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Abstract

:

Human β-defensin 3 (hBD3) is an antimicrobial peptide and a chemoattractant molecule expressed in human keratinocytes. Lysates prepared from Lactoplantibacillus plantarum KG (KG lysates), a fermented lactobacillus strain with Ginseng extracts, significantly induced hBD3 in human keratinocytes. hBD3 induced by KG lysates affected the internalization of Staphylococcus aureus by human keratinocytes. The intracellular pathway for the induction of hBD3 by KG lysates was examined using inhibitors. Briefly, KG lysates stimulated the late signaling pathway including JAK1/2, which might be induced by the EGFR- or IFN-γ-mediated pathway, and affected hBD3 induction. Through this study, we confirmed that KG lysates have the ability to control bacterial infections, especially S. aureus, in human keratinocytes. Thus, KG lysates can be provided in various formulations for the development of food and pharmaceutical materials to control bacterial infection.
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1. Introduction


Human beta defensin-3 (hBD3) is a novel defensin peptide composed of a 45-amino-acid protein. hBD3 acts as an anti-microbial peptide as well as a chemoattractant. The N-terminus of hBD3 has antimicrobial properties against Staphylococcus aureus and Candida albicans [1]. As a chemoattractant, hBD3 induces inflammatory cytokines such as IL-6, IL-8, IL-1β, and TNF-α in monocytes. In a mouse model, hBD3 recruited neutrophils and macrophages [2]. In addition, hBD3 appears to be involved in skin wound healing. hBD3 gene expression was increased in primary keratinocytes by platelet-related growth factor via the EGFR [3]. Many epithelia express hBD3 upon cytokine and microbial stimuli [4,5]. In keratinocytes as well as in monocytes, epidermal growth factor receptor (EGFR) ligands such as transforming growth factor alpha (TGF-α), epidermal growth factor (EGF), amphiregulin, and heparin-binding EGF-like growth factor (HB-EGF) induce hBD3. However, individual blocking of these ligands did not inhibit hBD3 expression in keratinocytes, suggesting that several EGFR ligands may participate in the regulation of hBD3 [6].



Probiotic Escherichia coli Nissle 1917 induces beta-defensin in intestinal epithelial cells through the activation of nuclear factor kappa B (NF-kB) and activator protein 1 (AP-1) [7]. Caco-2 cells exposed to Lactoplantibacillus plantarum induce beta-defensin expression through the Toll-like receptor 2 (TLR2) signaling pathway and secrete it out of the cells in a dose- and time-dependent manner [8]. Similarly, Lactobacillus helveticus SBT2171 (LH2171) induced the expression of beta-defensin in Caco-2 cells using surface layer protein (SLP) of LH2171, which stimulates beta-defensin expression by TLR2-mediated activation of c-Jun N-terminal kinase (JNK) signaling [9]. The expression of beta-defensin affects the gut microbial community and modulates responses to pathogenic infections. Human skin keratinocytes also express beta-defensin including hBD2 and hBD3, which may play important antibacterial roles in inflamed epidermis for host defense against skin pathogens [10].



L. plantarum is an emerging probiotic in skin and intestinal health, improving skin conditions such as itching, aging, and moisture retention [11,12,13]. Not only food companies but also global pharmaceutical companies are aggressively launching probiotic products with L. plantarum through active research and are targeting consumers. Both L. plantarum K8 and L. plantarum KG were isolated from the traditional Korean fermented food Kimchi. We previously demonstrated the effects of L. plantarum K8 and its cell wall components on immune regulation and skin health [14,15,16,17,18]. Here, we examine the immune regulatory effect of L. plantarum KG lysates with a focus on hBD3.




2. Materials and Methods


2.1. Cell Line


HaCaT cells, immortalized human keratinocytes, were maintained in Dulbecco’s modified Eagle’s medium (DMEM, WELGENE, Gyeongsan, Korea). Cells were supplemented with 10% (v/v) heat-inactivated and filtered fetal bovine serum (FBS, WELGENE), 100 U/mL penicillin and 100 μg/mL streptomycin (P/S, WELGENE). These cells were maintained at 37 °C with 5% CO2 in a humidified incubator.




2.2. Bacterial Lysate Preparation


L. plantarum KG (KCTC 14102BP) was cultured in 1 L of MRS broth (BD Biosciences, San Jose, CA, USA) containing ginseng extracts at 37 °C overnight, and then cells were harvested by centrifugation at 8000 rpm for 10 min. Cells were re-suspended in sterilized water and disrupted by microfluidization at 15,000 psi, 5 times. Disrupted L. plantarum KG lysates (KG lysates) were freeze-dried and cells were re-suspended in nuclease-free water (Promega, Madison, WI, USA) and concentrated to 1011 colony-forming units (CFU)/mL for the experiments. L. plantarum K8 (KCTC 10887BP) lysates (K8 lysates) were also prepared according to the above protocol.




2.3. Cell Viability Assay


HaCaT cells were seeded onto 96-well culture plates and incubated overnight. After stabilization, cells were treated with KG lysates (107, 108, 109 CFU/mL) for 24, 48, 72 h. Cell viability was determined using an EZ-Cytox cell viability assay kit (Daeil Lab Service, Cheongwon, Korea) according to the manufacturer’s instructions. Absorbance was measured using a microplate reader (Eppendorf BioPhotometer, Hamburg, Germany) at a test wavelength of 450 nm and a reference wavelength of 590 nm.




2.4. Real-Time PCR


Total RNA was isolated from HaCaT cells using RNAiso Plus (TaKaRa Bio, Shiga, Japan). Total RNA served as a template in a reverse transcription reaction using PrimeScriptTM RT Master Mix (TaKaRa Bio). A real-time polymerase chain reaction (PCR) was performed using CFX ConnectTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and SYBR® Premix Ex TaqTM II (TaKaRa Bio). The following sequences of forward and reverse primer pairs were used: 5′-TCCATTATCTTCTGTTTGCTTTGC-3′ and 5′-TTCTGTAATGTGTTTATGATTCCTCCAT-3′ for hBD3 [19], 5′-AGCAATTGGTGGTGGATG-3′ and 5′-ACTCTTTGCAAAAGTTGTC-3′ for hEGF, 5′-GAGAGGAGAACTGCCAGAA-3′ and 5′-GTAGCATTTATGGAGAGTG-3′ for hEGFR, and 5′-AAGGTCGGAGTCAACGGATT-3′ and 5′-GCAGTGAGGGTCTCTCTCCT-3′ for Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was used to normalize the detected gene expression and the fold change of experimental samples was estimated when untreated or control samples were set to 1.




2.5. Western Blot Analysis


Cells were lysed with 2X Laemmli sample buffer and boiled at 100 °C for 5 min. The supernatants were collected with centrifugation (12,000 rpm, 10 min) at 4 °C. Samples were separated on 10% (w/v) or 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in Tris-Glycine buffer (25 mM Tris, 250 mM Glycine, 0.1% SDS) or 16%/6 M urea separating gel in Tricine-SDS-PAGE buffer. Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Burlington, MA, USA) overnight (40 V and 4 °C). The membranes were treated with blocking buffer (20 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20, 5% BSA) for 2 h at room temperature (RT) and washed three times with TBS-T (20 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20). Then, the membranes were treated with primary antibodies such as anti-phospho-ERK1/2 (#9101), antiphospho-p38 (#9211), anti-phospho-SPAK/JNK (#9251), anti-phospho-AKT (#9271), antiphospho-JAK1 (#3331), anti-phospho-JAK2 (#3771) and anti-phospho-NF-κB p65 (#3033) antibodies (Cell Signaling Technology, Danvers, MA, USA), β-actin (sc-47778), or hBD 3 (sc-59495) antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) for 2 h at RT. After washing three times with TBS-T buffer, the membranes were treated with secondary antibodies such as HRP-conjugated anti-rabbit (sc-2357), anti-goat (sc-2354) (Santa Cruz Biotechnology) or anti-mouse (#31430) (Invitrogen, Waltham, CA, USA) for 2 h at RT. After washing three times with TBS-T buffer, the membranes were treated with enhanced chemiluminescence (ECL) solutions (Thermo Fisher Scientific, Waltham, MA, USA) and exposed to X-ray film. The expression of β-actin was used as a loading control.




2.6. Enzyme-Linked Immunosorbent Assay (ELISA)


The quantities of IFN-γ were measured in the supernatant of HaCaT cells treated with KG lysates for indicated times. The quantity of IFN-γ was determined by Human IFN-γ DuoSet ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. Absorbance was measured using a microplate reader (Eppendorf BioPhotometer, Hamburg, Germany) at a test wavelength of 450 nm and a reference wavelength of 550 nm.




2.7. Preparation of S. aureus


S. aureus (ATCC 25923) was streaked onto brain heart infusion medium (BHI; HiMedia Laboratories, India) and grown overnight at 37 °C. A single colony of S. aureus was inoculated into 10 mL of BHI medium for overnight shaking cultivation at 37 °C. The logarithmic phase of S. aureus was obtained after 3 h subculture from the overnight culture. Bacterial concentrations were estimated by measuring the absorbance at 600 nm. Cells were centrifuged three times at 5000 rpm for 8 min, and the bacterial pellets were re-suspended in Dulbecco’s phosphate-buffered saline (DPBS), and diluted in DPBS to a concentration of 109 CFU/mL and conveniently diluted to different working concentrations. The bacterial count was confirmed by serial dilution and plating of the suspension.




2.8. Internalization Assay


HaCaT cells were seeded onto 6-well plates and cultured overnight. After stabilization, cells were washed three times with 1 mL DPBS and the medium was replaced with antibiotic-free DMEM, and samples were pretreated for the indicated times. S. aureus was added and treated for 6 h. Then, cells were washed three times with 1 mL DPBS and replaced with fresh DMEM medium containing 50 μg/mL gentamicin (WELGENE) to remove extracellular S. aureus. After 24 h incubation, cells were washed three times with DPBS and detached from the plate with trypsin-EDTA. The cells were then lysed with a hypertonic buffer (20 mM Tris; pH 7.5, with 5 mM MgCl2, 5 mM CaCl2, 1 mM DTT, 1 mM EDTA, and 0.1% Triton X-100) and serial dilutions were plated on a BHI agar plate. Plates were incubated overnight at 37 °C and CFU counted.




2.9. Preparation of Conditioned Media (CM)


HaCaT cells were seeded onto 6-well plates and cultured overnight. After stabilization, HaCaT cells were washed three times with 1 mL DPBS and the medium was replaced with antibiotic-free DMEM. The CM was harvested after treating cells with KG lysates for 72 h. The 1 mL KG lysates treated-CM (KG CM) were incubated with 10 μg of hBD 3 antibody (AF4435, R&D Systems) overnight at 4 °C with rotation. SureBeads™ Protein G Magnetic Beads (Bio-Rad) (20 μL) were added and further incubated for 3 h at 4 °C with rotation. Magnetic beads were centrifuged 2500 rpm for 1 min, and supernatants collected for hBD3 excluded CM.




2.10. Statistical Analysis


All of the experiments were performed at least three times. The data shown were the representative results of the means ± SD. Statistical analyses were conducted with an unpaired two-tailed t test, one-way ANOVA followed by Tukey’s honestly significant difference (HSD) post hoc test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 were interpreted as statistically significant. GraphPad Prism 5 software was used for the analysis (GraphPad Software Inc., San Diego, CA, USA).





3. Results


3.1. L. plantarum KG Lysates Significantly Increased hBD3 Production in HaCaT Cells


KG lysates significantly increased hBD3 mRNA expression from HaCaT cells after 48 h treatment. It further increased by 460-fold at 72 h. On the other hand, K8 lysates increased hBD3 mRNA by 50-fold. Data shows that KG lysates were 9-fold more inducible in hBD3 mRNA expression than K8 lysates (Figure 1A). Protein level of hBD3 was increased by 24 h stimulation of KG lysates and more hBD3 protein was noted at 72 h (Figure 1B). Next, the expression pattern according to concentration was observed. Both KG lysates and K8 lysates significantly increased hBD3 with 109 CFU/mL bacterial lysates (Figure 1C). The protein level of hBD3 was also dramatically increased by 109 CFU/mL KG lysates (Figure 1D). Viability assay was performed to determine whether KG lysates affect HaCaT viability. When cells were treated with 109 CFU/mL KG lysates for 72 h, viability was slightly reduced compared to the control, but there were no significant differences (Figure 1E).




3.2. L. plantarum KG Lysates Inhibited S. aureus Internalization into HaCaT Cells via hBD3 Induction


The effect of S. aureus on hBD3 expression was examined in HaCaT cells. Although it was less than in KG lysates, S. aureus induced hBD3 mRNA expression in HaCaT cells. Furthermore, S. aureus increased hBD3 mRNA expression more in cells pretreated with K8 lysates or KG lysates, suggesting that K8 lysates and KG lysates have a synergistic effect on the expression of hBD3 against pathogen infection (Figure 2A). Although K8 lysates also increased hBD3 mRNA expression, it did not effectively inhibit intracellular infection of S. aureus. On the other hand, KG lysates significantly inhibited intracellular infection of S. aureus (Figure 2B). When cells were treated with the indicated dose of KG lysates, intracellular S. aureus was decreased in a dose-dependent manner (Figure 2C). To examine whether the inhibition of S. aureus infection in KG lysate-treated cells was due to hBD3 induction, conditioned media (CM) excluding hBD3 was prepared. The treatment of normal CM containing hBD3 inhibited intracellular infection of S. aureus, but inhibition did not occur in cells treated with CM excluding hBD3, suggesting that hBD3 affected S. aureus infection (Figure 2D).




3.3. JAK-STAT Signaling Pathway Was Involved in hBD3 Induction in HaCaT Cells


When HaCaT cells were treated with KG lysates, no significant variation in signaling molecules was observed within 120 min. Rather, p38 and JNK showed a tendency to slightly decrease on phosphorylation after 60 min (Figure 3A). A change in signaling molecules was observed by extending the time to 72 h. Most signaling was down-regulated over time, but the phosphorylation of JAK 1 and JAK 2 was increased significantly (Figure 3B). In order to investigate the role of JAK1 and JAK2 in hBD3 expression, cells were pretreated with inhibitors and then KG lysates were treated. Ruxolitinib, an inhibitor of JAK1 and JAK2, decreased hBD3 mRNA expression in a dose-dependent manner (Figure 3C). Fludarabine, a STAT1 inhibitor, also decreased hBD3 mRNA level (Figure 3D). These data suggest that JAK1/2 and STAT1 are involved in the hBD3 expression in response to KG lysates in HaCaT cells. The JAK-STAT pathway is activated by IFN-γ. Thus, we examined the effect of IFN-γ on hBD3 production in HaCaT cells. When HaCaT cells were treated with IFN-γ, hBD3 mRNA was significantly increased (Figure 3E). We also observed that IFN-γ was increased by KG lysates in these cells (Figure 3F). These results suggest that IFN-γ produced in response to KG lysates stimulated the JAK-STAT pathway.




3.4. L. plantarum KG Lysates Increased EGF and EGFR Expression in HaCaT Cells


Although IFN-γ was detected in HaCaT cells treated with KG lysates, the protein level was too low to regulate hBD3 production. Thus, we suspected an alternative pathway and examined the state of EGF and EGFR mRNA levels in HaCaT cells. EFG mRNA was increased from 1 h after stimulation of KG lysates and peaked at 24 h (Figure 4A). EGFR increased significantly from 5 min of KG lysate treatment and maintained until 72 h (Figure 4B). To investigate the role of these genes in hBD3 expression, HaCaT cells were treated with EGFR inhibitor afatinib prior to KG lysates. hBD3 mRNA level was decreased in a dose-dependent manner (Figure 4C). These data suggest that KG lysates increased hBD3 expression by inducing EGF and EGFR expression.





4. Discussion


Keratinocytes, located in the outer layer of human skin, play an essential role in the skin defense against infections. In addition to creating a physical barrier between the environment and the inside of the body, keratinocytes exert a strong immune function against pathogenic infections. Skin keratinocytes express proinflammatory cytokines and antimicrobial peptides including hBD2, hBD3, and LL37 that affect skin immune system [20]. Because immune defenses of the skin can be increased by probiotics, the role of probiotics in disease management and immune regulation has recently received renewed attention from society. The skin immunoregulatory effect of L. plantarum KG was improved by fermentation with ginseng extracts. KG lysates suppressed S. aureus infection by increasing hBD3 expression in HaCaT cells. HBD3 expression in the skin affects skin inflammation, bacterial infections, and wound healing [21]. Indeed, hBD3 was significantly increased in HaCaT cells by KG lysates. Interestingly, hBD3 expression was more inducible in cells pretreated with KG lysates followed by infection of S. aureus. The KG lysates also showed a reduced S. aureus infection rate compared to the K8 lysates. Treatment with only K8 lysates did not affect, suggesting that it is a characteristic of KG lysates. It is unclear whether the inhibition of S. aureus intracellular infection was caused by antimicrobial activity of hBD3 or if it affects the mechanism used by S. aureus for intracellular infection. However, there was a study stating that hBD3 kills S. aureus [1]. In our research, S. aureus was cultured in CM prepared from HaCaT cells treated with KG lysates, but it did not significantly affect the viability of S. aureus (data not shown). S. aureus uses the Fibronectin α5β1 integrin pathway to enter host cells [22]. The interaction between S. aureus and its host cell receptors such as TLR2, CD36, and CD14 may also be important. Considering the anti-inflammatory and resistance-inducing efficacy of L. plantarum lysates, intracellular infection may be suppressed by reducing the expression of genes related to S. aureus infection.



The mechanism of inducing the expression of hBD3 in skin keratinocytes is not well known, but EGFR may be involved [23]. EGFR induces interferon regulatory factor 1 (IRF-1) expression through STAT1 activation [24,25]. We observed that KG lysates increased IRF-1 from 5 min treatment and peaked at 6 h (data not shown). IRF-1 acts as a transcriptional activator and regulates expression of type I interferon genes [26]. When cells were treated with EGFR inhibitor, IRF-1 expression was inhibited (data not shown). However, in this study, we have not yet confirmed directly that IRF-1 is involved in hBD3. Further studies on the relationship between IRF-1 and hBD3 expression are needed. The expression of hBD3 in HaCaT cells increased significantly at 72 h. This is thought to be because the activity of JAT-STAT1 occurs late. The expression of EGFR increased starting 5 min after treatment with KG lysates, but EGF increased from 1 h post-treatment and reached a peak at 24 h. In other words, we speculate that time is necessary for the signal initiated from EGF-EGFR to activate IFN-γ signaling to activate JAK-STAT1. In addition, the relationship between EGFR signaling and IFN-γ-mediated JAK/STAT activation will require further clarification.



The advantages of probiotics lysates are (i) higher immunity boosting efficacy than whole bacteria, (ii) commercialization through various formulations, and (iii) higher stability in the distribution process compared to live bacteria. Lysates of L. plantarum increased anti-inflammatory activity according to the number of crushing. L. plantarum lysates have anti-inflammatory activity, and suppresses transient immune function such as excessive expression of TNF-α induced by LPS in the immune cells. This anti-inflammatory effect tended to increase as the number of disruptions of L. plantarum increased [16]. In another experiment, molecular weight analysis of the index component and MS/MS analysis were performed to investigate the structure of the component having anti-inflammatory activity. The molecular weight of the index component was confirmed to be 1080.4 and 1094.5 through mass spectrometry, and it was identified as a type of LTA, a glycolipid containing a hexasaccharide through MS/MS analysis [27].



In conclusion, we isolated a new strain of L. plantarum KG from kimchi, and KG lysates strongly induced the expression of hBD3 in human keratinocytes after fermentation with ginseng extracts. hBD3 induced by KG lysates was shown to inhibit S. aureus infection into human keratinocytes, suggesting that KG lysates can improve control of the skin microbiome without the need of antibiotics. Since the KG lysate is in the form of parabiotics or postbiotics, it can be provided in various formulations for the development of food and pharmaceutical materials to control bacterial infection.
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Figure 1. L. plantarum KG lysates increased hBD3 expression in HaCaT cells. HaCaT cells were treated with the indicated doses of K8 lysates and KG lysates for the indicated times. (A,C) hBD3 mRNA level was examined by real-time PCR. (B,D) hBD3 protein level was examined by Western blot. (E) Cell viability assay was performed with HaCaT cells treated with KG lysates. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. L. plantarum KG lysates inhibited S. aureus internalization by HaCaT cells. (A,B) HaCaT cells were treated with 1 × 109 cells/mL bacterial lysates for 72 h and infected with 1 × 106 cells/mL S. aureus for 6 h. After removal of extracellular S. aureus, cells were further incubated for 24 h. (A) hBD3 mRNA level was examined by real-time PCR. (B) Intracellular S. aureus was counted by spreading of cell lysates. (C) HaCaT cells were treated with the indicated dose of KG lysates for 72 h. After S. aureus infection (as described above), intracellular S. aureus was counted. (D) HaCaT cells were treated with hBD3+ and hBD3− CM for 72 h and the number of S. aureus was measured through the above method. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 
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Figure 3. The JAK-STAT1 pathway was involved in KG lysate-mediated hBD3 induction. (A) The phosphorylation of signaling molecules were detected by Western blot after HaCaT cells were treated with 1 × 109 cells/mL KG lysates for the indicated times. (B) HaCaT cells were treated with 1 × 109 cells/mL KG lysates for 24, 48, and 72 h and the variation of signaling molecules was examined by Western blot. HaCaT cells were treated with ruxolitinib (C) and fludarabine (D) prior to KG lysate treatment. hBD3 mRNA level was examined by real-time PCR. (E) HaCaT cells were treated with 10 ng/mL recombinant IFN-γ and hBD3 mRNA was examined by real-time PCR. (F) HaCaT cells were treated with 1 × 109 cells/mL KG lysates and IFN-γ production from culture supernatants was examined by ELISA. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4. EGFR is involved in KG lysate-mediated hBD3 induction. HaCaT cells were treated with 1 × 109 cells/mL KG lysates for the indicated times and EGF mRNA (A) and EGFR mRNA (B) was examined by real-time PCR. (C) HaCaT cells were pretreated with afatinib and re-treated with KG lysates. hBD3 mRNA level was examined by real-time PCR. ** p < 0.01 and *** p < 0.001. 
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