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Abstract

:

Urinary tract infections (UTIs) affect a major proportion of the world population but have limited non-antibiotic-based therapeutic and preventative strategies against UTIs. Facultative intracellular uropathogens such as strains of uropathogenic E. coli, K. pneumoniae, E. faecalis, E. cloacae are well-known uropathogens causing UTIs. These pathogens manipulate several host-signaling pathways during infection, which contributes to recurrent UTIs and inappropriate antibiotic application. Since host cell receptor tyrosine kinases (RTKs) are critical for the entry, survival and replication of intracellular pathogens, we investigated whether different uropathogens require host EPHA2 receptors for their intracellular survival using a cell culture model of intracellular infection in human bladder epithelial cells (BECs). Infection of BECs with seven different uropathogens enhanced the expression levels and activation of EPHA2. The significance of EPHA2 signaling for uropathogen infection was investigated by silencing EPHA2 expression using RNA interference or by inhibiting the kinase activity of EPHA2 using small-molecule compounds such as dasatinib or ALW-II-41-27. Both preventive and therapeutic tyrosine kinase inhibition significantly reduced the intracellular bacterial load. Thus, our results demonstrate the involvement of host cell EPHA2 receptor during intracellular uropathogen infection of BECs, and targeting RTK activity is a viable non-antibiotic therapeutic strategy for managing recurrent UTIs.
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1. Introduction


Uropathogens such as uropathogenic E. coli (UPECs) [1,2], K. pneumoniae [3], E. faecalis [4], E. cloacae [5] cause urinary tract infections (UTIs), of which UPECs are the major causative bacteria leading to recurrent UTIs [6,7,8,9]. Uropathogens are known to infect bladder epithelial cells (BECs) utilizing both host and bacterial factors [10] and replicate intracellularly by manipulating several host-signaling pathways involving phosphatidylinositol 4,5-bisphosphate 3-OH kinase (PI3K), Akt kinase; and mTOR complex (mTORC) 1 and 2 [10,11]; and host endocytic recycling pathway protein Rab 35 [12]. Thus, bacterial invasion of the urinary system and intracellular infection are major pathogenicity factors for uropathogens [10]. Host cell tyrosine kinase receptors (RTKs) are known to play a critical role as host factors during the infection of epithelial cells by major intracellular pathogens [13]. UPECs invade BECs by activating kinase networks in host cells, including epidermal growth factor receptors (EGFR) [11].



Ephrin receptors and their ligands ephrins belong to the largest known subfamily of RTKs consisting of 16 receptors and 9 ligands that engage in a multitude of activities during development and adulthood [14]. They control important functions such as embryonic axon guidance, angiogenesis, cell death, migration and differentiation during development [15]. Among the ephrin receptors, erythropoietin-producing hepatocellular receptor A2 (EPHA2) plays a critical role in oncogenic signaling and is overexpressed in many solid tumors [16]. Therefore, EPHA2 is considered an important therapeutic target for several human malignancies [17]. EPHA2 and its ligand Ephrin-A1 functions at the crosstalk between PI3K, MAPK, Src family kinases, Rho and Rac1 GTPases [18]. Further studies confirm the crosstalk between EPHA2 and EGFR signaling in cancer [19]. Ligand activation of EPHA2 or EPHA2 knockdown by small interfering RNA inhibited EGF-induced cell motility of EGFR-overexpressing human cancer cells, indicating a functional role of EPHA2 in EGFR-expressing cancer cells [19].



UPEC activates the host PI3K-Akt pathway for the invasion process in BECs [11] and reprograms the host signaling pathways for the acquisition of nutrients, defending the host immune response and by manipulating specific host signaling factors [20,21]. Several publications reported the crosstalk between EPHA2 and PI3K-Akt pathway, and silencing of the EPHA2 gene affects the activation of the PI3K-Akt pathway [18,22,23,24]. This shows the possibility that EPHA2 could act as a host cofactor facilitating the UPEC or any other urinary tract bacteria or bladder infection contributing to uropathogenicity. Moreover, several viral infections (Human papillomavirus, Kaposi’s sarcoma-associated herpesvirus, Epstein–Barr virus, Hepatitis-B-Virus and Hepatitis C virus) [25,26,27,28,29], fungal infections (Candida albicans, Pneumocystis carinii) [30,31,32], parasite infections (Plasmodium) [33], bacterial infections (C. trachomatis, H. pylori, Enteropathogenic E. coli, M. tuberculosis) [24,34,35,36] were reported to exploit host EPHA2 signaling during infection. However, it is unexplored whether the host EPHA2 receptor and the downstream signaling are critical for uropathogen intracellular survival during its infection cycle.



Therefore, we attempted to identify whether uropathogens such as UPECs, K. pneumoniae, E. faecalis and E. cloacae activate the EPHA2 signaling pathway. Our data showed increased EPHA2 expression as well as activation upon bacterial infection. Further, selective gene silencing of EPHA2 using siRNAs or by using small molecules such as clinically approved EPHA2 inhibitor dasatinib or newly developed potent EPHA2 inhibitor ALW-II-41-27 strongly inhibited the uropathogen infection in human BECs. Thus, this preclinical study demonstrates the application of RTK inhibitors as a potential non-antibiotic therapeutic alternative for the treatment of recurrent UTIs.




2. Materials and Methods


2.1. Strains Information and Antibiotics


Pathogens used in this study were acquired from the German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen, DSMZ) or the American Type Culture Collection (ATCC) or were part of our internal strain collection. They were handled according to standard procedures. Ciprofloxacin was purchased from Sigma (#17850-25G-F), and Meropenem was purchased from TCI chemicals (#M2279).




2.2. Cell Culture and Bacterial Infections


Human bladder epithelial cells 5637 (BECs) (ATCC No. DSMZ ACC 35) were cultured in RPMI (Thermo Fisher Scientific #21875-034, Life Technologies Europe B.V, Bleiswijk, The Netherlands) with 10% Fetal Bovine Serum (FBS) (Sigma #S0615). Human embryonic kidney cells (HEK293) were cultured in DMEM (Thermo Fisher Scientific # 41965039, Life Technologies Europe B.V, Bleiswijk, The Netherlands) with 10% FBS. Cells were grown at 37 °C and in a humidified atmosphere of 5% CO2. Bacteria used in this study are E. coli ATCC 25922, E. coli 1949820 (FQ-R), E. coli UTI89, E. coli CHD94, E. coli K-12 MG1655, K. pneumoniae 595 WT, E. faecalis 60 and E. cloacae ATCC BAA-2468. The fluoroquinolone-resistant strain E. coli 1949820 (FQ-R) was maintained by adding ciprofloxacin (0.2 µg/mL), and the carbapenem-resistant strain E. cloacae ATCC BAA-2468 was maintained by adding meropenem (0.063 µg/mL) for each inoculation experiment. The mentioned bacteria were routinely cultured in LB broth (Serva #48501) or on an LB agar plate at 37 °C. Liquid cultures were grown at 37 °C under static conditions overnight in a shaker incubator (IKA® KS 4000 I control). Stocks were stored frozen in glycerol at −80 °C. The multiplicity of infection (MOI) was assessed by colony-forming units per ml (CFU/mL). Cells infected with bacteria were cultured in RPMI medium in the presence of 5% FBS and were grown at 37 °C with 5% CO2.




2.3. Antibodies and Inhibitors


EPHA2 Monoclonal Antibody (1C11A12) Catalog # 37-4400 (WB analysis for total-EPHA2) was purchased from Thermo Scientific, and mouse monoclonal β-Actin (Catalog # ab8226) was bought from Abcam. Phospho-EPHA2 (pEPHA2 Ser897) (D9A1) Catalog # 6347 and pEphA2 Tyr772 Catalog # 8244S were purchased from Cell Signaling technology. Secondary antibodies such as IRDye® 800CW Goat anti-Rabbit IgG Secondary antibody (Catalog # 926-32211) and IRDye® 680RD Goat anti-Mouse IgG Secondary antibody (Catalog # 926-68070) were purchased from Licor. Inhibitors for EPHA2, such as dasatinib, were bought from Cell Signaling, and ALW-II-41-27 was bought from Sigma-Aldrich.




2.4. RNA Extraction and q-PCR


RNA extraction was performed using RNeasy Mini Kit (Qiagen, Cat. No. 74104, Hilden, Germany). Five hundred nanograms of total RNA was reverse transcribed using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Cat. No. K1632, Vilnius, Lithuania) according to the supplier’s instructions. The cDNA synthesis was performed using the Thermal Cycler T100 from Bio-Rad. All real-time PCR (qPCR) reactions were performed on the CFX96 Touch system (CFX 96 Real-Time system + C1000 Touch thermal cycler, Bio-Rad) with the Bio-Rad CFX Manager 3.1 software. Every primer pair was blasted with the NCBI primer blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 13 September 2022)) and purchased from Thermo Fisher Scientific/Invitrogen. For qPCR, the iQ SYBR Green Supermix from Bio-Rad (Cat. No. 1708880) and the following cycler program were used: 5 min at 95 °C, following 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 30 s at 72 °C. In order to complete the program, the samples stayed at 72 °C for 5 min and finally, the melting curve was determined in the range of 55–95 °C with an increase of 0.5 °C every 5 s. The values were calculated using the delta delta ct (ΔΔCt) method.



EPHA2 accession number: NM_004431.5



Forward primer (5′ to 3′): CTGCCAGTGTCAGCATCAAC



Reverse primer (5′ to 3′): GCTGTTGGAGTCTCCCTTCT



ß-Actinaccession number: NM_001101.5



Forward primer (5′ to 3′): GATTCCTATGTGGGCGACGAG



Reverse primer (5′ to 3′): AGGTCTCAAACATGATCTGGGT




2.5. Intracellular Bacterial Survival Assay


BECs (at 1 × 105 seeding density) were cultured in 12 well tissue culture plates. The next day, cells were infected with bacteria at MOI, 10–15 per host cell. After 2 h incubation at 37 °C, cells were washed three times with RPMI to remove nonadherent bacteria. Cells were then incubated for 1 h with a complete RPMI medium plus 100 μg/mL of gentamicin (VWR International, LLC, Amresco, OH, USA) to kill any extracellular bacteria. Subsequently, cells were washed and further incubated in fresh medium containing gentamicin (10 μg/mL) for the entire duration of the experiment. After 30 h of infection, cells were washed three times with sterile 1x PBS. Intracellular bacteria were recovered by means of hypotonic cell lysis (with 0.1% Triton X-100 in sterile 1x PBS), as previously described [12]. Dilutions of the lysates were plated on LB agar and incubated for 24 h at 37 °C. The next day, colonies were counted for each plate.




2.6. siRNA and Transfection


siRNA smart pool targeting EPHA2 (siGENOME Human EPHA2, 5 nmol, M-003116-02-0005), ON-TARGETplus non-targeting control siRNAs (5 nmol, D-001810-01-05), 5x siRNA buffer (100 mL, B-002000-UB-100) and DharmaFECT 1 Transfection Reagent (0.75 mL, T-2001-02) were all purchased from Horizon discovery. Cells at 50–60% confluent were transfected with siRNA using DharmaFECT 1 with the optimum for 40 h and infected with bacteria for 30 h at 37 °C with 5% CO2. ON-TARGETplus non-targeting control siRNAs were used as a control. The knocked-down infected cell lysates were subjected to WB analysis or intracellular bacterial survival assay as described.




2.7. Inhibitor Assay


Cells (at 1 × 105 seeding density) were cultured in 12 well tissue culture plates. The next day, they were pretreated with DMSO control or dasatinib (7 µM) or ALW-II-41-27 (7 µM) for 4 h at 37 °C, followed by infection with bacteria for 30 h. The 24 h infected cells were post-treated with DMSO control or dasatinib (7 µM) or ALW-II-41-27 (7 µM) for 6 h. After 30 h of total infection, the medium was removed, and the cells were subjected to an intracellular bacterial survival assay.




2.8. Western Blotting


The medium was removed from the infected cells, and the cells were washed three times in ice-cold 1x PBS. Cells were lysed by heating at 95 °C in 1x Laemmli buffer (Bio-Rad#1610747) and resolved by 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis. Proteins were transferred to PVDF membranes using a semi-dry transfer cell (Bio-Rad) and blocked with intercept blocking buffer. Primary antibodies (1:1000) were incubated overnight at 4 °C. Proteins were detected using secondary antibodies (1:5000) such as IRDye® 800CW goat anti-rabbit IgG secondary antibody for phospho-EPHA2 and IRDye® 680RD goat anti-mouse IgG secondary antibody for total-EPHA2 and β-Actin. Proteins were detected using a Bio-Rad Chemidoc imager. The signal bands were quantified by ImageJ software.




2.9. Statistical Analysis


Data were presented as mean ± SD from three independent experiments except for qPCR experiments, as indicated under the figure legends. All data were analyzed using GraphPad Prism 8. Statistical significance was set at p ≤ 0.05. Ordinary one-way ANOVA or two-way ANOVA tests with multiple comparison tests were used, as detailed in the corresponding figure legends. The degree of significance is shown using * for p ≤ 0.05, ** for p ≤ 0.01 and *** for p ≤ 0.001 and **** for p ≤ 0.0001.





3. Results


3.1. Uropathogen Infection Enhances EPHA2 Receptor Levels in Human Bladder Epithelial Cells


Several human pathogens manipulate host EPHA2 signaling during infection [24,25,26,27,28,29,30,31,32,33,34,35,36]. In order to investigate whether different uropathogens (strains of uropathogenic E. coli, K. pneumoniae, E. faecalis, E. cloacae) and non-uropathogenic E. coli K-12 selectively utilize EPHA2 receptors during their infection cycle, we analyzed the mRNA, total protein levels of EPHA2 receptor and their activation state 30 h post-infection in human BECs. Both mRNA and total protein levels of EPHA2 (total-EPHA2) were increased (Figure 1A–C) upon infection in human BECs. Next, we investigated and identified enhanced activation of EPHA2 as determined from the elevated phosphorylation levels at both serine 897 (pEPHA2 Ser897) and tyrosine 772 (pEPHA2 Tyr772) upon uropathogen infection (Figure 1B and Figure S1A). The elevated EPHA2 phosphorylation levels likely parallel the increased total EPHA2 levels following infection. Importantly, the increase in the total protein levels of EPHA2 and its activation state was dependent on viable bacteria, which was not observed upon infection with heat-inactivated bacteria (Figure S1B). Interestingly, infection with a non-uropathogenic E. coli K-12 also elevated total EPHA2 levels comparable to that of uropathogens (Figure 1A–C). Infection-induced elevated EPHA2 receptor levels confirm its potential requirement for the uropathogenic infection cycle.




3.2. Silencing EPHA2 Receptor Expression Prior to Uropathogen Infection Reduces Intracellular Bacterial Load


Since we observed augmented expression and activation of EPHA2 in BECs infected with uropathogens, we next questioned whether the downregulation of EPHA2 affects infection and colony formation. Therefore, using short interfering RNA (siRNA) mediated gene-specific silencing, EPHA2 protein levels were downregulated transiently in BECs. These cells were further infected with bacteria for 30 h (Figure 2A). The knockdown efficiency of EPHA2 was confirmed by qPCR and Western blotting, as shown in Figure 2B,C. Intracellular bacterial survival assay was performed by hypotonic lysing of the infected cells and plated onto LB agar plates to determine the colony numbers, which represent the intracellular bacterial load as previously shown [11,12]. The number of intracellular bacteria (the number of colonies) in BECs following infection of either uropathogenic E. coli strains or other uropathogens (K. pneumoniae, E. faecalis, E. cloacae) is significantly reduced (p < 0.0001) in BECs depleted of EPHA2 receptor when compared to the cells treated with non-targeting siRNAs (Figure 2D). The impact of EPHA2 depletion on the reduction in intracellular bacterial load in BECs infected with uropathogens was comparable to the outcome seen with non-uropathogenic E. coli K-12. This confirms that the EPHA2 receptor is commonly involved in the regulation of intracellular bacterial load, irrespective of the E. coli strain (non-uropathogenic or uropathogenic) and substantiates that the levels of EPHA2 receptor may effectively determine the outcome of intracellular bacterial survival in human BECs.




3.3. Preventive and Therapeutic Pharmacological Inhibition of EPHA2 Kinase Activity Reduces Uropathogen Infection


In order to identify whether the kinase activity of EPHA2 is required for uropathogen infection, we utilized a clinically approved small molecule inhibitor of EPHA2 tyrosine kinase called dasatinib. This multi-kinase drug also inhibits Src family kinases (SFK), BCR-ABL, platelet-derived growth factor receptor (PDGFR) and c-KIT [37,38] and has previously been shown to inhibit cancer progression as well as viral infection [27,39]. Several studies demonstrated that dasatinib improved the pharmacological response by targeting the phosphorylation of EPHA2 at Ser897. Through inhibition of EPHA2 protein phosphorylation at Ser897, dasatinib inhibits infectivity of Chlamydia trachomatis in human epithelial cells [24] and also suppresses IR-induced endothelial cell permeability preventing vascular barrier disruption and leukocyte infiltration into the intestine [40]. Notably, the phosphorylation status of EPHA2 Ser897 is a key determinant of therapeutic response to dasatinib in uterine carcinoma cells [41].



In order to evaluate the impact of tyrosine kinase inhibition on intracellular bacterial survival, the human BECs were subjected to inhibitor treatments before infection (referred to as preventive treatment) and after infection (referred to as therapeutic treatment) with seven uropathogens, as shown in Figure 3A. Preventive treatment of BECs with dasatinib prior to the uropathogen infection significantly reduced the intracellular bacterial load when compared to the DMSO-pretreated BECs (Figure 3B). Further, we next evaluated if dasatinib can reduce the intracellular bacterial load in BECs that were successfully infected with uropathogens for 24 h, as this context mimics the typical clinical infection scenario. Dasatinib treatment caused a significant reduction in the intracellular bacterial load exclusively in the uropathogen-infected BECs (Figure 3B). On the contrary, in the context of dasatinib treatment of BECs pre-infected with non-uropathogenic E. coli K-12, there was no significant reduction in intracellular bacterial load. Although we cannot exclude the role of other dasatinib-sensitive kinases such as Src family kinases, BCR-ABL, KIT (a cytokine receptor) and PDGFR [37,38], the drastic reduction in uropathogens infection demonstrates the functional relevance of receptor tyrosine kinases for uropathogens infection and intracellular survival.



In order to affirm the findings from RTK inhibition with dasatinib, we also evaluated a potent and selective small-molecule ATP-competitive inhibitor of EPHA2 called ALW-II-41-27. ALW-II-41-27 was first identified in 2009 [42], which decreased the phosphorylation of EPHA2 at Ser897 in many cancers [43,44,45,46]. The effect of this drug in inducing tumor regression in NSCLCs was first reported in 2014 [44], and since then, the promising effects of this drug have been reported in numerous studies, which has been shown to reduce the tumorigenicity in many cancer cells [47,48,49,50,51,52]. Similar to dasatinib evaluation, both preventive treatment of BECs with ALW-II-41-27 prior to the uropathogen infection and therapeutic treatment of uropathogen-infected BECs with ALW-II-41-27 demonstrated a significant reduction in the intracellular bacterial load exclusively in the uropathogen-infected BECs, but not in BECs pre-infected with non-uropathogenic E. coli K-12 (Figure 3C).



Further, evaluation of EPHA2 inhibitors in a non-malignant cell line HEK293 demonstrated that both preventive and therapeutic pharmacological inhibition of EPHA2 kinase activity by dasatinib and ALW-II-41-27 reduces uropathogen infection comparable to the treatment outcome observed in 5637 bladder cancer epithelial cells (Figure S2A,B). These observations conclude that blocking EPHA2 kinase function by pharmacological EPHA2 inhibition can successfully diminish the intracellular survival of both uropathogens and non-uropathogenic strains, suggesting that interference of EPHA2 signaling is a viable non-antibiotic-based therapeutic strategy for managing recurrent UTIs.





4. Discussion


EPHA2 receptor and its kinase-dependent signaling pathway play a critical role in multiple pathophysiological processes, including development, cancer and pathogen infections. Receptor tyrosine kinases, including EPHA2, have been widely used by many human pathogens for successful infection, intracellular survival and replication within the host cell. In this study, we reported on the identification of EPHA2 as a new host cell factor for successful uropathogenic intracellular infection in the BECs using RNA interference-based post-transcriptional gene silencing and small-molecule inhibitors.



In mouse infection models, intracellular persistence of UPEC within BECs contributes to recurrent UTIs. Approximately 3 to 700 intracellular bacterial communities can be detected in a single bladder within just a few hours after inoculation with UPECs in infected mice [53]. Specific host cell signaling networks are activated by UPECs secreted factors that facilitate the UPECs’ invasion of BECs. In addition to UPECs, other uropathogens also contribute to UTIs. Therefore, understanding the molecular mechanisms underlying the establishment of intracellular bacterial reservoirs is crucial for the development of effective therapeutic strategies to manage persistent and recurrent UTIs. Intracellular uropathogens survive in the host BECs by manipulating several host-signaling pathways. With the progression of infection, among the many host-signaling pathways utilized by uropathogens, we identified EPHA2 as one such signaling platform through which they achieve successful infection. Interference of EPHA2 signaling by knockdown or using inhibitors greatly affected the uropathogenic infection in BECs (Figure 2D).



Numerous studies proposed the crosstalk between EPHA2-EGFR-PI3K signaling in cancer [54,55]. Lupberger, J. et al., in 2011, identified the RTKs EGFR and EPHA2 as novel host factors for hepatitis C virus entry [27]. Swidergall, M. et al., in 2021, identified Candida albicans virulence factors activating EPHA2-EGFR signaling in oral epithelial cells [56]. Kim, J. et al., in 2022, have shown the Akt-mediated phosphorylation of EPHA2 promoting the interactions of EPHA2 with EGFR in cancer cell lines [57]. PI3K-Akt pathway plays a crucial role in the regulation of cell proliferation, differentiation and survival. Further, manipulating this pathway is an important strategy through which many pathogens promote long-lasting infection. By activating PI3K-Akt signaling, several viruses and bacteria slow down or block apoptosis and prolong the infection. This pathway is usually activated by RTKs, and aberrant activation of RTKs induces multi-fold PI3K activation complicating the disease [58,59,60]. Blocking the PI3K pathway by targeted therapy on RTKs with tyrosine kinases inhibitors has achieved great progress in cancer [61]. In a recent study by Kim W.J. et al., RTK-EGFR mediates UPEC-induced p-Akt promoting bacterial invasion [11]. Many studies previously identified EPHA2 as being upstream signaling of PI3K-Akt in certain pathogen infections [23,24]; therefore, we hypothesized that uropathogens might also utilize EPHA2 signaling. Since our EPHA2 knockdown study convincingly reduced the uropathogens infection, we made use of the approved EPHA2 inhibitors such as dasatinib and ALW-II-41-27.



Dasatinib has previously been shown to suppress several infections, such as chlamydial infection [24], reduce the growth of intracellular Mycobacterium tuberculosis [62] and inhibit HIV replication [63] and HCV infection [27]. Similarly, ALW-II-41-27, an Eph receptor tyrosine kinase inhibitor with an IC50 of 11 nM for EPHA2, was effective in inhibiting oxidative stress and inflammation in Trichinella spiralis-infected mice [48]. However, we could not find any study about these inhibitors in uropathogens infection. Since these inhibitors affect a majority of signaling pathways, we hypothesized it could also affect the uropathogens infection, and we could demonstrate in our study that both the inhibitors significantly reduced the intracellular infection in an in vitro BECs culture model.



It is evident from our results that the intracellular survival of uropathogen is dependent on EPHA2 signaling, as inhibition of EPHA2 signaling pre- and post-infection significantly reduced the infection in BECs (Figure 3B,C). Importantly, efficient binding to and entry into host cells is a crucial step for many pathogens to establish successful infection. Since our results demonstrate that the pretreatment of epithelial cells with RNA interference or inhibitor targeting EPHA2 prior to infection significantly reduced intracellular bacterial survival, the EPHA2 receptor can be a critical factor during the early phase of uropathogen infection. Further investigation is required to validate if EPHA2 can serve as an entry receptor during early infection. It will also be noteworthy to identify the bacterial factors that mediate the interaction with EPHA2, thereby promoting its invasion process. Although both EPHA2-specific RNA interference and small-molecule compounds have shown promising impacts on the reduction in bacterial survival, both dasatinib and ALW-II-41-27 are nevertheless multi-kinase inhibitors, thus reiterating the need for the development of selective small-molecules targeting specific RTKs such as EPHA2 to evaluate their translational potential, while circumventing unintended off-target effects.



In summary, we demonstrated that targeting EPHA2 significantly reduced intracellular uropathogenic survival in BECs (Figure 4), which can be further extended to pharmacology studies for in vivo evaluation of small-molecules selectively targeting EPHA2 and repurposing potent multi-kinase inhibitors targeting relevant RTKs to design non-antibiotic therapeutic approaches to ultimately alleviate recurrent UTIs.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/pathogens11101176/s1, Figure S1: Characterization of EPHA2 receptor levels upon infection with different uropathogens. Figure S2: Pharmacological evaluation of EPHA2 inhibition on intracellular bacterial load in HEK293 cells





Author Contributions


Conceptualization, P.S.P.; data curation, P.S.P. and A.K.; methodology, P.S.P., A.K. and C.V.; project administration, P.S.P.; formal analysis, P.S.P., A.K. and F.W.; investigation, P.S.P., A.K. and F.W.; supervision, P.S.P.; validation, P.S.P.; visualisation, P.S.P. and F.W.; resources, F.W. and U.S.; writing—original draft preparation, P.S.P.; writing—review and editing, P.S.P., A.K., C.V., U.S. and F.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated and analyzed during this study are included in this published article. Raw data supporting the findings of this study are available from the corresponding author on request.




Acknowledgments


We thank Barbara Fröhlich, Kerstin Wilhelm and Tania Bloch for the technical assistance. We thank Franco H. Falcone, Department of Parasitology, BFS, Justus Liebig University, Giessen, for allowing us to use Bio-Rad Chemidoc Imager for developing the protein blots. We thank Prakash Chelladurai, Justus Liebig University, Giessen, for the illustrations.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Svanborg Eden, C.; de Man, P. Bacterial virulence in urinary tract infection. Infect. Dis. Clin. N. Am. 1987, 1, 731–750. [Google Scholar] [CrossRef]

	



Wang, Z.; Li, K.; He, Q.; Cai, S. A Light-Powered Ultralight Tensegrity Robot with High Deformability and Load Capacity. Adv. Mater. 2019, 31, e1806849. [Google Scholar] [CrossRef] [PubMed]

	



Cristea, O.M.; Avramescu, C.S.; Balasoiu, M.; Popescu, F.D.; Popescu, F.; Amzoiu, M.O. Urinary tract infection with Klebsiella pneumoniae in Patients with Chronic Kidney Disease. Curr. Health Sci. J. 2017, 43, 137–148. [Google Scholar] [CrossRef] [PubMed]

	



Huycke, M.M.; Sahm, D.F.; Gilmore, M.S. Multiple-drug resistant enterococci: The nature of the problem and an agenda for the future. Emerg. Infect. Dis. 1998, 4, 239–249. [Google Scholar] [CrossRef]

	



Akbari, M.; Bakhshi, B.; Najar Peerayeh, S. Particular Distribution of Enterobacter cloacae Strains Isolated from Urinary Tract Infection within Clonal Complexes. Iran. Biomed. J. 2016, 20, 49–55. [Google Scholar] [CrossRef]

	



Flores-Mireles, A.L.; Walker, J.N.; Caparon, M.; Hultgren, S.J. Urinary tract infections: Epidemiology, mechanisms of infection and treatment options. Nat. Rev. Microbiol. 2015, 13, 269–284. [Google Scholar] [CrossRef]

	



Foxman, B. The epidemiology of urinary tract infection. Nat. Rev. Urol. 2010, 7, 653–660. [Google Scholar] [CrossRef]

	



Subashchandrabose, S.; Mobley, H.L.T. Virulence and Fitness Determinants of Uropathogenic Escherichia coli. Microbiol. Spectr. 2015, 3, 235–261. [Google Scholar] [CrossRef]

	



Lipsky, B.A.; Byren, I.; Hoey, C.T. Treatment of bacterial prostatitis. Clin. Infect. Dis. 2010, 50, 1641–1652. [Google Scholar] [CrossRef]

	



Lewis, A.J.; Richards, A.C.; Mulvey, M.A. Invasion of Host Cells and Tissues by Uropathogenic Bacteria. Microbiol. Spectr. 2016, 4. [Google Scholar] [CrossRef]

	



Kim, W.J.; Shea, A.E.; Kim, J.H.; Daaka, Y. Uropathogenic Escherichia coli invades bladder epithelial cells by activating kinase networks in host cells. J. Biol. Chem. 2018, 293, 16518–16527. [Google Scholar] [CrossRef]

	



Dikshit, N.; Bist, P.; Fenlon, S.N.; Pulloor, N.K.; Chua, C.E.; Scidmore, M.A.; Carlyon, J.A.; Tang, B.L.; Chen, S.L.; Sukumaran, B. Intracellular Uropathogenic E. coli Exploits Host Rab35 for Iron Acquisition and Survival within Urinary Bladder Cells. PLoS Pathog. 2015, 11, e1005083. [Google Scholar] [CrossRef]

	



Haqshenas, G.; Doerig, C. Targeting of host cell receptor tyrosine kinases by intracellular pathogens. Sci. Signal. 2019, 12, eaau9894. [Google Scholar] [CrossRef]

	



Kullander, K.; Klein, R. Mechanisms and functions of Eph and ephrin signalling. Nat. Rev. Mol. Cell Biol. 2002, 3, 475–486. [Google Scholar] [CrossRef]

	



Pasquale, E.B. Eph receptor signalling casts a wide net on cell behaviour. Nat. Rev. Mol. Cell Biol. 2005, 6, 462–475. [Google Scholar] [CrossRef]

	



Xiao, T.; Xiao, Y.; Wang, W.; Tang, Y.Y.; Xiao, Z.; Su, M. Targeting EphA2 in cancer. J. Hematol. Oncol. 2020, 13, 114. [Google Scholar] [CrossRef]

	



Surawska, H.; Ma, P.C.; Salgia, R. The role of ephrins and Eph receptors in cancer. Cytokine Growth Factor Rev. 2004, 15, 419–433. [Google Scholar] [CrossRef]

	



Pasquale, E.B. Eph receptors and ephrins in cancer: Bidirectional signalling and beyond. Nat. Rev. Cancer 2010, 10, 165–180. [Google Scholar] [CrossRef]

	



Larsen, A.B.; Pedersen, M.W.; Stockhausen, M.T.; Grandal, M.V.; van Deurs, B.; Poulsen, H.S. Activation of the EGFR gene target EphA2 inhibits epidermal growth factor-induced cancer cell motility. Mol. Cancer Res. 2007, 5, 283–293. [Google Scholar] [CrossRef]

	



Condon, H.A. Sir Ivan Magill: A supplementary bibliography. Anaesthesia 1987, 42, 1096–1097. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wang, M.; Eisel, F.; Tchatalbachev, S.; Chakraborty, T.; Meinhardt, A.; Bhushan, S. Uropathogenic Escherichia coli Epigenetically Manipulate Host Cell Death Pathways. J. Infect. Dis. 2016, 213, 1198–1207. [Google Scholar] [CrossRef]

	



Fang, W.B.; Brantley-Sieders, D.M.; Hwang, Y.; Ham, A.J.; Chen, J. Identification and functional analysis of phosphorylated tyrosine residues within EphA2 receptor tyrosine kinase. J. Biol. Chem. 2008, 283, 16017–16026. [Google Scholar] [CrossRef]

	



Chakraborty, S.; Veettil, M.V.; Bottero, V.; Chandran, B. Kaposi’s sarcoma-associated herpesvirus interacts with EphrinA2 receptor to amplify signaling essential for productive infection. Proc. Natl. Acad. Sci. USA 2012, 109, E1163–E1172. [Google Scholar] [CrossRef]

	



Subbarayal, P.; Karunakaran, K.; Winkler, A.C.; Rother, M.; Gonzalez, E.; Meyer, T.F.; Rudel, T. EphrinA2 receptor (EphA2) is an invasion and intracellular signaling receptor for Chlamydia trachomatis. PLoS Pathog. 2015, 11, e1004846. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, Y.; Wang, H.B.; Zhang, A.; Chen, M.L.; Fang, Z.X.; Dong, X.D.; Li, S.B.; Du, Y.; Xiong, D.; et al. Ephrin receptor A2 is an epithelial cell receptor for Epstein-Barr virus entry. Nat. Microbiol. 2018, 3, 164–171. [Google Scholar] [CrossRef]

	



Chen, J.; Sathiyamoorthy, K.; Zhang, X.; Schaller, S.; Perez White, B.E.; Jardetzky, T.S.; Longnecker, R. Ephrin receptor A2 is a functional entry receptor for Epstein-Barr virus. Nat. Microbiol. 2018, 3, 172–180. [Google Scholar] [CrossRef]

	



Lupberger, J.; Zeisel, M.B.; Xiao, F.; Thumann, C.; Fofana, I.; Zona, L.; Davis, C.; Mee, C.J.; Turek, M.; Gorke, S.; et al. EGFR and EphA2 are host factors for hepatitis C virus entry and possible targets for antiviral therapy. Nat. Med. 2011, 17, 589–595. [Google Scholar] [CrossRef]

	



Hahn, A.S.; Kaufmann, J.K.; Wies, E.; Naschberger, E.; Panteleev-Ivlev, J.; Schmidt, K.; Holzer, A.; Schmidt, M.; Chen, J.; Konig, S.; et al. The ephrin receptor tyrosine kinase A2 is a cellular receptor for Kaposi’s sarcoma-associated herpesvirus. Nat. Med. 2012, 18, 961–966. [Google Scholar] [CrossRef]

	



Dutta, D.; Chakraborty, S.; Bandyopadhyay, C.; Valiya Veettil, M.; Ansari, M.A.; Singh, V.V.; Chandran, B. EphrinA2 regulates clathrin mediated KSHV endocytosis in fibroblast cells by coordinating integrin-associated signaling and c-Cbl directed polyubiquitination. PLoS Pathog. 2013, 9, e1003510. [Google Scholar] [CrossRef]

	



Swidergall, M.; Solis, N.V.; Lionakis, M.S.; Filler, S.G. EphA2 is an epithelial cell pattern recognition receptor for fungal beta-glucans. Nat. Microbiol. 2018, 3, 53–61. [Google Scholar] [CrossRef] [PubMed]

	



Aaron, P.A.; Jamklang, M.; Uhrig, J.P.; Gelli, A. The blood-brain barrier internalises Cryptococcus neoformans via the EphA2-tyrosine kinase receptor. Cell. Microbiol. 2018, 20, e12811. [Google Scholar] [CrossRef]

	



Kottom, T.J.; Schaefbauer, K.; Carmona, E.M.; Limper, A.H. EphA2 Is a Lung Epithelial Cell Receptor for Pneumocystis beta-Glucans. J. Infect. Dis. 2022, 225, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Kaushansky, A.; Douglass, A.N.; Arang, N.; Vigdorovich, V.; Dambrauskas, N.; Kain, H.S.; Austin, L.S.; Sather, D.N.; Kappe, S.H. Malaria parasites target the hepatocyte receptor EphA2 for successful host infection. Science 2015, 350, 1089–1092. [Google Scholar] [CrossRef] [PubMed]

	



Leite, M.; Marques, M.S.; Melo, J.; Pinto, M.T.; Cavadas, B.; Aroso, M.; Gomez-Lazaro, M.; Seruca, R.; Figueiredo, C. Helicobacter Pylori Targets the EPHA2 Receptor Tyrosine Kinase in Gastric Cells Modulating Key Cellular Functions. Cells 2020, 9, 513. [Google Scholar] [CrossRef]

	



Scholz, R.; Imami, K.; Scott, N.E.; Trimble, W.S.; Foster, L.J.; Finlay, B.B. Novel Host Proteins and Signaling Pathways in Enteropathogenic E. coli Pathogenesis Identified by Global Phosphoproteome Analysis. Mol. Cell. Proteom. 2015, 14, 1927–1945. [Google Scholar] [CrossRef]

	



Khounlotham, M.; Subbian, S.; Smith, R., 3rd; Cirillo, S.L.; Cirillo, J.D. Mycobacterium tuberculosis interferes with the response to infection by inducing the host EphA2 receptor. J. Infect. Dis. 2009, 199, 1797–1806. [Google Scholar] [CrossRef]

	



Lombardo, L.J.; Lee, F.Y.; Chen, P.; Norris, D.; Barrish, J.C.; Behnia, K.; Castaneda, S.; Cornelius, L.A.; Das, J.; Doweyko, A.M.; et al. Discovery of N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-ylamino)thiazole-5-carboxamide (BMS-354825), a dual Src/Abl kinase inhibitor with potent antitumor activity in preclinical assays. J. Med. Chem. 2004, 47, 6658–6661. [Google Scholar] [CrossRef]

	



Melnick, J.S.; Janes, J.; Kim, S.; Chang, J.Y.; Sipes, D.G.; Gunderson, D.; Jarnes, L.; Matzen, J.T.; Garcia, M.E.; Hood, T.L.; et al. An efficient rapid system for profiling the cellular activities of molecular libraries. Proc. Natl. Acad. Sci. USA 2006, 103, 3153–3158. [Google Scholar] [CrossRef]

	



Chang, Q.; Jorgensen, C.; Pawson, T.; Hedley, D.W. Effects of dasatinib on EphA2 receptor tyrosine kinase activity and downstream signalling in pancreatic cancer. Br. J. Cancer 2008, 99, 1074–1082. [Google Scholar] [CrossRef]

	



Kim, A.; Seong, K.M.; Choi, Y.Y.; Shim, S.; Park, S.; Lee, S.S. Inhibition of EphA2 by Dasatinib Suppresses Radiation-Induced Intestinal Injury. Int. J. Mol. Sci. 2020, 21, 9096. [Google Scholar] [CrossRef]

	



Huang, J.; Hu, W.; Bottsford-Miller, J.; Liu, T.; Han, H.D.; Zand, B.; Pradeep, S.; Roh, J.W.; Thanapprapasr, D.; Dalton, H.J.; et al. Cross-talk between EphA2 and BRaf/CRaf is a key determinant of response to Dasatinib. Clin. Cancer Res. 2014, 20, 1846–1855. [Google Scholar] [CrossRef]

	



Choi, Y.; Syeda, F.; Walker, J.R.; Finerty, P.J., Jr.; Cuerrier, D.; Wojciechowski, A.; Liu, Q.; Dhe-Paganon, S.; Gray, N.S. Discovery and structural analysis of Eph receptor tyrosine kinase inhibitors. Bioorg. Med. Chem. Lett. 2009, 19, 4467–4470. [Google Scholar] [CrossRef]

	



Wang, H.; Hou, W.; Perera, A.; Bettler, C.; Beach, J.R.; Ding, X.; Li, J.; Denning, M.F.; Dhanarajan, A.; Cotler, S.J.; et al. Targeting EphA2 suppresses hepatocellular carcinoma initiation and progression by dual inhibition of JAK1/STAT3 and AKT signaling. Cell Rep. 2021, 34, 108765. [Google Scholar] [CrossRef]

	



Amato, K.R.; Wang, S.; Hastings, A.K.; Youngblood, V.M.; Santapuram, P.R.; Chen, H.; Cates, J.M.; Colvin, D.C.; Ye, F.; Brantley-Sieders, D.M.; et al. Genetic and pharmacologic inhibition of EPHA2 promotes apoptosis in NSCLC. J. Clin. Investig. 2014, 124, 2037–2049. [Google Scholar] [CrossRef]

	



Miao, B.; Ji, Z.; Tan, L.; Taylor, M.; Zhang, J.; Choi, H.G.; Frederick, D.T.; Kumar, R.; Wargo, J.A.; Flaherty, K.T.; et al. EPHA2 is a mediator of vemurafenib resistance and a novel therapeutic target in melanoma. Cancer Discov. 2015, 5, 274–287. [Google Scholar] [CrossRef]

	



Sheng, Y.; Wei, J.; Zhang, Y.; Gao, X.; Wang, Z.; Yang, J.; Yan, S.; Zhu, Y.; Zhang, Z.; Xu, D.; et al. Mutated EPHA2 is a target for combating lymphatic metastasis in intrahepatic cholangiocarcinoma. Int. J. Cancer 2019, 144, 2440–2452. [Google Scholar] [CrossRef]

	



Li, X.; Li, D.; Ma, R. ALW-II-41-27, an EphA2 inhibitor, inhibits proliferation, migration and invasion of cervical cancer cells via inhibition of the RhoA/ROCK pathway. Oncol. Lett. 2022, 23, 129. [Google Scholar] [CrossRef]

	



Zeng, L.; Li, K.; Wei, H.; Hu, J.; Jiao, L.; Yu, S.; Xiong, Y. A Novel EphA2 Inhibitor Exerts Beneficial Effects in PI-IBS in Vivo and in Vitro Models via Nrf2 and NF-kappaB Signaling Pathways. Front. Pharmacol. 2018, 9, 272. [Google Scholar] [CrossRef]

	



Xiang, Y.P.; Xiao, T.; Li, Q.G.; Lu, S.S.; Zhu, W.; Liu, Y.Y.; Qiu, J.Y.; Song, Z.H.; Huang, W.; Yi, H.; et al. Y772 phosphorylation of EphA2 is responsible for EphA2-dependent NPC nasopharyngeal carcinoma growth by Shp2/Erk-1/2 signaling pathway. Cell Death Dis. 2020, 11, 709. [Google Scholar] [CrossRef]

	



Hudecek, R.; Kohlova, B.; Siskova, I.; Piskacek, M.; Knight, A. Blocking of EphA2 on Endometrial Tumor Cells Reduces Susceptibility to Vdelta1 Gamma-Delta T-Cell-Mediated Killing. Front. Immunol. 2021, 12, 752646. [Google Scholar] [CrossRef]

	



Hong, H.N.; Won, Y.J.; Shim, J.H.; Kim, H.J.; Han, S.H.; Kim, B.S.; Kim, H.S. Cancer-associated fibroblasts promote gastric tumorigenesis through EphA2 activation in a ligand-independent manner. J. Cancer Res. Clin. Oncol. 2018, 144, 1649–1663. [Google Scholar] [CrossRef] [PubMed]

	



Martini, G.; Cardone, C.; Vitiello, P.P.; Belli, V.; Napolitano, S.; Troiani, T.; Ciardiello, D.; Della Corte, C.M.; Morgillo, F.; Matrone, N.; et al. EPHA2 Is a Predictive Biomarker of Resistance and a Potential Therapeutic Target for Improving Antiepidermal Growth Factor Receptor Therapy in Colorectal Cancer. Mol. Cancer Ther. 2019, 18, 845–855. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, D.J.; Chen, S.L.; Hultgren, S.J.; Seed, P.C. Population dynamics and niche distribution of uropathogenic Escherichia coli during acute and chronic urinary tract infection. Infect. Immun. 2011, 79, 4250–4259. [Google Scholar] [CrossRef] [PubMed]

	



Stallaert, W.; Bruggemann, Y.; Sabet, O.; Baak, L.; Gattiglio, M.; Bastiaens, P.I.H. Contact inhibitory Eph signaling suppresses EGF-promoted cell migration by decoupling EGFR activity from vesicular recycling. Sci. Signal. 2018, 11, eaat0114. [Google Scholar] [CrossRef]

	



Cioce, M.; Fazio, V.M. EphA2 and EGFR: Friends in Life, Partners in Crime. Can EphA2 Be a Predictive Biomarker of Response to Anti-EGFR Agents? Cancers 2021, 13, 700. [Google Scholar] [CrossRef]

	



Swidergall, M.; Solis, N.V.; Millet, N.; Huang, M.Y.; Lin, J.; Phan, Q.T.; Lazarus, M.D.; Wang, Z.; Yeaman, M.R.; Mitchell, A.P.; et al. Activation of EphA2-EGFR signaling in oral epithelial cells by Candida albicans virulence factors. PLoS Pathog. 2021, 17, e1009221. [Google Scholar] [CrossRef]

	



Kim, J.; Chang, I.Y.; You, H.J. Interactions between EGFR and EphA2 promote tumorigenesis through the action of Ephexin1. Cell Death Dis. 2022, 13, 528. [Google Scholar] [CrossRef]

	



Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in Human Disease. Cell 2017, 170, 605–635. [Google Scholar] [CrossRef]

	



Engelman, J.A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat. Rev. Cancer 2009, 9, 550–562. [Google Scholar] [CrossRef]

	



Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer. Nat. Rev. Drug Discov. 2009, 8, 627–644. [Google Scholar] [CrossRef]

	



Jiang, W.; Ji, M. Receptor tyrosine kinases in PI3K signaling: The therapeutic targets in cancer. Semin. Cancer Biol. 2019, 59, 3–22. [Google Scholar] [CrossRef]

	



Wehrstedt, S.; Kubis, J.; Zimmermann, A.; Bruns, H.; Mayer, D.; Grieshober, M.; Stenger, S. The tyrosine kinase inhibitor dasatinib reduces the growth of intracellular Mycobacterium tuberculosis despite impairing T-cell function. Eur. J. Immunol. 2018, 48, 1892–1903. [Google Scholar] [CrossRef]

	



Climent, N.; Plana, M. Immunomodulatory Activity of Tyrosine Kinase Inhibitors to Elicit Cytotoxicity Against Cancer and Viral Infection. Front. Pharmacol. 2019, 10, 1232. [Google Scholar] [CrossRef]








[image: Pathogens 11 01176 g001 550] 





Figure 1. Characterization of EPHA2 receptor levels upon infection with different uropathogens. BECs were infected with different bacteria (MOI, 15–20) or maintained uninfected for 30 h at 37 °C. Medium was removed, and the cells were washed three times with 1x ice-cold PBS. Cells were then harvested and subjected to mRNA and Western blot analysis. (A) qPCR: EPHA2 mRNA expression was evaluated by qPCR for uninfected and infected cell samples from four experiments after normalization to β-Actin. n = 4, pooled into duplicates. Statistical analysis was performed using Ordinary one-way ANOVA followed by Bonferroni multiple comparison test, **** p < 0.001. (B) Western blot membrane was first incubated with antibody against phosphorylated EPHA2 (pEPHA2 Ser897). The blot was then stripped and incubated against total-EPHA2 and β-Actin. (C) Band intensity for phospho-EPHA2 and total-EPHA2 was quantified by Image J analysis with respect to total-EPHA2 and β-Actin loading control. Data were presented as mean ± SD of three independent experiments. Statistical analysis was performed using Ordinary one-way ANOVA followed by Bonferroni multiple comparison test, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Impact of EPHA2 RNA interference on the intracellular bacterial load. (A) Schematic representation of knockdown experiment performed in (B–D). BECs were transfected with EPHA2 siRNA or control siRNA for 40 h at 37 °C. The transfected cells were left uninfected or infected with bacteria (MOI, 15–20) for 30 h at 37 °C. (B) qPCR: The transfection efficiency of siRNA directed against EPHA2 was monitored using gene-specific primers. Control or knockdown of uninfected and infected cell lysates from three different experiments was pooled, and qPCR was performed. (C) Western blot: The cells lysates containing blot were immunoblotted—against phopho-EPHA2, total-EPHA2 and β-Actin. Protein quantity was equally loaded for each sample, and blots were placed adjacently and imaged at the same time to determine the efficiency of EPHA2 knockdown compared to control siRNA-transfected cells. (D) Transient knockdown of EPHA2 using siRNA compared to the control affects uropathogens infectivity significantly as determined by colony counting. Transfected cells subjected to infection and respective uninfected controls were washed three times with 1x PBS, and intracellular bacterial survival assay was performed. Data were presented as mean ± SD of three independent experiments normalized to control siRNA. Statistical analysis was performed using two-way ANOVA followed by Bonferroni multiple comparison test, ** p < 0.01, **** p < 0.0001. 
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Figure 3. Pharmacological evaluation of EPHA2 inhibition on intracellular bacterial load in human BECs. (A) Schematic representation of inhibitor assay performed for figures (B,C). (B) BECs were pretreated with DMSO or dasatinib for 4 h followed by infection with bacteria (MOI, 15–20) for 30 h at 37 °C or BECs were preinfected for 24 h followed by post-treatment with dasatinib for 6 h at 37 °C. Cells were washed three times with 1x PBS. Intracellular bacteria were recovered by means of hypotonic cell lysis as described in materials and methods. Dilutions of the lysates were plated on LB agar and incubated for 24 h at 37 °C. The next day, colonies were counted for each plate. (C) BECs were pretreated with DMSO, or ALW-II-41-27 for 4 h followed by infection for 30 h at 37 °C or BECs were preinfected for 24 h followed by post-treatment with ALW-II-41-27 for 6 h at 37 °C. Cells were washed three times with 1x PBS and intracellular bacterial survival assay was performed. (B,C) Data were presented as mean ± SD of three independent experiments normalized to DMSO pretreated or DMSO post-treated controls, respectively. Statistical analysis was performed using two-way ANOVA followed by Bonferroni multiple comparison test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns-non-significant. 
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Figure 4. Summary figure. Targeting EPHA2 expression by gene-specific RNA interference or blocking the kinase activity of EPHA2 by pharmacological compounds such as dasatinib or ALW-II-41-27 in a preventive or therapeutic treatment approach in human BECs caused significant reduction in the intracellular bacterial survival as determined by colony formation. Our findings conclude that interference of EPHA2 signaling is a viable non-antibiotic-based therapeutic strategy for managing recurrent UTIs caused by wide range of uropathogens. 
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