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Abstract

:

The anti-endotoxin activity of the cationic peptide LL-37 and its derivative IG-19 is attributed to electrostatic interaction of the peptides’ positive charge with negatively charged bacterial lipopolysaccharides (LPS), and in part to the alteration of intracellular mechanisms independent of peptide binding to LPS. We examined the immunomodulatory responses induced by IG-19 and four IG-19-derived scrambled peptides (IG-19a–d), in the presence and absence of LPS, in macrophages and peripheral blood-derived mononuclear cells. All peptides had identical net charge (+5) and amino acid composition, but different hydrophobicity and α-helical propensity. Peptide IG-19 suppressed LPS-induced cytokine/chemokine production by >90%, IG-19a and IG-19b suppressed it by 40–50%, and IG-19c and IG-19d did not suppress cytokine/chemokine production at all. In silico prediction algorithms and the peptide retention time (RT) on a C18 RP HPLC column indicated a linear association between α-helical propensity and hydrophobicity with the ability of the peptides to inhibit LPS-induced responses. Peptide RT exhibited a significant correlation (>70%) between the suppression of LPS-induced cytokine/chemokine production and peptide-induced production of the anti-inflammatory cytokine IL-1RA. These results indicate that RT on a C18 column can be used as a predictor for the immunomodulatory functions of cationic peptides. Overall, we demonstrated that the immunomodulatory functions of LL-37-derived peptides with identical positive charge and amino acid composition are directly associated with the predicted α-helical propensity and hydrophobicity of the peptides.
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1. Introduction


Cationic host defense peptides (CHDPs) play a critical role in antimicrobial and immunity-related functions. Cathelicidins and defensins are the most well studied CHDPs in mammals. In humans, the only cathelicidin CHDP is the 37 amino acid peptide LL-37. This peptide is primarily expressed in the granules of neutrophils, in other cell types such as monocytes/macrophages, lymphocytes, epithelial cells, and keratinocytes, and is found in a wide variety of tissues and body fluids [1,2,3]. LL-37 is an immunomodulatory peptide known to mediate both pro- and anti-inflammatory responses [4,5]. LL-37 can facilitate immune-activating functions such as chemokine production, leukocyte recruitment, macrophage and dendritic cell differentiation, and T-cell polarization [5,6,7]. In contrast, LL-37 also mediates anti-inflammatory responses such as suppressing endotoxin-induced pro-inflammatory cytokines and intervening in toll-like receptor (TLR)-induced signaling in the presence of pathogenic ligands [8]. We have previously shown that LL-37 can also suppress inflammatory responses in the absence of microbial pathogens, such as the response induced by the cytokine IL-32, while inducing the production anti-inflammatory cytokines e.g., interleukin-1-receptor antagonist (IL-1RA) and IL-10 [9,10,11,12]. The mechanisms that regulate the dichotomy of pro- and anti-inflammatory responses mediated by LL-37 and its derivative peptides are not completely understood [11]. Furthermore, the relationship between LL-37-mediated immunomodulatory functions and its sequence and/or biochemical properties has not been completely defined.



The minimum region of LL-37 required for its immunomodulatory functions is an internal sequence from amino acids 13–31 [13], known as peptide IG-19. Similar to LL-37, IG-19 exhibits both antimicrobial and immunomodulatory functions [10,13,14]. IG-19 suppresses inflammatory cytokine production by engaging various signaling intermediates in the presence of bacterial endotoxin or cytokine IL-32 [10,13,14]. Both LL-37 and IG-19 also share structural similarities; these are both α-helical amphipathic peptides with net positive charges of +6 and +5, respectively [13,14]. Previous studies have suggested that the ability of cationic peptides such as LL-37 to suppress bacterial lipopolysaccharide (LPS)-induced pro-inflammatory responses is largely due to peptide binding to negatively charged LPS through electrostatic interactions [15,16]. However, suppression of LPS-induced pro-inflammatory responses by LL-37 is not solely dependent on peptide binding to LPS, as it also involves the ability of the peptide to intervene in TLR-to-NF-κB signaling mechanisms [8,12,17]. Moreover, both LL-37 and IG-19 can suppress inflammatory responses in the absence of LPS, and can activate specific anti-inflammatory signaling pathways such as the one mediated by the regulatory dual phosphatase MKP-1 [10]. Therefore, it can be speculated that the immunomodulatory functions of LL-37 and its derivative cationic peptides may be in part independent of its net positive charge and dependent on other biochemical properties.



In this study, we examined the relationship between certain structural characteristics and the immunomodulatory functions of IG-19 and four of its scrambled peptides in human mononuclear cells. All peptides had the same amino acid composition and net positive charge of +5 (Table 1). We demonstrated that although all the peptides had an identical net positive charge, their ability to suppress LPS-induced cytokine and chemokine production, as well as peptide-mediated cytokine/chemokine production, varied significantly. We also demonstrate that these immunomodulatory responses are directly associated with the predicted α-helicity and hydrophobicity of the peptide. We further showed that the retention time (RT) of the peptides on a C18 Reversed Phase High Performance Liquid Chromatography (RP HPLC) column varied significantly, and that the peptide-mediated immunomodulatory functions correlated significantly with RT in both a macrophage-like cell line and in primary human peripheral blood mononuclear cells (PBMC). Results of this study suggest that net positive charge is not the sole determinant of the immunomodulatory functions of cationic CHDP. Based on the results of this study, we propose that peptide RT may be a useful tool with which to screen and predict immunomodulatory functions of CHDP and related synthetic derivatives.




2. Results


2.1. Peptides’ Amphipathicity and Predicted Structural Properties


Peptide IG-19 and the four IG-19-derived scrambled analogs used in this study had identical amino acid composition and net positive charge, +5 at pH 7.4 and +7 at pH 2 (Table 1). The α-helical wheel projections showed that the IG-19 peptide was amphipathic with clearly defined hydrophobic and hydrophilic faces of its helix (Figure 1).



The selection of the four IG-19-derived scrambled peptides for this study was based on in silico secondary structure and hydrophobicity predictions, aiming to provide wide range variation of these parameters (Table 2). Peptide IG-19 showed the highest percentage of α-helicity (>80%), followed by peptides IG-19a (>55%) and IG-19b (>40%), and peptides IG-19c and IG-19d had less than 40% α-helicity (Table 2). Hydrophobicity index (HI, acetonitrile % units) predicted using SSRCalc determined IG-19 as the most hydrophobic (HI, 11.15), followed by IG-19a (HI, 9.4), IG-19b (HI, 10.95), IG-19c (HI, 8.87), and IG-19d with least hydrophobicity (HI, 7.59) (Table 2). Therefore, the peptides used in this study had identical composition and net positive charge, but varied in α-helicity and hydrophobicity, with IG-19 demonstrating the highest and IG-19d the least α-helical propensity and HI (Table 2).




2.2. Cytokine and Chemokine Production in Macrophage-like THP-1 Cells


Previous studies have shown that IG-19 (5 µM) significantly suppresses LPS-induced pro-inflammatory cytokine and chemokine production, and induces the production of the anti-inflammatory cytokine IL-1RA in macrophage-like THP-1 cells [10,13,14]. Therefore, we compared the effects of IG-19 and the four scrambled IG-19-derivative peptides on cytokine and chemokine production in the presence and absence of LPS. Macrophage-like THP-1 cells were pre-incubated with the peptides (5 µM each) for 30 min prior to stimulation with bacterial LPS (10 ng/mL). Production of pro-inflammatory cytokine TNF and chemokines (GRO-α and IL-8) were measured in tissue culture (TC) supernatants after 24 h, and that of IL-1RA after 48 h. Consistent with previous studies, IG-19 suppressed LPS-induced pro-inflammatory cytokine and chemokine production by >90% (Figure 2A), whereas peptides IG-19a and IG-19b inhibited LPS-induced TNF and chemokines 40–50%, and in contrast, peptides IG-19c and IG-19d did not inhibit LPS-induced responses (Figure 2A). Aligned with this, peptide IG-19 significantly induced IL-1RA, followed by modest induction by IG-19a and IG-19b, whereas peptides IG-19c and IG-19d did not induce the production of IL-1RA (Figure 2B). A similar response was also observed with peptide-induced chemokine production, where IG-19 significantly induced Gro-α and IL-8, followed by IG-19a and IG-19b, and the peptides IG-19c and IG-19d did not significantly induce chemokines in macrophage-like THP-1 cells (Figure 2B).



These results show that although all the peptides had an identical net charge, their ability to suppress LPS-induced cytokine and chemokine secretion, and induce anti-inflammatory cytokine IL-1RA and chemokines varied significantly. Correlation analyses demonstrated a linear association between peptide-mediated suppression of LPS-induced cytokine production (TNF, GRO-α, and IL-8) with predicted HI (Figure 3A) and α-helicity scores of the peptides (Figure 3B).




2.3. Peptide Retention Time (RT) on C18 Reversed-Phase (RP) HPLC Column


RP HPLC is a powerful tool for measuring the hydrophobicity of individual amino acids and establishing the presence of preferentially interacting domains between the peptide and hydrophobic surfaces [18,19]. It has been previously used to delineate the antimicrobial mechanism of action of amphipathic peptides [20]. It was previously noted that the C18-bonded chemistry of RP HPLC sorbents mimics biomembranes and can be used as an artificial analog to study peptide interactions with hydrophobic surfaces [21,22]. It is widely acknowledged that the amphipathic character of peptides leads to increased RT related to hydrophobicity in RP HPLC systems. We found that the RT of the peptides on the C18 column varied significantly. Peptide IG-19 had the highest RT of 23.82 min, followed by IG-19a (19.09 min), IG-19b (17.82 min), IG-19c (17.39 min), and IG-19d (16.42 min) (Figure 4).




2.4. Association of Peptides’ Immunomodulatory Functions with Retention Properties


We demonstrated a correlation between the observed RT of the peptides on the C18 column and their biological activity (Figure 5). Percent inhibition of LPS-induced TNF, GRO-α, and IL-8 in presence of the peptides showed significant linear correlation with the RT, with R2 values of 0.76, 0.83, and 0.80, respectively (Figure 5A). Similarly, peptide-induced GRO-α, IL-8, and IL-1RA production also exhibited statistically significant linear correlation with peptide RT, with R2 values of 0.74, 0.85, and 0.90, respectively (Figure 5B).




2.5. Peptide-Mediated Responses in Human Peripheral Blood Mononuclear Cells (PBMC)


To confirm the results related to the anti-inflammatory activity of the peptides observed in macrophage-like THP-1 cells in primary cells, we further examined the production of cytokines TNF and IL-1RA in human PBMC. The cells were stimulated with the different peptides (5 µM each) in the presence or absence of bacterial LPS (10 ng/mL). Production of TNF was examined in TC supernatants by ELISA after 24 h, and that of IL-1RA after 48 h. Peptide IG-19 mitigated LPS-induced TNF production by >90%, whereas peptides IG-19a and IG-19b partially inhibited LPS-induced TNF production (~30%), and peptides IG-19c and IG-19d did not significantly suppress LPS-induced TNF production in PBMC (Figure 6A). Peptide IG-19 significantly induced IL-1RA production, whereas none of the other peptides induced IL-1RA in PBMC (Figure 6B).



Correlation analyses showed a significant linear association between the ability of the peptides to suppress LPS-induced TNF production in PBMC with predicted HI and RT of the peptides on C18 column, with R2 values of 0.74 and 0.89, respectively (Figure 7A). Peptide-mediated production of IL-1RA in PBMC significantly correlated with predicted HI, helicity, and RT of the peptide, with R2 values of 0.85, 0.90, and 0.94, respectively (Figure 7B).





3. Discussion


Limited studies have explored the structure-to-function relationship of the human CHDP LL-37 in the context of immunomodulation. Peptide IG-19, representing an internal sequence of LL-37 (amino acids 13–31), is the minimum region required for the immunomodulatory functions of LL-37 [4,13]. Similar to LL-37, IG-19 suppresses LPS-induced inflammatory responses in human monocytic cells and in corneal fibroblasts [13,14,23,24]. Previous studies have suggested that maintaining the integrity of the secondary structure of LL-37 and IG-19 is required to induce cellular responses [13,25]. The ability of these peptides to suppress LPS-induced responses is thought to be primarily mediated by the electrostatic interaction of the positive charge on the peptide with negatively charged LPS [26,27], with an increase in cationic charge being related to stronger binding and neutralization of LPS-induced cellular responses [15,28,29]. However, in this study we demonstrated that IG-19 and its derivative peptides, all with identical net positive charge (+5 at pH 7.4), varied significantly in their ability to suppress LPS-induced cellular responses. We further showed that suppression of LPS-induced cytokine/chemokine secretion by the cationic peptides was directly associated with predicted amphipathic helicity and hydrophobic interactions with RP chromatographic sorbent, assessed by the RT of the peptides. The results of this study suggest that electrostatic binding of the cationic peptides to LPS may not be the primary mode of action in suppressing endotoxin-induced cellular responses. This is consistent with previous studies showing that regulation of LPS-induced cellular responses by LL-37 and IG-19 may not be entirely dependent on direct LPS binding by the peptides [8,13,23]. The anti-inflammatory activities of LL-37 and IG-19 have been shown to be mediated by mechanisms that involve the regulation of the AKT–MAPK signaling pathway and activation of the dual phosphatase MKP-1, which is a negative regulator of inflammation, and by the promotion of anti-inflammatory cytokines such as IL-1RA in myeloid cells, in the absence of LPS [10]. Consistent with this, here we have demonstrated that the ability of IG19-derived peptides with identical charges to induce IL-1RA varied significantly compared to IG-19 in both a macrophage-like cell line and primary human PBMC. A recent study demonstrated that a cathelicidin-derived synthetic cationic peptide suppresses inflammatory responses in a murine model of sterile inflammation [30], demonstrating the anti-inflammatory activity of the peptide in the absence of endotoxin in vivo. Taken together, these studies suggest that while the anti-inflammatory functions of cationic peptides, including their anti-endotoxin activity, involve electrostatic interaction of the peptides with stimulants such as LPS, these interactions do not play a role in determining the strength of the immunomodulatory response. This may be due to the involvement of other cellular components that contribute to peptide-mediated immunomodulatory mechanisms of action in vivo.



In this study, we have shown that there is a significant correlation between the immunomodulatory responses mediated by CHDP-derived peptides with the in silico predicted α-helicity and hydrophobicity of the peptides. This is consistent with previous studies demonstrating that the helicity of peptides plays a key role in peptide specificity and biological activity [31]. Increasing the helical propensity of peptides by replacing either hydrophobic or hydrophilic amino acids has been shown to enhance specificity of the antimicrobial functions of cationic peptides, thus suggesting the use of helicity as a rationale for designing and optimizing antimicrobial peptides [31,32]. Similarly, based on the results of this study, it can be speculated that structural characteristics, namely α-helicity and hydrophobicity, could be used to predict immunomodulatory functions for cationic peptides such as those derived from cathelicidin CHDP.



Furthermore, we demonstrated that the immunomodulatory activity of IG-19 and its derivative peptides exhibits a strong correlation with peptide retention in RP HPLC. The retention behavior of peptides in RP HPLC is a powerful tool with which to elucidate the apparent hydrophobicity of the peptides, which depends on both amino acid composition and the conformational status of peptides interacting with hydrophobic C18 surface [33,34]. Previous studies have also shown the effects of amino acid substitution in peptide α-helical regions on their retention properties [21]. The nonpolar region of an amphipathic α-helical peptide is the preferred binding domain in interactions with the hydrophobic matrix of a RP column, and this interaction defines peptide RP HPLC retention [20,22,35]. Therefore, RT on a C18 column is associated with both hydrophobicity and α-helicity of peptides. RP HPLC has been previously used to characterize the apparent hydrophobicity and helicity of cationic antimicrobial peptides [33]. The results of this study suggest that the immunomodulatory activity of CHDP-derived peptides is associated with hydrophobicity and helicity, which correlates with RT on a C18 RP HPLC column. Consistently with this, hydrophobicity of CHDP has been shown to strongly correlate with peptide-mediated mitigation of TLR-dependent pro-inflammatory responses, including those activated by LPS [13]. However, it should be noted that using C18 media to understand the behavior of peptides upon interaction with biomembranes [21,22] represents an approximation only. Phosphatidylcholine bilayers representing cell membranes possess additional outer zwitterionic functionality, providing extra complexity. Therefore, chromatographic columns carrying phosphatidylcholine functional groups would be useful in accurately delineating the interactions of amphipathic cationic peptides with biological membranes. For example, the IAM PC (immobilized artificial membrane phosphatidyl choline) column has been suggested for the study of cell permeability for drug candidates [36]. The first study on peptide behavior using the IAM PC column confirmed similarity in the retention of amphipathic helical peptides with C18 phases [37]. However, it was also observed that positively charged amino acids (Lys, Arg, His) provided a higher contribution to retention on an IAM PC compared to C18, due to stronger interaction of lipid-absorbed peptides with the inner components of the zwitterionic layer—negatively charged phosphate groups. This complexity may explain some of the discrepancies in this study, that is, even though the immunomodulatory activity of some of the peptides correlated significantly with their hydrophobic index, helicity score, and RT, their predictive scores (hydrophobicity and helicity) did not exactly correlate with the RT on the C18 column. Therefore, the IAM PC column could be used in future studies to further investigate the relationship between the chromatographic properties and immunomodulatory functions of cationic peptides derived from CHDP. Nevertheless, based on the results of this study, we propose that the RT of peptides could be used as a screening tool to assess the immunomodulatory activity of peptides derived from CHDP.



In conclusion, in this study we demonstrated that the immunomodulatory functions of CHDP-derived synthetic peptides, such as inhibition of LPS-induced inflammatory cytokines and induction of the anti-inflammatory cytokine IL-1RA and chemokines, exhibit strong correlations with the predicted α-helicity and hydrophobicity of the peptides. We demonstrated that the experimental RT of the peptides on a C18 RP HPLC column also correlates with the immunomodulatory functions of the peptides, further highlighting the effectiveness of the existing in silico predictive algorithms used in this study. Overall, the results suggest that the immunomodulatory functions of CHDP and its derivative peptides may depend largely on structural features such as amphipathic helicity and are not solely dependent on the net positive charge. Based on the results of this study, we propose that predicted and experimentally measured peptide retention values on a C18 RP HPLC column could be a potential tool for screening CHDP-derived synthetic peptides and predicting their immunomodulatory functions.




4. Methods


4.1. Peptides and Other Reagents


All peptides (Table 1) were synthesized by CPC Scientific (Sunnyvale, CA, USA), dissolved in endotoxin-free water, aliquoted, and stored at −20 °C until use. Escherichia coli LPS was obtained from Sigma-Aldrich (Oakville, ON, Canada). Luna C18(2) 5 µm, Phenomenex, 1 × 100 mm column was obtained from Phenomenex (Torrance, CA, USA). Specific antibody pairs for ELISA for the detection of TNF were obtained from eBioscience (San Diego, CA, USA), and for GRO-α, IL-8, and IL-1RA, were obtained from R&D systems (Minneapolis, MN, Canada).




4.2. Peptide Design and In Silico Determination of Helicity and Hydrophobicity Index


Using the sequence of peptide IG-19 (amino acids 13–31 of LL-37), four other peptides (IG-19a, IG-19b, IG-19c, and IG-19d) were generated by scrambling the position of the amino acids. In silico predictions of the α-helicity of these peptides (Table 1) were made using a prediction algorithm, Agadir-A software (http://agadir.crg.es/about.jsp), based on the helix/coil transition theory to predict the helical content of the peptides in this study. We used the Agadir online tool to calculate the helical content of peptides in water solutions at pH 7, ionic strength 0.1. The PredictProtein—Protein Sequence Analysis software was used to predict the structural features of the peptides (https://www.predictprotein.org/). This is open source software that has been used for prediction of protein/peptide structural components in previous studies [38,39]. The hydrophobicity index (HI, acetonitrile percentage units) for the peptides was determined using the Sequence Specific Retention Calculator (SSRCalc), (http://hs2.proteome.ca/SSRCalc/SSRCalcQ.html; Version Q point oh ©2015 at the Manitoba Centre for Proteomics & Systems Biology (Winnipeg, MB, Canada)) [40].




4.3. Cell Culture


Human monocytic THP-1 cells obtained from American Type Culture Collection (ATCC® TIB-202) were cultured in RPMI 1640 medium containing 1 mM sodium pyruvate and 10% (v/v) fetal bovine serum (FBS), referred to as complete RPMI medium hereafter. The cells were maintained at 37 °C in a 5% CO2 humidified incubator. Cells were seeded at a density of 1.1 × 105 cells/cm2 in 24 well tissue culture (TC) plates and treated with 50 ng/mL PMA for 24 h to obtain plastic-adherent macrophage-like cells, as previously described by us [10,11]. Macrophage-like plastic-adherent THP-1 cells were rested in fresh complete RPMI 1640 medium for an additional 24 h before stimulation. These cells were stimulated with the different peptides (5 μM each) as indicated, in the presence and absence of LPS (10 ng/mL). The concentrations of the different stimulants were based on our previous studies [10,11,17]. TC supernatants were centrifuged at 250× g for 5 min to obtain cell-free supernatants, aliquoted, and stored at −20 °C until use [10,11].




4.4. Human Peripheral Blood Mononuclear Cell (PBMC) Isolation


Venous blood was collected from healthy volunteers with written informed consent, according to a protocol approved by the Health Research Ethics Board at the University of Manitoba (protocol number H2010:259 (HS11105). Blood was diluted with complete RPMI medium (1:1) and fractionated over Ficoll–Paque Plus (GE Healthcare Life Sciences, Baie d’Urfe, Quebec, Canada). The buffy coat was isolated and washed twice in complete RPMI medium (300× g for 10 min). PBMC were isolated from the buffy coat as previously described by us [8,10,11]. PBMC were seeded (1 × 106 cells/mL/well) into 24 well TC plates and rested for 2 h at 37 °C in a humidified 5% CO2 incubator before stimulation. TC supernatants were collected, centrifuged at 250× g for 5 min to obtain cell-free supernatants, aliquoted, and stored at −20 °C until use.




4.5. Enzyme-Linked Immunosorbent Assay (ELISA)


Production of the cytokine TNF was measured in TC supernatants by ELISA using specific antibody pairs obtained from eBioscience (San Diego, CA, USA), as per the manufacturer’s instructions. Production of cytokine IL-1RA and chemokines GRO-α and IL-8 was evaluated in the TC supernatants using antibody pairs from R&D Systems as per the manufacturers’ instructions. Serial dilutions of the recombinant human cytokines or chemokines were used to establish a standard curve for evaluation of the concentrations in the TC supernatants.




4.6. RP HPLC


An Agilent 1100 series HPLC system with UV detection at 214 nm and manual 50 uL injector was used for chromatographic experiments. Samples containing 5 µg of individual peptides or their mixtures were injected into the Luna C18(2) 5 µm, 1 × 100 mm column Phenomenex (Torrance, CA, USA) and separated using binary water/acetonitrile gradient of 2% acetonitrile per minute (0.1% trifluoroacetic acid as ion-pairing modifier) with a 0.2 mL/min flow rate.




4.7. Statistical Analyses


GraphPad Prism 7.02 software (GraphPad software, San Diego, CA, USA; The product was licensed through University of Manitoba for research use) was used for statistical analyses. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to determine the statistical significance. Correlation analyses between RT on the C18 RP HPLC column and peptide activity were performed by Pearson’s correlation analysis. A p-value of <0.05 was considered to be statistically significant.








Author Contributions


N.M. and M.H. designed the study. M.H. and S.F. performed the majority of the experiments. M.H. analyzed the data and wrote the manuscript. K.-Y.G.C. performed the experiments with human PBMC. O.V.K. performed RP HPLC and provided helical projections of the peptides. N.M. conceived the study and extensively edited the manuscript. All the authors edited the manuscript.




Funding


This study was supported by a Discovery Grant (435549-2013 RGPIN) obtained by NM from the Natural Sciences and Engineering Research Council of Canada (NSERC).




Conflicts of Interest


The authors declare that they have no conflicts of interest with the contents of this article.




References


	



Durr, U.H.; Sudheendra, U.S.; Ramamoorthy, A. LL-37, the only human member of the cathelicidin family of antimicrobial peptides. Biochim. Biophys. Acta 2006, 1758, 1408–1425. [Google Scholar] [CrossRef] [PubMed]

	



Agier, J.; Efenberger, M.; Brzezinska-Blaszczyk, E. Cathelicidin impact on inflammatory cells. Cent. Eur. J. Immunol. 2015, 40, 225–235. [Google Scholar] [CrossRef]

	



Hancock, R.E.; Haney, E.F.; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol. 2016, 16, 321–334. [Google Scholar] [CrossRef] [PubMed]

	



Choi, K.Y.; Chow, L.N.; Mookherjee, N. Cationic host defence peptides: Multifaceted role in immune modulation and inflammation. J. Innate Immun. 2012, 4, 361–370. [Google Scholar] [CrossRef] [PubMed]

	



Kahlenberg, J.M.; Kaplan, M.J. Little peptide, big effects: The role of LL-37 in inflammation and autoimmune disease. J. Immunol. 2013, 191, 4895–4901. [Google Scholar] [CrossRef]

	



van der Does, A.M.; Beekhuizen, H.; Ravensbergen, B.; Vos, T.; Ottenhoff, T.H.; van Dissel, J.T.; Drijfhout, J.W.; Hiemstra, P.S.; Nibbering, P.H. LL-37 directs macrophage differentiation toward macrophages with a proinflammatory signature. J. Immunol. 2010, 185, 1442–1449. [Google Scholar] [CrossRef]

	



Vandamme, D.; Landuyt, B.; Luyten, W.; Schoofs, L. A comprehensive summary of LL-37, the factotum human cathelicidin peptide. Cell. Immunol. 2012, 280, 22–35. [Google Scholar] [CrossRef]

	



Mookherjee, N.; Brown, K.L.; Bowdish, D.M.; Doria, S.; Falsafi, R.; Hokamp, K.; Roche, F.M.; Mu, R.; Doho, G.H.; Pistolic, J.; et al. Modulation of the TLR-mediated inflammatory response by the endogenous human host defense peptide LL-37. J. Immunol. 2006, 176, 2455–2464. [Google Scholar] [CrossRef]

	



Choi, K.Y.; Mookherjee, N. Multiple immune-modulatory functions of cathelicidin host defense peptides. Front. Immunol. 2012, 3, 149. [Google Scholar] [CrossRef]

	



Choi, K.Y.; Napper, S.; Mookherjee, N. Human cathelicidin LL-37 and its derivative IG-19 regulate interleukin-32-induced inflammation. Immunology 2014, 143, 68–80. [Google Scholar] [CrossRef]

	



Hemshekhar, M.; Choi, K.G.; Mookherjee, N. Host Defense Peptide LL-37-Mediated Chemoattractant Properties, but Not Anti-Inflammatory Cytokine IL-1RA Production, Is Selectively Controlled by Cdc42 Rho GTPase via G Protein-Coupled Receptors and JNK Mitogen-Activated Protein Kinase. Front. Immunol. 2018, 9, 1871. [Google Scholar] [CrossRef] [PubMed]

	



Mookherjee, N.; Hamill, P.; Gardy, J.; Blimkie, D.; Falsafi, R.; Chikatamarla, A.; Arenillas, D.J.; Doria, S.; Kollmann, T.R.; Hancock, R.E. Systems biology evaluation of immune responses induced by human host defence peptide LL-37 in mononuclear cells. Mol. Biosyst. 2009, 5, 483–496. [Google Scholar] [CrossRef] [PubMed]

	



Molhoek, E.M.; den Hertog, A.L.; de Vries, A.M.; Nazmi, K.; Veerman, E.C.; Hartgers, F.C.; Yazdanbakhsh, M.; Bikker, F.J.; van der Kleij, D. Structure-function relationship of the human antimicrobial peptide LL-37 and LL-37 fragments in the modulation of TLR responses. Biol. Chem. 2009, 390, 295–303. [Google Scholar] [CrossRef] [PubMed]

	



Nan, Y.H.; Bang, J.K.; Jacob, B.; Park, I.S.; Shin, S.Y. Prokaryotic selectivity and LPS-neutralizing activity of short antimicrobial peptides designed from the human antimicrobial peptide LL-37. Peptides 2012, 35, 239–247. [Google Scholar] [CrossRef] [PubMed]

	



Rosenfeld, Y.; Lev, N.; Shai, Y. Effect of the hydrophobicity to net positive charge ratio on antibacterial and anti-endotoxin activities of structurally similar antimicrobial peptides. Biochemistry 2010, 49, 853–861. [Google Scholar] [CrossRef] [PubMed]

	



Papo, N.; Shai, Y. A molecular mechanism for lipopolysaccharide protection of Gram-negative bacteria from antimicrobial peptides. J. Biol. Chem. 2005, 280, 10378–10387. [Google Scholar] [CrossRef] [PubMed]

	



Mookherjee, N.; Wilson, H.L.; Doria, S.; Popowych, Y.; Falsafi, R.; Yu, J.J.; Li, Y.; Veatch, S.; Roche, F.M.; Brown, K.L.; et al. Bovine and human cathelicidin cationic host defense peptides similarly suppress transcriptional responses to bacterial lipopolysaccharide. J. Leukoc. Biol. 2006, 80, 1563–1574. [Google Scholar] [CrossRef] [PubMed]

	



Biswas, K.M.; DeVido, D.R.; Dorsey, J.G. Evaluation of methods for measuring amino acid hydrophobicities and interactions. J. Chromatogr. A 2003, 1000, 637–655. [Google Scholar] [CrossRef]

	



Blondelle, S.E.; Perez-Paya, E.; Allicotti, G.; Forood, B.; Houghten, R.A. Peptide binding domains determined through chemical modification of the side-chain functional groups. Biophys. J. 1995, 69, 604–611. [Google Scholar] [CrossRef]

	



Jiang, Z.; Kullberg, B.J.; van der Lee, H.; Vasil, A.I.; Hale, J.D.; Mant, C.T.; Hancock, R.E.; Vasil, M.L.; Netea, M.G.; Hodges, R.S. Effects of hydrophobicity on the antifungal activity of alpha-helical antimicrobial peptides. Chem. Biol. Drug Des. 2008, 72, 483–495. [Google Scholar] [CrossRef]

	



Spicer, V.; Lao, Y.W.; Shamshurin, D.; Ezzati, P.; Wilkins, J.A.; Krokhin, O.V. N-capping motifs promote interaction of amphipathic helical peptides with hydrophobic surfaces and drastically alter hydrophobicity values of individual amino acids. Anal. Chem. 2014, 86, 11498–11502. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, N.E.; Mant, C.T.; Hodges, R.S. Effect of preferred binding domains on peptide retention behavior in reversed-phase chromatography: Amphipathic alpha-helices. Pept. Res. 1990, 3, 8–20. [Google Scholar]

	



Ishida, W.; Harada, Y.; Fukuda, K.; Fukushima, A. Inhibition by the Antimicrobial Peptide LL37 of Lipopolysaccharide-Induced Innate Immune Responses in Human Corneal Fibroblasts. Investig. Ophthalmol. Vis. Sci. 2016, 57, 30–39. [Google Scholar] [CrossRef]

	



Scott, A.; Weldon, S.; Buchanan, P.J.; Schock, B.; Ernst, R.K.; McAuley, D.F.; Tunney, M.M.; Irwin, C.R.; Elborn, J.S.; Taggart, C.C. Evaluation of the ability of LL-37 to neutralise LPS in vitro and ex vivo. PLoS ONE 2011, 6, e26525. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, J.; Gudmundsson, G.H.; Rottenberg, M.E.; Berndt, K.D.; Agerberth, B. Conformation-dependent antibacterial activity of the naturally occurring human peptide LL-37. J. Biol. Chem. 1998, 273, 3718–3724. [Google Scholar] [CrossRef]

	



Jiang, Z.; Vasil, A.I.; Hale, J.D.; Hancock, R.E.; Vasil, M.L.; Hodges, R.S. Effects of net charge and the number of positively charged residues on the biological activity of amphipathic alpha-helical cationic antimicrobial peptides. Biopolymers 2008, 90, 369–383. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Shang, D. Inhibitory Effects of Antimicrobial Peptides on Lipopolysaccharide-Induced Inflammation. Mediat. Inflamm. 2015, 2015, 167572. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, S.; Ghosh, J.K. Introduction of a lysine residue promotes aggregation of temporin L in lipopolysaccharides and augmentation of its antiendotoxin property. Antimicrob. Agents Chemother. 2013, 57, 2457–2466. [Google Scholar] [CrossRef]

	



Scott, M.G.; Yan, H.; Hancock, R.E. Biological properties of structurally related alpha-helical cationic antimicrobial peptides. Infect. Immun. 1999, 67, 2005–2009. [Google Scholar]

	



Wu, B.C.; Lee, A.H.; Hancock, R.E.W. Mechanisms of the Innate Defense Regulator Peptide-1002 Anti-Inflammatory Activity in a Sterile Inflammation Mouse Model. J. Immunol. 2017, 199, 3592–3603. [Google Scholar] [CrossRef]

	



Huang, Y.; He, L.; Li, G.; Zhai, N.; Jiang, H.; Chen, Y. Role of helicity of alpha-helical antimicrobial peptides to improve specificity. Protein Cell 2014, 5, 631–642. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Huang, J.; Chen, Y. Alpha-helical cationic antimicrobial peptides: Relationships of structure and function. Protein Cell 2010, 1, 143–152. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Mant, C.T.; Farmer, S.W.; Hancock, R.E.; Vasil, M.L.; Hodges, R.S. Rational design of alpha-helical antimicrobial peptides with enhanced activities and specificity/therapeutic index. J. Biol. Chem. 2005, 280, 12316–12329. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Guarnieri, M.T.; Vasil, A.I.; Vasil, M.L.; Mant, C.T.; Hodges, R.S. Role of peptide hydrophobicity in the mechanism of action of alpha-helical antimicrobial peptides. Antimicrob. Agents Chemother. 2007, 51, 1398–1406. [Google Scholar] [CrossRef] [PubMed]

	



Krause, E.; Beyermann, M.; Dathe, M.; Rothemund, S.; Bienert, M. Location of an amphipathic alpha-helix in peptides using reversed-phase HPLC retention behavior of D-amino acid analogs. Anal. Chem. 1995, 67, 252–258. [Google Scholar] [CrossRef] [PubMed]

	



Pidgeon, C.; Ong, S.; Liu, H.; Qiu, X.; Pidgeon, M.; Dantzig, A.H.; Munroe, J.; Hornback, W.J.; Kasher, J.S.; Glunz, L.; et al. IAM chromatography: An in vitro screen for predicting drug membrane permeability. J. Med. Chem. 1995, 38, 590–594. [Google Scholar] [CrossRef]

	



Gussakovsky, D.; Neustaeter, H.; Spicer, V.; Krokhin, O.V. Peptide retention time prediction for immobilized artificial membrane phosphatidylcholine stationary phase: Method development and preliminary observations. Admet Dmpk 2018, 6, 190–199. [Google Scholar] [CrossRef]

	



Yachdav, G.; Kloppmann, E.; Kajan, L.; Hecht, M.; Goldberg, T.; Hamp, T.; Honigschmid, P.; Schafferhans, A.; Roos, M.; Bernhofer, M.; et al. PredictProtein—An open resource for online prediction of protein structural and functional features. Nucleic Acids Res. 2014, 42, W337–W343. [Google Scholar] [CrossRef]

	



Lacroix, E.; Viguera, A.R.; Serrano, L. Elucidating the folding problem of alpha-helices: Local motifs, long-range electrostatics, ionic-strength dependence and prediction of NMR parameters. J. Mol. Biol. 1998, 284, 173–191. [Google Scholar] [CrossRef]

	



Krokhin, O.V. Sequence-specific retention calculator. Algorithm for peptide retention prediction in ion-pair RP-HPLC: Application to 300- and 100-A pore size C18 sorbents. Anal. Chem. 2006, 78, 7785–7795. [Google Scholar] [CrossRef]








[image: Biomolecules 09 00501 g001 550] 





Figure 1. Helical projections of the peptides. The hydrophobic amino acids are indicated as red rings, hydrophilic basic amino acids (positively charged) are indicated in yellow, hydrophilic acidic amino acids (negatively charged) are indicated in green rings, and all other amino acids are represented in black rings. 
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Figure 2. Cytokine and chemokine production in macrophage-like THP-1 cells. Macrophage-like plastic adherent THP-1 cells were stimulated with lipopolysaccharides (LPS) (10 ng/mL) in the presence and absence of different peptides (5 µM each). Production of pro-inflammatory cytokine TNF and chemokines GRO-α and IL-8 were evaluated by ELISA in tissue culture (TC) supernatants after 24 h, and that of anti-inflammatory cytokine IL-1RA after 48 h. (A) LPS-induced responses (TNF, GRO-α, and IL-8) in the presence and absence of the peptides. (B) Peptide-induced production of chemokines (GRO-α and IL-8) and anti-inflammatory cytokine IL-1RA. Results shown are from eight independent experimental replicates. Results shown are from seven independent experiments (n = 7). One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to determine the statistical significance. A p-value of <0.05 was considered to be statistically significant. 
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Figure 3. Correlation analyses of immunomodulatory responses of peptides with in-silico-predicted hydrophobicity index and α-helicity scores. Macrophage-like plastic adherent THP-1 cells were stimulated with LPS (10 ng/mL) in the presence and absence of the different peptides (5 µM each). Production of pro-inflammatory cytokine TNF and chemokines GRO-α and IL-8 was evaluated by ELISA in TC supernatants after 24 h (A) Correlation analysis between the percentage inhibition of LPS-induced responses and predicted hydrophobicity index (HI) of the peptides. (B) Correlation analysis between the percentage inhibition of LPS-induced responses and predicted α-helicity scores (AGADIR prediction) of the peptides. Each ring in the graph represents an individual peptide. Pearson correlation analysis was used to determine the significance of the correlation. A p-value of <0.05 was considered to be statistically significant. 
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Figure 4. RP HPLC separation of IG-19 and its scrambled analogs. The mixture of IG-19 and its scrambled analogs (5 µg of each) was injected on the Luna C18(2) 5 µm, 1 × 100 mm column Phenomenex (Torrance, CA) and separated using a binary water/acetonitrile gradient of 2% acetonitrile per minute (0.1% trifluoroacetic acid as ion-pairing modifier) with 0.2 mL/min flow rate. 
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Figure 5. Correlation analyses of immunomodulatory responses of peptides with retention time (RT). Macrophage-like plastic adherent THP-1 cells were stimulated with LPS (10 ng/mL) in the presence and absence of the different peptides (5 µM each). Production of pro-inflammatory cytokine TNF and chemokines GRO-α and IL-8 were evaluated by ELISA in TC supernatants after 24 h, and that of anti-inflammatory cytokine IL-1RA after 48 h. (A) Correlation analysis between the percentage inhibition of LPS-induced responses by peptides and RT of the peptides on RP HPLC. (B) Correlation analysis between the peptide-induced chemokines (GRO-α and IL-8) and anti-inflammatory cytokine IL-1RA, and RT of the peptides on RP HPLC. Each ring in the graph represents an individual peptide. Pearson correlation analysis was used to determine the significance of the correlation. A p-value of <0.05 was considered to be statistically significant. 
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Figure 6. Functional validation of the peptide immunomodulatory responses using human peripheral blood mononuclear cells (PBMC). Human PBMC were stimulated with LPS (10 ng/mL) in the presence and absence of different peptides (5 µM each). (A) LPS-induced production of pro-inflammatory cytokine TNF in the presence or absence of peptides was evaluated by ELISA in TC supernatants after 24 h. (B) Peptide-induced production of anti-inflammatory cytokine IL-1RA was evaluated by ELISA in TC supernatants after 48 h. Results shown are from four biological replicates using PBMC isolated from four independent donors (n = 4). Each dot represents an independent donor and the line shown is the median for each condition. Kruskal–Wallis one-way analysis of variance (ANOVA) followed by Dunn’s post hoc test was used to determine the statistical significance. * A p-value of <0.05 was considered to be statistically significant. 
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Figure 7. Correlation analyses of peptide-mediated activity in human PBMC with in-silico-predicted hydrophobicity index (HI), α-helicity scores, and retention time (RT). Human PBMC were stimulated with LPS (10 ng/mL) in the presence and absence of the different peptides (5 µM each). Production of pro-inflammatory cytokine TNF was evaluated by ELISA in TC supernatants after 24 h, and IL-1RA after 48 h. Correlation analysis between predicted HI, helicity, and RT with peptide-mediated (A) percentage inhibition of LPS-induced TNF and (B) IL-1RA production. Each ring in the graph represents an individual peptide. Pearson correlation analysis was used to determine the significance of the correlation. A p-value of <0.05 was considered to be statistically significant. 
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Table 1. Amino acid sequences and net charge of the peptides.
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	Peptides
	Sequence
	Net Charge at pH 7
	Net Charge at pH 2





	IG19
	IGKEFKRIVQRIKDFLRNL-NH2
	+5
	+7



	IG-19a
	IREGRRINLLVKKIFDKQF-NH2
	+5
	+7



	IG-19b
	NLKEFIRIRGKDFQVRILK-NH2
	+5
	+7



	IG-19c
	LIEKRKRFGRKNQIDIVLF-NH2
	+5
	+7



	IG-19d
	IFRRFLKDERIGIKNLKVQ-NH2
	+5
	+7
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Table 2. In silico prediction of peptide structural features.






Table 2. In silico prediction of peptide structural features.





	
Peptides

	
Secondary Structure Score

(PredictProtein Software)

	
α- Helicity Score (AGADIR)

	
Hydrophobicity Index (Predicted)




	
Helix

	
Strand

	
Loop






	
IG19

	
84.2%

	
0.0%

	
15.8%

	
9.4

	
11.15




	
IG-19a

	
57.9%

	
0.0%

	
42.1%

	
2.23

	
9.40




	
IG-19b

	
42.1%

	
21.1%

	
36.8%

	
3.35

	
10.95




	
IG-19c

	
35.6%

	
15.8%

	
48.6%

	
1.45

	
8.87




	
IG-19d

	
39.1%

	
0.0%

	
59.9%

	
0.51

	
7.59












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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