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[bookmark: _Toc82181428]Abstract:
Cathelicidins have long been researched for protective capabilities against invading pathogens. Recently, they have been connected to the modulation of nucleic acid sensing by TLR receptors. However, little is known about their immunomodulatory influence on DNA-activated macrophages. In this study, we looked into the effects of DNA-binding cathelicidins on murine macrophages activated using physiological DNA or synthetic ODN. Our results show that chicken cathelicidin (CATH)-2 has a different effector function based on the type of DNA used. For ODN, it can enhance the activation of murine macrophages while with physiological DNA an anti-inflammatory function is observed. In addition, dextrorotary - CATH-2 was found to have a consistent anti-inflammatory effect on macrophages activated by all sources of DNA. Furthermore, truncated CATH-2 peptides, as well as CATH-1 were found to not affect DNA activated macrophages. These observations indicate that for DNA-binding cathelicidin research, the same cathelicidin might regulate immune responses differ depending on the cellular environment and DNA isotype.    
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[bookmark: _Toc82181430]Layman's summary:

Gastheer beschermde eiwitten, zoals CATH-2 worden al langer onderzocht voor hun mogelijke bijdrage aan immuunprocessen. Een van deze processen is de activatie van witte bloedcellen door middel van bacterieel DNA. Uit het onderzoek is gebleken dat CATH-2 invloed heeft op de activatie van immuun cellen. De invloed kan zo wel remmend als activerend zijn aan de hand van het type DNA. Als een gespiegeld CATH-2 eiwit wordt getest dan blijkt dit zogenaamde D-CATH-2 eiwit alleen een remmende functie te hebben. Nu bestaat CATH-2 uit verschillende bouwstenen genaamd aminozuren, deze zijn net allemaal iets anders waardoor ze verschillende functies hebben binnen het volledige eiwit. Door stukjes CATH-2 te selecteren kan je testen of verschillende aminozuren nog steeds dezelfde functie hebben als ze hebben in het gehele CATH-2 eiwit. Dit blijkt niet zo te zijn. CATH-2 heeft zijn namelijk aminozuren in een specifieke structuur nodig om een invloed te hebben op de activatie van de immuun cellen. Het onderzoek heeft nieuwe functies van CATH-2 gevonden die kunnen bijdragen aan de ontwikkeling van medicatie die immuunreacties moduleren. 


[bookmark: _Toc82181431]Introduction
The innate immune system is the first line of defence against pathogens. Pathogens are recognized by the innate immune system using conserved molecular patterns such as lipopolysaccharide or nucleic acids. Nucleic acids, in particular, extracellular deoxyribonucleic acid (DNA) are strong inducers of immune activation (Schmidt et al., 2015). Extracellular DNA can be derived from multiple foreign sources such as killed bacteria, secretion by bacteria or DNA viruses (Matz et al., 2019). Extracellular DNA can likewise be derived from a local source such as tissue damage or neutrophils which undergo NETosis (Magna & Pisetsky, 2016). This extracellular DNA is taken up by immune cells into endolysosomal compartments where it can interact with Toll-like receptor (TLR)9 (Kumagai et al., 2008). 
TLR9 is a nucleic acid sensing molecular pattern recognizing receptor which recognizes two kinds of nucleic acid motifs in DNA: unmethylated CpG dinucleotides containing DNA, and DNA that ends in the 5-xCx motif (Ohto et al., 2015, 2018; Pohar et al., 2017). Dual CpG motif and 5’-xCx ending DNA strands promote TLR9 dimerization and activation. Unmethylated CpG motifs are mostly found in DNA from foreign sources such as bacteria. Humans and other mammals have strongly methylated CpG dinucleotides and CpG motifs are suppressed which is thought to have an evolutionary origin, since a methylated CpG motif induces less binding and dimerization of TLR9, thereby limiting self-activation (Ohto et al., 2015). Molecular imaging suggests that two ssDNA strands bind to both ectodomains of the TLR9s as the TLR9 receptor needs to hybridize with another TLR9 in an acidified lysosomal compartment before activation can occur. The sugar backbone of DNA plays a major role in the ssDNA recognition by TLR9 (Haas et al., 2008). Natural phosphodiester (PD) has a far lower binding affinity than a phosphorothioate (PS) modified backbone containing DNA, which is often utilised in TLR9 research. When the PS modified DNA contains a CpG motif, it has a high TLR9 stimulating effect.  Natural PD DNA does not have an equally strong effect and the strict CpG motif dependency does not carry over for natural DNA, since human DNA (hDNA) can activate TLR9 in some immune disorders (Schmidt et al., 2015). Ongoing research has identified multiple proteins were are thought to interact with TLR9 and impact nucleic acid signalling (C. C. Lee et al., 2012). One of the most common TLR9 cofactors is LL-37, so called cathelicidin(Hurtado & Au Peh, 2010; Morizane et al., 2012). Apart from LL-37 other TLR9 ligand interacting cathelicidins have been identified (Coorens et al., 2017; Nakagawa & Gallo, 2015)
Cathelicidins are innate immune peptides and are found in many different phyla of animals (van Harten et al., 2018). They are defined by their cathelin-like prodomain,  are typically small, have fewer than 50 amino acids in length and have a positive charge range between 2+ and 9+ at physiological pH. However, the biologically active peptide is structurally highly diverse (Coorens et al., 2017). Cathelicidins have been characterized as cationic anti-microbial peptides being the first line of defence against microbial pathogens by directly killing them, however, more functions have been discovered such as inducing chemotaxis, cell differentiation, upregulation of phagocytosis and nucleic acid uptake. Multiple cathelicidins have been found to interact with extracellular DNA, such as CRAMP, the prior mentioned LL-37 and chCATH-2 (Coorens et al., 2017; Morizane et al., 2012; Nakagawa & Gallo, 2015). When interacting with extracellular DNA these cathelicidins form complexes (E. Y. Lee et al., 2016) which localize to endolysosomal compartments inside immune cells such as plasmacytoid DCs, B-cells or macrophages. In these compartments, TLR9 can be found (Kumagai et al., 2008). 
As the DNA-cathelicidin complexes can localize into the TLR9 containing compartments, they could be modulating the nucleic acid receptor signalling of immune cells.  Until this point in time, most studies have indicated that DNA-complexes are enhancing the TLR9 activation in pDCs. This enhancement of activation is proposed to occur in multiple ways; enhanced endocytosis of DNA, protection of DNA against extracellular breakdown and multi-valent binding to TLR9 due to optimal spacing of DNA strands inside of the DNA-cathelicidin complexes (E. Y. Lee et al., 2020). However, the exact manner in which enhancement occurs and what mechanisms play a role is unknown. As mentioned before, not all DNA-binding cathelicidins have the same proprieties. The various DNA binding peptides organize in supramolecular structures of different forms, with some more optimized to obtain optimal TLR binding (Junt & Barchet, 2015; E. Y. Lee et al., 2016; E. Y. Lee, Lee, et al., 2019).  It is proposed that the DNA packing in these structural scaffolds is a key determinant if the peptide can modulate TLR immune signalling.  
Research into the modulation of TLR9 DNA-activation of murine macrophages has been thus far been undervalued and most research has only been performed using synthetic PS nucleotides which do not act in the same manner as real PD DNA does. This limits the understanding of macrophages by DNA activation and the possible TLR modulatory properties of cathelicidins during the activation of macrophages. Therefore, this research project aims to better understand the possible modulatory properties of DNA-binding chicken cathelicidin (CATH)-2, its truncations and isomers as it has been found to strongly interact with DNA and the truncations seem to have a different DNA packing (Coorens et al., 2015). The aim is to understand how modulation of the TLR9 response of RAW264.7 cells can occur and characterize the mechanism and optimal circumstances of this modulation by various host defence peptides with the focus on CATH-2. Another goal of this research project is to utilise physiological DNA instead of the before mentioned PS backbone DNA. By understanding the modulatory properties of DNA binding exogenous cathelicidin, different applications can be improved in which cathelicidins might play a role such as, vaccine development, drug development or understanding autoimmune disorders. 


[bookmark: _Toc82181432]Materials and Methods 
Reagents  
[bookmark: _Hlk79586169]L-CATH-2, CATH-1, L-CATH-2 isomer C1-15, D-CATH-2 were synthesized by Fmoc-chemistry (ChinaPeptides, Shanghai, China). L-CATH-2 isomers: C1-21, C4-13 and C7-21 were synthesized by Fmoc-chemistry at the Academic Centre for Dentistry Amsterdam (Amsterdam, the Netherlands). Oligodeoxynucleotide (ODN)1826, ODN1826 control (ODN1826-c), Ultrapure Escherichia coli  (E. coli) Lipopolysaccharide (LPS) O111:B4, were obtained from Invivogen (Toulouse, France). E. coli DNA (Fisher Scientific, Waltham, Massachusetts, United States) was stored in two different solutions; MiliQ containing 10mM TRIS-HCl and 1mM EDTA (pH 8 at RT) or solely in water for injection (WFI) for isothermal titration (ITC) experiments. Lambda DNA was obtained from New England Biosciences (Ipswich, Massachusetts, United States). WFI, Dulbecco's PBS (dPBS), were obtained from Gibco™ (Fisher scientific).  H2SO4 (95%)  were obtained from Sigma (St. Louis, Missouri, United States). 
TABLE 1
	
	Name
	Sequences
	Charge at pH7.4

	1
	CATH-1
	RVKRVWPLVIRTVIAGYNLYRAIKKK
	7.166

	2
	CATH-2
	RFGRFLRKIRRFRPKVTITIQGSARF
	8.179

	3
	D-CATH-2
	RFGRFLRKIRRFRPKVTITIQGSARF
	8.179

	4
	CATH-2 (1-15)
	RFGRFLRKIRRFRPK
	7.181

	5
	CATH-2 (1-21)
	RFGRFLRKIRRFRPKVTITIQ
	7.178

	6
	CATH-2 (4-13)
	RFGRFLRKIRRFR
	5.182

	7
	CATH-2 (7-21)
	RKIRRFRPKVTITIQ
	5.179


Table 1: Overview of all peptides used, their sequence and their charge at pH 7.4. 
Cell cultures
Murine cell line RAW264.7 was bought/obtained from ATCC (Manassas, Virginia, United States). RAW264.7 cells were cultured in DMEM Gibco™ (Fisher scientific). supplemented with 10 % FBS (Corning (Corning, New York, United States). The cell line was kept at 37 C, 5.0% CO2. Every 3 days, the cells were passaged in new 1:10 (according to the surface area of the new culture bottle) dilution of fresh medium. Cells were passaged until the highest passage 22. Cells were detached using a cell scraper. Cells were cultured inside a T-25, T-75 or a T-225 depending on the number of plates needed for cell experiments. 

Cell experiments 
RAW264.7 cells were seeded into sterile 96-well flat-bottom plates (Corning) at 5*10^4 per well in 100 µL DMEM supplemented with 10% FBS and incubated overnight. The cell concentration was determined using Countess II (Applied Biosystems™) and staining cells with Trypan Blue solution, 0.4% Gibco™ (Fisher scientific).  For counting 10 µL of scraped cells was mixed with 10 µL of Trypan Blue solution and incubated for 1 minute. Afterwards, 10 µL was loaded onto a disposable Countess chamber slide. Dilutions were calculated using viable cells. First, incubation wells were checked for equal density and infection. Cells were then stimulated with the different (truncated) peptides, LPS, ODN1826, ODN1826-c, E. coli DNA (stored in 10mM TRIS-HCl and 1mM EDTA) and/or Lambda DNA. After 24hrs of stimulation, the supernatant was harvested inside of 96-well flat-bottom plates (Nunc) or 96-well V-bottom plates (Corning) and frozen to be analysed on a later date. 
Griess assay
NO (nitric oxide) production was measured using the Griess Assay. For analysis, 50µL of thawed supernatant was mixed with 50µL 1% sulphanilamide (5% phosphoric acid) and incubated for 5 min at RT in the dark. To this mixture another 50µL of 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride was added, subsequently, the mixture was incubated for 5 min at RT in the dark. Absorbance was measured at 550nm using the FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Baden-Württemberg, Germany).  µM concentration values were calculated using the 4-parameter fit function inside of MARS (BMG) using the standard values. Sulphanilamide was obtained from (Merck, Darmstadt, Germany). N-(1-Napthyl)ethylenediamine dihydrochloride was obtained from VWR (Radnor, Pennsylvania, United States). 
ELISA 
For the quantification of cytokine production by RAW264.7 cells, ELISA DuoSet (R&D Systems, Minneapolis, MN, United States) were acquired. One day prior to analysis 96-well flat-bottom plates (Nunc) were coated with capture antibody and left at RT overnight. Supernatant samples were thawed at RT and analysed by diluting them 10X or 20X for TNFα with 1% BSA in PBS (1x) pH 7.4. ELISAs were performed according to the manufacturer’s protocol. Plates were washed using the TECAN HydroSpeed™ automatic plate washer (Männedorf, Switzerland). Absorbance was measured at 450nm using the FLUOstar Omega microplate reader (BMG Labtech) and corrected using a measurement at 540nm. Pg/mL values were calculated using the 4-parameter function in MARS (BMG) using fluorescence values obtained using ELISA standard kit.  Bovine Serum Albumin (BSA) and Tween were obtained from Sigma, Phosphate-buffered Saline 20x (PBS) was obtained from Santa Cruz Biotechnology (Dallas, Texas, United States) and TMB used during ELISA was obtained from Life Technologies (Carlsbad, California, United States).
Isothermal titration calorimetry 
The ITC machine utilised was the Low Volume NanoITC from TA Instruments-Waters LLC ( New Castel, Delaware, United States). The 50-µL syringe was filled with 50 µL of 200 µM peptide and the cell chamber was loaded with 300 µL 125µg/mL E. coli DNA. Both peptide and the DNA were kept in a buffer solution containing 1:3 WFI: dPBS. Titrations were incremental with 2µL injections every 300s. As controls Buffer – Buffer and Buffer – Substance runs were performed. All experiments were performed at 37°C. Data obtained was analysed with the Nano Analysed software (TA Instruments-Waters LLC). During modelling cell concentration was always 0,1 mM as exact molarity was unknown. This molarity was chosen after taken into account that DNA has multiple binding sites and therefore can be regarded as having multiple ‘moles’. 
DNA Isolation 
DNA was isolated from E. coli ATC O73 which was grown overnight at 37 degrees in 10 mL of MHB medium. As a negative control, non-inoculated MHB was utilised. The High Pure PCR Template Preparation kit (Roche, Basel, Switzerland) was utilised to isolated the DNA. The isolations were performed according to the manufacturer's protocol except for the amount of bacteria culture added to the microcentrifuge tube, this was increased to 500 µL. Quantity and quality were measured using the Biodrop (DKSH Management Ltd., Zurich, Switzerland).  For some experiments, DNA was digested using DNase I (5 U/µL) (Roche) for zero, one or two minutes. To stop the DNase stopping buffer was added (20mM TRIS-HCL, 8 mM EDTA) and DNA was heated at 70° degrees Celsius for at least 10 minutes.   
Gel electrophoresis 
10 µL of DNA (41.66 µg/mL) of different sources was mixed with 6x loading dye was loaded on a 1% Agarose (Tebu-bio, Le Perray en Yvelines, France) gel with Ethidium Bromide (Sigma) mixed in.  5 µL of  GeneRuler 100bp DNALadder (Gibco™) was loaded on the gel. The gel was run for 40 minutes after which the DNA bands were imaged using the ChemiDoc (Bio-rad)  
Statistical analysis and graphics 
Statistical analysis and graphical presentation were performed in Prism 9 (GraphPad, La Jolla, CA). Data were analysed for statistical significance using two-way ANOVA with Tukey Post-Hoc test for more than two groups. No data was transformed.  Results are presented as mean + standard error of the mean (SEM).  All experiments were performed at least 3 times independently or noted otherwise. 
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[bookmark: _Toc82181434]CATH-2 enhances the activation of RAW264.7 cells stimulated with ODN1826 
We wanted to determine the effect of CATH-2 on the TLR9 activation of RAW264.7 cells when stimulated with DNA in the form of ODN1826, a murine optimized single-stranded PS backbone ODN. When incubated the cells with only ODN1826 the cells were activated with low concentrations (Fig1A). CATH-2 was able to increase NO production from cells stimulated with 10nM of ODN to a maximum of 13 µM in the presence of 1,25 µM of peptide (Fig1B). For 10 nM ODN, CATH-2 increased the production of NO for all concentrations of peptide utilised. The highest production of NO was measured with 50 nM of ODN co-incubated with 5 µM CATH-2, generating 36.08 µM (Fig1C). Lower concentrations of ODN did not result in strongly activated cells compared to the control groups. We also wanted to know what the influence of CATH-2 was on TNFα production, as this is a major rapid response inflammatory cytokine produced by macrophages. TNFα production was strongly induced by ODN with CATH-2 increasing TNFα production at 10nM, increasing from 5354 pg/mL to 9524 pg/mL (Fig1E). In addition, when co-incubated with 5 µM of CATH-2, 50nM ODN was affected by the co-incubation with CATH-2. However, the observed effect was negligible (Fig1D). No activation of the macrophages was measured for both NO and TNFα for the control ODN1826(-c). Taken together, these results indicate that the L-CATH-2 increases the production of NO from ODN1826 stimulated cells and that the presence of the peptide affects TNFα production when cells are stimulated with 10 nM ODN.  
[bookmark: _Toc82181435]CATH-2 has an anti-inflammatory effect on DNA activated RAW264.7 cells
Since ODN1826 is a synthetic type of DNA, its use for mimicking real infection is limited (Haas et al., 2008). ODN-1826 has been optimised to induce a strong TLR9 response and its phosphate backbone has been changed to contain sulphur atoms which make the ssDNA strand very stable. Because of these synthetic changes, the TLR9 response generated by ODN is dissimilar to physiological DNA TLR9 response. Therefore, the effect of isolated purified genomic bacterial DNA on the activation of cells was studied. At first, we tried to isolate this bacterial DNA ourself but due to constraints in the purity and concentration of the isolated DNA, this was discontinued (Supplemental Figure 1 and Table 1). Instead, purified genomic DNA was bought and utilised for stimulation. Full-length E. coli DNA was able to stimulate RAW264.7 cells in a dose-dependent manner as shown by an increase in NO production. (Fig2A). When the CATH-2 was added, an anti-inflammatory effect was observed, which was strongest with 5 µM of CATH-2 (Fig2B). A similar reduction in activation when co-incubated with CATH-2 was observed for TNFα secretion, again strongest reduction with 5 µM of CATH-2 for all DNA concentrations utilised, although just not significant.  To test if the origin of DNA has an impact on the effect of the CATH-2, the same experiment was performed with viral DNA (Fig2D). Viral DNA of a Lambda phage was used, which in contrast to the bacterial DNA is 48 Kbp long and has a phosphodiester backbone. When stimulating the cells with the viral DNA the same silencing properties could be seen for the production of NO. This effect was more pronounced for lower DNA concentrations such as 0.3 µg/mL till 1.25 µg/mL and the effect disappeared for similar DNA concentrations as were utilised for E. coli DNA, 2,5 µg/mL. In addition, the viral DNA was found to achieve more stimulation, generating a maximum of 60 µM for most DNA concentrations used, when compared to the maximum of 33 µM NO produced by cells stimulated with 10  µg/mL of E. coli DNA.  
A

Figure 1.  Enhancement of pro-inflammatory cytokines production by ODN1826 stimulated RAW264.7 macrophage cells in the presence of CATH-2. (A) Nitrite oxide production of RAW264.7 cells with increasing ODN concentrations in the presence of different CATH-2 concentrations (0 -5 µM). (B) Nitrite oxide production off 50 nM ODN1826 versus  50nM ODN1826-C stimulated RAW264.7 cells in the presence of CATH-2 (0-5 µM). (C) TNF-α production of RAW264.7 cells stimulated with 50 nM ODN1826 or ODN1826-C in the presence of CATH-2 (0-5 µM). (D) TNF-α production of RAW264.7 cells after stimulation with increasing ODN1826 concentrations in the presence of CATH-2 (0 - 5 µM). (A-D) Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparisons test post hoc test (*p<0.05, **p <0.01,  ***p,0.001, ****p,<0,001 ). n = at least 3 repetitions; error bars = ±SEM. Experiments were done singularly. 



Figure 2. Stimulation of RAW264.7 macrophages with full-length high molecular weight E. coli DNA. (A) Nitrite oxide production of  RAW264.7 cells stimulated with different concentrations of full-length E. coli DNA  (1,25µg/mL – 10 µg/mL) in the absence or presence of L-CATH-2 (0-5 µM). (B) TNF- production of RAW264.7 cells stimulated in the same way as in (A).  (C) Nitrite oxide production of RAW264.7 cells stimulated with lambda DNA (0,3 – 10 µg/mL) in the absence or presence of L-CATH-2. (A-C) The p were calculated through by two-way ANOVA with Tukey’s multiple comparisons test post hoc test (*p<0.05, **p <0.01,  ***p,0.001). n = at least 3 repetitions; error bars = ±SEM. Experiments were done in duplicate and mean was used for statistical analysis. 



[bookmark: _Toc82181436]D-CATH-2 silences the activation of RAW264.7 cells stimulated with ODN1826
A major obstacle to the development of small molecule, peptide drugs is their susceptibility to protein degradation in the human body. One of the most effective ways to reduce degradation is the creation of dextrorotary (D) amino acids analogues (Garton et al., 2018). D- amino acids peptides are more proteolytically stable than L-amino acid peptides. By making the D-isomer of a cathelicidin, it can have  increased potency and effectiveness as mammalian cells do not have the right proteolytical proteins to degrade the peptides. To test this, RAW264.7 cells were stimulated with ODN1826 in the presence and absence of D-CATH-2. The NO production was lowered at the highest D-CATH-2 concentrations (Fig3A). This reduction of NO production was strongest with the 50 nM ODN condition, from 29.33 µM to 0.68 µM (Fig3B). Similar to L-CAHT-2, D-CATH-2 tends to first increase the 10nM ODN-stimulation at 0.3 µM (although just not significant), before it inhibits its stimulation. To further investigate the activation state of the cells we investigated TNFα production subsequent to the coincubation of DNA with D-CATH-2. The coincubation resulted in the same pattern of activation as seen with the NO production (Fig3D). The TNFα production of the ODN activated RAW264.7 cells was silenced at the 5 µM concentration. Interestingly, similar as observed for NO-production, 0.3 µM D-CATH-2 enhanced the TNFα production when stimulated with 2.5 or 10 nM ODN and this time generating a significant difference in production. The TNF-a production was not further increased when the cells were stimulated with 50nM ODN and co-incubated with 0.3 µM D-CATH-2  (Fig3C).  
[bookmark: _Toc82181437]D-CATH-2 generates a similar anti-inflammatory phenotype. 
Since the effect of CATH-2 differs depending on the usage of physiological DNA or synthetic ODN we were interested in investigating if D-CATH-2’s effect would be altered when physiological DNA is used. Therefore, cells were stimulated with E. coli DNA in the presence of D-CATH-2. When comparing the data to the cells stimulated with ODN in the presence of D-CATH-2, the same phenotype can be observed (Fig4A). Co-incubation with D-CATH-2 generates a strong reduction in NO production, reducing the concentration from 27 µM to 4.7 µM when stimulated with 10 µg/mL. This is a reduction of 87%. When looking at the effect of D-CATH-2 on TNFα production, again co-incubation leads to dose-dependent silencing of TNFα production which is seen across the DNA concentrations ranges used (Fig4B). For example, the 10 µg/mL stimulated cells had a reduction of 69.91% (16914 pg/mL to 5258 pg/mL). The biggest reduction was observed for cells stimulated with 5 µg/mL with a reduction of 83.7% (10700 pg/mL to 1744 pg/mL) less TNFα production when comparing no peptide to 5 µM of D-CATH-2. In short, the effect of D-CATH-2 on DNA stimulated cells seems comparable to ODN stimulated cells, with both generating a silencing effect with a dose-dependent decrease.   
[image: ]
Figure 3. Anti-inflammatory effect of D-CATH-2 on the activation of RAW264.7 macrophages with ODN1826. (A) Nitrite oxide production of RAW264.7 cells stimulated with ODN1826 (0 – 50nM) in the presence of D-CATH-2 (0 – 5 µM). (B) Effect of D-CATH-2 on nitrite oxide production by RAW264.7 cells stimulated with 50nM ODN1826 or 50nM ODN1826-C in the presence of D-CATH-2 (0 – 5 µM). (C) Effect of D-CATH-2 on TNF-α production by RAW264.7 cells stimulated with 50nM ODN1826 or 50nM ODN1826-C in the presence of D-CATH-2 (0 – 5 µM). (D) TNF- production by RAW264.7 cells stimulated with ODN1826 in the presence of D-CATH-2 (0 – 5 µM).  (A-D) The p were calculated with a two-way ANOVA with Tukey’s multiple comparisons test post hoc test (*p<0.05, **p <0.01,  ***p,0.001). n = at least 3 repetitions; error bars = ±SEM. Experiments were done in singularly.    
[image: ]
Figure 4. Influence of D-CATH-2 and DNA type on DNA activated RAW264.7 cells. (A) Nitrite oxide production of RAW264.7 cells stimulated with full-length E. coli (2,5 – 10 µg/mL) in the presence of D-CATH-2 (0 – 5 µM).  (B) TNF-  production by RAW264.7 cells stimulated with full-length E. coli (2,5 – 10 µg/mL) in the presence of D-CATH-2 (0 – 5 µM).  ((A-B) The p were calculated through two-way ANOVA with Tukey’s multiple comparisons test post hoc test (*p<0.05, **p <0.01,  ***p,0.001). n = at least 3 repetitions; error bars = ±SEM. (A-B) were done in duplicate, and mean was used for statistical analysis. (C) was done in singular. 
[bookmark: _Toc82181438]Effector function capabilities of related CATH-1 and truncated CATH-2 peptides
To investigate which amino acid sequences of the CATH-2 peptide are important for the effector function of CATH-2 on TLR9 activation, truncated peptides were generated. The truncated peptides contain different amino acid sequences which capture a part of the full-length CATH-2 peptide. The charge and amino acids comparison can be found in table (1). In conjunction with this, we wanted to investigate if CATH-1, a different chicken cathelicidin would affect TLR9 activation. CATH-1 has no proline-induced kink like CATH-2. Its charge however is very positive at pH 7.4 which would enable it to bind DNA. To test if the CATH-1 and the truncated peptides have an effector function, cells were stimulated with  5 µg/mL DNA and 50nM ODN in the presence of the peptides. NO production of cells stimulated with DNA co-incubated with C7-21, C1-21 and C4-13 was found to be unchanged for C7-21 and C4-13 (Fig5A). C1-21 seems to have a silencing effect on the NO production, from 12 µM reduced to 6 µM when co-incubated with 5 µM peptide, however, this effect is not significant. When comparing the data to cells stimulated with ODN then all three peptides have no measurable effect on the production of NO (Fig5B).  C1-15 and CATH-1 were also found to not affect cells stimulated with ODN (Fig5C). When looking at the cell stimulated with E. coli DNA then both seem to have an anti-inflammatory effect lowering the production of NO. However, this effect was not significant. For peptides C7-21, C1-21 and C4-13 TNFα production is unchanged when co-incubated with cells stimulated with 5 µg/mL E. coli DNA, generating similar results as to the NO production (Fig6A). For ODN stimulated cells the same effect is seen, with no observable change in production (Fig6B). CATH-1 and C1-15 show for DNA stimulated cells no measurable effect (Fig6C). For ODN stimulated cells the data for C1-15 suggest an upward trend however this is not significant. In addition to this, the CATH-1 peptide has no impact on TNFα production for ODN stimulated cells.  Taken together this data suggest that the truncated peptides and CATH-1 do not affect DNA or ODN stimulated cells. 
[bookmark: _Toc82181439]ITC of CATH-2 related peptides with E. coli DNA
To further investigate the interaction between E. coli DNA and CATH-2, truncated and related peptides ITC experiments were performed. CATH-2 was found to bind to the E. coli DNA with moderate heat release (Fig7A). D-CATH-2 was found to be the strongest binding peptide of all tested with a maximum corrected heat rate of above 2 during the first repeat (Fig7B). However, the second repeat was more similar to CATH-2 and other peptides. CATH-1,  C1-15, C1-21 were found to generate an about 2 fold lower heat release than CATH-2 indicating that the truncations and CATH-1 were binding less to the DNA compared to CATH-2 (Fig7C-E). However, the second repeat showed a different heat generation, one that is more equal to CATH-2. Therefore it is hard to assert which data set is accurate. C7-21 was found to generate similar heat release in both repeats to CATH-2 which indicates that the binding ability of C7-21 seems similar to CATH-2 (Fig7F). For C4-13 no useable ITC data were obtained therefore this peptide cannot be discussed. Exact enthalpy values and calculations can be found in Table 2. There it is observable how wide the range of read-outs generated is. 

[image: ]Figure 5. Effect of CATH-1 and CATH-2 derived peptide on nitrite oxide production after ODN or DNA stimulated of RAW264.7 cells. (A) Nitrite oxide production of RAW264.7 cells stimulated with full-length E. coli (5  µg/mL) in the presence of C7-21, C1-21 or C4-13 (0 – 5 µM). (B) Nitrite oxide production of RAW264.7 cells stimulated with ODN1826 (50 nM) in the presence of C7-21, C1-21 or C4-13 (0 – 5 µM). (C) Nitrite oxide production of RAW264.7 cells stimulated with full-length E. coli DNA or ODN1826 (50 nM) in the presence of C1-15 or CATH-1. (A-C) The p were calculated by two-way ANOVA with Tukey’s multiple comparisons test post hoc test (*p<0.05, **p <0.01,  ***p,0.001). n = at least 3 repetitions; error bars = ±SEM. Experiments were done in duplicate and mean was used for statistical analysis. 
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Figure 7. ITC binding results for CATH-2 and related peptides to E. coli DNA. (A-F) Corrected heat rate per second graphs for all peptides. The cell was loaded with 300µL 125µg/mL E.coli DNA. Syringe was loaded with 50µL of 200µM of a peptide of choice. The peptide was titrated into the cell. Second repeat values have a total of +1 added except for D-CATH-2 where +3 has been added. n = 2. 


	Peptide
	∆H N1
	∆H N2
	∆S N1
	∆S N2
	n N1
	n N2
	Kd N1 (M)
	Kd N2 (M)

	CATH-1
	-19.27
	-29.10
	54.48
	40.28
	0.580
	0.679
	8.114*10^-7
	9.893*10^-8

	CATH-2
	-1.896
	-24.56
	81.23
	27.55
	0.371
	0.632
	2.74*10^-5
	2.66*10^-6

	D-CATH-2
	-54.84
	-44.66
	-50.55
	-37.21
	0.562
	0.609
	2.538*10^-7
	2.640*10^-6

	CATH-2 (1-15)
	-11.63
	-20.02
	87.13
	84.28
	0.625
	0.704
	3.086*10^-7
	1.683*10^-8

	CATH-2 (1-21)
	-18.17
	-25.28
	50.26
	48.62
	0.461
	0.679
	2.066*10^-6
	1.595*10^-7

	CATH-2 (7-21)
	-23.43
	-26.40
	35.56
	16.55
	0.601
	0.587
	1.576*10^-6
	4,895*10^-6


Table 2. ITC values generated by modelling. 
[bookmark: _Toc82181440]Discussion 
Cathelicidins have been previously described to have a wide range of possible effector functions which can immunomodulate inflammatory responses (van Harten et al., 2018). DNA-binding, modulating the endocytic take-up of DNA and acting as a TLR cofactor are such functions. The obtained data in this study describes a possible difference in function based on the DNA physiological properties. Furthermore, instead of a previously described capability to enhance DNA induced activation of HD11 cells and chicken TLR21, an anti-inflammatory function for CATH-2 when interacting with TLR9 has been observed. 
Our results show that the CATH-2 peptide can enhance TLR9 activation in RAW264.7 cells when activated with ODN, thereby enhancing the immunogenicity of this DNA type. The exact underlying mechanism that causes this reaction was however not looked at in the study. A probable reason for the enhancement could be an increased uptake of ODN due to CATH-2-ODN complex formation as previously described for chicken macrophages and TLR21 activation (Coorens et al., 2015). This endocytic uptake is obligatory to generate a response by macrophages to CpG DNA in general (Roberts et al., 2005). These complexes and their ability to amplify TLR9 activation have also been modelled prior and brought to attention for cathelicidins such as LL-37 in other research (E. Y. Lee, Zhang, et al., 2019).  ODN’s are widely used in research and even in practical applications such as playing the role of adjuvants in cancer vaccines (CM et al., 2020). Because of this wide usage, cathelicidins can play an important role as immunomodulatory molecules for different applications. However, before that is possible more research needs to be done. These experiments should focus on measuring the uptake of peptide-ODN complexes, image peptide-ODN complex intracellular route in different cells and identify if CATH-2 undergoes interaction with TLR9. Another important control should be the generation of a TLR9 knock-out which can be used as a control for activation and take-up.
Interestingly, when the cells were stimulated with physiological DNA from either a viral or bacterial origin the measured enhancement disappeared and an anti-inflammatory phenotype could be observed both for NO and TNFα production. This data suggest that the effector function of CATH-2 remains the same independent of the origin of physiological DNA, with CATH-2 acting as an anti-inflammatory peptide for both DNAs. The reduction of pro-inflammatory molecules indicates that the cells are less activated when activated with physiological DNA, which might be caused by several mechanisms. For example, the high molecular weight of the DNA might be less optimised to be taken up by the cells or it might limit complex formation. However, the bacterial DNA should undergo a certain amount of degradation in the extracellular space caused by DNase I secretion (Majer et al., 2017). Either way, CATH-2 does seem to interact with the DNA, as it was able to impact the response of the macrophages stimulated with the DNA. Furthermore, the ITC data suggest that indeed CATH-2 can bind to this DNA. Interestingly, the reduction of stimulation disappears when utilising viral DNA in a sufficient concentration (2,5µg/mL), therefore it might be plausible that for CATH-2-DNA complex formation a certain ratio is optimal. Within this optimal ratio, the peptide would then be able to show its effector function. Taken together, besides being pro-inflammatory, CATH-2 seems to be able to act in an anti-inflammatory manner as well. This opens up new possible modes of action in which CATH-2 and other DNA-binding host defence peptides might modulate the interaction with TLR9 and other nucleic acid recognizing TLRs during infection. 
The results obtained by this study show that the origin/type of the DNA is important for the immunomodulatory properties of CATH-2. When looking at ODN versus bacterial DNA, they have different physiological properties. ODNs are small and have a synthetic backbone while bacterial DNA is high molecular weight and has a phosphodiester backbone. The importance of the DNA sugar backbone has been described previously in detail (Haas et al., 2008).  The impact of the DNA sugar backbone on cathelicidin immunomodulatory function on TLR9 has not yet been described but can be an interesting factor that needs further research. An unknown not answered in this study, is the exact cause of the change in immunomodulatory function, is it the length difference or the backbone or something else.  Further research is needed to conclude which physiological properties undermine the measured effect and ultimately this research should be reproduced with primary macrophages. A good starting point would be using fixed length physiological DNA molecules to stimulate the cells. 
D-CATH-2 generates a different stimulation phenotype compared to CATH-2. This stimulation phenotype however remains the same for both DNA and ODN. For both the production of NO and TNFα is reduced in a dose-dependent manner. The addition of D-CATH-2 seems to be able to silence the activation of TLR9. This same change in activation has also previously been described for TLR21 (Coorens et al., 2015). D-CATH-2 could interfere with the release of the DNA from the DNA-D-CATH-2 complex because of its proteolytical stability compared to normal CATH-2. This might impact the ability of DNase II which is needed to digest DNA taken up by endocytosis prior to it can activate TLR9 (Chan et al., 2015). This is an important step as DNases are required for TLR9 activation by processing DNA into shorter stimulatory cleavage products. This is also in line with the structural data showing that TLR9 almost exclusively bind ssDNA (Ohto et al., 2015, 2018). However, this blocking of DNase II forgoes the hypothesis that DNA binding cathelicidins, such as CATH-2 act as structural scaffolds that presents DNA in an ordered fashion to TLR9 (E. Y. Lee, Zhang, et al., 2019). Yet, this does not take the possibility into account that indeed DNA binding peptides act as scaffolds but that the D-mirror peptide version has lost the ability to interact with TLR9 in an ordered fashion due to it being the mirror image. This can however not be concluded from this data and more research needs to be performed. Follow-up research for identifying the underlying mechanisms in TLR9 interaction and DNA sensing with CATH-2 acting as a co-factor should focus on combining the obtained activation data with a wide range of other data such as previously mentioned ODN follow up experiments. Other research that is specifically important for D-CATH-2 should focus on if the role of DNase I or II might be hampered due to the proteolytical stability of D-CATH-2. Exposing D-CATH-2-DNA complexes to DNase I and II and quantifying DNA breakdown might offer new insights into TLR9 activation prerequisites and the role of cathelicidins in this process. 
CATH-1 and truncated peptides were not found to be immunomodulatory regulating peptides. The data shows that all truncated peptides and CATH-1 seem to have no impact on the activation state of DNA or ODN stimulated cells when looking at NO or TNFα production. This suggests that for a proper effector function the full-length CATH-2 peptide is needed and that these amino acid ranges do not contain the necessary psychological properties to impact the stimulation of the DNA activated cells.  In addition, CATH-1’s positive charge is not sufficient to give the peptide an immunomodulatory function. This indicates that for DNA interaction and most importantly for a modulatory function on TLR9 cathelicidins need to have more than only a positive charge. This might be related to the ability to form a DNA-cathelicidin complex that can interact with TLR9 (E. Y. Lee et al., 2020). Spacing within the complex might be an important factor for activation. Sadly, for these experiments CATH-2 was not taken along as a control, therefore making it harder to quantify and compare the modulatory capabilities of these peptides. 
For the ITC results, it is difficult to declare that the results are accurate. D-CATH-2 for example had diverse read-outs and the other truncated peptides in addition to CATH-1 had contrasting result. First, the released heat showed an almost two-fold lower production compared to CATH-2. However, in the second repeat, the produced heat was similar or even higher compared to CATH-2. This would indicate that all truncated peptides bind to DNA at a similar or even higher rate. Because the ITC results are so diverse for all peptides tested the ‘correct’ binding measurement remains unknown. In addition, as can be seen in table 2, the ∆H, ∆S, n and Kd values were highly diverse except for C7-21. One factor which might have generated these diverse results might be the bacterial DNA used. The DNA was from the same source however not standardised in sequence. It might be fitting to change the DNA used for a different DNA type of which the molarity is known and that is more standardised. For example, Lambda phage DNA. In the end, ITC remains a good technique to measure binding however due to material and time constraints the technique was not able to show its useability. 
In conclusion, this research has obtained valuable information on the impact of physiological DNA has on cathelicidin mediated activation of TLR9 which can be used to further research this phenomenon in detail. Such as, that the type of DNA impacts the immunomodulatory properties of CATH-2, that changing CATH-2 to its dextrorotary counterpart impacts the activation of TLR9 as well as the binding ability to DNA. Furthermore, no core amino acid sequence was found that impacts the immunomodulatory property of CATH-2 and only a positive charge has not been found to fulfil the prerequisites to modulate TLR9 activation in macrophages. In addition, these results help to better understand DNA-peptide interaction and might be beneficial for the usage and development of small peptide drugs in the immunoregulatory field or in vaccines where DNA is used as an adjuvant. 
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[bookmark: _Toc82181442]Supplemental data and figures 
For the physiological DNA stimulation, we first tried to isolate the DNA ourselves from E. coli bacteria strain O73 as well as to create DNA of different lengths from this self-isolated DNA by DNase I digestion. However, because of a lack of DNA yield and DNA purity, this was discontinued (Supl. Table 1). The table contains results from a batch of DNA isolation. To test the DNA purity two ratios are used, the A230/260 (nucleic acid purity) and A260/280 (DNA purity). The A230/260 ratio that is commonly accepted is between 2.0-2.2 and for the A260/A280 ratio the that is commonly accepted lies between 1.8 and 2.0 for DNA.  As can be seen in table 1 the ratio of all DNA isolations were non-conforming in one or both ratio types. Therefore these DNA’s could not be used. In addition, problems with loading the digested DNA on an agarose gel occurred. The DNA contents were not representative of the digestion (Supl. Fig1). For example lane, 8 should contain the smallest fragments as it has been treated with DNase I the longest, however, the fragments are larger than in lane 7. Both supplemental Figure 1 as Table 1 are representative of multiple trials in which both problems kept occurring.    
	
	DNA yield (µg/mL)
	A230/260
	A260/280

	1
	95.46
	2.480
	1.970

	2
	47.41
	1.463
	1.866

	3
	155.1
	2.039
	2.012

	4
	92.36
	1.610
	1.950

	5
	120.7
	1.866
	2.022

	6
	132.8
	1.959
	2.019


TABLE1: Overview of DNA yield, 230/260 ratio and 260/280 ratios. 6 representative isolations are used. In red are values that are non-conforming to the accepted ratio. 
[image: ]
Supplemental figure 1. Representative 1% agarose gel loaded with digested DNA. Samples in lanes: 1. 100bp DNA ruler (5μL), 2. Zero minutes treated DNA mix 10 μL, 3. One minute treated DNA mix 10 μL, 4. Two minutes treated DNA mix 10 μL, 5. 100bp DNA ruler (5μL), 6. Zero minutes treated DNA mix 10 μL, 7. One minute treated DNA mix 10 μL and 8.Two minutes treated DNA mix 10 μL. 
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