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The innate and adaptive immune systems act in concert to protect us from infectious agents and other harmful substances. As a state of temporary or permanent immune dysfunction, immunosuppression can make an organism more susceptible to infection, organ injury, and cancer due to damage to the immune system. It takes a long time to develop new immunomodulatory agents to prevent and treat immunosuppressive diseases, with slow progress. Toll-like receptor 2 (TLR2) agonists have been reported as potential immunomodulatory candidates due to their effective activation of immune responses. It has been demonstrated that thymopentin (TP5) could modulate immunity by binding to the TLR2 receptor. However, the fairly short half-life of TP5 greatly reduces its pharmacological potential for immunosuppression therapy. Although peptide cathelicidin 2 (CATH2) has a long half-life, it shows poor immunomodulatory activity and severe cytotoxicity, which seriously hampers its clinical development. Peptide hybridization is an effective approach for the design and engineering of novel functional peptides because hybrid peptides combine the advantages and benefits of various native peptides. In this study, to overcome all these challenges faced by the parental peptides, six hybrid peptides (CaTP, CbTP, CcTP, TPCa, TPCb, and TPCc) were designed by combining the full-length TP5 with different active fragments of CATH2. CbTP, the most potent TLR2 agonist among the six hybrid peptides, was effectively screened through in silico analysis and in vitro experiments. The CbTP peptide exhibited lower cytotoxicity than either CATH2 or TP5. Furthermore, the immunomodulatory effects of CbTP were confirmed in a CTX-immunosuppressed mouse model, which showed that CbTP has increased immunopotentiating activity and physiological stability compared to the parental peptides. CbTP successfully inhibited immunosuppression and weight loss, increased immune organ indices, and improved CD4+/CD8+ T lymphocyte subsets. In addition, CbTP significantly increased the production of the cytokine TNF-α and IL-6, and the immunoglobulins IgA, IgM, and IgG. The immunoenhancing effects of CbTP were attributed to its TLR2-binding activity, promoting the formation of the TLR2 cluster, the activation of the TLR2 receptor, and thus activation of the downstream MyD88-NF-кB signaling pathway.
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Introduction

The occurrence and development of the animal immune system is a lengthy process, and it has been formed, developed and perfected gradually during long-term evolution and adaptation to biological development (1, 2). The innate and adaptive immune systems act in concert to protect us from infectious agents and other harmful substances (1, 2). As a state of temporary or permanent immune dysfunction, immunosuppression can make an organism more susceptible to infection, organ injury, and cancer due to damage to the immune system (3). It takes a long time to develop new immunomodulatory agents to prevent and treat immunosuppressive diseases, with slow progress. Therefore, it is necessary to explore and develop a new immunomodulatory agent to prevent and treat immunosuppressive diseases.

Toll-like receptors (TLRs) are a family of pattern recognition receptors that recognize conserved structures associated with infection or tissue damage (4, 5). TLRs also play a fundamental role in the development of adaptive immunity and the regulation of immune responses (6–8). TLR2, an important signal transduction-associated membrane molecule, is widely expressed by a variety of cells in many animal species (5, 9). Activation of TLR2 initiates the recruitment of the adapter molecules TIRAP, MyD88, IRAKs, and TRAF6, subsequent activation of MAPK, IKK and NF-κB, and increased expression of their respective target genes, including inducible nitric oxide synthase (iNOS), TNF-α, and IL-6 (4, 6). Therefore, TLR2 agonists are promising candidates as vaccine adjuvants and pharmaceuticals that support immunotherapies since they can directly activate TLR2 and thereby enhance both humoral and cellular immune responses.

Thymopentin (TP5), a pentapeptide corresponding to position 32-36 of thymopoietin, exhibits biological activity responsible for phenotypic differentiation of T cells and the regulation of immune systems (10, 11). TP5 has been clinically used for the treatment of patients with immunodeficiency diseases, such as rheumatoid arthritis, cancers, hepatitis B virus infection, and acquired immunodeficiency syndrome (12, 13). Furthermore, it has been demonstrated that TP5 can enhance the immune response by binding to the TLR2 receptor (14). Overall, TP5 is used in the treatment of immunodeficiencies, malignancies, and infections due to its immunoregulatory activity and low cytotoxicity (10–14).

Cathelicidin 2 (CATH2), a highly cationic chicken heterophil-derived peptide, exhibits great potential in immune regulation (15–18). C has been shown to be involved in phagocytosis and neutralization of lipopolysaccharides (LPS) or lipoteichoic acid (LTA) during TLR stimulation (15, 19). Additionally, CATH2 can activate the expression of chemokines [e.g., monocyte chemotactic protein 1 (MCP-1)] for recruitment of immune cells and induces the secretion of cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and IL-1β from monocytes, macrophages and dendritic cells, thereby triggering activation of the immune responses (15–19). Therefore, CATH2 could be developed into an immune-enhancing agent to attenuate or treat immunosuppression.

TP5 is a potent immunopotentiator and plays an important role in the process of immune enhancement. However, the fairly short half-life of TP5 greatly reduces its pharmacological potential for immunosuppression therapy (20–22). Although CATH2 has a long half-life, it shows relatively limited immunoregulatory activity and some cytotoxicity toward eukaryotic cells, which seriously hampers its clinical development (15). As an effective strategy which could combine the advantages of different native peptides, hybridization has been put forward recently to obtain a new peptide with more ideal biological activity but minimal cytotoxicity (23, 24). As previously reported, CATH2 (4–21), CATH2 (1–13), and CATH2 (5–15) exhibit some immunoregulatory potential (15, 16, 25). In the present study, we designed six hybrid peptides, CATH2 (4–21)-TP5 (CaTP), CATH2 (1-13)-TP5 (CbTP), CATH2 (5-15)-TP5 (CcTP), TP5- CATH2 (4-21) (TPCa), TP5- CATH2 (1-13) (TPCb), and TP5- CATH2 (5-15) (TPCc), by combining the three different active fragments of C with full-length TP5 in different arrangements. We hypothesized that in such constructs, the immunoregulatory properties and physiological stability of the native peptides would be conserved or elevated, and the cytotoxicity would be reduced. The hybrid peptides were screened by molecular docking test with TLR2 and in vitro experiments based on their immunoregulatory activity and cytotoxicity. We further investigated whether the hybrid peptide could provide effective therapy against cyclophosphamide (CTX)-induced immunosuppression and explored the underlying mechanisms, using an in vitro model and a mouse model of immunosuppression.



Materials and Methods


Designing the Hybrid Peptide

Six hybrid peptides, CaTP, CbTP, CcTP, TPCa, TPCb, and TPCc, were designed by combining the three different active fragments of C with full-length TP5 in different arrangements. The complete amino acid sequences of the hybrid peptides and their parental peptides are listed in Table 1. The secondary structure of the peptides were analyzed using ProtParam (ExPASy Proteomics Server: http://www.expasy.org/tools/protparam.html). The three-dimensional (3D) structures of CaTP, CbTP, CcTP, TPCa, TPCb, and TPCc peptides were constructed by I-TASSER (http://zhanglab.ccmb.med.umich.edu/I- TASSER/).


Table 1 | Design and sequences of the peptides.





Molecular Docking

The constructed 3D structure modes of the hybrid peptides were subjected to molecular docking and visualized by PYMOL software. The crystal structure of TLR2 was generated through the Protein Data Bank (PBD ID: IFYW). For protein-peptide docking, Zdock 3.0.2 was employed to acquire the initial complex structure of the TLR2-hybrid peptide complex. Altogether, 3,600 decoy structures were obtained from the Zdock binding prediction, from which the best decoy structure with the lowest energy was chosen for the following flexible docking analysis. A total of 1,000 docking runs of each molecule were performed by flexpepdock (http://flexpepdock.furmanlab.cs.huji.ac.il/), among which the plausible TLR2-hybrid peptide docking structure with the lowest interface binding energy score was chosen to screen the hybrid peptides.



Peptide Synthesis

The hybrid peptides CaTP, CbTP, CcTP, TPCa, TPCb, and TPCc and their parental peptides CATH2 and TP5 were synthesized (95% purity) by KangLong Biochem Ltd (Jiangsu, China) and their molecular weights were determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The peptides were synthesized in free C-terminal acid form. The peptides were dissolved in endotoxin-free water and stored at –80°C until analysis.



Cell Culture

Murine macrophage cells (RAW264.7) were purchased from the Shanghai Cell Bank, the Institute of Cell Biology, China Academy of Sciences (Shanghai, China). The cells were cultured in DMEM (HyClone) supplemented with 10% (v/v) fetal bovine serum (FBS; Bioscience) and 1% (v/v) penicillin/streptomycin (HyClone) and maintained at 37°C in a fully humidified 5% CO2 incubator.



Cell Proliferation Assay

The Cell Counting Kit-8 (CCK-8) Assay Kit (Dojinbo, Japan) was used to detect the effect of peptides on cell proliferation. Briefly, 1 × 104 cells/well were seeded in 96-well culture plates, and these cells were then incubated with CCK8 reagent for 4 h at 37°C at the 24 h time point. The absorbance of each well was measured at 450 nm using a 96-well plate reader. Experiments were repeated five times. Cell viability was evaluated by using the following equation:

	

where OD450 (sample) is the absorbance of the peptide-treated cells at 450 nm and OD450 (Control) is the absorbance of the control (nonpeptide-treated cells) at 450 nm.



Immunomodulatory Activity in RAW264.7 and THP-1 Cell Line

RAW264.7 cells and human THP-1 monocyte-macrophage cells were treated with or without 10 μg/mL peptides for 24 h at 37°C. Levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β in the cell culture supernatant were qualified using commercial enzyme-linked immunosorbent assay (ELISA) kits (eBioscience, San Diego, USA). Samples were assessed according to the manufacturers’ instructions.



Ex Vivo Stability of CbTP in Human Serum

Human serum was purchased from Sigma (St. Louis, MO, USA). The serum was centrifuged at 14,000 g for 15 min to remove the lipids, and the supernatant was incubated for 15 min at 37°C before the assay. The half-lives of CATH2, TP5, and CbTP (10 µg/mL) were evaluated in vitro following incubation at 37°C in human serum at different time points. The samples were collected into prechilled tubes containing 1 mL of acidic acetone (hydrochloric acid/acetone/H2O, 1:40:5, by volume) and centrifuged at 2,000 ×g for 20 min at 4°C.

The obtained precipitates were dried in vacuo, after which the dried precipitates were dissolved in 0.5 mL of 1 M acetic acid. The peptide analysis was carried out according to the protocol for the study of TP5 using HPLC (26). The half-lives of the target peptides were calculated by a logarithm-linear regression analysis of the peptide concentrations.



Animal Model

Sixty Balb/c female mice (6-8 weeks of age) were purchased from Charles River (Beijing, China) and maintained in specific-pathogen-free (SPF) conditions at room temperature. All the mice were allowed free access to feed and fresh water during the whole period. The experiment was conducted with the approval of the China Agricultural University Animal Care and Use Committee (Beijing, China).

The mice were randomly divided into the following eight groups (n=12): control group; cyclophosphamide (CTX) group, treated with CTX (80 mg/kg mouse weight; Sigma-Aldrich, St. Louis, MO, USA); CTX+CATH2 group, mice pretreated with CTX, followed by 10 mg/kg CATH2 treatment; CTX+TP5 group, mice pretreated with CTX, followed by 10 mg/kg TP5 treatment; and the CTX+ CbTP groups, mice pretreated with CTX, followed by 2.5, 5, 10 or 20 mg/kg CbTP treatment. For the first 3 days, CTX (80 mg/kg mouse weight) was intraperitoneally (i.p.) injected daily into the CTX, CTX+CATH2, CTX+TP5, and CTX+CbTP groups to establish the immunosuppressed animal model. An equal volume of sterile saline (HyClone) was administered i.p. to the control group each day. From days 4 to 10 (7 days), the parental peptide (CATH2 and TP5; 10 mg/kg mouse weight) or CbTP peptide (2.5, 5, 10 or 20 mg/kg mouse weight) were i.p. injected into mice (CTX+CATH2, CTX+TP5, and CTX+CbTP) each day. The control and CTX groups were given equal volume sterile saline only. Twenty-four hours after the last dose, the mice were euthanized by cervical dislocation and their tissues and blood were collected for analysis. The body weight of each mouse was recorded at the beginning and end of the experiment. Spleen and thymus indices were calculated in the following way: Index (mg/g) = weight of spleen or thymus/body weight.



Flow Cytometry

The spleen was rinsed immediately with 40-μm mesh cell strainers filled with PBS to harvest cell suspensions after collection and grinding. The cells were stained using CD3-PerCP, CD4-APC and CD8-FITC for 30 min at 4°C for T lymphocyte measurements. Data were obtained from multicolor analysis using a Guava easyCyte 6-21 system and were then processed with Guavasoft (Millipore, Burlington, MA, USA).



Serum Cytokine and Immunoglobulin (Ig) Measurements

Serum was collected from mice by centrifugation of whole blood samples at 1,000 × g for 20 min. Levels of TNF-α, IL-6, IL-1β, IgG, IgA, and IgM in the serum were determined by ELISA (eBioscience, San Diego, USA).



Specific Binding of CbTP to TLR2

RAW264.7 cells analyzed for cytokine quantification in the culture supernatants were treated with the mouse IgG2a isotype control antibody or an anti-mouse TLR2 mAb (C9A12 Ab, InvivoGen, San Diego, CA, USA) for 1 h followed by the addition or no addition of 10 μg/mL CbTP peptide and further incubated for 24 h at 37°C. Levels of TNF-α, IL-6, and IL-1β in the culture supernatant were determined by ELISA (eBioscience).

Surface plasmon resonance (SPR) experiments were performed using a ProteOn XPR36 instrument (Bio-Rad, Hercules, CA, USA) with a ProteOn GLH sensor chip (Bio-Rad) at 25°C. The running buffer (PBS with 1% Tween 20) was continuously passed into reaction chamber. An SPR sensing chip with recombinant TLR2 (R&D Systems, Minneapolis, MN, USA) was immobilized by amino coupling to capture CbTP, as described in the manufacturer’s protocol. The binding affinity of CbTP to the TLR2-covered surface was examined in varying concentrations of the CbTP peptide (0, 1.25, 2.5, 5, and 10 μM). The running buffer was injected into the empty channels as a reference. To regenerate the chip surface at the end of each experiment, 10 mM Gly-HCl buffer (pH 2.5) was injected. Data analysis was conducted using ProteOn manager software (version 2.0). The binding curves were processed for the start injection alignment and baseline. The reference-subtracted sensorgram was then fitted to the curves labeling a homogeneous 1:1 model and protein surface data were grouped together to fit the association (Ka) and dissociation (Kd) rate constants. The equilibrium dissociation constant (KD) for the peptide-TLR2 interaction was calculated using the following equation:

	



Molecular Dynamics Simulation

The docking poses of CbTP-TLR2 were determined by RosettaDock (Version 3.5), and the missing hydrogen atoms in this system were added by Maestro at pH 7.0. The most favorable binding site with the lowest energy was selected for additional analysis. The best binding pose of CbTP with TLR2 was refined using molecular dynamics simulation with AMBER14 (27). The protein system was first treated with GAFF (27) and FF14SB (28) and then solvated with TIP3P (29) water molecules in a cubic box. The minimal distance between the edge of the box and the protein was 10 Å. The CbTP-TLR2 complex was neutralized by adding an appropriate number of Na+ and Cl– atoms. The first 1,000 steps were used to minimize the system by the conjugate gradient algorithm, followed by heating gradually at a constant number, pressure, and temperature for 200 ps. Subsequently, a molecular dynamics simulation of 100 ps was performed under a constant number, volume, and temperature. The binding free energy for CbTP-TLR2 complex was calculated based on the molecular mechanics Poisson-Boltzmann accessible surface area (30). The particle-mesh Ewald method (31) was employed to address the long-range electrostatic interactions.



Confocal Laser-Scanning Microscopy

RAW264.7 cells were treated with or without 10 μg/mL CbTP for 1 h at 37°C. Cells were then incubated (30 min, on ice) with anti-mouse monoclonal antibody TLR2 (1 μg/mL; eBioscience, San Diego, CA, USA) or isotype control IgG (eBioscience), washed, and stained (30 min, on ice) with a FITC-conjugated anti-mouse IgG antibody (Jackson Laboratories). After washing and adherence (15 min, room temperature) on cover glass-bottom confocal dishes, the cells were fixed with paraformaldehyde for 15 min at room temperature and mounted (Prolong Gold antifade reagent; Invitrogen). The cell nuclei were stained with DAPI (1:500 dilution in PBS) (Sigma-Aldrich). Cells were imaged with the Leica TCS SP5 confocal system (Leica Microsystems Ltd.). Images were processed and fluorescence was quantified with LAS AF software. In addition, to generate a fluorescence histogram profile, a line was drawn along the cell surface. Fluorescence intensities higher than 40 arbitrary units (isotype control staining) were considered clusters of TLR2 molecules.



Western Blotting

Whole protein in the serum was collected (whole-protein extract kit, KeyGEN Biotech, Nanjing, China), and protein concentration was calculated using a bicinchoninic acid kit (Nanjing KeyGEN Biotech) as described in the manufacturer’s instructions. Protein supernatant was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. Next, the membranes were blocked with 5% defatted milk proteins in 0.05% TBST and probed with nuclear factor-κ-gene binding (NF-κB; p65), phosphor-NF-κB (p-NF-κB; p-p65), inhibitory subunit of NF-κB (IκB)-α, phosphor-IκB-α (p-IκB-α), inhibitor of NF-κB kinase (IKK)-β, phosphor-IKK-β (p-IKK-β), and β- actin-specific monoclonal antibodies (Santa Cruz, CA, USA) overnight at 4°C. Membrane sections were incubated with HRP-conjugated secondary antibody (Santa Cruz Biotechnology; 1:1000). ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA) was used to quantify the density of the specific proteins.



Statistics

All experiments were carried out with at least three biological replicates. The data are presented as the means ± SD. Statistical comparisons were performed by Student’s t test and one-way ANOVA using GraphPad Prism 7 software (La Jolla, California). Significance was set as follows: not significant (NS), p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001.




Results


Screening of Immunomodulatory Peptides

The sequences of the hybrid peptides (CaTP, CbTP, CcTP, TPCa, TPCb, and TPCc) and their parental peptides (CATH2 and TP5) are shown in Table 1. The 3D structure of the peptides was analyzed by PyMOL software. Molecular docking was performed to evaluate the interaction between the peptides and TLR2. As shown in Figure 1, CbTP had more favorable docking scores for TLR2 than the other hybrid peptides, and the total score was lower than -100.




Figure 1 | The binding ability of the hybrid peptides to TLR2. (A) The overall structure of the peptide-TLR2 complex. (A-a) TLR2-CaTP; (A-b) TLR2-CbTP; (A-c) TLR2-CcTP; (A-d) TLR2-TPCa; (A-e) TLR2-TPCb; (A-f) TLR2-TPCc. The green ribbons represent TLR2, and the red ribbons represent the hybrid peptide. (B) Energy plot of 10 of 100 decoy structures from the hybrid peptide-TLR2 docking study by flexpepdock. The data are shown as the mean ± standard deviation.



After the molecular docking assay, the immunomodulatory activities of these hybrid peptides were evaluated in vitro. As shown in Figure 2, the cell line RAW264.7 exhibited increases in the cytokine TNF-α, IL-6, and IL-1β (Figure 2) when treated with CbTP. In addition, the ability of CbTP to induce the expression of at least one of these immune cytokines is stronger than that of the parental peptides and other hybrid peptides designed in this study (Figure 2), which indicates that CbTP has stronger immunomodulatory potential. Therefore, CbTP, the most active peptide, was selected for further immunomodulatory experiments. The immunopotentiating activity of CbTP was also confirmed in human THP-1 monocyte-macrophage cells (Figure 3).




Figure 2 | The in vitro immunomodulatory activity of the hybrid peptides in RAW264.7 cells. After administration of 10 μg/mL peptides for 12 h, the protein levels of TNF-α (A), IL-6 (B) and IL-1β (C) in the RAW264.7 cell culture supernatant were quantified by ELISA. Statistical comparisons were performed by Student’s t test. The data are given as the mean ± standard deviation (n=5). NS: p > 0.05; *p ≤ 0.05; and **p ≤ 0.01.






Figure 3 | The in vitro immunomodulatory activity of CATH2, TP5, and CbTP in human THP-1 monocyte-macrophage cells. After administration of 10 μg/mL peptides for 12 h, the protein levels of TNF-α (A) and IL-6 (B) in the THP-1 cell culture supernatant were quantified by ELISA. Statistical comparisons were performed by Student’s t test. The data are given as the mean ± standard deviation (n=5). NS: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.





Cytotoxicity on RAW264.7 Macrophage Cells

The cytotoxic activity of CbTP on RAW264.7 macrophage cells was evaluated by CCK-8 assay, and the results are shown in Figure 4. CbTP induced cytotoxicity in a dose-dependent manner, while even a high dose (80 µg/mL) of CbTP was nontoxic to RAW264.7 cells. In addition, the cytotoxicity of CbTP was lower than that of parental peptide CATH2.




Figure 4 | Cell viability of RAW264.7 macrophages. Cells were treated with various concentrations of peptides and incubated overnight at 37°C and 5% CO2. Cell proliferation rates were measured by microplate at 450 nm using CCK8 assay. Statistical comparisons were performed by Student’s t test. Data are given as the mean ± standard deviation (n=5). NS: p > 0.05, *p ≤ 0.05, ***p ≤ 0.001, and ****p ≤ 0.0001.





Ex Vivo Stability of CbTP in Human Serum

Human serum levels of peptides CATH2, TP5, and CbTP over time were analyzed and are shown in Figure 5. TP5 showed a very short half-life (t1/2) and its concentrations decreased nearly 95% after incubation in serum for 5 min. Compared with TP5, the newly designed peptide CbTP significantly prolonged the degradation profile (Figure 5) and half-life (360 min). However, there was no statistical significance between CbTP and CATH2 (Figure 5 and Table 2).




Figure 5 | The mean human serum concentrations of CATH2, TP5, and CbTP over time. The concentration of each target peptide in serum in vitro at the selected time points was quantified by HPLC. The data are given as the mean ± standard deviation (n=5).




Table 2 | Half-life of CbTP in human serum.





Effect of CbTP on Body Weight and Immune Organs

In contrast to the CTX-induced group, which exhibited a significant decrease in body weight compared to the control group, mice in the CATH2-, TP5-, and CbTP-treated groups exhibited less loss in body weight. In addition, body weight in the CbTP-treated group was significantly higher than that in the parental peptide (CATH2 and TP5) treated groups at the same concentration (Figure 6A).




Figure 6 | The effects of CbTP on body weight (A), spleen index (B), and thymus index (C). The mice were randomly divided into eight groups (12 mice in each group): control group: physiological saline was injected intraperitoneally once daily; cyclophosphamide (CTX) group: CTX (80 mg/kg mouse weight) was injected intraperitoneally once daily for the first 3 days. From days 4 to 10, physiological saline was injected intraperitoneally into mice once daily; CTX + peptide (CATH2, TP5, or CbTP) group: CTX (80 mg/kg mouse weight) was injected intraperitoneally once daily for 3 consecutive days. From days 4 to 10, the parental peptide (CATH2 and TP5; 10 mg/kg mouse weight) or CbTP peptide (2.5, 5, 10 or 20 mg/kg mouse weight) was injected intraperitoneally into mice once daily. The body weight was recorded before and after the experiment. The spleen weights and thymus weights of the mice were examined after 10 days treatment. Statistical comparisons were performed by Student’s t test. The data are shown as the mean ± standard deviation (n=12). NS, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001.



We found that the mice in the CTX group had significantly lower spleen (Figure 6B) and thymus (Figure 6C) index values than the mice in the control group. However, the administration of CbTP remarkably improved the spleen and thymus indices, and the thymus index value in the CbTP-treated group were significantly higher than those in TP5-treated and C-treated groups at the same concentration.



Effects of CbTP on Serum Cytokines and Immunoglobulin Levels

To evaluate the protective effects of CbTP against immunosuppression in CTX-treated mice, TNF-α, IL-6, and IL-1β in the serum of mice were measured. As shown in Figure 7A, CTX treatment resulted in significant reductions in TNF-α, IL-6, and IL-1β levels. The administration of CbTP caused a marked increase in all these cytokine levels in the serum of mice. Notably, treatment with CbTP (10 mg/kg mouse weight) resulted in higher TNF-α and IL-6 levels than in the CTX + CATH2 and CTX + TP5 groups (Figure 7A).




Figure 7 | Effects of CbTP on serum cytokines and immunoglobulin levels. (A) Effects of CATH2 (10 mg/kg mouse weight), TP5 (10 mg/kg mouse weight), or CbTP (2.5, 5, 10 or 20 mg/kg mouse weight) on TNF-α, IL-6, and IL-1β levels in mice immunosuppressed by cyclophosphamide (CTX). ELISA quantification of TNF-α, IL-6, and IL-1β levels in the serum of mice from different groups. (B) Effects of CATH2 (10 mg/kg mouse weight), TP5 (10 mg/kg mouse weight), or CbTP (2.5, 5, 10 or 20 mg/kg mouse weight) on IgA, IgG, and IgM levels in mice immunosuppressed by CTX. Levels of IgA, IgG, and IgM in the serum of mice from different groups were determined through ELISA. Statistical comparisons were performed by Student’s t test. The data are shown as the mean ± standard deviation (n=12). NS: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.



Furthermore, serum levels of immunoglobulins, including IgM, IgG and IgA, were severely decreased after CTX treatment (Figure 7B). CbTP reversed the declines in IgA, IgG and IgM caused by CTX stimulation. Compared with the CATH2- or TP5-treated group, CbTP had significantly higher IgG levels at the same concentration. The IgM level in mice treated with CbTP (10 mg/kg mouse weight) were similar to those in mice treated with TP5, which was significantly higher than those for the mice in the CATH2-treated group (Figure 7B).

In summary, CbTP peptide dose-dependently increased the levels of these cytokines and immunoglobulins at concentrations below 10 mg/kg. However, the cytokine and immunoglobulin levels in CTX+10 mg/kg CbTP group and CTX+20 mg/kg CbTP group were not statistically different (Figure 7). Therefore, in the follow-up study of CbTP in this article, a concentration of 10 mg/kg was adopted.



Effects of CbTP on T Cells in Mouse Splenocytes

The CD4+/CD8+ T lymphocyte ratio in the spleen was measured by the flow cytometry assay, and the results are shown in Figure 8. The CD4+/CD8+ T lymphocyte ratio decreased significantly in the CTX group compared with that of the control group. Treatments with CbTP significantly increased the proportions of CD4+ and CD8+ T lymphocytes. In addition, the increasing CD4+/CD8+ T lymphocyte ratio in the CbTP-treated group was significantly higher than that in the CATH2-treated group and similar to that in the TP5-treated group.




Figure 8 | Effects of CbTP on T lymphocyte subpopulations in splenocytes. The spleen was rinsed immediately with 40-μm mesh cell strainers filled with PBS to harvest cell suspensions after collection and grinding. The cells were stained using CD3-PerCP, CD4-APC and CD8-FITC for 30 min at 4°C for T lymphocyte measurements. (A) The percentage of different T cell subsets was analyzed by flow cytometry. (A-a) Control, (A-b) CTX, (A-c) CTX + CATH2, (A-d) CTX + TP5, (A-e) CTX + CbTP. Bivariate plots are shown as representative assessments, which were quantified and plotted as the ratio of CD4+/CD8+ cells in part (B). Statistical comparisons were performed by Student’s t test. The data are shown as the mean ± standard deviation (n=12). NS, p > 0.05; **p ≤ 0.01; and ***p ≤ 0.001.





CbTP Interacts Directly With TLR2 to Activate TLR2 Signaling

RAW264.7 cells were incubated with PBS or TLR2 mAb for 1 h followed by the addition or no addition of 10 μg/mL CbTP peptide and further incubated for 24 h at 37°C. Levels of TNF-α, IL-6, and IL-1β in the culture supernatant were detected by ELISA. As shown in Figure 9A, RAW264.7 cells incubated with CbTP showed a significantly increased production of TNF-α, IL-6, and IL-1β compared with the control. However, pretreatment with TLR2 mAb significantly inhibited the TNF-α, IL-6, and IL-1β production induced by CbTP, implicating that the CbTP-TLR2 interaction is required for CbTP immunomodulatory signaling activation.




Figure 9 | CbTP interacts directly with TLR2 to activate TLR2 signaling. (A) RAW264.7 cells analyzed for cytokine quantification in the culture supernatants were treated with PBS or an anti-mouse TLR2 mAb (C9A12 Ab) for 1 h followed by the addition or no addition of 10 μg/mL CbTP peptide and further incubated for 24 h at 37°C. Levels of TNF-α, IL-6, and IL-1β in the culture supernatant were determined by ELISA. NS: p > 0.05 and **p ≤ 0.01. (B) Specific binding of CbTP to TLR2. TLR2 was immobilized on a sensor chip, and CbTP binding was analyzed by surface plasmon resonance. (C-c) Binding modes between TLR2 and CbTP. Modeled crystal structure of CbTP bound in the hydrophobic region of TLR2. Best scoring tertiary structure model generated from docking procedure depicted as (C-a) Hydrophobic surface (orange: hydrophobic, blue: hydrophilic). The peptide CbTP is shown in green. (C-b) Electronic binding surface of the TLR2/CbTP complex (orange: TLR2, cyan: CbTP). (C-c) Amino acids forming the binding interface (TLR2: gray; CbTP: green). (D) Illustration of key residues of CbTP in the TLR2 interface. Close-up views of the CbTP-occupied sites in TLR2 are displayed. The light gray ribbons represent TLR2 and the hydrogen bonds are shown as black dashes.



To analyze the interaction of CbTP and TLR2, an SPR assay was used to evaluate the binding kinetics of ligand-receptor interactions in detail (Figure 9B). Five different concentrations of CbTP (0, 1.25, 2.5, 5, and 10 μM) were passed over immobilized TLR2. The results indicated that CbTP binding to the chip-bound TLR2 protein exhibited a dose-dependent increase. The Ka and Kd values for CbTP binding to TLR2 were 3.61 × 108 s–1 and 8.58×10-2 M–1s–1, respectively, and the KD was 2.38×10-4 μM (Figure 9B).

To investigate the detailed molecular interaction of CbTP and TLR2, we performed molecular dynamics simulations (Figures 9C, D). The hydrophilic and hydrophobic surface and electrostatic interaction analyses of TLR2 and CbTP showed excellent hydrophilic and hydrophobic matching and molecular charge similarity, indicating that there is a good binding phase between the two (Figure 9C). A total of 300 snapshots were observed from the last stable 60 ns of the molecular dynamics simulations for the CbTP-TLR2 complex. As shown in Tables 3 and 4, key parameters of the interaction between TLR2 and CbTP were analyzed, including the number of hydrogen bonds and salt bridges, the interaction surface area, the binding free energy, and the distance between the binding residues of CbTP and TLR2. The binding free energy (-975.6 kJ/mol) was correlated to the binding affinity calculated for the CbTP-TLR2 interaction pair (Table 3). The interface of TLR2 that binds CbTP was 324 Å2, and the interaction between CbTP and TLR2 was primarily mediated by hydrogen bonds and salt bridges (Tables 3, 4 and Figure 9D).


Table 3 | Key interaction parameters between CbTP and TLR2.




Table 4 | The distance and salt bridges of the binding residues between CbTP and TLR2.



To explore the mechanism underlying the capacity of CbTP to modulate TLR2 activity, we first examined CbTP-induced cell surface TLR2 cluster formation because TLR clustering is believed to be critical to signaling (32, 33). In the absence of CbTP, TLR2 showed an even distribution on the monocyte cell surface with very few clusters per micrometer (Figure 10). In contrast, the addition of peptide CbTP to the cell culture resulted in a marked increase in the number of major TLR2 clusters per micrometer on the cell surface (Figure 10).




Figure 10 | CbTP enhances cell surface TLR2 cluster formation. RAW264.7 cells were treated with or without 10 μg/mL CbTP for 1 h at 37°C. Cells were then incubated with anti-mouse monoclonal antibody TLR2 (1 μg/mL) or isotype control IgG, washed, and stained with a FITC-conjugated anti-mouse IgG antibody. After washing and adherence to cover glass-bottom confocal dishes, the cells were fixed with paraformaldehyde for 15 min at room temperature and mounted. The cell nuclei were stained with DAPI. Cells were imaged with the Leica TCS SP5 confocal system. Images were processed and fluorescence was quantified with LAS AF software. In addition, to generate a fluorescence histogram profile, a line was drawn along the cell surface. Fluorescence intensities higher than 40 arbitrary units (isotype control staining) were considered clusters of TLR2 molecules. Statistical comparisons were performed by Student’s t test. The mean values ± standard deviation of 5 independent experiments were used to express the data. ***p ≤ 0.001.



Next, to examine the mechanism underlying the immunomodulatory activity of CbTP, we studied the downstream signaling pathway of TLR2 (Figure 11). We found that CTX decreased the expression levels of MyD88 and TRAF6 and the phosphorylation of IкB-α and NF-кB. However, CbTP treatment significantly suppressed the decrease in the expression levels of MyD88 and TRAF6 and the phosphorylation of IкB-α and NF-кB mediated by CTX (Figure 11). These data indicate that CbTP could exert its immunomodulatory activity by activating the MyD88-NF-кB signaling pathway.




Figure 11 | CbTP promotes the MyD88-NF-κB signaling pathway in the serum of mice. Total and phosphorylated protein levels of MyD88, TRAF6, IκB-α, NF-κB and β-actin in the serum, as depicted by western blotting. Statistical comparisons were performed by Student’s t test. Data are given as the mean ± standard deviation (n = 5). **p ≤ 0.01; ***p ≤ 0.001.






Discussion

Immunosuppression is a state of temporary or permanent dysfunction of the immune response resulting from insults to the immune system and leading to increased susceptibility to disease (3). Although there are already some immunopotentiating agents that can be used to treat the clinical signs of immunosuppression and in some cases can induce disease remission, these immunopotentiators are not satisfactory from the perspective of immunological safety and effectiveness (34). Thus, it is necessary to explore novel safe and efficient alternatives for immunosuppression therapy.

Previously, it was reported that some peptides elicit certain immunopotentiating activities, such as TP5 (20, 21) and CATH2 (15–18). However, their potential cytotoxicity (15), relatively limited immunoregulatory activity (15–18), and weak physiological stability (20, 21) greatly reduce their clinical development. Peptide hybridization is an effective strategy for the design of novel functional peptides because hybrid peptides could combine the advantages of different native peptides. In this study, we designed six hybrid peptides by combining TP5 with the active fragments of CATH2 to improve the immunoregulatory activity and physiological stability and reduce the cytotoxicity of the parental peptides.

Given that TLR2 is a very important signal transduction protein in the immune regulation process (4–6, 9), and there are signs that both TP5 and CATH2 can regulate the signal pathway mediated by TLR protein (14, 15, 19), we therefore regard TLR2 as a major target protein to evaluate and screen hybrid peptides with excellent immunomodulatory potential. Initially, the binding modes of the hybrid peptides were simply and effectively screened by molecular docking. Among six newly designed peptides, CbTP had the most favorable docking score for TLR2. Additionally, the immunomodulatory activities of the hybrid peptides were assessed by in RAW264.7 cells. Cytokines are pleiotropic signaling molecules that not only mediate cell-to-cell communication but also play important roles in the innate and adaptive immune systems (35, 36). Immune cells release large amounts of cytokines, such as TNF-α, IL-6, and IL-1β, into circulation to induce and/or modulate immune responses and respond to perturbations (35–37). We demonstrated that CbTP caused a more significant increase in the secretion of TNF-α, IL-6, and IL-1β in comparison with the other peptides tested. In addition, the immunopotentiating activity of CbTP was confirmed in human THP-1 monocyte-macrophage cells. Therefore, CbTP was selected for further immunomodulatory experiments.

The peptides designed in this study aimed to obtain a peptide with more potent immunoenhancing activity and physiological stability but reduced cytotoxicity. Thus, we evaluated the cytotoxic activity of the hybrid peptide by CCK-8 assay. CbTP exhibited lower cytotoxicity than the parental peptides and showed very little cytotoxic activity at relatively high concentrations, which is a favorable feature for the therapeutic use of this peptide.

TP5, a parental peptide of the hybrid peptide CbTP, is an effective immunomodulatory agent for immunodeficiency-related diseases that has been used clinically for decades. However, its application is greatly limited by its extremely short half-life in vivo, resulting in repeated injection and poor patient compliance (20–22). In view of the half-life of peptides significantly affecting the dosage and therapy, it becomes an important task to prevent rapid degradation and prolong the half-life of such drugs. In this study, the half-life of CbTP in plasma was prolonged to 300 min, which was significantly longer than that of CATH2 or TP5 (less than 5 min) in plasma.

CTX, an alkylating agent, is the most commonly used immunosuppressant (38–40). It can greatly interfere with the differentiation and proliferation of T and B cells, kill immune cells, and decrease cellular and humoral immune responses (38–40). In this study, we established a CTX-induced mouse model to investigate the immune potentiating activity of CbTP and its potential as a new therapeutic to replace or supplement traditional immune drugs. As anticipated, CTX stimulation of mice resulted in a significant decrease in the body weight and spleen and thymus index values. Compared to the CTX group, the body weight and thymus index values in the CTX + C, CTX + TP5, and CTX + CbTP groups were significantly elevated, especially in the CTX + CbTP group, demonstrating the ability of CbTP to ameliorate CTX-induced damage to the body and immune organs.

T lymphocytes are the key players of the adaptive immune response, which both coordinate other immune cells and destroy malignant and virus-infected cells (41–44). When the immune system is suppressed, the organism is more susceptible to infection due to the decrease in the CD4+/CD8+ ratio (41–44). Consistent with a previous study (45), CTX remarkably reduced the proportions of CD4+ and CD8+ T lymphocytes. However, treatment with peptides significantly increased the CD4+/CD8+ ratio, and the increasing level in the CbTP and TP5-treated group was significantly higher than that in the CATH2-treated group, which indicated that CbTP can efficiently regulate immunity by adjusting the ratio of T lymphocyte subsets.

As immune cytokines are among the most crucial elements for the activation and enhancement of immune properties, we tested the changes in several representative immune cytokines in the present study (37). We demonstrated that treatment with CbTP significantly improved the levels of TNF-α, IL-6, and IL-1β. Despite the obvious enhancement effects of TP5 and CATH2 on CTX-induced immunosuppression, the immunomodulatory activities of the parental peptides were weaker than that of the hybrid peptide CbTP.

It has been proposed that immunoglobulins could act as potentiators of the immune response in tissues by means of antigen uptake to dendritic cells (46, 47). In addition, immunoglobulins can contribute directly to the immune response, including opsonization of antigens for destruction and fixation of complement and neutralization of toxins and viruses (46–48). In this study, stimulation by CTX led to a typical decrease in the levels of serum IgA, IgM, and IgG. Comparatively, CTX + CbTP treatment effectively upregulated the levels of these immunoglobulins. Furthermore, it is worth noting that CbTP-treated mice had significantly higher total serum IgA, IgG, and IgM levels than mice in the CATH2-treated groups. In addition to these general immune parameters, antigen-specific immune response experiments are also needed in future studies to further demonstrate the effectiveness of CbTP.

Taken together, the above data demonstrated that the newly designed hybrid peptide, CbTP, has significantly lower cytotoxicity and higher immunoregulatory activity and physiological stability than its parental peptides. These findings strongly support the therapeutic potential of CbTP against immunosuppression and hypoimmunity. To identify the underlying immunomodulatory mechanisms, a comprehensive and detailed analysis was conducted.

First, to investigate whether CbTP exhibited immunomodulatory properties by binding to TLR2 as proposed above, ELISA assays were performed. Treatment with CbTP significantly increased the levels of TNF-α, IL-6, and IL-1β, but pretreatment with TLR2 mAb significantly inhibited the cytokine production induced by CbTP, suggesting that CbTP exhibits immunomodulatory effects through interaction with the TLR2 signal transduction receptor. The SPR assay further confirmed that CbTP can efficiently bind to the TLR2 protein. Molecular dynamic simulations were then employed to investigate the precise binding sites and detailed mode of CbTP binding to TLR2. It has been demonstrated that CbTP can establish sustainable interactions with TLR2 by hydrogen bonds, which play a crucial role in initiating immune responses (49). According to some studies, low binding energy is an important characteristic that imparts high molecular dynamic affinity (50, 51). Hence, CbTP has great immunopotentiating potential because it has fairly low binding energy, therefore allowing for of efficient stimulation to TLR2 to further activate the immune response. Additionally, the current results showed that CbTP possessed a large interaction surface and many interacting amino acid-base pairs and salt bridges with the TLR2 receptor, which may also contribute to TLR2-stimulating activity and thus activate downstream immunoregulation-related signaling pathways.

TLR2 was reported to form clusters and to engage its ligand on the cell membrane where signaling was initiated (32, 33, 52). Therefore, in this study, we examined cell surface TLR2 cluster formation induced by CbTP. Confocal laser scanning microscopy provides clear experimental evidence that CbTP could significantly promote the formation of TLR2 clusters on the cell surface, which indicated that CbTP enhanced immune function by forming TLR2 clusters. Taken together, CbTP effectively improves immune ability by stimulating TLR2 and promoting the formation of TLR2 clusters, which might constitute an alternative strategy for the identification of new immunopotentiating drugs whose mechanisms of action involve TLR2.

A voluminous body of literature has revealed important roles for the NF-κB pathway in regulating different aspects of immune functions (53, 54). MyD88-dependent signaling is a principal pathway that regulates cytokines, such as IL-1β, IL-6, and TNF-α, and cells that participate in the immunoregulation process (55). MyD88 is utilized by TLR2, recruits TRAF6, and then activates NF-κB signaling (54). Given this background, we decided to assess the changes in key factors involved in this pathway. The results indicated that CbTP significantly increased the expression of MyD88 and TRAF6 and the phosphorylation of IκB-α and NF-κB, indicating that CbTP could successfully activate the MyD88-NF-κB pathway, eventually contributing to the immunoregulation of cytokine expression.



Conclusion

A novel approach for the design of new immunoregulatory peptides through the hybridization of different native peptides that have immunoregulatory activity was developed to design the hybrid peptide CbTP. CbTP possessed significantly lower cytotoxicity and higher immunopotentiating activity and physiological stability than its parental peptides CATH2 and TP5. The immunomodulatory effects of the newly designed hybrid peptide CbTP were confirmed in CTX-immunosuppressed mouse model. CbTP successfully inhibited immunosuppression and weight loss, increased immune organ indices, and improved CD4+/CD8+ T lymphocyte subsets. In addition, CbTP significantly increased the production of the cytokine TNF-α and IL-6 and the immunoglobulins IgA, IgM, and IgG. The immunoenhancing effects of CbTP were attributed to its TLR2-binding activity, promoting the formation of the TLR2 cluster, the activation of the TLR2 receptor, and activation of the downstream MyD88-NF-κB signaling pathway. Thus, peptide hybridization is a promising approach for the design and development of new immunoregulatory peptides with enhanced bioavailability and limited adverse effects. The immunoregulatory potential of these peptides can be exploited in technological and clinical applications, such as food additives, healthcare formulas, or therapeutic immunoregulatory drugs.
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