mesh of fibers (Figure 4, left hand panels). TEM showed formation of apical junctions between the epithelial cells (Figure 4, white arrowheads). T84 and SV-HUC-1 cells appeared as a continuous monolayer, whereas groups of HEC-1-B cells occasionaly protruded from the underlying monolayer. Under greater magnification, we observed microvilli formation on the apical surface of the cells. The microvilli were most pronounced on T84 cells, followed by HEC-1-B cells, whereas on SV-HUC-1 cells they were fewer and shorter (Figure 4). At the edges of the areas where cells are seeded, a transition to the underlying scaffold can be seen, revealing continuous contacts between the epithelial cells (Supplemental Figure 3A).
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FIGURE 4. Transmission and scanning electron microscopy of SIS mucosal tissue models. Tissue models on SIS were generated as described in Figures 1A, 2, 3, fixed with glutaraldehyde and either embedded in epoxy resin and analyzed by transmission electron microscopy (upper panels) or analyzed by scanning electron microscopy (middle and lower panels).



The Course of Gonococcal Infection Depends on the Bacterial Strain and Tissue Type

After establishing SIS tissue models, we next compared the infection with various strains of N. gonorrhoeae, also in comparison to standard Transwell® models. For infection, we used different laboratory derivatives, as well as one clinical isolate. The MS11 strain derivatives N927 and N924 were selected to be Opa− and Pili− and differed only in the expressed PorB variant—N924 expresses PorBIB, whereas N927 expresses PorBIA. For MS11 wildtype and the related ΔOpa derivative that is devoid of any Opa proteins (Stein et al., 2015) Pili+ colonies were selected, however subsequent western blot showed that the bacteria used for infection were unpiliated, since they did not express pilin (data not shown). VP1 is a clinical isolate expressing PorBIA (Makino et al., 1991) and Opa− and Pili− colonies were selected for this strain. Measurements show comparable growth of all strains and derivatives, with VP1 and N927 growing slighly slower than the rest (Supplemental Figure 4A). The infection was performed in HEPES medium, which is phosphate and serum free and permits host cell invasion also via the phosphate sensitive interaction with PorBIA. As a readout for infection, we assessed the number of bacteria that transmigrated through the tissue model and could be detected in the medium on the basal side. Likewise, we measured the changes in permeability of models to FITC-dextran upon infection.

When we infected Transwell® models, we were able to collect a large number of bacteria on the basal side already 6 h after infection. The largest number of transmigrated bacteria was obtained for ΔOpa bacteria for all three types of epithelial cells, similar to what has been previously reported (Stein et al., 2015). Interestingly, SV-HUC-1 cells were the least permeable for ΔOpa bacteria in comparison to the other two types of epithelial cells (Figure 5A). In case of the SIS tissue models, for all bacteria except VP1 and ΔOpa we could detect a relatively small number of transmigrating bacteria only after 6 days (144 h) of infection. The least efficient in transmigration were N924, and although ΔOpa bacteria still transmigrated in greater numbers than the corresponding wild type, VP1 was more efficient than ΔOpa (Figure 5B). Depending on the tissue, larger numbers of transmigrating bacteria for VP1 and ΔOpa could be observed already after 48 h of infection. SV-HUC-1 cells were in this case also presenting the most resistant barrier for bacterial transmigration (Figure 5C). When analyzed by SEM, we could confirm successful adhesion of bacteria to the cell surface and the elongation of microvilli (Supplemental Figure 3B). Interestingly, western blot analysis of the gonococcal Opa phenotype before and after infection of the SIS scaffold models showed that even though the selection for Opa− phenotype was successful for all strains and derivatives except VP1, transmigrated gonococci largely switched to the Opa+ phenotype, with the exception of ΔOpa and VP1. We also observed that the exposure of bacteria to the SV-HUC-1 models led to the lower expression of Opa proteins and in the case of VP1 surprisingly led to the loss of Opa expression altogether (Supplemental Figure 4B). Importantly, the differences and delayed transmigration of bacteria through the SIS models was not due to the association of bacteria with the scaffold, because the empty SIS scaffold, as well as the SIS scaffold populated with fibroblasts for 2 days, were not presenting much of a barrier. We could collect high numbers of bacteria from the basolateral compartment already 30 min after infection and in amounts generally similar for all strains and derivatives (Supplemental Figure 5). In conclusion, SIS models seem to present a better barrier to bacterial transmigration in comparison to Transwell® models. In addition, the efficiency of transmigration of different gonococcal strains and derivatives differs between Transwell® and SIS models.
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FIGURE 5. Bacterial transmigration through the Transwell® and SIS tissue models. (A) Tissue models on Transwell® inserts were prepared using HDFib and designated epithelial cell lines as described for Figure 1. Eleven days after seeding of the epithelial cells, models were infected with indicated strains of N. gonorrhoeae at MOI 20 for 24 h and the number of bacteria in the lower compartment was determined by plating and counting colony forming units (CFU). (B) SIS tissue models were generated as described in Figure 1A. Thirteen (T84 and SV-HUC-1 cells) or 15 (HEC-1-B cells) days after seeding of epithelial cells, models were infected with indicated strains of N. gonorrhoeae at MOI 20 for 144 h (6 days) and the number of bacteria present in the medium from the lower compartment was determined. (C) SIS tissue models were prepared as in (B), infected with N. gonorrhea VP1 or ΔOpa at MOI 20 and the number of bacteria in the medium from the lower compartment was determined at indicated times post infection. All graphs represent mean values ± SD from at least three independent replicates.



Permeability measurements of Transwell® models showed an increase of permeability to ~15% upon infection, which was independent of cell type and of bacterial strain used (Figure 6A, upper panel). For SIS models, longer times were necessary for a significant change in permeability after infection (Supplemental Figure 6). After 6 days (144 h), at the time point when we could detect larger amounts of bacteria traversing the SIS model, the permeability also increased, in some cases to over 50%. Interestingly, we could see clear differences in induction of SIS model permeability for different bacterial strains, which often, but not always, correlated to the number of transmigrated bacteria. VP1 and N927 strains showed the greatest capacity for increasing SIS model permeability (Figure 6A, lower panel). To test if the permeability of SIS models was related to cell lysis, we measured the lactate dehydrogenase (LDH) activity in the supernatant in comparison to the non-infected control. In general, the damage to the cells corellated with increased permeability of models and the number of bacteria that crossed the tissues (Figure 6B). Taken together, our results indicate that gonococci harboring PorBIA cause the greatest damage to the SIS tissue models, which is coupled to the increased permeability and a comparably high number of traversing bacteria in the case of VP1, but not N927.
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FIGURE 6. Barrier permeability and cell death in mucosal tissue models upon infection with N. gonorrhoeae. (A) Tissue models were prepared and infected with different strains of N. gonorrhoeae for 24 h (Transwell® models) or 144 h (SIS models) as described for the Figure 5. Permeability of the models was measured by 4 kDa FITC-dextran assay. The graphs represent mean values ± SD from at least three independent replicates. Statistical significance of permeability change in comparison to non-infected control was tested by one-way ANOVA: nsp > 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (B) SIS scaffold models infected for 144 h were assayed for cytotoxicity using lactate dehydrogenase (LDH) assay. The graphs represent mean values ± SD from at least three independent replicates.



Using confocal microscopy we analyzed the early and late stages of infection of T84 SIS models with the least and the most aggressive bacteria, N924 and VP1, respectively. After 24 h, the cell layer and tight junctions appeared still conserved, whereas at the later stage of infection after 144 h we observed significant cell lysis and destruction of tight junctions in SIS models infected by VP1, but not so much when N924 gonococci were used. Interestingly, whereas N924 bacteria seem to be distributed more in the middle of the cells, VP1 localize in the areas of cell-cell contacts. In the orthogonal views of the samples, we observe bacteria only at the surface of the models (Figure 7A). We repeated the experiments, this time simultaneously assessing the number of transmigrated, as well as adherent, bacteria. VP1 strain showed again high capacity for transmigration, and the number of VP1 bacteria associated with the model greatly increased after 6 days of infection, whereas the number of N924 bacteria remained approximately the same (Figure 7B).
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FIGURE 7. Confocal microscopy and analysis of infected T84 SIS tissue models. (A) Tissue models with T84 epithelial cells were prepared and infected with N924 or VP1 strains of N. gonorrhoeae for 24 or 144 h, as described for the Figure 5. The infected models were fixed on cell crowns and decorated using anti-zonula occludens 1 (ZO1) and anti-N. gonorrhoeae antibody, and DAPI. Z-stack images were made using fluorescence confocal microscope beginning at the top of the epithelial layer to the collagen scaffold. The images were analyzed and reconstructed using FIJI. Shown are Z-projections (XY) and orthogonal view (XZ). Scale bar is 25 μm. See also Supplemental Movies 4–7. (B) Tissue models with T84 epithelial cells as in (A) were infected with N924 or VP1 strains of N. gonorrhoeae for 6, 24, or 144 h. Number of transmigrated bacteria in the basolateral medium, and adherent bacteria upon saponin solubilization of the tissue were assessed by plating and counting colony forming units (CFU). The graphs represent mean values ± SD from at least three independent replicates.



Tissue Response to Infection Is Strain- and Cell Type-Dependent

To determine the tissue response to infection with N. gonorrhoeae, we have measured the amount of pro-inflamatory cytokines IL-6 and TNFα, and chemokine IL-8 released into the apical medium 24 h post infection. We assessed the levels in both Transwell® and SIS scaffold models. Upon infection, SIS models produced much more IL-6 in comparison to Transwell® models. Tissue models with T84 and HEC-1-B cells produced less IL-6 than those with SV-HUC-1 cells, and we observed no greater differences between the bacterial strains and derivatives used for infection, except for N927 in the Transwell® model (Figure 8A).
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FIGURE 8. Measurement of the interleukin 6 and 8 and TNFα production of the Transwell® and SIS tissue models upon infection with N. gonorrhoeae. (A–C) Tissue models were prepared on Transwell® inserts or SIS as described for the Figure 1 and after maturation infected with different strains of N. gonorrhoeae for 24 h. Medium was collected and the concentration measurement of IL6, IL8, and TNFα was performed using Luminex assay. The graphs represent mean values ± SD from at least three independent replicates. Statistical significance of the changes in interleukin concentration in comparison to non-infected control was tested by one-way ANOVA: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.



The production of IL-8 was somewhat greater for SIS scaffold models in comparison to Transwell® models, especially for T84 cells. Again, we observed that uroepithelial models using SV-HUC-1 cells produced more IL-8 than those using other cells, but also that their response was highly significant. Here as well we observed no differences for different gonococcal strains and derivatives (Figure 8B).

We detected relatively low levels of TNFα expression in infected tissue models, which were higher for SIS scaffold than for Transwell® models. SV-HUC-1 models produced more TNFα upon infection, and N927 and VP1 strains were the most potent inducers of TNFα secretion (Figure 8C). Overall, our results show that SIS models are capable of secreting more IL-6, IL-8, and TNFα when challenged by N. gonorrhoeae than Transwell® models, that SV-HUC-1 uroepithelial cells react more pronounced to infection than T84 or HEC-1-B cells, and that there are no major differences in cytokine levels produced in response to different gonococcal strains and derivatives.

DISCUSSION

Our goal in this work was to mimic human mucosal and uroepithelial tissues, which represent the site of initial contact with N. gonorrhoeae and other sexually transmitted pathogens. Using these models, we studied different aspects of infection including bacterial attachment and transmigration to deeper tissue layers, destruction of the epithelial barrier, and elicited inflammatory response.

One of the main characteristics of successful epithelial tissue models is polarization of cells and formation of tight junctions, a process that go hand in hand. Polarization of cells does not only imply different protein content in the apical vs. the basolateral area of the plasma membrane, but includes alteration in lipid composition, most notably of phosphoinositides (Wang and Margolis, 2007). All this contributes to significant differences in the interaction of bacteria with polarized cells in comparison to classical 2-D tissue culture. So far, polarized epithelial cell models for research of gonococcal infection have been generated using Transwell® membranes or similar artificial porous supports, as exemplified by T84 and HEC-1-B Transwell® models (Stein et al., 2015; Wang et al., 2017). We aimed at increased model complexity by not only inducing the polarization of cells, but also by reconstructing the underlying layer of connective tissue. To this purpose we employed SIS scaffold, which represents an acellular biological extracellular matrix derived from porcine small intestinal submucosa. Primary constituents of SIS are collagen, elastin and fibronectin, but different growth factors are present, as well. The pore size of the SIS scaffold ranges from 20 to 30 μm, in comparison to only 3 μm in Transwell® membranes (Shi and Ronfard, 2013). We introduced fibroblasts to SIS scaffold to mimic the connective tissue. The presence of fibroblasts in addition to epithelial cells has been shown to have a positive effect on cell polarization due to the secretion of different components, which are important for the basal membrane formation (Steinke et al., 2014).

We measured the barrier integrity by TEER and FITC-dextran permeability assays, obtaining somewhat different results for TEER than already reported (Stein et al., 2015), and yet in concordance with results published by other groups (Navabi et al., 2013). TEER values, however, are reported to widely differ depending on the temperature, medium and type of electrode used for measurement (Srinivasan et al., 2015). Considering that TEER values we obtained were consistent and were related to low permeability of tissue models to FITC-dextran (Figure 1), as well as positive morphological characteristics (Figures 2–4), we presumed that tissue models were mature when they reached ~320 Ω*cm2 for T84 cells, ~160 Ω*cm2 for HEC-1-B, and ~135 Ω*cm2 for SV-HUC-1 cells in Transwell® models and ~340 Ω*cm2 for T84, ~180 Ω*cm2 for HEC-1-B and ~135 Ω*cm2 for SV-HUC-1 cells in SIS scaffold models. Our results therefore showed generally higher TEER values and two to three times lower FITC-dextran permeability for mature SIS models in comparison to Transwell® models in spite of the larger pore size (Figure 1). This is probably to be contributed to the presence of the basement membrane and fibroblasts in a thick layer of collagen and elastin fibers that constitute SIS as opposed to relatively thin polycarbonate membrane in Transwell® inserts.

Morphological characterization of SIS models shows that the cells polarize, as demonstrated by the presence of tight junctions and microvilli on the surface (Figures 3, 4). The mucus production is also present as observed in the form of a relatively thin mucus layer, which, in addition to mucus bubbles, has already been reported to be characteristic for polarized T84 cells (Navabi et al., 2013). Both HEC-1-B and SV-HUC-1 cells also exhibit a thin Muc1 layer (Figure 2B). Such layer for HEC-1-B models is comparable to the one identified in the mouse uterine tissue (DeSouza et al., 1999). The mucin layer in general and Muc1 in particular play a key role in protection of female reproductive tract from microbial infection (DeSouza et al., 1999). Therefore, it would be of interest to observe if and how the expression of mucin genes alters in tissue models in response to infection, as was done for human endocervical epithelial 3D tissue models (Radtke et al., 2012).

We used SIS models to study the outcome of infection depending on different pathogenicity factors in N. gonorrhoeae and different cell types. We could reproduce previously made observations that the lack of Opa proteins in N. gonorrhoeae enhances the transmigration of bacteria across the layer of polarized epithelial cells (Stein et al., 2015). Indeed, in Transwell® models after 6 h of incubation ΔOpa were by far the fastest bacteria to transmigrate (Figure 5A). This observation, however, depended on the model used—in the SIS scaffold model, the clinical isolate VP1 (PorBIA, Opa−, Pili−) was faster than ΔOpa when it came to crossing of the tissue barrier (Figures 5B,C). The observed loss of Opa protein expression in VP1 upon exposure to SIS scaffold models might explain its transmigration efficiency (Supplemental Figure 4B). However, it is difficult to reconcile the relatively high transmigration of N927 and MS11 bacteria and their apparent switch to an Opa+ phenotype (Figure 5, Supplemental Figure 4B). This indicates that we are still far from understanding the connection between the Opa phenotype and the ability of gonococci to transmigrate through tissue layers.

Pili play a central role in the attachment of gonococci to the tissue during infection (Punsalang and Sawyer, 1973). Although we selected MS11 and ΔOpa bacteria for the presence of pili, our later western blots showed that none of the bacteria expressed pilin either at the point of infection or afterwards (data not shown). Therefore, we are not at this stage able to discuss the observed differences in adherence and transmigration as a consequence of the piliation status. Also, we infected the tissue models under static conditions, and the importance of pilus might become obvious mostly when the shear stress is introduced through the circulation of the medium, which would require experimental adjustments and the usage of perfusion bioreactors, something that we plan to do in the future.

Overall, SIS models showed a much greater resilience to bacterial transmigration, giving us the opportunity to study the infection over the course of several days as opposed to several hours, as is the case for Transwell® models. For some strains the first bacteria transmigrating over the SIS scaffold models were detected only 6 days after infection, which can probably be contributed to the presence of the connective tissue-like layer beneath the epithelial cells. We could also show that the epithelial cell type influenced bacterial transmigration, with SV-HUC-1 cells allowing the lowest numbers of bacteria to traverse the barrier. This could be related to the flat appearance of these cells that overlay each other and do not offer bacteria an easy access to the area of cell-cell contacts (Figure 4).

The observed differences among the strains and tissues might be at this point discussed in the light of the question whether bacteria invade the cells and cross the tissue barrier through transcytosis, or whether they transmigrate between the cells and require destruction of the cell junctions for crossing of the tissue barrier. Our microscopy data do not indicate uptake of the gonococci by the epithelial cells, but rather support the localization of the bacteria in the area of cell-cell contacts (Figure 7, Supplemental Figure 3). Treatment of the SIS T84 tissue models with gentamicin from the apical and basolateral side 6 and 144 h after infection showed that all bacteria were efficiently killed (data not shown). This would not be the case if the bacteria were protected by being inside the cells. Therefore, it seems more likely that bacteria mostly cross the tissue models through transmigration, although more detailed experiments would be necessary to answer this question with certainty.

Interestingly, although N. gonorrhoeae are sensitive when cultured on plates or in liquid medium and are prone to autolysis (Garcia and Dillard, 2006), when in contact with SIS models, viable bacteria could be collected throughout the whole 6 day period of infection experiments (Figures 5, 7). Our results show that whereas VP1 was able to successfully colonize the tissue and increase its numbers rapidly throughout 6 days of infection, N924 were incapable of doing that, in spite of the comparable growth in liquid culture (Figure 7, Supplemental Figure 4). In this aspect as well, SIS models offer valuable tools for understanding gonococcal interaction with host tissues.

When comparing the permeability and induced cell death of infected models, whereas there is a relatively uniform change in the permeability of Transwell® models independently of the bacterial strain or derivative used (Figure 6A), SIS models enable us to observe fine differences in the permeability changes depending on pathogenicity factors that bacteria exhibit (Figure 6B). Interestingly, the number of transmigrated bacteria does not entirely correlate to the changes in barrier permeability, which is seen on the example of N927 gonococci in SIS scaffold HEC-1-B and SV-HUC-1 models (Figure 6B). It would appear that they are capable of increasing the barrier permeability through destruction of cell-cell junctions or by host cell death, but remaining at the same time associated with the tissue.

Confocal fluorescence microscopy offers a good tool for observing the integrity of the SIS scaffold models and the interaction of epithelial cells with bacteria. In our experiments we detect bacteria only at the surface of the models. It is however important to note that during the staining process there is a gradient of dyes and antibodies throughout the tissue model, which means that the staining of the structures deeper below the surface is increasingly weaker. To address this problem, staining should be improved and other microscopy techniques could be implemented that would enable us to visualize the tissue throughout its entire thickness.

The results of the Luminex assay showed that N. gonorrhoeae significantly induced the production of interleukins in SIS tissue models. The basal levels of produced cytokines were low in tissue models without infection and they increased after exposure to the gonococci. Moreover, the levels of inflammatory mediators were cell and bacteria type dependent. Here, we also see clear differences in comparison to the Transwell® models, in terms of different pattern of cytokine response to different gonococcal strains and derivatives and in quantities of cytokines produced. The latter might be the consequence of the presence of fibroblasts in the SIS tissue models. Although we have also added fibroblasts to the basal side of the Transwell® membrane in attempt to mimic similar cell content as in SIS models, it is possible that the SIS scaffold environment better supports establishment and multiplication of fibroblasts than the Transwell® membrane. Our results also imply much stronger and reproducible response of male urothelium to infection with gonococci than it is the case with endometrial epithelium represented by the HEC-1-B cells, which might be the explanation for differences in the course of infection in males and females (Edwards and Apicella, 2004).

Several publications show that the shedding of epithelial cells takes place during gonococcal infection. N. gonorrhoeae is reported to cause exfoliation of columnar epithelial cells of the human endocervix in the model of tissue explants, and of polarized T84 cells in the Transwell® model (Wang et al., 2017). Shedding of urethral epithelial cells has also been observed in the samples obtained from male gonorrhea patients (Apicella et al., 1996). In this work, we were not able to reliably quantify detachment of the cells from the surface of the SIS scaffold models, but we did observe tissue destruction and the disturbance of the tight junction (Figures 6, 7). This effect, however, depended on the bacterial strain, because the MS11 derivative N924, lacking three major virulence factors (pilus, Opa and PorBIA) had a significantly milder effect on the tissue integrity than the clinical isolate VP1.

For further improvement of the SIS scaffold models there are couple of important aspects to consider. One is the introduction of primary cells and the other is the hormone responsiveness of the modeled tissues. The availability of primary epithelial cells from the urogenital tract is restricted and their culturing is of limited duration, which might be overcome by the usage of organoid technology (Kessler et al., 2015; Boretto et al., 2017) or stem cells (Wu et al., 2011). The role of the tissue-specific stromal cells is also of significance, especially for endometrial tissue, where stromal cells contribute to the growth of epithelial cells as well as to the tissue response to hormones (Arnold et al., 2001; Bläuer et al., 2005). Such improvement of the models would enable us additionally to address and study the relationship between the hormonal status of the host and the infection.

In conclusion, we established three independent 3D co-cultured tissue models of human HEC-1-B, SV-HUC-1, and T84 with human fibroblast cells on a biological decellularized scaffold. To our knowledge, this is the first report on establishing a 3D tissue model including co-culturing of epithelial and fibroblast cells to study neisserial infection. Our models provide physiologically relevant conditions containing both the connective tissue with fibroblasts and polarized epithelial monolayer of mucosal surfaces, and as such represent a significant advance in modeling of N. gonorrhoeae infection.

MATERIALS AND METHODS

Cell Lines

HEC-1-B, the human endometrial adenocarcinoma cell line (ATCC® HTB113™), and human dermal fibroblasts (HDFib), isolated according to the published protocol from foreskin biopsies of healthy donors (Pudlas et al., 2011), were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco/Thermo Fisher scientific, Massachusetts, USA). SV-HUC-1 (ATCC® CRL-9520™), the human ureter uroepithelial SV40 immortalized cells, were cultured in Ham's F12 Nutrient Mixture (Gibco/Thermo Fisher scientific, Massachusetts, USA) and T84, the human colorectal carcinoma cells (ATCC® CCL-248™) were cultured in DMEM/F12 (Gibco/Thermo Fisher scientific, Massachusetts, USA). All media were supplemented with 10% heat-inactivated fetal calf serum (FCS) (Sigma/Merck, Darmstadt, Germany) and 1% Penicillin/Streptomycin (Gibco/Thermo Fisher scientific, Massachusetts, USA).

Generation of the Human 3D Tissue Cell Models

SIS scaffold models: Preparation of porcine small intestinal submucosa scaffold and decellularization were done according to the established protocol (Schweinlin et al., 2016). Pieces of SIS scaffold were mounted on the plastic 6.5 mm diameter cell crowns and 100,000 fibroblasts were seeded on the apical side of each cell crown in the appropriate medium. After 48 h, 300,000 epithelial cells were seeded on the apical side of the model. Tissue models were cultured under submerged static conditions or with shaking (only in experiment shown in Figure 1) on an orbital shaker at 25 rpm for 12 days in the case of T84 or SV-HUC-1 cells, or 14 days in the case of HEC-1-B cells at 37°C/5% CO2 in the tissue culture incubator. The medium was exchanged every 2 days. In case where different medium was required for fibroblasts and epithelial cells, the models were cultured in the medium consisting of 50:50 fibroblast:epithelial cell medium. After maturation, tissue models were either fixed for further staining or the medium was exchanged for the one lacking antibiotic to enable the infection 24 h later.

Transwell® models: 6.5 mm diameter, 3 μm pore size polyester Transwell® inserts (Corning, Lowell, MA, USA) were coated with rat tail collagen type I, 100,000 fibroblasts were seeded on the basal side and 48 h later 200,000 epithelial cells were seeded on the apical side of the Transwell® membrane. Models were grown for 10 days under submerged static conditions at 37°C/5% CO2 in the tissue culture incubator prior to further handling (fixation and staining or infection 24 h after medium change).

Barrier Integrity

We used TEER as a measurement for the barrier integrity of the epithelial cell monolayer (Srinivasan et al., 2015). We considered TEER values bellow the one for the empty SIS scaffold (between 80 and 90 Ω*cm2) or empty Transwell® insert (between 50 and 60 Ω*cm2) as a background. TEER was measured using Millicell® ERS-2 Volt-Ohm Meter. In addition, the integrity of the monolayer was assessed using 4 kDa FITC-dextran (Sigma, Darmstadt, Germany) permeability assay after 14 days of cultivation for HEC-1-B and 12 days of cultivation for T84 and SV-HUC-1 cell lines. To this purpose, 0.25 mg/ml FITC-dextran was dissolved in cell culture medium and filtered. The medium was removed from the apical and basal sides of the cell crown or Transwell®. One milliliter of fresh medium was added to the basal side, and 300 μl of FITC-dextran-containing medium to the apical side. After 30 min of incubation, 200 μl from the lower compartment were collected into a 96 well plate and fluorescence was analyzed using TECAN reader (absorption 490 nm, emission 525 nm). The results were normalized to the sample with an empty SIS scaffold or Transwell® membrane.

Neisseria gonorrhoeae Strains and Culture Conditions

Neisseria gonorrhoeae N927 (PorBIA, Opa−, Pili−), N924 (PorBIB, Opa−, Pili−), MS11 (PorBIB, Opa+, Pili+), MS11 ΔOpa (PorBIB, Opa−, Pili+), VP1 clinical strain (PorBIA, Opa−, Pili−), N931 (PorBIB, Opa50, Pili−), and N313 (PorBIB, Opa57, Pili−) were grown on GC agar plates (Thermo Fisher Scientific) supplemented with 1% vitamin mix for 14–17 h at 37°C in 5% CO2. For growth curve measurements, bacteria were grown overnight on GC-agar plate, resuspended in PPM medium to OD550 = 0.2 and allowed to grow to OD550 between 0.5 and 0.6. All cultures were diluted to OD550 = 0.1 in PPM medium (15 g Proteose peptone; 5 g sodium chloride; 0.5 g soluble starch; 1 g potassium dihydrogen phosphate; 4 g dipotassium hydrogen phosphate for 1 l; pH 7.2; 1% vitamin mix, 0.5% sodium hydrogen carbonate, 10 mM magnesium chloride, sterilized by filtration) and incubated with shaking at 37°C. OD550 was measured at different time points to assess growth.

Histology

Tissue models were fixed in 4% paraformaldehyde. After paraffin embedding, samples were sectioned to 6 μm thickness. Hematoxylin and eosin staining was performed after the deparaffinization process in xylene (Steinke et al., 2014; Schweinlin et al., 2017).

Immunofluorescence Analysis

Four percentage paraformaldehyde were used to fix the tissue models for 2 h on cell crowns. The tissue models were then washed with phosphate buffered saline (PBS), permeated using 1% Saponin (Sigma, Darmstadt, Germany), blocked with 1% BSA in PBS and decorated with primary antibodies overnight. This was followed by decoration with fluorophore-coupled secondary antibodies (Dianova, Hamburg, Germany), Phalloidin (MoBiTec, Göttingen, Germany), DAPI (Sigma, Darmstadt, Germany), and mounting using Dako (Agilent, Santa Clara, United States). Z-stacks of images were obtained through 25 μm from the top of the monolayer using Leica SP5 and processed by FIJI (Schindelin et al., 2012) and FIJI Plugin 3D Viewer (Schmid et al., 2010).

Scanning Electron Microscopy/Transmission Electron Microscopy

Tissues were fixed for 1 h with 2.5% glutaraldehyde (50 mM cacodylate [pH 7.2], 50 mM KCl, and 2.5 mM MgCl2) at room temperature for TEM and 6.5% glutaraldehyde for SEM microscopy. Further preparations and analysis of the samples proceeded as already described (Spiliotis et al., 2008; Ott et al., 2012) using JEM-2100 and JSM-7500F JEOL microscopes.

LDH Assay

Cytotoxicity Detection Kit (Roche) was used in order to quantify the cell death and cell lysis rate based on lactate dehydrogenase (LDH) activity in the supernatants. The experiment was performed according to the manufacturer's instructions.

Bacterial Infection and Colonization Assays

After evaluating the models for barrier integrity, the infection was performed in the phosphate-free HEPES medium, as described before (Kühlewein et al., 2006), using MOI 20. To assess the transmigration of N. gonorrhoeae across the polarized epithelial monolayer after different infection time points, the medium from the bottom compartment was collected. Fifty microliter of medium were plated directly onto the GC agar plate in case of Transwell® inserts, or the medium was centrifuged shortly at 100 × g, the pellet was resuspended in remaining 50 μl of medium and plated on GC agar.

For assessment of bacterial adhesion, the infected tissues were incubated for 30 min with 1% Saponin (Sigma, Darmstadt, Germany) and dilution series were cultured on GC agar.

Cytokine Quantification

Highly sensitive customized Luminex assay kit was used in order to detect and quantify TNFα, IL-6, and IL-8 in the medium from the apical compartment of Transwell® or SIS tissue models.

Antibodies

Antibodies used in the work are anti-ZO1 and anti-E-Cadherin (Proteintech, Manchester, United Kingdom), anti-Fibroblast (Novusbio, Colorado, United states), anti-Muc1 (Santa Cruz, Texas, United states), and anti-N. gonorrhoeae (USBiological, Swampscott, Massachusetts, USA). N. gonorrhoeae Omp85 antibodies were raised in rabbits against the full-length His-tagged protein. The pan-Opa antibody was a kind gift from Christof Hauck and has been already described (Achtman et al., 1988).

Statistical Analyses

Statistical analyses were performed with one-way ANOVA, Tukey's multiple comparison test, using GraphPad Prism Software (GraphPad Software, Inc.).
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Supplemental Figure 1. Cells used for generation of tissue models. Cells (HDFib, primary human dermal fibroblasts; T84, human colon carcinoma cell line; HEC-1-B, human endometrial adenocarcinoma cell line; SV-HUC-1, human uroepithelium SV40 immortalized cell line) were grown in tissue culture flasks and the images were made using inverted phase contrast microscope. Scale bar is 100 μm.

Supplemental Figure 2. ZO1 staining of SV-HUC-1 SIS scaffold mucosal tissue model. Epithelial/fibroblast co-culture tissue models were prepared corresponding to Figure 3. After fixing and decorating with ZO1 antibody (red channel) and DAPI (blue channel), the samples were analyzed using fluorescence confocal microscopy. Shown are Z projections of several Z-stack images. Scale bar is 25 μm.

Supplemental Figure 3. Scanning electron microscopy of HEC-1-B SIS mucosal tissue models. (A) Tissue models on SIS scaffold were generated as described in Figure 1 and analyzed by scanning electron microscopy. (B) The models as in (A) were infected for 24 h with N. gonorrhoeae strain N927 and analyzed by scanning electron microscopy.

Supplemental Figure 4. (A) Growth curve of N. gonorrhoeae strains and derivatives used to infect tissue models. Bacteria were grown overnight on GC-agar plate, resuspended in PPM medium to OD550 = 0.2 and grown to OD550 = 0.5 to 0.6. All cultures were diluted to OD550 = 0.1 in PPM medium and allowed to grow, with OD550 being measured at indicated time points. The graph represents mean values ± SD from three independent replicates. (B) Control strains (N931 expressing Opa50 and N313 expressing Opa57), as well as bacteria collected from the basolateral side after 6 days of infection of the indicated SIS scaffold tissue models were centrifuged, lysed in Lämmli buffer and analyzed by SDS-PAGE and western blot, using pan-Opa and Omp85 antibodies.

Supplemental Figure 5. Traversing of the empty and SIS-HDFib scaffold by different N. gonorrhoeae strains and derivatives. Empty SIS scaffold was mounted on cell crowns in cell culture medium. 100,000 HDFib were introduced to the scaffold 2 days prior to infection. Infection was performed in the HEPES medium at MOI 20 and was allowed to proceed for 7 h. 25 μl samples were collected from the basolateral compartment at indicated time points and plated with serial dilutions on GC agar plates for CFU counting. CFUs were counted up to the maximum of 100,000. The graphs show mean values ± SD from two independent replicates.

Supplemental Figure 6. Changes in the permeability of the SIS scaffold mucosal tissue models after infection with N. gonorrhoeae. SIS scaffold tissue models were generated and infected as described for the Figure 5. The barrier permeability was measured using 4 kDa FITC-Dextran assay at indicated time points. The graphs show mean values ± SD from at least three independent replicates.

Supplemental Movies 1–3. 3D reconstructed images after confocal microscopy of SIS mucosal tissue models. SIS models were generated as described for Figure 3 using T84 cells (Supplemental Movie 1), HEC-1-B cells (Supplemental Movie 2), or SV-HUC-1 cells (Supplemental Movie 3), fixed on cell crowns, then decorated using anti-zonula occludens 1 (ZO1) antibody, phalloidin (actin), and DAPI. Z-stacks were generated by fluorescence confocal microscope from the top of the epithelial layer to the beginning of the collagen scaffold and reconstructed using FIJI.

Supplemental Movies 4–7. 3D reconstructed images after confocal microscopy of infected T84 SIS tissue models. Tissue models with T84 epithelial cells, as described in Figures 5, 7, were prepared and infected with N. gonorrhoeae strains N924 for 24 h (Supplemental Movie 4), N924 for 144 h (Supplemental Movie 5), VP1 for 24 h (Supplemental Movie 6), or VP1 for 144 h (Supplemental Movie 7). The infected models were fixed on cell crowns and decorated using anti-zonula occludens 1 (ZO1), anti-N. gonorrhoeae antibody, and DAPI. Z-stack images were made using fluorescence confocal microscope beginning at the top of the epithelial layer to the beginning of collagen scaffold and reconstructed using FIJI.

REFERENCES

 Achtman, M., Neibert, M., Crowe, B. A., Strittmatter, W., Kusecek, B., Weyse, E., et al. (1988). Purification and characterization of eight class 5 outer membrane protein variants from a clone of Neisseria meningitidis serogroup A. J. Exp. Med. 168, 507–525. doi: 10.1084/jem.168.2.507

 Apicella, M. A., Ketterer, M., Lee, F. K., Zhou, D., Rice, P. A., and Blake, M. S. (1996). The pathogenesis of gonococcal urethritis in men: confocal and immunoelectron microscopic analysis of urethral exudates from men infected with Neisseria gonorrhoeae. J. Infect. Dis. 173, 636–646. doi: 10.1093/infdis/173.3.636

 Arnold, J. T., Kaufman, D. G., Seppälä, M., and Lessey, B. A. (2001). Endometrial stromal cells regulate epithelial cell growth in vitro: a new co-culture model. Hum. Reprod. 16, 836–845. doi: 10.1093/humrep/16.5.836

 Bläuer, M., Heinonen, P. K., Martikainen, P. M., Tomás, E., and Ylikomi, T. (2005). A novel organotypic culture model for normal human endometrium: regulation of epithelial cell proliferation by estradiol and medroxyprogesterone acetate. Hum. Reprod. 20, 864–871. doi: 10.1093/humrep/deh722

 Boretto, M., Cox, B., Noben, M., Hendriks, N., Fassbender, A., Roose, H., et al. (2017). Development of organoids from mouse and human endometrium showing endometrial epithelium physiology and long-term expandability. Development 144, 1775–1786. doi: 10.1242/dev.148478

 Buckner, L. R., Schust, D. J., Ding, J., Nagamatsu, T., Beatty, W., Chang, T. L., et al. (2011). Innate immune mediator profiles and their regulation in a novel polarized immortalized epithelial cell model derived from human endocervix. J. Reprod. Immunol. 92, 8–20. doi: 10.1016/j.jri.2011.08.002

 Christodoulides, M., Everson, J. S., Liu, B. L., Lambden, P. R., Watt, P. J., Thomas, E. J., et al. (2000). Interaction of primary human endometrial cells with Neisseria gonorrhoeae expressing green fluorescent protein. Mol. Microbiol. 35, 32–43. doi: 10.1046/j.1365-2958.2000.01694.x

 Costa, A., Naranjo, J. D., Londono, R., and Badylak, S. F. (2017). Biologic scaffolds. Cold Spring. Harb. Perspect. Med. 7:a025676. doi: 10.1101/cshperspect.a025676

 Craig, L., Pique, M. E., and Tainer, J. A. (2004). Type IV pilus structure and bacterial pathogenicity. Nat. Rev. Microbiol. 2:363. doi: 10.1038/nrmicro885

 DeSouza, M. M., Surveyor, G. A., Price, R. E., Julian, J., Kardon, R., Zhou, X., et al. (1999). MUC1/episialin: a critical barrier in the female reproductive tract. J. Reprod. Immunol. 45, 127–158. doi: 10.1016/S0165-0378(99)00046-7

 Edwards, J. L., and Apicella, M. A. (2004). The molecular mechanisms used by Neisseria gonorrhoeae to initiate infection differ between men and women. Clin. Microbiol. Rev. 17, 965–981. doi: 10.1128/CMR.17.4.965-981.2004

 Edwards, V. L., Wang, L. C., Dawson, V., Stein, D. C., and Song, W. (2013). Neisseria gonorrhoeae breaches the apical junction of polarized epithelial cells for transmigration by activating EGFR. Cell. Microbiol. 15, 1042–1057. doi: 10.1111/cmi.12099

 Eisenstein, B. I., and Masi, A. T. (1981). Disseminated gonococcal infection (DGI) and gonococcal arthritis (GCA): I. bacteriology, epidemiology, host factors, pathogen factors, and pathology. Semin. Arthritis. Rheum. 10, 155–172. doi: 10.1016/S0049-0172(81)80001-7

 Fichorova, R. N., Desai, P. J., Gibson, F. C. III., and Genco, C. A. (2001). Distinct proinflammatory host responses to Neisseria gonorrhoeae infection in immortalized human cervical and vaginal epithelial cells. Infect. Immun. 69, 5840–5848. doi: 10.1128/IAI.69.9.5840-5848.2001

 Garcia, D. L., and Dillard, J. P. (2006). AmiC functions as an N-acetylmuramyl-l-alanine amidase necessary for cell separation and can promote autolysis in Neisseria gonorrhoeae. J. Bacteriol. 188, 7211–7221. doi: 10.1128/JB.00724-06

 Harvey, H. A., Post, D. M., and Apicella, M. A. (2002). Immortalization of human urethral epithelial cells: a model for the study of the pathogenesis of and the inflammatory cytokine response to Neisseria gonorrhoeae infection. Infect. Immun. 70, 5808–5815. doi: 10.1128/IAI.70.10.5808-5815.2002

 Kessler, M., Hoffmann, K., Brinkmann, V., Thieck, O., Jackisch, S., Toelle, B., et al. (2015). The Notch and Wnt pathways regulate stemness and differentiation in human fallopian tube organoids. Nat. Commun. 6, 8989–8989. doi: 10.1038/ncomms9989

 Kühlewein, C., Rechner, C., Meyer, T. F., and Rudel, T. (2006). Low-phosphate-dependent invasion resembles a general way for Neisseria gonorrhoeae to enter host cells. Infect. Immun. 74, 4266–4273. doi: 10.1128/IAI.00215-06

 Łaniewski, P., Gomez, A., Hire, G., So, M., and Herbst-Kralovetz, M. M. (2017). Human three-dimensional endometrial epithelial cell model to study host interactions with vaginal bacteria and Neisseria gonorrhoeae. Infect. Immun. 85:e01049-16. doi: 10.1128/IAI.01049-16

 Liu, Y., Ma, W., Liu, B., Wang, Y., Chu, J., Xiong, G., et al. (2017). Urethral reconstruction with autologous urine-derived stem cells seeded in three-dimensional porous small intestinal submucosa in a rabbit model. Stem Cell Res. Ther. 8:63. doi: 10.1186/s13287-017-0500-y

 Makino, S., van Putten, J. P., and Meyer, T. F. (1991). Phase variation of the opacity outer membrane protein controls invasion by Neisseria gonorrhoeae into human epithelial cells. EMBO J. 10, 1307–1315. doi: 10.1002/j.1460-2075.1991.tb07649.x

 Mandrell, R. E., and Apicella, M. A. (1993). Lipo-oligosaccharides (LOS) of mucosal pathogens: molecular mimicry and host-modification of LOS. Immunobiology 187, 382–402. doi: 10.1016/S0171-2985(11)80352-9

 Mirantes, C., Espinosa, I., Ferrer, I., Dolcet, X., Prat, J., and Matias-Guiu, X. (2013). Epithelial-to-mesenchymal transition and stem cells in endometrial cancer. Hum. Pathol. 44, 1973–1981. doi: 10.1016/j.humpath.2013.04.009

 Moran, A. P., Prendergast, M. M., and Appelmelk, B. J. (1996). Molecular mimicry of host structures by bacterial lipopolysaccharides and its contribution to disease. FEMS Immunol. Med. Microbiol. 16, 105–115. doi: 10.1111/j.1574-695X.1996.tb00127.x

 Navabi, N., McGuckin, M. A., and Lindén, S. K. (2013). Gastrointestinal cell lines form polarized epithelia with an adherent mucus layer when cultured in semi-wet interfaces with mechanical stimulation. PLoS ONE 8:e68761. doi: 10.1371/journal.pone.0068761

 Ohnishi, M., Golparian, D., Shimuta, K., Saika, T., Hoshina, S., Iwasaku, K., et al. (2011). Is Neisseria gonorrhoeae initiating a future era of untreatable gonorrhea?: detailed characterization of the first strain with high-level resistance to ceftriaxone. Antimicrob. Agents Chemother. 55, 3538–3545. doi: 10.1128/AAC.00325-11

 Ott, C., Ross, K., Straub, S., Thiede, B., Götz, M., Goosmann, C., et al. (2012). Sam50 functions in mitochondrial intermembrane space bridging and biogenesis of respiratory complexes. Mol. Cell. Biol. 32, 1173–1188. doi: 10.1128/MCB.06388-11

 Packiam, M., Veit, S. J., Anderson, D. J., Ingalls, R. R., and Jerse, A. E. (2010). Mouse strain-dependent differences in susceptibility to Neisseria gonorrhoeae infection and induction of innate immune responses. Infect. Immun. 78, 433–440. doi: 10.1128/IAI.00711-09

 Pudlas, M., Koch, S., Bolwien, C., Thude, S, Jenne, N., Hirth, T., et al. (2011). Raman spectroscopy: a noninvasive analysis tool for the discrimination of human skin cells. Tissue Eng. Part C Methods. 17, 1027–1040. doi: 10.1089/ten.tec.2011.0082

 Punsalang, A. P. Jr., and Sawyer, W. D. (1973). Role of pili in the virulence of Neisseria gonorrhoeae. Infect. Immun. 8, 255–263.

 Radtke, A. L., Quayle, A. J., and Herbst-Kralovetz, M. M. (2012). Microbial products alter the expression of membrane-associated mucin and antimicrobial peptides in a three-dimensional human endocervical epithelial cell model. Biol. Reprod. 87, 132–132. doi: 10.1095/biolreprod.112.103366

 Ram, S., Mackinnon, F. G., Gulati, S., McQuillen, D. P., Vogel, U., Frosch, M., et al. (1999). The contrasting mechanisms of serum resistance of Neisseria gonorrhoeae and group B Neisseria meningitidis. Mol. Immunol. 36, 915–928. doi: 10.1016/S0161-5890(99)00114-5

 Rechner, C., Kühlewein, C., Müller, A., Schild, H., and Rudel, T. (2007). Host glycoprotein Gp96 and scavenger receptor SREC interact with PorB of disseminating Neisseria gonorrhoeae in an epithelial invasion pathway. Cell. Host Microbe. 2, 393–403. doi: 10.1016/j.chom.2007.11.002

 Rice, P. A., Shafer, W. M., Ram, S., and Jerse, A. E. (2017). Neisseria gonorrhoeae: drug resistance, mouse models, and vaccine development. Annu. Rev. Microbiol. 71, 665–686. doi: 10.1146/annurev-micro-090816-093530

 Rodríguez-Tirado, C., Maisey, K., Rodríguez, F. E., Reyes-Cerpa, S., Reyes-López, F. E., and Imarai, M. (2012). Neisseria gonorrhoeae induced disruption of cell junction complexes in epithelial cells of the human genital tract. Microbes. Infect. 14, 290–300. doi: 10.1016/j.micinf.2011.11.002

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

 Schmid, B., Schindelin, J., Cardona, A., Longair, M., and Heisenberg, M. (2010). A high-level 3D visualization API for Java and ImageJ. BMC Bioinformatics 11:274. doi: 10.1186/1471-2105-11-274

 Schweinlin, M., Rossi, A., Lodes, N., Lotz, C., Hackenberg, S., Steinke, M., et al. (2017). Human barrier models for the in vitro assessment of drug delivery. Drug Deliv. Transl. Res. 7, 217–227. doi: 10.1007/s13346-016-0316-9

 Schweinlin, M., Sabine, W., Ivo, S., Jan, H., Rene, R., Christian, J., et al. (2016). Development of an advanced primary human in vitro model of the small intestine. Tissue Eng. Part C Methods 22, 873–883. doi: 10.1089/ten.tec.2016.0101

 Shi, L., and Ronfard, V. (2013). Biochemical and biomechanical characterization of porcine small intestinal submucosa (SIS): a mini review. Int. J. Burns Trauma 3, 173–179.

 Spiliotis, M., Lechner, S., Tappe, D., Scheller, C., Krohne, G., and Brehm, K. (2008). Transient transfection of Echinococcus multilocularis primary cells and complete in vitro regeneration of metacestode vesicles. Int. J. Parasitol. 38, 1025–1039. doi: 10.1016/j.ijpara.2007.11.002

 Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., and Hickman, J. J. (2015). TEER measurement techniques for in vitro barrier model systems. J. Lab. Autom. 20, 107–126. doi: 10.1177/2211068214561025

 Stein, D. C., LeVan, A., Hardy, B., Wang, L. C., Zimmerman, L., and Song, W. (2015). Expression of opacity proteins interferes with the transmigration of Neisseria gonorrhoeae across polarized epithelial cells. PLoS ONE 10:e0134342. doi: 10.1371/journal.pone.0134342

 Steinke, M., Gross, R., Walles, H., Gangnus, R., Schütze, K., and Walles, T. (2014). An engineered 3D human airway mucosa model based on an SIS scaffold. Biomaterials 35, 7355–7362. doi: 10.1016/j.biomaterials.2014.05.031

 Wang, L. C., Yu, Q., Edwards, V., Lin, B., Qiu, J., Turner, J. R., et al. (2017). Neisseria gonorrhoeae infects the human endocervix by activating non-muscle myosin II-mediated epithelial exfoliation. PLoS Pathog. 13:e1006269. doi: 10.1371/journal.ppat.1006269

 Wang, Q., and Margolis, B. (2007). Apical junctional complexes and cell polarity. Kidney Int. 72, 1448–1458. doi: 10.1038/sj.ki.5002579

 Wi, T., Lahra, M. M., Ndowa, F., Bala, M., Dillon, J. R., Ramon-Pardo, P., et al. (2017). Antimicrobial resistance in Neisseria gonorrhoeae: global surveillance and a call for international collaborative action. PLoS Med. 14:e1002344. doi: 10.1371/journal.pmed.1002344

 Wu, S., Liu, Y., Bharadwaj, S., Atala, A., and Zhang, Y. (2011). Human urine-derived stem cells seeded in a modified 3D porous small intestinal submucosa scaffold for urethral tissue engineering. Biomaterials 32, 1317–1326. doi: 10.1016/j.biomaterials.2010.10.006

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Heydarian, Yang, Schweinlin, Steinke, Walles, Rudel and Kozjak-Pavlovic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-10-01740-g005.gif
- sorn
& recomors
O svincerors

;w S SISFE SIS

sisr1aan

ol ol o

=
FESPE FESFE S5

- crn
B recsmors
et 1960 5 Sumacronors

£ ™

o0ae Trsces TR | CTSee Wsohs TSGR
Tene (h) Time i)





OPS/images/fmicb-10-01740-g006.gif
£
£
B
F1c st - resors

PEPSPE 2PESRE FEFSAE






OPS/images/fmicb-10-01740-g003.gif





OPS/images/fmicb-10-01740-g004.gif





OPS/images/fmicb-10-01740-g007.gif
TUME M






OPS/images/fmicb-10-01740-g008.gif
10000) | Ta4eHOFD
|-
P [

g

i il

omses

[ ﬁnﬁﬁ

Le/sis
o) W veanore

. Craumorn

£, |omiio

H

§ w0

e

W81 Transwonl

Concenration {pgimi)

§ 888

e e

o E ot
A A

weiss

=2

AR AP AR

TNFa Transwell
£ o mTosmorn

8, Brecromons

S “lDsvivc-smory.

fo

s

fuialali]

C R A

YRR

ARG AR A

TNFal SIS

o mrsre -
fwilxzomumnm T

ety

g
e

i

GRS RS AGRRS






OPS/images/fmicb-10-01740-g001.gif
R

[ T Y-

szizm Dﬁtm

R

S19/HEG1-84HOFID 1oy SISISVHUCAMNDR .






OPS/images/fmicb-10-01740-g002.gif





OPS/images/cover.jpg
, frontiers
in Microbiology

Biomimetic Human Tissue Model for
Long-Term Study of Neisseria
gonorrhoeae Infection









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





