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Abstract

:

Bee venom phospholipase A2 is a lipolytic enzyme in bee venom that catalyzes hydrolysis of the sn-2 ester bond of membrane phospholipids to produce free fatty acid and lysophospholipids. Current evidence suggests that bee venom phospholipase A2 (bvPLA2) induces regulatory T cell expansion and attenuates several immune system-related diseases, including Alzheimer’s disease. The induction of Treg cells is directly mediated by binding to mannose receptors on dendritic cells. This interaction induces the PGE2-EP2 signaling pathway, which promotes Treg induction in CD4+ T cells. In this study, we investigated the effects of bvPLA2 treatment on the apoptotic signaling pathway in Treg populations. Flow cytometry was performed to identify early apoptotic cells. As a result, early apoptotic cells were dramatically decreased in bvPLA2-treated splenocytes, whereas rapamycin-treated cells showed levels of apoptotic cells similar to those of PBS-treated cells. Furthermore, bvPLA2 treatment increased expression of anti-apoptotic molecules including CTLA-4 and PD-1. The survival rate increased in bvPLA2-treated Tregs. Our findings indicate that bvPLA2-mediated modulation of apoptotic signaling is strongly associated with the Treg induction, which exhibits protective effects against various immune-related diseases. To our knowledge, this study is the first to demonstrate that bvPLA2 is the major bee venom (BV) compound capable of inducing Treg expansion through altering apoptotic signal.
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Key Contribution: Our study indicates that bvPLA2-mediated modulation of apoptotic signal plays a major role in the induction of Tregs, which is protective against immune-related diseases such as Alzheimer’s disease. To our knowledge, this is the first study to demonstrate that bvPLA2 in bee venom is capable of inducing Treg expansion through altering apoptotic signal.










1. Introduction


Bee venom (BV) is a complex substance extracted from the honeybee (Apis mellifera L.) which contains a variety of enzymes, biologically active amines, peptides, and non-peptide components. The two major compounds in BV are melittin and phospholipase A2 (bvPLA2). Melittin is a cationic cell-lytic peptide consisting of 26 amino acids, and bvPLA2 is an enzyme which hydrolyzes membrane phospholipids. Bee venom therapy (BVT) consists in using BV for therapeutic purposes via injection by either stings from live bees or acupuncture needles. BVT has recently been widely used as an alternative therapy for the clinical treatment of a number of diseases, including rheumatoid arthritis and Parkinson’s disease (PD) [1,2]. The anti-apoptosis, anti-fibrosis, and anti-inflammatory effects of BVT have been known for centuries and demonstrated in several reports and research articles [3,4,5]. However, adverse effects of BVT including skin problems, systemic reactions, and nonspecific reactions have also been reported. Furthermore, the mechanisms underlying its therapeutic effect are yet to be elucidated.



The enzyme bvPLA2 is a disulfide-rich enzyme that catalyzes the hydrolysis of the sn-2 ester bond of phospholipids, which leads to the release of arachidonic acid and lysophospholipids; bvPLA2 is part of the group III secretory PLA2 (sPLA2), and its catalytic activity is necessary to initiate the IgE response in rodent mast cells [6]. Moreover, bvPLA2 is a potent inducer of T helper type 2 (Th2) immune reactions and the activation of group 2 innate lymphoid cells (ILC2) through the release of IL-35 [7]. Recently, numerous studies have reported the protective effects of bvPLA2 against a variety of diseases, including Alzheimer’s disease, allergic asthma, and cisplatin-induced organ inflammation [8,9,10]. Chung et al. revealed that bvPLA2 binds to a mannose receptor (CD206) or a C-type lectin on dendritic cells (DC) and increases the expression of prostaglandin E2 (PGE2), which binds to EP2 receptors on naïve T helper cells and leads to the differentiation into CD4+CD25+Foxp3+ regulatory T cells (Tregs) [11]. The induction of Treg populations by bvPLA2 treatment contributes to immune suppression in various immune disease-related models [8,12].



Tregs are a specialized population of T cells for which the essential role is to maintain immune homeostasis and self-tolerance. Tregs are divided into three different types depending on the expression level of CD62L and CD127: resting Tregs (CD62LhiCD127low), activated effector Tregs (CD62LlowCD127low), and memory Tregs (CD62LlowCD127hi) [13]. Tregs have been shown to play a crucial role in the normal immune system for the establishment and maintenance of immunologic self-tolerance and immune homeostasis [14,15,16]. Adoptive transfer of ex vivo expanded CD4+CD25+ Tregs prevents pathology in various mouse models including graft versus host disease (GvHD) [17,18], and GvHD was the first disease to be tried in translation studies in humans. The clinical trial actually involved mainly stem cell transplantation (SCT), solid organ transplantation, and autoimmune diseases [19]. While previous studies implicated Tregs as an important constituent of the immune system for the maintenance of self-tolerance [14,15,16,20], a recent study further indicated that systemic administration of Tregs attenuates the progression of Alzheimer’s disease (AD) and could be an effective treatment [21]. In light of this finding, modulation of the Treg cells expansion has been proposed as a potential treatment for neuroinflammation-mediated diseases such as Parkinson’s disease and amyotrophic lateral sclerosis [22,23].



For the development of Tregs therapy for the treatment of autoimmune diseases and GvHD, the survival rate of Tregs in human body and the proliferation of Foxp3 Tregs in vivo are the important issues [24]. Tregs expanded ex vivo from allogeneic or autologous donors under good manufacturing practice (GMP) conditions retain antigen specificity, immune-suppressive properties, and favorable homing markers. However, ex vivo expanded human Tregs are heterogenic populations and comprise several subpopulations [25]. Recent studies reported the possibility of Foxp3+ Tregs losing its Foxp3 expression in vivo from epigenetic modifications of Foxp3, which generates inflammatory cytokine-producing pathogenic memory T cells [26]. Therefore, more homogenous and safer Treg-cell expansion protocols are required for successful Treg cell therapy.



The purpose of this study was to explore the potential mechanism underlying bvPLA2-mediated Treg induction. In our study, Annexin V+ and caspase-3+ early apoptotic cells were dramatically decreased in bvPLA2-treated splenocytes, whereas rapamycin-treated cells showed levels of apoptotic cells similar to those of PBS-treated cells. Furthermore, bvPLA2 treatment upregulated anti-apoptotic molecules such as PD-1 and CTLA-4. The anti-apoptotic effects of bvPLA2-treated Tregs in vivo was proven through the increased survival rates of Tregs in the adoptive transferred Treg population in vivo. This finding indicates that bvPLA2-mediated modulation of apoptotic signaling is strongly associated with the Treg induction, which exhibits protective effects against various immune-related diseases.




2. Results


2.1. bvPLA2-Mediated Induction of CD4+CD25+Foxp3+ Treg Cells in Vitro


Previous reports showed that treatment with bvPLA2 induce the expansion of immunosuppressive Tregs in vitro and in vivo [8]. Flow cytometry was conducted to investigate the effect of bvPLA2 treatment on the induction of Tregs in vitro. To identify Tregs, CD4+ lymphocytes were gated from a total cell population, and CD25+ and Foxp3+ populations were further gated. As shown in Figure 1, the percentage of CD4+CD25+Foxp3+ Treg populations was significantly higher in bvPLA2 and rapamycin-treated groups compared with those in the PBS-treated group. No significant differences between bvPLA2 and rapamycin treatment were seen in the splenocyte culture.




2.2. bvPLA2-Mediated Phenotypical Changes of CD4+CD25+Foxp3+ Treg Cells


Markers that classify resting, effector, and memory Treg cells have been identified. We analyzed three subsets of CD4+CD25+Foxp3+ Treg cells based on the expression of CD62L (L-selectin) and CD127. The results showed that the percentage of resting Treg cells was higher in bvPLA2 and rapamycin-treated cultures than in the PBS group (Figure 2A). Activated effector and memory Treg subpopulations instead declined in bvPLA2-treated splenocytes compared with the control (Figure 2B–D). Interestingly, the changes in the three Treg cell subsets showed similar patterns in both bvPLA2 and rapamycin-treated groups.




2.3. bvPLA2-Mediated Induction of Treg Cells Correlates with Apoptosis


An important and delicate balance exists between Treg homeostasis and apoptosis in CD4+ T cells. Therefore, we further investigated whether bvPLA2 promotes T cell death in vitro by combining Annexin V with propidium iodide (PI) staining. Annexin V binds to apoptotic cells and PI stains late-stage apoptotic cells and necrotic cells. Splenocytes were Annexin V- and PI-positive in both PBS and rapamycin-treated cultures (Figure 3A,C). However, the overall number of Annexin and PI double-positive cells was significantly lower in bvPLA2-treated cultures (Figure 3B). A negative correlation was found between bvPLA2 treatment and the absolute count as well as the percentage of the apoptotic Treg cells. No correlation was observed between apoptotic Treg cell frequency and rapamycin treatment. Subsequently, in order to confirm the anti-apoptotic effects of bvPLA2-treated Tregs in vivo, the survival rates of Tregs were assessed by examining the adoptive transferred Treg population in vivo. The results showed that bvPLA2-treated Tregs survived for a longer period than the untreated Tregs in mice (Figure 3D).




2.4. Effect of bvPLA2 Treatment on Early Apoptosis in Splenocytes


Caspase activation is an important step in the onset of apoptosis. A recently described method for early apoptosis detection consists in using the novel cell-permeable fluorogenic caspase-3/7 substrate, which is a four-amino acid peptide (DEVD) conjugated to a nucleic acid-binding dye. Here, we used the fluorogenic caspase-3/7 substrate together with APC-conjugated Annexin V and the DNA binding dye 7-AAD to measure cell death. The resulting early apoptotic subpopulations were measured as caspase-3/7 and Annexin V double-positive populations after 7-AAD-negative gating. When cells were gated for negative labeling with 7-AAD, about 10% of caspase-3/7 and Annexin V double-positive populations appeared in the PBS group (Figure 4). Early apoptotic cells also appeared in the rapamycin group. However, a dramatic reduction in early apoptotic cells was observed in the bvPLA2-treated group.




2.5. Reduction of Activated Caspase-3 Expression by bvPLA2 Treatment


We measured caspase-3 cleavage as an indicator of apoptosis induction since caspase-3 induction plays an important role in a number of upstream pathways of the final execution of apoptosis. Caspase-3 is synthesized as a 32-kDa proenzyme which is cleaved into 12 and 17 kDa subunits that are associated to form functionally active caspase-3 enzyme. Figure 5 shows the kinetics of caspase activation and caspase-3 proteolytic cleavage dramatically reduced by bvPLA2. The cleavage of caspase-3 was evident already at 1 h in the control-treated splenocytes. However, it was only detected 24 h after bvPLA2 treatment. Moreover, the expression of activated caspase-3 was significantly higher than that of procaspase-3 after 24 h.




2.6. bvPLA2 Induced the Expression of PD-1 and CTLA-4 in Splenocyte Culture


Differential expression of the T cell-inhibitory receptors, PD-1 and CTLA-4, was determined by flow cytometry. Figure 6 shows that PD-1 and CTLA-4 expressions on CD4+CD25+ Treg cells were increased by bvPLA2 treatment.




2.7. Involvement of IL-2 in bvPLA2-Induced Suppression of Apoptosis


CD25 is the high-affinity IL-2 receptor α-chain. IL-2-mediated signaling is critical in the generation process of effector and memory Tregs, and IL-2 plays an important role in the generation and maintenance of Treg cells. To assess the involvement of IL-2 in bvPLA2-mediated suppression of apoptotic signaling, highly purified magnetic-activated cell sorting (MACS)-sorted CD4+CD25+ Treg cells were stimulated with anti-CD3/CD28 antibodies in the presence or absence of recombinant mouse IL-2 (rmIL-2) for 3 days. Early apoptosis was measured using Annexin-V and caspase-3/7 antibody. Treatment with bvPLA2 reduced early apoptosis in CD4+CD25+ Treg cells (Figure 7). However, no significant differences were observed in both PBS and bvPLA2-treated Treg cells with or without rmIL-2 treatment.





3. Discussion


To elucidate the regulatory mechanisms of bvPLA2 in Treg induction, we examined the role of apoptotic signaling during bvPLA2 treatment using splenocyte cultures. The mTOR inhibitor rapamycin was used as positive control in this study since it promotes the in vitro expansion of Foxp3+ Treg cells in murine and human and maintain the suppressive capacity and their regulatory phenotype [27]. In vitro studies demonstrated that bvPLA2 treatment selectively increased Treg population and simultaneously decreased apoptotic cell death, as demonstrated by decrease in caspase-3 expression and Annexin V-positive early apoptotic populations. Further characterization of expanded Tregs showed that PD-1 and CTLA-4 were more broadly expressed in cells treated with bvPLA2. This result is in contrast with rapamycin which had been previously shown to have no significant effect on the expression of PD-1 or CTLA-4 [28,29]. Moreover, the bvPLA2-mediated reduction of apoptosis in Treg cells was independent of IL-2. Furthermore, the bvPLA2-treated Tregs survived for a longer period than the untreated Tregs in vivo. Taken together, these data suggest that bvPLA2 plays an important role in the regulation of apoptosis in expanded Tregs.



The major components of the bee venom (BV) include phospholipase A2 (PLA2), which is approximately 10–12% of the dry weight of the BV in the European honeybee, or Apis mellifera [30]. PLA2 derived from BV, called bvPLA2, belongs to Group III of secretory PLA2 (sPLA2). Group III of sPLA2 has been reported to be involved with a wide range of cellular responses including signal transduction, pain relief, host defense, and blood coagulation [31]. The therapeutic effect of bvPLA2 extends to the treatment for neurodegenerative diseases including AD [32]. Previous studies demonstrated the neuroprotective effect of bvPLA2 against Parkinson’s Disease [33] and AD [9]. The main action of bvPLA2 on a cellular level is the suppression of immune responses through the stimulation of dendritic cells, which ultimately leads to an increased function of Treg cells [20]. Previous reports showed that treatment with bvPLA2 induce the expansion of immunosuppressive Treg cells in vitro and in vivo [8]. In this study, the proliferation and the extended survival period of Treg populations by bvPLA2 treatment are novel findings in addition to the previous studies which stated the effect of bvPLA2 in various immune disease-related models [8,12].



Several subtypes of CD4+Foxp3+ Treg cells have been described based on phenotype and function. Tregs developed in the thymus are referred to as natural or thymus Tregs (nTregs or tTregs), and Tregs derived outside of the thymus are called peripheral or induced Treg cells (pTregs or iTregs). In addition to the development of Treg cells in the thymus, antigen stimulation of mature naïve T cells induces pTreg cell differentiation. Tissue-resident Treg cells have various phenotypes and functional capacities in comparison with conventional Treg cells. Specialized populations of Tregs have been identified in adipose tissue, skin, muscle, intestines, and central nervous system [34,35,36]. Additionally, CD4+Foxp3− suppressive T cells have been identified, including Tr1, iTR35, and TH3 cells that secrete IL-10, IL-35, and TGF-β, respectively.



The role of Treg cells in the onset and progress of AD is not yet been completely elucidated. In a previous study, higher frequency of Treg and increased suppressive activity in neurodegeneration in the elderly patients have been reported [37]. Another study identified that PD-1 Tregs are found increased in both severe AD patients and mild cognitive impairment (MCI) patients when compared with healthy controls [38]. Recent studies have supporting evidence with the results of our study, showing that Treg cells play a beneficial role in the pathophysiology of AD by modulating the microglial response to Aβ deposition and slowing the progression of the disease [39]. Another study showed that systemic transplantation of autologous Tregs in a murine model upon human umbilical cord-derived mesenchymal stem cells education attenuated the cognitive deficit, Aβ deposition, and microglial activation in AD mouse models [40]. TGF-β1, secreted by Treg cells, showed anti-neuroinflammation activity in an AD model [41]. These findings emphasize the neuroprotective effect of Treg cells, and are in line with our study, which shows Tregs as the potentially applicable treatment to AD patients.



PD-1 is a co-inhibitory receptor of the CD28/B7 family that negatively regulates T cell activation through interaction with its two known ligands, PD-L1 (CD274) and PD-L2 (CD273). PD-1 expression can be induced by T-cell receptor (TCR) stimulation and by the common γ chain cytokines (IL-2, IL-7, IL-15, and IL-21) [42]. Moreover, PD-1 is expressed on Tregs and inhibits their function in low-dose IL-2 therapy. Specifically, PD-1 regulates the proliferation and apoptosis of IL-2-induced Treg cells in murine models and in patients receiving low-dose IL-2 therapy. These findings suggest that PD-1 signaling has a critical role in the maintenance of Treg homeostasis and immune tolerance. Furthermore, PD-1 blockade completely abolishes the effects of IL-2, promotes Treg apoptosis, and reduces the number of Treg cells in vivo. However, the mechanisms by which Tregs modulate the expression of PD-1 during exogenous administration of IL-2 remain to be clarified. CTLA-4 is a member of the immunoglobulin superfamily and is a type 1 transmembrane glycoprotein that interacts with CD80 and CD86. Activated naïve T cells upregulate CTLA-4, especially upon TCR engagement, whereas nTreg cells constitutively express high levels of CTLA-4. High levels of CTLA-4 on Treg cells suggest that CTLA-4 may play a critical role in Treg-mediated suppressive function. The disruption of CTLA-4 specifically on Tregs leads to the spontaneous development of systemic lymphoproliferation, hyperproduction of IgE, and fatal cell-mediated autoimmune disease [43]. In this study, bvPLA2 treatment also induced the expression of PD-1 and CTLA-4. The relationship between induction of PD-1 and CTLA-4 on Treg cells and apoptotic signaling pathway needs to be elucidated in the future.



Activated lymphocytes often express increased levels of death receptors, rendering them susceptible to apoptosis [44,45]. Apoptosis is a highly conserved form of programmed cell death and a major regulator of Treg cell homeostasis. Furthermore, IL-2-mediated induction of the anti-apoptotic Bcl-2 protein Mcl-1 is crucial for Treg cell survival. In this study, we evaluated the role of the apoptosis pathway in bvPLA2-induced Treg expansion. Tregs are highly sensitive to early apoptosis, and this study shows that bvPLA2 treatment reduced the early apoptosis on CD4+CD25+ Treg cells and increased the expression levels of PD-1 and CTLA-4, suggesting a pivotal role of these molecules in bvPLA2-mediated Treg expansion. Translating the knowledge about immune tolerance obtained from basic research to clinical application promises safer and more effective therapies in medicine. The results of this study suggest that the administration of mouse Treg cells may be potentially applicable to the treatment of immune system-related diseases including Alzheimer’s disease.




4. Materials and Methods


4.1. Animals


Male Foxp3EGFP C57BL/6 mice (~6–7 weeks of age) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained under pathogen-free conditions with air conditioning and 12-h light/dark cycle. All mice had free access to food and water during the experiments. All procedures were performed in accordance with the Rules for Animal Care and Guiding Principles for Animal Experiment Using Animals and were approved by the University of Kyung Hee Animal Care and Use Committee (KHASP(SE)-17-149), approval date: 15 November 2017.




4.2. Preparation of bvPLA2


Phospholipase A2, from honey bee venom (Apis mellifera) was purchased from Sigma (St. Louis, MO, USA). The preparation process of the bvPLA2 is as follows [33,46]. The first step is isolation and purification, which involves dissolving raw BV in high performance liquid chromatography (HPLC) grade water at a concentration of 1 mg/mL; the second step is filtration, during which the diluted samples are applied to PTFE membrane filter (pore size 0.45 μm); the next step is concentration, during which the filtered mixtures are concentrated by a tangential flow filtration (TFF) system to reduce the volume. For sterile filtration, the mixtures are fitted with ultrafiltration membrane. The purified bvPLA2 is freeze-dried and collected as a white powder. The content of bvPLA2 is determined using the HPLC system and diluted to a concentration of 0.1 mg/mL. Undesired substances are removed by membrane filters (pore size 0.22 μm PVDF sterile membrane filter). The separation and detection are carried out on reversed-phase HPLC system using a liquid chromatograph and a UV-visible detector. The sample is chromatographed at 25 °C at a flow rate of 2 mL/min. The elution is performed with a linear gradient of 0%–80% acetonitrile in 0.1% trifluoroacetic acid, and the elution profile is monitored at 220 nm. The area of the peak is used to measure the recovery of bvPLA2. The physical state of the final content of bvPLA2 was white powder and it was stored in freezing condition below −20 °C. It consisted of 93% of PLA2 and 7% of minor unknown constituents, as shown in previous report [33].




4.3. Cell Cultures


Mice were anesthetized with isoflurane and sacrificed. The spleens were removed and disrupted using a 40-μm cell strainer (Corning, NY, USA). After lysing the red blood cells, the splenocytes were washed with phosphate buffered saline (PBS) and resuspended in RPMI-1640 (WelGENE INC., Taegu, Korea) supplemented with 10% fetal bovine serum (FBS), 50 IU/mL penicillin, and 50 μg/mL streptomycin (Hyclone, Logan, UT, USA). Splenocytes were treated with 0.4 μg/mL bvPLA2 (Sigma-Aldrich, ST. Louis, MO, USA) in the presence of plate-bound CD3 (5 μg/mL) and soluble CD28 (2 μg/mL) mAbs (both from BD Biosciences, San Jose, CA, USA). Cells were stimulated with 100 nM rapamycin alone as positive control. Splenocytes were incubated at 37 °C for 72 h and cells were harvested for the next experiments.




4.4. Adoptive Transfer of Tregs


Splenocytes from Foxp3EGFPC57BL/6 mice were cultured with bvPLA2 or PBS for 72 h as described above. Then, FoxP3-EGFP+ Treg cells were sorted by FACSAriaⅡ (BD Biosciences, San Jose, CA, USA); 1 × 106 Tregs were adoptively transferred to C57BL/6 mice via the tail vein. After 7, 28, and 42 days, the mice were sacrificed and splenocytes were isolated and analyzed by flow cytometry.




4.5. Flow Cytometry


Single-cell suspensions from spleens were aliquoted into tubes and washed once in stain buffer (BD Biosciences). Cells were incubated with fluorescence-labeled antibodies at 4 °C for 30 min. Antibodies used for flow cytometry included: anti-CD4-PE-Cy7, anti-CD25-APC-Cy7, anti-CD127-PE, anti-CD62L-APC, anti-CTLA-4-PE, and anti-PD-1-PE. To trace of adoptively transferred Treg, single-cell suspension from spleens were labeled with anti-CD4-APC. Apoptosis was determined by labeling with Annexin V-APC, PI, and anti-activated caspase-3/7-FITC antibody (BD Biosciences, San Jose, CA, USA). Appropriate isotype control antibodies were used to define marker settings. Stained cells were sorted by BD FACS Calibur flow cytometer (BD Biosciences) and the data were analyzed using FLOWJO software (v10, Tree star, Ashland, OR, USA).




4.6. Western Blotting


Cells were lysed in Pro-PREP Protein Extraction Solution (iNtRON Biotechnology, Seoul, Korea) and kept at 4 °C for 30 min. Protein concentration was measured by the Bradford method, using bovine serum albumin (BSA) as a standard. Equal amounts of extracted proteins were separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) using a tank blot procedure (Bio-Rad Mimi Protean). Then, the membranes were blocked with 3% non-fat milk in PBS containing 0.05% Tween-20 for 1 h at room temperature (RT). Membranes were incubated with antisera against caspase-3 (Cell Signaling, Boston, MA, USA) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:1000 dilution for 2 h at RT. The washed membranes were incubated with 1:5000 dilution of respective horseradish peroxidase-linked secondary antibodies for 1 h. The specific bands were visualized by enhanced chemiluminescence reagents (ECL, Amersham Pharmacia Biotech, Piscataway, NJ, USA). The same membrane was re-probed with a β-actin-specific antibody as a loading control.




4.7. CD4+CD25+ Treg Cell Preparation


CD4+CD25+ Treg cells were isolated from the spleens obtained from male Foxp3EGFP C57BL/6 mice using magnetic-activated cell sorting (MACS) according to manufacturer’s protocols (CD4+CD25+ Regulatory T Cell Isolation Kit; Miltenyi Biotec, USA). Briefly, CD4+ T cells were negatively selected using a biotinylated antibody cocktail and anti-biotin microbeads and then separated into CD4+CD25+ T cells. CD4+CD25+ T cells were positively selected using PE-labeled anti-CD25 antibody and anti-PE microbeads. The purity of Treg populations was >78%, as determined by flow cytometry. To investigate the involvement of IL-2 in bvPLA2-mediated suppression of apoptosis, isolated CD4+CD25+ cells were treated with bvPLA2 and/or 1000 U of rmIL-2 (R&D Systems, Minneapolis, MN, USA) in the presence of anti-CD3/CD28 stimulation.




4.8. Statistical Analysis


Data derived from two or more than two groups with normal distributions were compared with one-way ANOVA followed by Tukey’s Multiple Comparison tests and Student’s t-test using the Prism 5.01 software (GraphPad Software Inc., San Diego, CA, USA). Differences with a p-value of ≤ 0.05 were considered statistically significant. Data were expressed as the arithmetic means of triplicates ± SEM.








Author Contributions


Author Contributions: Conceptualization, H.B. (Hyunsu Bae) and S.-Y.P.; Methodology, H.B. (Hyunjung Baek).; Formal Analysis, S.-Y.P., K.R., and Y.-S.L.; Investigation, S.-Y.P., K.R., and S.J.K., Data Curation, S.J.K. and Y.-S.L.; Writing—Original Draft Preparation, S.J.K. and H.B. (Hyunjung Baek); Writing—Review and Editing, Y.K., Y.-S.L., K.R., and H.B. (Hyunsu Bae); Supervision, Y.K. and H.B. (Hyunsu Bae); Funding Acquisition, H.B. (Hyunsu Bae) and Y.-S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea(NRF) grant funded by the Korea government(MSIT) (No. 2019R1G1A1100815 and No. 2020R1A2B5B03002164).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kwon, Y.B.; Lee, J.D.; Lee, H.J.; Han, H.J.; Mar, W.C.; Kang, S.K.; Beitz, A.J.; Lee, J.H. Bee venom injection into an acupuncture point reduces arthritis associated edema and nociceptive responses. Pain 2001, 90, 271–280. [Google Scholar] [CrossRef]

	



Park, H.J.; Lee, S.H.; Son, D.J.; Oh, K.W.; Kim, K.H.; Song, H.S.; Kim, G.J.; Oh, G.T.; Yoon, D.Y.; Hong, J.T. Antiarthritic effect of bee venom: Inhibition of inflammation mediator generation by suppression of NF-kappaB through interaction with the p50 subunit. Arthritis Rheum. 2004, 50, 3504–3515. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.R.; Kim, S.J.; Park, J.H.; Kim, K.H.; Chang, Y.C.; Park, Y.Y.; Lee, K.G.; Han, S.M.; Yeo, J.H.; Pak, S.C.; et al. Bee venom reduces atherosclerotic lesion formation via anti-inflammatory mechanism. Am. J. Chin. Med. 2010, 38, 1077–1092. [Google Scholar] [CrossRef] [PubMed]

	



Khalil, W.K.; Assaf, N.; ElShebiney, S.A.; Salem, N.A. Neuroprotective effects of bee venom acupuncture therapy against rotenone-induced oxidative stress and apoptosis. Neurochem. Int. 2015, 80, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.R.; Pak, S.C.; Park, K.K. The protective effect of bee venom on fibrosis causing inflammatory diseases. Toxins (Basel) 2015, 7, 4758–4772. [Google Scholar] [CrossRef] [PubMed]

	



Dudler, T.; Machado, D.C.; Kolbe, L.; Annand, R.R.; Rhodes, N.; Gelb, M.H.; Koelsch, K.; Suter, M.; Helm, B.A. A link between catalytic activity, IgE-independent mast cell activation, and allergenicity of bee venom phospholipase A2. J. Immunol. 1995, 155, 2605–2613. [Google Scholar]

	



Palm, N.W.; Rosenstein, R.K.; Yu, S.; Schenten, D.D.; Florsheim, E.; Medzhitov, R. Bee venom phospholipase A2 induces a primary type 2 response that is dependent on the receptor ST2 and confers protective immunity. Immunity 2013, 39, 976–985. [Google Scholar] [CrossRef]

	



Park, S.; Baek, H.; Jung, K.H.; Lee, G.; Lee, H.; Kang, G.H.; Lee, G.; Bae, H. Bee venom phospholipase A2 suppresses allergic airway inflammation in an ovalbumin-induced asthma model through the induction of regulatory T cells. Immun. Inflamm. Dis. 2015, 3, 386–397. [Google Scholar] [CrossRef]

	



Ye, M.; Chung, H.S.; Lee, C.; Yoon, M.S.; Yu, A.R.; Kim, J.S.; Hwang, D.S.; Shim, I.; Bae, H. Neuroprotective effects of bee venom phospholipase A2 in the 3xTg AD mouse model of Alzheimer’s disease. J. Neuroinflamm. 2016, 13, 10. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, H.; Lee, G.; Jang, H.; Kim, S.S.; Yoon, H.; Kang, G.H.; Hwang, D.S.; Kim, S.K.; Chung, H.S.; et al. Phospholipase A2 inhibits cisplatin-induced acute kidney injury by modulating regulatory T cells by the CD206 mannose receptor. Kidney Int. 2015, 88, 550–559. [Google Scholar] [CrossRef]

	



Chung, E.S.; Lee, G.; Lee, C.; Ye, M.; Chung, H.S.; Kim, H.; Bae, S.J.; Hwang, D.S.; Bae, H. Bee Venom Phospholipase A2, a Novel Foxp3+ Regulatory T Cell Inducer, Protects Dopaminergic Neurons by Modulating Neuroinflammatory Responses in a Mouse Model of Parkinson’s Disease. J. Immunol. 2015, 195, 4853–4860. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, D.S.; Kim, S.K.; Bae, H. Therapeutic Effects of Bee Venom on Immunological and Neurological Diseases. Toxins (Basel) 2015, 7, 2413–2421. [Google Scholar] [CrossRef] [PubMed]

	



Rosenblum, M.D.; Way, S.S.; Abbas, A.K. Regulatory T cell memory. Nat. Reviews. Immunol. 2016, 16, 90–101. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, S. Regulatory T cells: History and perspective. Methods Mol. Biol. 2011, 707, 3–17. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, S.; Setoguchi, R.; Yagi, H.; Nomura, T. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in self-tolerance and autoimmune disease. Curr. Top. Microbiol. Immunol. 2006, 305, 51–66. [Google Scholar] [CrossRef]

	



Liu, C.; Yang, H.; Shi, W.; Wang, T.; Ruan, Q. MicroRNA-mediated regulation of T helper type 17/regulatory T-cell balance in autoimmune disease. Immunology 2018, 155, 427–434. [Google Scholar] [CrossRef]

	



Taylor, P.A.; Lees, C.J.; Blazar, B.R. The infusion of ex vivo activated and expanded CD4(+)CD25(+) immune regulatory cells inhibits graft-versus-host disease lethality. Blood 2002, 99, 3493–3499. [Google Scholar] [CrossRef]

	



Joffre, O.; Gorsse, N.; Romagnoli, P.; Hudrisier, D.; van Meerwijk, J.P. Induction of antigen-specific tolerance to bone marrow allografts with CD4+CD25+ T lymphocytes. Blood 2004, 103, 4216–4221. [Google Scholar] [CrossRef]

	



Trzonkowski, P.; Bieniaszewska, M.; Juscinska, J.; Dobyszuk, A.; Krzystyniak, A.; Marek, N.; Mysliwska, J.; Hellmann, A. First-in-man clinical results of the treatment of patients with graft versus host disease with human ex vivo expanded CD4+CD25+CD127- T regulatory cells. Clin. Immunol. 2009, 133, 22–26. [Google Scholar] [CrossRef]

	



Sakaguchi, S.; Yamaguchi, T.; Nomura, T.; Ono, M. Regulatory T cells and immune tolerance. Cell 2008, 133, 775–787. [Google Scholar] [CrossRef]

	



Baek, H.; Ye, M.; Kang, G.H.; Lee, C.; Lee, G.; Choi, D.B.; Jung, J.; Kim, H.; Lee, S.; Kim, J.S.; et al. Neuroprotective effects of CD4+CD25+Foxp3+ regulatory T cells in a 3xTg-AD Alzheimer’s disease model. Oncotarget 2016, 7, 69347–69357. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, A.D.; Banerjee, R.; Liu, J.; Gendelman, H.E.; Mosley, R.L. Neuroprotective activities of CD4+CD25+ regulatory T cells in an animal model of Parkinson’s disease. J. Leukoc. Biol. 2007, 82, 1083–1094. [Google Scholar] [CrossRef] [PubMed]

	



Beers, D.R.; Henkel, J.S.; Zhao, W.; Wang, J.; Huang, A.; Wen, S.; Liao, B.; Appel, S.H. Endogenous regulatory T lymphocytes ameliorate amyotrophic lateral sclerosis in mice and correlate with disease progression in patients with amyotrophic lateral sclerosis. Brain 2011, 134, 1293–1314. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, L.M.R.; Muller, Y.D.; Bluestone, J.A.; Tang, Q. Next-generation regulatory T cell therapy. Nat. Rev. Drug Discov. 2019, 18, 749–769. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, S.; Miyara, M.; Costantino, C.M.; Hafler, D.A. FOXP3+ regulatory T cells in the human immune system. Nat. Reviews. Immunol. 2010, 10, 490–500. [Google Scholar] [CrossRef]

	



Zhou, X.; Bailey-Bucktrout, S.L.; Jeker, L.T.; Penaranda, C.; Martinez-Llordella, M.; Ashby, M.; Nakayama, M.; Rosenthal, W.; Bluestone, J.A. Instability of the transcription factor Foxp3 leads to the generation of pathogenic memory T cells in vivo. Nat. Immunol. 2009, 10, 1000–1007. [Google Scholar] [CrossRef]

	



Gao, W.; Lu, Y.; El Essawy, B.; Oukka, M.; Kuchroo, V.K.; Strom, T.B. Contrasting effects of cyclosporine and rapamycin in de novo generation of alloantigen-specific regulatory T cells. Am. J. Transplant. 2007, 7, 1722–1732. [Google Scholar] [CrossRef]

	



Qu, Y.; Zhang, B.; Zhao, L.; Liu, G.; Ma, H.; Rao, E.; Zeng, C.; Zhao, Y. The effect of immunosuppressive drug rapamycin on regulatory CD4+CD25+Foxp3+T cells in mice. Transpl. Immunol. 2007, 17, 153–161. [Google Scholar] [CrossRef]

	



Hurez, V.; Dao, V.; Liu, A.; Pandeswara, S.; Gelfond, J.; Sun, L.; Bergman, M.; Orihuela, C.J.; Galvan, V.; Padron, A.; et al. Chronic mTOR inhibition in mice with rapamycin alters T, B, myeloid, and innate lymphoid cells and gut flora and prolongs life of immune-deficient mice. Aging Cell 2015, 14, 945–956. [Google Scholar] [CrossRef]

	



Habermann, E. Bee and wasp venoms. Science 1972, 177, 314–322. [Google Scholar] [CrossRef]

	



Hossen, M.S.; Shapla, U.M.; Gan, S.H.; Khalil, M.I. Impact of Bee Venom Enzymes on Diseases and Immune Responses. Molecules 2016, 22, 25. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, J.K.; Moon, M.H.; Bae, B.C.; Lee, Y.J.; Seol, J.W.; Park, S.Y. Bee venom phospholipase A2 prevents prion peptide induced-cell death in neuronal cells. Int. J. Mol. Med. 2011, 28, 867–873. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.H.; Lee, S.Y.; Shin, J.; Hwang, J.T.; Jeon, H.N.; Bae, H. Dose-Dependent Neuroprotective Effect of Standardized Bee Venom Phospholipase A2 Against MPTP-Induced Parkinson’s Disease in Mice. Front. Aging Neurosci. 2019, 11, 80. [Google Scholar] [CrossRef] [PubMed]

	



Burzyn, D.; Benoist, C.; Mathis, D. Regulatory T cells in nonlymphoid tissues. Nat. Immunol. 2013, 14, 1007–1013. [Google Scholar] [CrossRef]

	



Loblay, R.H.; Pritchand-Briscoe, H.; Basten, A. Suppressor T-cell memory. Nature 1978, 272, 620–622. [Google Scholar] [CrossRef]

	



Gratz, I.K.; Campbell, D.J. Organ-specific and memory treg cells: Specificity, development, function, and maintenance. Front. Immunol. 2014, 5, 333. [Google Scholar] [CrossRef]

	



Rosenkranz, D.; Weyer, S.; Tolosa, E.; Gaenslen, A.; Berg, D.; Leyhe, T.; Gasser, T.; Stoltze, L. Higher frequency of regulatory T cells in the elderly and increased suppressive activity in neurodegeneration. J. Neuroimmunol. 2007, 188, 117–127. [Google Scholar] [CrossRef]

	



Saresella, M.; Calabrese, E.; Marventano, I.; Piancone, F.; Gatti, A.; Calvo, M.G.; Nemni, R.; Clerici, M. PD1 negative and PD1 positive CD4+ T regulatory cells in mild cognitive impairment and Alzheimer’s disease. J. Alzheimers Dis. 2010, 21, 927–938. [Google Scholar] [CrossRef]

	



Dansokho, C.; Ait Ahmed, D.; Aid, S.; Toly-Ndour, C.; Chaigneau, T.; Calle, V.; Cagnard, N.; Holzenberger, M.; Piaggio, E.; Aucouturier, P.; et al. Regulatory T cells delay disease progression in Alzheimer-like pathology. Brain 2016, 139, 1237–1251. [Google Scholar] [CrossRef]

	



Yang, H.; Yang, H.; Xie, Z.; Wei, L.; Bi, J. Systemic transplantation of human umbilical cord derived mesenchymal stem cells-educated T regulatory cells improved the impaired cognition in AbetaPPswe/PS1dE9 transgenic mice. PLoS ONE 2013, 8, e69129. [Google Scholar] [CrossRef]

	



Shen, W.X.; Chen, J.H.; Lu, J.H.; Peng, Y.P.; Qiu, Y.H. TGF-beta1 protection against Abeta1-42-induced neuroinflammation and neurodegeneration in rats. Int. J. Mol. Sci. 2014, 15, 22092–22108. [Google Scholar] [CrossRef] [PubMed]

	



Kinter, A.L.; Godbout, E.J.; McNally, J.P.; Sereti, I.; Roby, G.A.; O’Shea, M.A.; Fauci, A.S. The common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 induce the expression of programmed death-1 and its ligands. J. Immunol. 2008, 181, 6738–6746. [Google Scholar] [CrossRef] [PubMed]

	



Wing, K.; Onishi, Y.; Prieto-Martin, P.; Yamaguchi, T.; Miyara, M.; Fehervari, Z.; Nomura, T.; Sakaguchi, S. CTLA-4 control over Foxp3+ regulatory T cell function. Science 2008, 322, 271–275. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.J.; Sun, Y.; Nabel, G.J. Regulation of the proinflammatory effects of Fas ligand (CD95L). Science 1998, 282, 1714–1717. [Google Scholar] [CrossRef]

	



Alderson, M.R.; Tough, T.W.; Davis-Smith, T.; Braddy, S.; Falk, B.; Schooley, K.A.; Goodwin, R.G.; Smith, C.A.; Ramsdell, F.; Lynch, D.H. Fas ligand mediates activation-induced cell death in human T lymphocytes. J. Exp. Med. 1995, 181, 71–77. [Google Scholar] [CrossRef]

	



Ameratunga, R.V.; Hawkins, R.; Prestidge, R.; Marbrook, J. A high efficiency method for purification and assay of bee venom phospholipase A2. Pathology 1995, 27, 157–160. [Google Scholar] [CrossRef]








[image: Toxins 12 00198 g001 550] 





Figure 1. Effect of bee venom phospholipase A2 (bvPLA2) treatment on CD4+CD25+Foxp3+ Treg populations in in vitro splenocyte cultures. Single cell suspension of splenocytes were isolated from Foxp3EGFPC57BL/6 mice and stimulated with PBS, bvPLA2, and rapamycin in the presence of anti-CD3/CD28 antibodies. (A) The gating strategy was depicted. (B) After 72 h, cells were labeled with anti-CD4-PE-Cy7 and anti-CD25-APC-Cy7, and analyzed by flow cytometry. Lymphocytes were initially gated by forward and side scatter properties. CD4+ were then gated and assessed for surface expression of CD25 and FoxP3. (C) The percentages of CD4+CD25+Foxp3+ Tregs were depicted as the bar graph. The data are shown as the means ± SEM. Rapa, rapamycin. The significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05 vs. the PBS group. 
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Figure 2. Effects of bvPLA2 treatment on Treg subpopulations in in vitro splenocyte cultures. (A) Splenocytes were stained with Treg cell phenotyping markers (CD4, CD25, Foxp3, CD62L, and CD127) and analyzed for Treg cell subsets by flow cytometry. Comparison of (B) resting Treg cell subsets (CD62LhiCD127low), (C) activated effector Treg cell subsets (CD62LlowCD127low), and (D) memory Treg cell subsets (CD62LlowCD127hi) based on expressions of CD62L and CD127 in PBS, bvPLA2, and rapamycin-treated splenocytes. Rapa, rapamycin. The data are shown as the means ± SEM. The significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the PBS group. 
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Figure 3. Apoptosis of Treg cells was negatively correlated with bvPLA2 treatment and Treg induction. Splenocytes isolated from Foxp3EGFPC57BL/6 mice were stimulated with plate bound anti-CD3 (5 μg/mL) and anti-CD28 (2 μg/mL) antibodies plus PBS, bvPLA2, or rapamycin for 72 h. Apoptosis analysis of PBS, bvPLA2, and rapamycin-treated splenocytes detected based on Annexin V and propidium iodide (PI) staining. (A) The expression of PI and Annexin V were assessed in CD4+ T cells. (B) The percentages of Annexin V+PI+ cells were depicted as the bar graph. (C) No correlation was observed in the relative ratio of live (Annexin V−PI−)/dead (PI+) CD4+ T cells. (D) 1 × 106 FoxP3-GFP+ Tregs were adoptively transferred to C57BL/6 mice. After 7, 28, and 42 days, GFP+ adoptively transferred Tregs were detected in splenocytes. Representative dot-plots showed the expression of GFP in CD4+ T cells. Rapa, rapamycin. The data are shown as the means ± SEM. The significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 vs. the PBS group. 
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Figure 4. Effect of bvPLA2 on early apoptosis in splenocytes. Single-cell suspension splenocytes were treated with bvPLA2 or rapamycin for 72 h, stained with Annexin-V, 7-AAD, and active-caspase-3 antibody, and analyzed using flow cytometry. Live cells were gated as 7-AAD negative populations. The early apoptotic cells were depicted as Annexin V and active-caspase-3 double-positive populations. 
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Figure 5. Expression of caspase-3 in mouse splenocytes in the absence or presence of bvPLA2. Mouse splenocytes were treated with PBS or bvPLA2 and incubated at 37 °C for 0, 1, 3, 6, 24, and 72 h and then analyzed by western blotting with a monoclonal anti-caspase-3 antibody. Typical immunoblot of each sample showing the 32-kDa procaspase band and 12 and 17 kDa cleaved-caspase-3 bands. β-actin was used as a loading control for normalization. Data are representative of two individual experiments. 
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Figure 6. Effect of bvPLA2 treatment on the levels of CTLA-4 and PD-1 in vitro. Flow cytometry of mouse splenocytes that were stimulated with anti-CD3/CD28 antibodies in the presence of bvPLA2. Representative dot-plots showed staining of CD25 and CTLA-4 or PD-1 expression. Live cells were gated with anti-CD4 antibody and subsequent gating based on expression of CD25 and CTLA-4 or PD-1 is depicted. 
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Figure 7. Involvement of the IL-2 signal in the reduction of apoptosis by bvPLA2 treatment in vitro. CD4+ T cells were isolated from mouse splenocytes by negative magnetic-activated cell sorting (MACS) sorting, then labeled with anti-CD25 magnetic beads and isolated. Isolated CD4+CD25+ cells were treated with bvPLA2 for 72 h in the presence of anti-CD3/CD28 stimulation, then stained with Annexin V, 7-AAD, and active-caspase-3 antibody. Live cells were gated at 7-AAD negative populations. The early apoptotic cells were depicted as Annexin V and active-caspase-3 double-positive populations. 
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