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Abstract 

 

Neutrophils are immune cells specialized in detecting and eliminating microbes through potent 

cytotoxic mechanisms. Most of the neutrophil antimicrobial proteins are stored in intracellular 

organelles called granules, which are rapidly mobilized to direct the neutrophil cytotoxic 

machinery against the microbe. However, it remains unclear how the cytotoxic mechanisms 

cooperate with each other to minimize self-damage and allow an efficient immune response. Here 

we show that after neutrophil activation, highly oxidative myeloperoxidase-derived hypohalous 

acids target the antimicrobial peptides α-defensin 1-3, leading to chlorination of tyrosine 21 and 

iodination of tyrosine 16. We observe α-defensin 1-3 halogenation in rat neutrophils, and notably, 

in sputum samples from Cystic Fibrosis patients as well as in Streptococcus pneumoniae 

bronchoalveolar lavage (BAL) and Staphylococcus aureus skin abscesses infected patients. 

Importantly, halogenated α-defensins are more efficient immunomodulators and anti-toxin 

mediators than the non-modified peptides, indicating that this rare post-translational modification 

is important for inflammation. 
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Introduction 

 

Neutrophils are the most abundant leukocytes in the bloodstream of humans and exert essential 

roles in microbes killing, immune regulation and surveillance. Neutrophils kill microbes trough 

two different strategies, traditionally known as oxidative and non-oxidative mechanisms 1. 

Oxidative killing mechanisms include the formation of reactive oxygen species (ROS) generated 

by the NADPH oxidase (NOX2) and myeloperoxidase (MPO) 2. Trough one-electron reduction of 

molecular oxygen, NOX2 generates large quantities of superoxide anion (O2•-), the precursor of 

most ROS. Superoxide anion dismutates to hydrogen peroxide (H2O2), which is converted by MPO 

together with halide ions (chloride, bromide, iodide or the pseudo-halogen thiocynite) to highly 

reactive hypohalous acids (HOX). Due to elevated bioavailability in tissues, the physiological 

halogen substrate of MPO is accepted to be chloride, which is enzymatically converted to 

hypochlorous acid (HOCl), a strong oxidant and chlorinating agent. In contrast, iodide is not 

considered a relevant in vivo substrate due to low concentration in biological tissues (<0.1 µM) 

compared to chloride (80-120 mM) 3. ROS are essential in signaling and homeostasis, as well as 

during infectious and inflammatory diseases.  Indeed, patients who are fully deficient in NOX2 or 

MPO activity are susceptible to recurrent infections and suffer from autoinflammation 2.  

On the other hand, the non-oxidative neutrophil killing mechanisms instead include numerous 

proteases, antimicrobial peptides and enzymes. Particularly relevant are serine proteases as 

neutrophil elastase and cathepsin G, and the antimicrobial peptides like cathelicidins and α-

defensins. Individuals deficient or hypomorphic of these proteins suffer from a range of different 

diseases 4.  

A major question in neutrophil biology remains how different antimicrobial mechanisms are 

coordinated. Experimental and in silico evidence suggest that, during neutrophil activation, 

numerous antimicrobial proteins and ROS are released simultaneously at high concentrations (up 

to millimolar range) in narrow intracellular spaces, such as the phagolysosome or NETotic 

intracellular membrane-bound vacuoles 1,2. Previous studies indicate that during early neutrophils 

activation, antimicrobial components act in close proximity and firstly interact with each other 

before targeting microbes 5. Interestingly, during Staphylococcus aureus phagocytosis, MPO-

derived hypohalous acids modify primarily neutrophil proteins, rather than bacterial proteins 6,7. 

One possible explanation of these observations is that neutrophils could use protein halogenation 
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as a posttranslational modification to regulate immune responses. Here we show that in activated 

neutrophils, MPO chlorinates and iodinates the antimicrobial peptide α-defensin 1-3 (HNP1-3). 

HNP1-3 are three slightly cationic and hydrophobic peptides encoded from two genes DEFA1 and 

DEFA3, which code respectively for HNP1-2 and HNP3. HNP1-3 are 29-30 amino acids peptides 

distinguished only by the amino acid in position 1: HNP1 harbors an alanine residue, HNP2 none 

and HNP3 an aspartic acid 8. We demonstrate that α-defensin1-3 are chlorinated on tyrosine 21 

(ClY21-HNP1) and iodinated on tyrosine 16 (IY16-HNP1). Mice do not carry the genes encoding 

defensins 9, however, rats (Rattus norvegicus) express HNP1-3 homologs of the human HNP1-3 
10 and constitute a very promising animal model to study these peptides. We show that rat 

neutrophils, up on activation, also halogenated HNP1 on a conserved tyrosine residue.  Notably, 

halogenated HNP1-3 are abundant in sputum from Cystic Fibrosis (CF) as well as in 

bronchoalveolar lavage (BAL) of patients infected with S. pneumoniae and in abscesses of patients 

infected with S. aureus. Halogenated HNP1s were more effective immunomodulators and 

displayed strong anti-toxin activity than unmodified HNP1. We propose that the novel HNP1-3 

post-translational halogenation is the result of a cooperative event interconnecting the oxidative 

and non-oxidative antimicrobial mechanisms in neutrophils. 

 

 

Results  

 

Human neutrophils halogenate alpha-defensin 1-3 

Upon activation, neutrophils generate high amount of reactive oxygen species (ROS) and 

hypohalous acids (HOX). We incubated freshly blood-isolated human neutrophils with 3′-(p-

aminophenyl)-fluorescein (APF), a reporter sensing the MPO-derived HOX, and then stimulated 

them with S. aureus or phorbol myristate acetate (PMA). Optical diffraction tomography (ODT) 

in combination with confocal microscopy showed significant amount of HOX accumulated within 

intracellular phagolysosomes or membrane-bound vacuoles (Fig. 1a). As expected, the NOX2 

inhibitor diphenyl-iodonium (DPI) or the MPO inhibitor 4-sminobenzoic hydrazide (4-ABAH) 

significantly reduced the APF fluorescence on stimulated neutrophils (Fig. S1).  

To test our hypothesis, we stimulated human neutrophils using PMA, S. aureus or zymosan beads, 

then isolated the total proteins and measured the percentage of 3-chloro-tyrosines (ClY), a stable 
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HOCl-derived modification, by acid-hydrolysis and mass spectrometry (ESI-MS). PMA, S. aureus 

and zymosan beads induced an increase to 3.3, 1.7 and 1.9 % of chloro-tyrosine/total tyrosine ratio, 

respectively (Fig. 1b). To confirm that the chloro-tyrosines were protein-bound and not the result 

of protein fragmentation after cell stimulation, we measured the level of free chloro-tyrosines from 

neutrophils by ESI-MS without performing the hydrolysis step. Our data show that the vast 

majority of the chloro-tyrosines observed were protein bound (Fig. S2). To identify the proteins 

harboring chloro-tyrosines, we stimulated freshly isolated neutrophils with PMA or S. aureus and 

fractionated the total neutrophil proteome by ammonium sulphate (AS) precipitation (Fig. 1c). The 

AS fractions were analyzed by SDS-PAGE and LC-MS proteomics. Intriguingly, the fraction 1, 

of either PMA or S. aureus stimulated cells, contained >90% of the chloro-tyrosines (Fig. 1d-e). 

Mass spectrometry analysis showed that the most abundant protein in fraction 1 was the 

antimicrobial peptide α-defensin1-3 (HNP1-3) (Fig. 1f).  

To identity the major chlorinated proteins, we labeled neutrophils in custom cell culture medium 

enriched with NaCl containing the radioactive isotope 36Cl for 1 h before activation with PMA or 

S. aureus. After 1 h stimulation, cell lysates were separated by SDS-PAGE and subjected to 

autoradiography. Interestingly, we detected only one major band at around 10 KDa (Fig. 1g). We 

confirmed by mass spectrometry that the most abundant protein in the gel band was HNP1-3 (Fig. 

1h). We further analyzed the total proteome of activated neutrophils by LC-MS/MS label free 

quantification (LFQ) and intensity Based Absolute Quantification (iBAQ), using the MaxQuant 

analysis software and searched for halogenated tyrosine containing peptides 11. We performed a 

Tricine 16% SDS-PAGE to resolve the low molecular weight proteins and examined the levels of 

halogenate peptides in the gel bands by mass spectrometry (Fig. 1i). The results confirmed that the 

most abundant chlorinated peptide was present in band 2 and contained a HNP1-3-derived peptide 

(Y-G-T-C-I-Y-Q-G-R), harboring chlorination on tyrosine in position 21 (Fig. 1j). Twenty percent 

of chlorinated HNP1-3-derived peptide contained the chloro-tyrosine in position 16 (Fig. 1j). 

Notably, we also found that α-defensin1-3 was tyrosine iodinated in position 16 (80%) and position 

21 (20%) (Fig. 1k). Moreover, neutrophils preincubated with sodium iodide (100 µM) displayed a 

5-fold decrease in HNP1-3 chlorination and 10-fold increase in HNP1-3 iodination (Fig. S3). 

Either chlorination or iodination of HNP1-3 was greatly reduced by the MPO inhibitor 4-

aminobenzoic acid hydrazide (4-ABAH) (Fig. S4). Notably, no tyrosine bromination was detected 
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on HNP1-3 based on our analysis, even after preincubation of neutrophils with extra sodium 

bromide (100 µM) (Fig. S3).  
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Rat neutrophils halogenate α-defensins homologs  

To test whether MPO-dependent HNP1-3 halogenation is conserved, we measured it in three 

additional cell types: (1) human monocytes, which express MPO, but not significant levels of 

HNP1-3, (2) mouse neutrophils, which express MPO but lack the genes encoding HNP1-3 and (3) 

rat neutrophils, which express MPO and HNP1-3 homologs, thus resembling human neutrophils. 

Firstly, we measured hypohalous acids formation using the APF reporter after stimulation with S. 

aureus or by adding exogenous hydrogen peroxide to directly activate MPO. All four MPO-

expressing cell types produced significant levels of HOX (Fig. 2a).  

We isolated the total proteome from the four cell types and analyzed the halo-tyrosine levels by 

acid hydrolysis and ESI-MS. Interestingly, we detected significant levels of chloro-tyrosine only 

in human and rat neutrophils, cells that express both MPO and HNP1-3 (Fig. 2b). Rat neutrophils 

express the HNP1-3 homologs, neutrophil peptide 1-3 (rNP1-3). Human and rat NP1 share 44% 

amino acid sequence identity and 53% similarity and display a high degree of structural 

organization based on in silico analysis (Fig. 2c).  To confirm our results, we purified rat 

neutrophils from peripheral blood by an antibody-based negative selection method, infected them 

with S. aureus and showed, by immunofluorescence that the engulfed bacteria are surrounded by 

RNP1-3 and MPO (Fig. 2d). Subsequently, we measured the overall proteome in rat neutrophils 

infected with S. aureus or stimulated with hydrogen peroxide by LC-MS/MS proteomics and found 

chlorination of the LSGACG-ClY-RG peptide.  Interestingly, this peptide corresponds to the rat 

HNP1-3 homolog NP1 (Fig. 2e). Importantly, chlorination of rat NP1 (Fig. 2f), like in HNP1-3 

(Fig. 1j), occurred on the tyrosine residue 21, which is a structurally conserved target between rats 

and humans. 

Figure 1. Human neutrophils halogenate HNP1-3. Representative optical diffraction tomography (ODT) and 
confocal microscopy images of phagocytic and pharmacologically activated human neutrophils generating hypohalous 
acids. SPY650-DNA, neutrophils chromatin; APF, hypohalous acids; DAPI, bacterial cells. Scale bar, 2 µm. Color bar 
on left shows the density distribution (a). Ratio of total 3-Cl-Tyr/Tyr analyzed by acid hydrolysis and ESI-MS. Bars 
show means ± SEM, n = 5. ***p < 0.001, unpaired Student’s t test (b). SDS-PAGE of ammonium sulphate precipitation 
fractions of activated human neutrophils, n = 3 (c). Cl-Tyr quantification of the ammonium sulphate fractions of 
neutrophils activated with S. aureus (d) or PMA (e). Bars show means ± SEM, n = 4. Label-free proteomic 
quantification of the proteins in fraction 1, n = 3 (f). 36Cl radio-labelling of human neutrophils unstimulated, activated 
and in presence of MPO inhibitor (4-ABAH), SDS-PAGE (left) and autoradiography (right), n = 6 (g). Proteomic 
analysis of the radio-labelled band from Fig. A g, n=3 (h). Tricine 16% denaturating acrylammide gel of human 
neutrophils cell lysate, n=3 (i). Proteomic analysis of gel bands and quantification of chlorinated (j) and iodinated (k) 
HNP1-3 derived peptides from tricine gel 16%. Bars show means ± SEM, n = 3. **p < 0.01, ns, non-significant 
unpaired student’s t test. 
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Figure 2. Rat neutrophils halogenate HNP1 homolog. Human neutrophils, human monocytes, mouse neutrophils and 
rat neutrophils were stimulated with H2O2 and S. aureus to produce hypohalous acids and measured by APF fluorescence. 
Bars show means ± SEM, n = 3. ***p < 0.001, **p < 0.01, ns, non-significant unpaired student’s t test (a). Chlorotyrosine 
levels of human neutrophils, human monocytes, mouse neutrophils and rat neutrophils were stimulated with H2O2 and S. 
aureus. Bars show means ± SEM, n = 3. ***p < 0.001, **p < 0.01 ns, non-significant unpaired student’s t test (b). 
Superimposed 3D-structure of HNP1 (PDB:1gny) and RNP1 (AF-Q62716-F1-model_v2) and amino acid alignment 
generated with PyMOL Molecular Graphics System (c). Representative confocal microscopy image of isolated rat 
neutrophil stimulated with S. aureus and stained for MPO (green) and RNP1-3 (red). Cells were stained with DAPI to 
visualize DNA (blue). Scale bar, 2 µm. n=3 (d). Mass spectrometry analysis of halogenated rat peptides, n = 3 (e). 
Superimposition of the 3D-structure of HNP1 Tyr21 (PDB:1gny) and RNP1 Tyr 21 (AF-Q62716-F1-model_v2) and amino 
acid alignment generated with PyMOL Molecular Graphics System (f). 
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Cystic fibrosis, S. pneumoniae and S. aureus infected patients generate halogenated HNP1-3 

We confirmed tyrosine halogenation of HNP1-3 in pathological samples from three different 

sources: sputum of CF patients as well as BAL from patients infected with S. pneumoniae and 

patient with a S. aureus skin infection. We analyzed sputum from CF patients which are 

characterized by a high neutrophil infiltration into the lungs 12 by LC-MS/MS. We observed the 

highest level of chlorination on Tyr 21 and iodination on Tyr16 of HNP1-3 (Fig. 3a). Of note, we 

observed tyrosine chlorination on other proteins, like transmembrane channel 4, SLC25 and 

BAZ2A albeit in minor amounts. Beside HNP1-3, other proteins were significantly iodinated, such 

as Calprotectin (S100A8/A9), lysozyme (Lyz) and histone 4 (H4). We investigated skin abscesses 

from patients infected with S. aureus which also attract neutrophils. As observed with CF samples, 

S. aureus infected patients generated significant amounts of halogenated HNP1-3 (Fig. 3b). Like 

in CF patients, Tyr 21 and Tyr 16 where the most abundant chlorinated and iodinated residues 

respectively, in HNP1-3. The other halogenated proteins were also similar to those observed in 

samples from CF patients. Interestingly, we also found chlorination on Tyr 3 of a HNP1-3-derived 

peptide (NMAC-ClY-CRIPACIAGERR).  As control, we analyzed the tissue neighboring the 

abscess, where we did not detect halogenated proteins. Lastly, we analyzed BAL samples from S. 

pneumoniae infected patients hospitalized in the intensive care units (ICU), which confirmed the 

presence of chlorinated Tyr 21 and iodinated Tyr 16 on HNP1-3 (Fig. 3c). Altogether these data 

demonstrate the HNP1-3 halogenation occurs in vivo in humans. 
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Halogenation modifies the physicochemical properties of HNP1-3 

Tyrosine halogenation is a stable modification that affects the physicochemical properties of 

proteins and large-scale protein self-organization 13. Covalently bound chlorine and iodine may 

alter the tyrosine hindrance sphere surrounding the tyrosyl group and therefore modulate its 

electrochemical properties. Interestingly, the tyrosine residues 16 and 21 coordinate two 

hydrophobic regions of HNP1-3, called hydrophobic pockets 1 and 2, through interaction with the 

residues phenylalanine 28 and tryptophan 26 (Fig. 4a). HNP1-3 are short peptides containing only 

29-30 amino acids 7 and the short size of these peptides makes them suitable for chemical synthesis 
14. To test the significance of tyrosine halogenation of HNP1-3, we synthetized halogenated HNP1 

variants and compared their physicochemical properties to the unmodified peptide. Ultra-pressure 

Figure 3. CF, S. pneumoniae and S. aureus infected patients generate halogenated HNP1-3. Liquid-
Chromatography Mass spectrometry (LC-MS/MS) analysis of CF patients (n=3) sputum samples analyzed for 
chlorinated and iodinated proteins (a); S. aureus skin infected patients (n=2) samples were analyzed for chlorinated 
and iodinated proteins (b); S. pneumoniae infected patients (n=4) BAL samples were analyzed for chlorinated and 
iodinated proteins (c). Each red and blue point indicates respectively a chlorinated and iodinated HNP1-3 derived 
peptide. Squares indicate HNP1-3 derived peptides. 
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liquid chromatography (UPLC) using a C18-reverse phase column showed that halogenated HNP1 

elute after the unmodified HNP1, indicating an increase in hydrophobicity (Fig. 4b). Halogenated 

HNP1 also showed higher Nile Red binding than unmodified HNP1 in spectrofluorometric 

measurements, indicating, again an increase in hydrophobicity (Fig 4c). 

 

 
 

Figure 4. Halogenation modifies the physicochemical properties of HNP1-3. 3D-structure of HNP1 and spatial 
organization of the hydrophobic pocket 1 and 2 with the corresponding amino acids (PDB:1gny) generated with 
PyMOL Molecular Graphics System (a); Ultra pressure liquid chromatography (UPLC) using C18-reverse phase 
column analysis of HNP1, ClY-21-HNP1 and IY16-HNP1 n=3 (b). Nile red fluorescence measure from HNP1, ClY-
21-HNP1 and IY16-HNP1. Bars show means ± SEM, n = 3. *p < 0.01, unpaired Student’s t test (c).  
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Halogenation increases the chemokine activity of HNP1 

Subsequently, we tested whether chlorination and iodination influence HNP1 functions. 

Halogenation did not affect killing of S. aureus (Fig. 5 a), Escherichia coli or Candida albicans 

(Fig. S5) in hypotonic medium, the condition known to allow cytotoxic properties of HNP1-3 15. 

Notably, HNP1-3 are chemotactic to immune cells in isotonic medium, a more physiological 

condition 16,17. Using a transwell migration assay (Boyden chamber) with a pore size of 3 µm for 

neutrophils (Fig. 5 b) or 5 µm for monocytes (Fig. 5 c) we found that halo-HNP1s are a more 

potent chemoattractant than unmodified HNP1. Indeed, halo-HNP1 was as effective as the control 

chemoatractants, fMLP for neutrophils and chemotactic protein 1 (CCL2) for monocytes (Fig. 5b).  

Interestingly, IY16-HNP1was 6-fold and 2-fold more effective in neutrophils and monocytes 

respectively, compared to unmodified HNP. In contrast, DTT-unfolded halo-HNP1 did not induce 

chemotaxis of either cell. 

Subsequently, we pretreated human monocytes derived macrophages (HMDM) with HNP1s or 

vehicle for 1 h and then stimulated them with S. aureus (MOI 1:10) for 3 h. We used the 

supernatant to measure cytokine production with a membrane-based antibody array. Halo-HNP1 

induced a stronger production of MCP-1 (CCL2), MCP-1α (CCL3) and MCP-1β (CCL4) than 

HNP1 (Fig. S5). These proteins are chemotactic to immune cells, in particular monocytes. 

Interestingly, halo-HNP1s induced a slight production of CCL2, CCL3 and CCL4 even in the 

absence of S. aureus infection. Additionally, halo-HNP1 upregulated production of IL-18 binding 

protein (IL-8bp), an anti-inflammatory cytokine inhibiting IL-8 downstream effects. We quantified 

cytokines and chemokines by ELISA and found that halo-HNP1 induce higher release of CCL2 

and CCL3 and CCL4 than unmodified peptide, respectively (Fig. 5 d-e). A slight increase of these 

chemokines was observed also in non-infected HMDM in presence of halo-HNP1s, and in case of 

CCL4 we observed an increase with unmodified HNP1 (Fig. S5). 
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Anti-toxin activity of HNP1 is potentiated by halogenation 

HNP1-3 can act as anti-chaperone to bacterial toxins, by binding hydrophobic regions of the target 

and unfolding it 18. Molecular dynamics studies showed that the anti-chaperone activity of HNP1-

3 is driven by their hydrophobic regions, in particular the hydrophobic pockets 1 and 2, coordinated 

by the residues Tyr 16, Tyr 21, Trp 26 and Phe 28 (Fig. 4 a). The proposed mechanism poses that 

defensin dimers loosely bind to the surface of toxins and increase the local instability by 

rearranging hydrophobic interactions from homo-molecular (monomer-monomer) to plausibly 

more potent heteromolecular (monomer-toxin), between dissociated defensin monomers and 

exposed hydrophobic regions of the toxin 19.  

Figure 5. Halogenation increases the chemokine activity of HNP1. S. aureus killing assay using HNP1, ClY-21-
HNP1 and IY16-HNP1(50 µg/ml), and denaturated (reduced) peptides as control. Bars show means ± SEM, n = 3., ns, 
non-significant unpaired Student’s t test (a). Chemotaxis assay of human neutrophils (b) and monocytes (c). Bars show 
means ± SEM, n = 3. **p < 0.001, *p < 0.01, ns, non-significant unpaired Student’s t test. ELISA of HMDM infected 
with S. aureus and treated with HNP1, ClY-21-HNP1 and IY16-HNP1 (10 µg/ml) to detect levels of CCL2 (d) and 
CCL3 (e). Bars show means ± SEM, n = 3. **p < 0.001, *p < 0.01, ns, non-significant unpaired Student’s t test. 
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Based on these observations, we tested the toxin inhibition activity of halo-HNP1s and unmodified 

peptide against several bacterial toxins. In thermostability studies we showed that halo-HNP1 

unfolds the Bacillus anthracis toxin Lethal Factor (LF) more effectively than unmodified HNP1 

(Fig. 6a). LF is a zinc-binding metalloprotease that cleaves MAP kinases after entering immune 

cells. Furthermore, we used N-acetylated, C-7-amido-4-methylcoumarin (AMC) derivative of a 

14-mer peptide substrate designed from the MEK-2 template to measure LF proteolysis. This assay 

showed that halo-HNP1, in particular the chlorinated Tyr 16 variant, inhibited the LF proteolityc 

activity more effectively than the unmodified HNP1 (Fig. 6b).  

To confirm the anti-toxin activity, we measured cell death in RAW 264.7 macrophages intoxicated 

with holo-Anthrax toxin in the presence of HNP1s. Microscopic analysis showed that halo-HNP1 

protected cells better than the unmodified peptide (Fig. 6c). Quantification with lactate 

dehydrogenase (LDH) release showed that HNP1 chlorination potentiated the antitoxin activity 10 

folds and the iodination by 8 folds compared to the unmodified HNP1 (Fig. 6d). Interestingly, 

unmodified as well as halo-HNP1s do not inhibit human proteases like neutrophil elastase, 

cathepsin G or metalloproteinase 8 (data not shown), suggesting a degree of specificity toward 

bacterial toxins. We also incubate the toxin with LL37, a neutrophil cationic peptide, that does not 

have a known anti-toxin activity as a control (Fig. 6d). Lastly, to extend these findings, we 

demonstrated the anti-chaperone activity of halo-HNP1 on Lysteriolisin O (LLO) from Listeria 

monocytogenes, Pneumolysin (PLY) from S. pneumoniae and Panton-Valentine leukocidin (PVL) 

from S. aureus. LLO (Fig. 6e) and PLY (Fig. 6f) activity was measured by erythrocytes lysis, 

followed by change in optical density at 700 nm. Both LLO and PLY activity was more susceptible 

to halo-HNP1s than to the unmodified defensin. Furthermore, halo-HNP1s were highly effective 

than the unmodified peptide in reducing the toxicity of PVL on human neutrophils (Fig. 6g).  
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Figure 6. Anti-toxin activity of HNP1 is potentiated by halogenation. Thermostability assay of Lethal Factor (LF) 
binding to HNP1, ClY-21-HNP1 and IY16-HNP1. n=3. *p < 0.01, unpaired Student’s t test (a); Proteolytic 
measurement by fluorogenic substrate of LF (20 nM) in presence of HNP1, ClY-21-HNP1 and IY16-HNP1 (1µM). 
Bars show means ± SEM, n = 3. *p < 0. 01, unpaired Student’s t test. (b); Representative images of RAW 264.7 
macrophages intoxicated with LF (20 nM) and/or treated with HNP1, ClY-21-HNP1 and IY16-HNP1 (1µM). Scale 
bar, 50 µm, n=5 (c). Cytotoxicity measurement of RAW 264.7 macrophages infected with LF. Data points show means 
± SEM, n = 3. *p < 0.01, **p < 0.001 unpaired Student’s t test (d); Hemolysis assay measurement of LLO activity 
and anti-toxin activity of HNP1, ClY-21-HNP1 and IY16-HNP1. Data points show means ± SEM, n = 3. *p < 0.01, 
**p < 0.001 unpaired Student’s t test (e). Hemolysis assay measurement of PLY activity and anti-toxin activity of 
HNP1, ClY-21-HNP1 and IY16-HNP1. Data points show means ± SEM, n = 3. *p < 0.01, **p < 0.001, unpaired 
Student’s t test (f); Cytotoxicity measurement of human neutrophils infected with PVL toxin and anti-toxin activity 
of HNP1, ClY-21-HNP1 and IY16-HNP1. Data points show means ± SEM, n = 3. *p < 0.01, **p < 0.001 unpaired 
Student’s t test. Bars show means ± SEM, n = 3. *p < 0.01; **p < 0.001 ns, non-significant unpaired Student’s t test. 
 

 

Discussion 

 

Neutrophils are immune cells specialized in rapidly recognizing, killing and degrading invading 

microbes. The neutrophil antimicrobial machinery is extremely cytotoxic and need to be tightly 

regulated to avoid tissue damage. When neutrophils are not effective, the host suffers from 

recurrent infections and where they are overactive induce inflammatory diseases 20. These cells 

possess multiple antimicrobial mechanisms, often redundant or overlapping, which are 

conventionally categorized in two major groups: oxidative and non-oxidative mechanisms.  

The oxidative mechanisms consist of ROS and hypohalous acids (HOX) generated respectively 

from the NADPH oxidase (NOX2) and the heme-dependent enzyme myeloperoxidase (MPO) 2. 

H2O2 is the substrate of MPO, which sequentially generates HOX. The non-oxidative branch 

includes proteases, antimicrobial peptides and other antimicrobial proteins stored in intracellular 

organelles called granules. Even though neutrophil antimicrobial proteins are stored and activated 

within the same intracellular organelles, and therefore act in close proximity to each other, it 

remains unclear whether these mechanisms interact during neutrophil activation.  

Here we report a new synergistic mechanism between the oxidative and non-oxidative neutrophil 

antimicrobial systems. We show that, during neutrophil activation, the MPO-derived hypohalous 

acids (hypochlorous and hypoiodous acid), post-translationally modify the antimicrobial peptides 

HNP1-3, chlorinating and iodinating mainly Tyr 21 and Tyr 16. These data suggest that neutrophils 

generate significant amount of hypoiodous acid (HOI), which was previously excluded as 

physiologically relevant MPO product due low concentration of iodide in biological tissues 3. This 

information is relevant because HOI is demonstrated to be around 100 fold more potent than HOCl 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.11.01.565105doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.01.565105
http://creativecommons.org/licenses/by-nc-nd/4.0/


in killing bacterial pathogens 21, indicating a direct role for iodide in containing infections. The 

role of iodide in extra-thyroid functions was previously investigated 22 and a partial iodine 

deficiency (urinary excretion of 4 mg/day) was enough to ensure normal thyroid functionality, but 

it coincides with severe alterations in the immune response of children 23. Interestingly, iodide 

supplementation (2 mg/week) for 8 months restored the immune response 23. Our data suggest that 

neutrophils can import significant amount of iodide into their compartments, despite the low 

abundance of this halogen in tissues, and confirm their iodide ion influx capacity demonstrated in 

vitro 24.  

Halogens are highly reactive elements that are essential for life. Chloride, bromide, iodide and the 

pseudo-halogen thiocyanate are particularly important in immunity 25. Biological halogenation 

was first described on the thyroid gland in the early 1900´s, and later thyroglobulin was shown to 

be heavily iodinated in order to generate the thyroid hormones triiodothyronine (T3) and thyroxine 

(T4) 26.  Subsequently, other cases of biological halogenation in humans were discovered, as 

chlorination of Apolipoprotein 1 in atherosclerotic plaques 27 and bromination of Collagen IV, 

which regulates the extracellular matrix organization 28. Additionally, cell-free tyrosine 

chlorination was shown to modify protein functions in vitro 29,30. In microbiology, protein 

halogenation occurs in fungi and bacteria, mainly catalyzed by chloroperoxidases and vanadium 

peroxidases 31. Interestingly, N-chlorination, a reversible form of halogenation, was shown to 

occur on a bacterial chaperone involved in oxidative stress response 32.  Chemical halogenation of 

the antimicrobial peptide Jelleine-I, a peptide originally isolated from the royal jelly of honeybees 

(Apis mellifera), was shown to increase antimicrobial activity and higher resistance to proteolytic 

cleavage of the peptide 33.  As far as we know, iodinated HNP1-3 is the first characterization of a 

biologically iodinated protein in humans under pathophysiological conditions. Notably, in 

humans, iodothyronine deiodinases (DIO1, DIO2 and DIO3) and iodotyrosine deiodinase (IYD) 

are selenium-containing enzymes that catalyze the release of iodide from thyroid hormones (DIOs) 

and directly from iodo-tyrosines (IYD), modulating iodide metabolism and thyroid hormonal 

regulation 34. Further studies will be needed to test whether deiodinase enzymes are able to 

deiodinate HNP1-3 peptides. Up to now, there are no tyrosine de-chlorinating enzymes reported 

in humans. 

Our data show that significant levels of tyrosine halogenation occurs in cells that express MPO 

and α-defensins. Interestingly, human monocytes and mouse neutrophils, both expressing active 
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MPO but not α-defensins, and generating high amounts of HOX, did not produce comparable 

levels of ClY to human and rat neutrophils. These data indicate an unexpected specificity of the 

MPO-dependent halogenation mechanism, which preferentially targets and post-translationally 

modifies α-defensins during neutrophil activation. Rat defensins are valuable models to study 

HNP1-3 because of their high similarity to the human peptides. Notably, α-defensins halogenation 

was observed in human and rat neutrophils on the conserved tyrosine residue in position 21. 

Importantly, we observed significant levels of halo-HNP1-3 in samples from CF patients, a disease 

characterized from persistent inflammation in the lung, where massive number of neutrophils 

generate ROS. Interestingly, CF neutrophils were shown to generate less HOCl compared to 

healthy donors due to impaired CTFR activity and chloride import into intracellular compartments 
35, however, our data show that CF patients display significant HNP1-3 chlorination, thus 

suggesting alternative chloride-import mechanisms in neutrophils. We found significant levels of 

halo-HNP1-3 also in BAL from patients infected with S. pneumoniae and in skin abscesses from 

patients infected with S. aureus. Together, the detection of halogenated HNP1-3 in clinical samples 

of three different diseases where neutrophils are abundant, validate the relevance of our findings. 

It reported that halogenation modulates molecular volume, pKa value and hydrophobicity of 

tyrosines, therefore altering the structure, biophysical properties and functions of proteins 13. 

Indeed, halogenation of HNP1 increases its surface hydrophobicity and alters its interactions with 

target molecules. We showed that halogenated HNP1 was more effective than HNP1 as chemokine 

to neutrophils and even more effectively to monocytes. Interestingly, iodination was more 

effective than chlorination in activating chemotaxis. These differences could be related with the 

intrinsic physicochemical properties and masses of the two halogen atoms (Cl 35.453 g/mol and I 

126.9 g/mol) substituting the hydrogen in position 3 of the tyrosine residue, however, further 

studies are required to shed light on the halogen-specific effects on HNP1 activity. Moreover, halo-

HNP1 were more effective in priming HMDM to produce the chemokines CCL2, CCL3, CCL4 

and the anti-inflammatory cytokines IL-18bp, after a S. aureus infection, than HNP1. Interestingly, 

tyrosine halogenation did not alter the direct microbicidal activity of HNP1 toward bacteria and 

yeast under hypotonic conditions, the only condition known to allow direct bacterial killing effects 

from HNP1-3. It is noteworthy that HNP1, unmodified or halogenated, did not show cytotoxic 

effects under physiologically relevant salt concentration, suggesting an immunomodulatory rather 

than direct cytotoxic role for these peptides, as previously suggested 36. 
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Due to their elevated hydrophobicity, HNP1-3 form strong hydrophobic interactions with bacterial 

toxins and unfold them 37. Bacterial toxins have intrinsic biophysical properties that make them 

extremely versatile to function in different environments. HNP1-3 share similar biophysical 

properties with bacterial toxins, e.g. unstructured regions and high hydrophobicity, and act as anti-

chaperone, inducing unfolding of bacterial toxins trough hydrophobic binding to flexible and 

hydrophobic toxin regions 38. Molecular studies demonstrated that the hydrophobic residues of 

HNP1-3 strongly bind the hydrophobic patches of bacterial toxins, for example to Anthrax toxin 

from B. Anthacis 39, diphtheria toxin from Corynebacterium diphtheriae 18, toxin B from 

Clostridium difficile 40 and others 41-43. Our results demonstrate that tyrosine halogenation 

potentiates the anti-chaperone activity of HNP1 toward Anthrax toxins, LLO, PLY and in PVL.  

Intoxication experiments show that particularly ClY21-HNP1 is an efficient antitoxin variant 

compared to the unmodified peptide.  

Taken together, our data show that HOCl and HOI "chemically potentiate" HNP1-3 into a more 

effective chemoattractant, immunomodulator and anti-toxin factor. Our data from different 

pathological samples demonstrate that HNP1-3 halogenation occurs in vivo and indicate a potential 

role in immune defense and pathophysiology in humans. Further studies will be necessary to 

evaluate other functions affected by HNP1-3 halogenation, and importantly, to harness the enhance 

activity of these modified peptides, for diagnosis and treatment of diseases.   
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MATERIALS AND METHODS 

 

Chemicals 

All reagents were purchased from common vendors of laboratory reagents for example Sigma 

Aldrich, Thermo Fischer Scientific or VWR Deutschland unless otherwise stated. 

 

Isolation of human neutrophils 

The ethics council of the Charité Berlin (Germany) approved blood sampling and all donors gave 

informed consent according to the Declaration of Helsinki. Human neutrophils were isolated by a 

two-step density separation as described before 43. Peripheral blood was layered on an equal 

volume of histopaque 1119 and centrifuged at 800 g for 20 min. PBMCs and neutrophil layers 

were collected separately, washed with PBS 0,2 % HSA and pelleted at 300 g 10 min. The 

neutrophil pellet was resuspended in PBS 0,2 % HSA, layered on a discontinuous Percoll gradient 

(85 %-65 % in 2ml layers) and centrifuged at 800 g for 20 min. The neutrophil containing band 

was collected, washed in PBS 0,2 % HSA and pelleted for 10 min at 300 g. The cell number was 

determined using a CASY cell counter (OMNI Life Science). 

 

Isolation of human monocytes and differentiation in macrophages 

Monocytes were isolated by positive selection. The PBMC fraction generated during neutrophil 

isolation was washed in MACS buffer and pelleted 10 min at 300 g. The cells were resuspended 

in MACS buffer and counted using the CASY cell counter (OMNI Life Science). After subsequent 

pelleting, 80 µl MACS buffer and 20 µl magnetic CD14-beads were added per 107 cells and the 

mixture was incubated for 15 min at 8°C. After a washing step, the cells were passed through a 

magnetic LS MACS column (Miltenyi) by gravity flow. The column was washed with 8 ml of 

MACS buffer and bound monocytes were subsequently eluted with 5 ml MACS buffer, washed 

and counted. The purity of the preparation was determined by FACS staining with an anti-CD14 

antibody. Monocytes were cultivated in RPMI (Gibco, Carlsbad, USA) basic medium at 37°C, 7 

% CO2. To generate monocyte-derived macrophages (MDM), monocytes were taken up in RPMI 

basic medium supplemented with 5 ng/ml hMCSF and incubated at 37°C and 7 % CO2 for a total 

of 7 days, including a medium change after three days. 
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Cell lines 

Adherent murine (monocyte-)macrophage RAW 264.7 cells were purchased as virally 

transformed, immortalized oncogenic phenotypes (ATCC, Manassas, USA). RAW 264.7 were 

cultured in RPMI-1640 (Gibco, Carlsbad, USA) following the standard culture recommendations. 

The growth medium was supplemented with 10% FCS (Hyclone®, Logan, USA), 1% penicillin-

streptomycin (Gibco, Carlsbad, USA), and 5 mM glutammine (Sigma, St. Louis, USA). Cell 

cultures were maintained below 80% confluence in TCPS flasks and passaged by incubation with 

divalent cation-free Dulbecco’s Phosphate Buffered Saline (Gibco) prior to scraping with a rubber 

scraper. All cells were used at or below passage number 20 and incubated under standard 

conditions. Replicates are defined as cells harvested from different passages and/or flasks.  

 

S. aureus culture 

S. aureus strain USA300 was cultured by inoculating 5 mL of sterile 3% (w/v) tryptic soy broth 

with a single colony and incubating at 37 C for 18 h with shaking. Bacteria were harvested, washed, 

and then resuspended in PBS. A standard curve of absorbance at 550 nm versus colony forming 

units was used to approximate the bacterial concentration. 

 

Isolation of mouse neutrophils 

Mouse breeding and isolation of peritoneal neutrophils were approved by the Berlin state authority 

Landesamt für Gesundheit und Soziales. Animals were bred at the Max Planck Institute for 

Infection Biology. Mice were housed in specific pathogen–free conditions, maintained on a 

12-hour light/12-hour dark cycle, and fed ad libitum. C57BL/6 mice were injected i.p. with 1 ml 

of 7 % Casein solution in the evening and again after 12 h at the next morning. Three hours after 

the second injection, mice were sacrificed by rapid cervical dislocation. The peritoneal cavity was 

flushed with a total of 10 ml of lavage solution and the exiting liquid with the cells was collected. 

The cells were pelleted by centrifugation at 200 g for 10 min and washed three times with PBS. 

After washing the cells were resuspended in 1 ml of PBS and mixed with 9 ml Percoll gradient. 

Neutrophils were separated by continuous density centrifugation for 20 min at 60000 g and the 

upper band containing the neutrophils was collected. Subsequently neutrophils were washed and 

counted in the CASY cell counter (OMNI Life Science). To assess cell purity, a cytospin with 
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1x105 cells was stained with Gimsa and analyzed by microscopy. Neutrophils were identified by 

their nuclear morphology. 

 

Isolation of rat neutrophils  

Rat breeding and blood sampling were approved by the Berlin state authority Landesamt für 

Gesundheit und Soziales. Animals were bred at the Max Planck Institute for Infection Biology. 

Sprague-Dawley rats 10-14 weeks old were sacrificed by heart puncture and 8-10 ml per animal 

of blood was collected. Subsequently, neutrophils were purified by an in-house negative selection 

kit based on a modified mouse-neutrophil positive selection kit EasySep (Stemcell Technologies). 

The antibodies used for the negative selection were: mouse ant-rat CD32 (Becton Dickinson), 

mouse anti-rat-Ly76 (Miltenyi Biotech), APC conjugated mouse anti-rat antibodies: MHC class 

II, CD3, CD31, CD4, CD45RC, CD49d, CD8a (Miltenyi Biotech) and CD235a (LifeSpan 

Biosciences). After negative selection, the neutrophil-rich pellet was resuspended in erythrocytes 

lysis buffer and subsequently spun down for 10 min at 300 g. To assess cell purity, a cytospin with 

1x105 cells was stained with Giemsa and analyzed by microscopy. Neutrophils were identified by 

their nuclear morphology. 

 

Patients  

All patients involved in Sepsis and ARDS Registry (SPARE-14, Hannover Medical School) were 

treated on the intensive care unit and were intubated for respiratory failure. Informed consent was 

given by the patient prior to intubation or by legal representative (#8146_BO_K_2018). BAL was 

performed preferably in the middle lobe or lingual or radiologically affected area. After BAL 

sampling, macro-impurities were removed by sample filtration through sterile gauze. BAL samples 

were centrifuged at 500g for 10min at 4°C and supernatant (BAL fluid) was sampled and stored at 

-80°C until experimental use. 

Patients informed consent for the cystic fibrosis patients involved in the study: BBL01a0041; 

RBB07a0039; RBB07a0373; RBB07a0371; RBB07a0414; RBB07a0469S. Sputum samples from 

patients were collected after spontaneous expectoration or after induction with inhaled hypertonic 

saline (sodium chloride 6%). Sample were directly cooled and processed within 24 hours.  

Patients informed consent for the Staphylococcus aureus skin abscess patients: EA2/003/19. Under 

local anesthesia the abscess was opened and taken a 4-5 mm punch biopsy under sterile conditions. 
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The pus was taken out of the abscess using a sterile syringe for further analysis. Furthermore, the 

skin gained from the punch biopsy war also used for further analysis of the surrounding abscess 

tissue. Healthy control samples were collected according to the approval and guidelines of the 

local ethics committee (EA1/0104/06). 

 

 

Optical diffraction tomography and microscopy 

To visualize density distributions and fluorescence, a custom-built optical setup capable of 

correlative Optical Diffraction Tomography (ODT, 1) and confocal fluorescence microscopy was 

used. A detailed description of the setup can be found in 44. Briefly, a 532nm wavelength laser 

(MSL-III-532, CNI laser) was used to illuminate samples seeded on imaging dishes (81156, µ-

Dish, ibidi). The complex optical fields were retrieved from spatially modulated holograms 

measured by illuminating samples from 150 different angles. By mapping the Fourier spectra of 

retrieved optical fields onto the surface of the Ewald sphere in the 3D Fourier space according to 

the Fourier diffraction theorem, 3D RI tomograms were reconstructed. Detailed principles for 

tomogram reconstruction can be found in 45-47. Custom-written MATLAB scripts (R2020a) were 

used for image acquisition, field retrieval and RI tomogram reconstruction. Along with ODT 

images, fluorescence image stacks were acquired using a Rescan Confocal Microscope 48. 

Neutrophil chromatin was visualized using SPY650-DNA (recommended dilution from 

manufacturer, molarity not indicated) and hypohalous acid was visualized using APF (5 µM). S. 

aureus cells were pre-labelled with DAPI (0.1 µM) for visualization via confocal fluorescence 

microscopy. For ODT a 60x water dipping objective (LUMPLFLN60XW, NA 1.0, Olympus Life 

Science) and a 100x oil immersion objective (UPlanFl, NA 1.3, Olympus Life Science) were used. 

The 100x objective was also used for the confocal fluorescence imaging. 

 

Neutrophil lysate preparation 

Cell lysates were prepared from stimulated or resting neutrophils. Cells were seeded in culture 

medium in 1.5 ml microcentrifuge tubes at 1x107  cells/ml. After spinning down for 10 min at 300 

g, cells were resuspended in RIPA buffer (Thermo Fischer) with 20 µM neutrophil elastase 

inhibitor GW311616A (Biomol) and Halt protease inhibitor cocktail (PIC, Thermofisher 

Scientific), gently mixed and incubated at 37 °C with gentle rotation. Cells were gently mixed and 
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centrifuged at 1000 g (30 s) to collect all residual liquid. Freshly boiled 5 X sample loading buffer 

(50 mM Tris-HCl pH 6.8, 2% [w/v] SDS, 10% glycerol, 0.1% [w/v] bromophenol blue, 100 mM 

DTT) was added to samples which were then briefly vortexed and boiled (98 °C) for 10 min with 

agitation and flash frozen in liquid nitrogen for storage at –80 °C. DPI and 4-ABAH inhibitors 

were used at concentration of 100 nM and 300 µM respectively. 

 

Halo-tyrosine analysis 

Samples and amino acid standards were acid-digested in 1ml vacuum-hydrolysis tubes in a total 

volume of 100µl of 4M methanesulfonic acid and 0.1% phenol for 16 hours at 110 °C. After the 

end of the hydrolysis the mixtures were neutralized with 4M NaOH to a pH of 3-4 and brought to 

a volume of 2 ml with 0.1% acetic acid. After centrifugation (10.000xg 2 min) , supernatants were 

passed over polymeric strong cation exchange SPE-columns (Strata-X-C 33µm, 30mg tubes, 

Phenomenex) which were equilibrated with 0.1% acetic acid. After washing with 2 CV of 0.1 % 

acetic acid, bound compounds were eluted with a 4% ammonia solution in 50% methanol. Eluates 

were dried in a SpeedVac evaporator and solubilized in 20µl of water. 

AccQ-Tag derivatization were carried out using the manufacturer’s protocol (Waters) with some 

modifications. In brief, the 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) reagent 

was reconstituted in acetonitrile at a concentration of 3mg/ml and heated at 55 °C for 2 min. 20µl 

of the AQC reagent were mixed immediately with 20µl of the solid-phase-extracted sample and 

60µl 0.5M sodium borate pH 8.5. The mixture was incubated for 1min at room temperature 

followed by vortexing at 55°C for 15 minutes in the dark. 1 to 5µl of this mixture were applied to 

UPLC-chromatography. 

Derivatized amino acids were separated by reversed phase chromatography on a AccQ-TAG Ultra 

C18-UPLC column (2.1 x 100mm, 1.7µm, Waters) with a linear gradient from 0.1% formic acid 

in 10% acetonitril to 90% acetonitrile over 6min at 55°C and a flow rate of 0.5 ml/min. Eluted 

compounds were detected by fluorescence  (excitation and emission wavelengths at 250 and 395 

nm, respectively) and by ESI-MS detection (Waters QDa). The QDa was operated in an 

electrospray positive ion mode by applying a voltage of 0.8 kV. The cone voltage was set at 15 V. 

The probe temperature was set at 600 °C. A full mass spectrum between m/z 100 and 1200 was 

acquired at a sampling rate of 2.0 points/sec. 
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Ammonium sulphate fractionation 

The cell lysate was centrifuged for 15 minutes at 2500 x g, at room temperature. The supernatant 

obtained was centrifuged at 5000 x g for 15 minutes at room temperature to obtain clean liquids. 

Proteins were sequentially precipitated from 1 mL of this crude extract by stepwise addition of 

solid ammonium sulphate with stirring at a certain degree of saturation, followed by incubation on 

ice for at least 1 h and centrifugation at 10,000 x g at 4°C for 15 minutes. The pellet obtained after 

each centrifugation was resuspended in 1 mL of buffer containing 10 mM phosphate, pH 7. Those 

steps above were done for 50, 60, 70 and 80% of ammonium sulphate saturation, respectively. 

Aliquots of precipitated fractions were analyzed for its protein concentration and MW by 4-12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). As comparison, part of 

the crude extract was also directly subjected to the same analysis. 

 

Liquid Chromatography−Mass Spectrometry Analysis (LC−MS) 

For identification and relative quantification of the proteins, gel pieces were subjected to tryptic 

digestion, as described previously 49. 

Tryptic peptides were analyzed by LC-MSMS using a Q Exactive Plus mass spectrometer (Thermo 

Fisher Scientific, Bremen, Germany). Peptide mixtures were fractionated by an Ultimate 3000 

RSLCnano (Thermo Fisher Scientific) with a two-linear-column system. Digests were 

concentrated for 4min onto a trapping guard column (PepMap C18, 5 mm x 300 µm x 5 µm, 100Ǻ, 

Thermo Fisher Scientific). Then, samples were eluted in 55min from an analytical column (75 µm 

i.d. × 250mm nano Acclaim PepMap C18, 2 µm; 100 Å LC column; Thermo Fisher Scientific). 

Separation was achieved by using a mobile phase from 0.1% formic acid (FA, Buffer A) and 80% 

acetonitrile with 0.1% FA (Buffer B). A 15 min active linear gradient from 3 to 53 % of buffer B 

at a flow rate of 250 nL/min was used. For 50min the Q Exactive instrument was operated in a 

data dependent mode to automatically switch between full scan MS and MS/MS acquisition. 

Survey full scan MS spectra (m/z 350–1600) were acquired in the Orbitrap with 70 000 resolution 

(m/z 200) after 50 ms accumulation of ions to a 3e6 target value. Dynamic exclusion was set to 

10s. The 10 most intense multiply charged ions (z ≥ 2) were sequentially isolated and fragmented 

by higher-energy collisional dissociation (HCD) with a maximal injection time of 200 ms, AGC 

1e6 and resolution 17 500. Typical mass spectrometric conditions were as follows: spray voltage, 
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2.0 kV; no sheath and auxiliary gas flow; heated capillary temperature, 275 °C; normalized HCD 

collision energy 27%. 

Additionally, the background ions m/z 391.2843 and 445.1200 acted as lock mass. Identification 

and relative label-free quantification of the proteins and peptides were performed with MaxQuant 

software version 1.6.0.1 50 using the following search parameter set: Spectra were matched to a 

human (20,386 reviewed entries, downloaded from uniprot.org) or a rat (8,071 reviewed entries, 

downloaded from uniprot.org), a contaminant, and decoy database, enzyme: trypsin/P with two 

missed cleavage, static modification: carbamidomethylation (C), variable modifications: protein 

N-acetylation oxidation (M), dichlorination and chlorination, bromination, diiodination, 

triiodination and iodination (Y), mass tolerances for MS and MSMS: 10 ppm and 0.02 Da, and a 

calculated peptide FDR 1%.  

 
36Cl radiolabeling 

Customed RMPI 1640 medium was enriched with NaCl containing 36Cl radioactive isotope (25 

uCi). Freshly isolated neutrophils were incubate for 1 h in the 36Cl enriched buffer before adding 

PMA (100 nM) or live S. aureus (MOI 1:10) as stimuli. After 1 h of stimulation, cells were 

harvested and then resuspended in RIPA buffer to generate lysates. Whole lysate was analyzed by 

SDS- PAGE and autoradiography. The SDS-PAGE acrylamide gel was dried and exposed to a 

radio-sensitive film for 10 days before development.  

 

Hypohalous acids measurement 

Human neutrophils, human monocytes, mouse neutrophils and rat neutrophils were seeded onto a 

glass-bottomed dish and loaded with APF (5 µM) by incubation for 30 min at room temperature. 

Dye-loaded cells were stimulated with PMA (100 nM) or S. aureus (MOI 1:10). Hydrogen 

peroxide was used at the concentration of 1 mM. Fluorescence images were acquired twice in each 

experiment (before and 10 min after the stimulation with PMA) using a Leica SP8 confocal 

microscope coupled. The excitation wavelength was 488 nm, and the emission was filtered using 

a 505–550 nm barrier filter. 

 

Phagocytosis and killing analysis 
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Rate of bactericidal activity of neutrophils was determined and calculated by a one step bactericidal 

assay 51. Freshly isolated 1 x 106 neutrophils were incubated with 1 x 107 opsonized bacteria in 1 

ml of RPMI with 0.1% human serum albumin, with final ratio of bacteria to neutrophils of 10:1. 

Samples were continuously rotated and incubated at 37 C and after 45 min were placed at 4 C. 

Neutrophils and phagocytosed bacteria were pelleted by centrifugation at 100 x g for 10 min. 

Supernatants were plated on TSA plates to determine the number of bacteria that were not 

phagocytosed. The pellets containing neutrophils and phagocytosed bacteria were washed twice 

with PBS and then hypotonically lysed using water at pH 11.0. After lysis, samples were pelleted 

by centrifugation at 300 x g for 10 min to remove the neutrophils debris and the supernatant 

containing the bacteria was plated on TSA plates. 

 

UPLC and hydrophobicity analysis 

Samples were dissolved in 0.1% trifluoroacetic acid (TFA) and injected onto a BEH C18 reverse 

phase column (2.1 mm x 100mm, 1.78µm, waters). Conditions: linear gradient from 10% to 80% 

acetonitrile (containing 0.1% TFA) within 6 min at a flow rate of 0.5ml at 45°C. Peptides were 

detected at 280nm. Nile red (Sigma-Aldrich, St. Louis, USA) was dissolved in DMSO to 0.25 mM. 

Varying concentrations of HNP1, ClY21-HNP1 and IY16-HNP1 were mixed in PBS, pH 7.4 with 

0.2 mM Nile red. The fluorescence was monitored using a Fluoroskan Ascent fluorescence 

spectrometer. Measurement parameters were set to 550 nm excitation, 570–700 nm emission. Data 

were fitted with GraphPad/ Prism. 

 

HNP1 peptides synthesis 

Chemical synthesis of HNP1 and halogenated analogs was performed by Biosynth International, 

Inc. (USA, MA). Machine-assisted solid phase chemical synthesis of HNP1 and its analogs, was 

performed by using the 2-(1H-benzotriazolyl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

activation/N,N-diisopropylethylamine in situ neutralization 52. 

 

HNP1 killing assay 

Bactericidal activity of HNP1, ClY21-HNP1 and IY16-HNP1 was tested against S. aureus 

USA300. S. aureus was maintained on trypticase soy agar (TSA) plates, and from a single colony 

was inoculated into 5 ml of trypticase soy broth (TSB) and cultured overnight at 37°C. The 
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following day, 0.1 ml of this intermediate culture was diluted with 4.9 ml of fresh nutrient broth 

and incubated for an additional 3 h at 37°C. A portion of this stationary phase culture was washed 

with 10 mM phosphate buffer, pH 7.4, and the concentration of colony-forming units (CFU) per 

milliliter was quantitated by measuring its absorbance at 620 nm with reference to previously 

determined standards. HNP1, ClY21-HNP1 and IY16-HNP1 were used at concentration 1 to 100 

µg/ml in 10 mM sodium phosphate buffer, pH 7.4, or PBS, RMPI and 1-10% TSB in 10 mM 

sodium phosphate buffer. Control mixtures lacked HNP or contained denaturated HNPs by DTT 

10 µM. After incubation with HNP for 1 h at 37°C, timed samples were removed, serially diluted, 

spread on nutrient agar plates, and incubated for 24 h to allow full colony development.  

Candida albicans was maintained on yeast peptone dextrose (YPD) agar plates. A single colony 

of C. albicans was inoculated in 5 ml YPD broth for 18 h at 37 C. From this intermediate culture, 

0.1 ml was removed and added to 4.9 ml of fresh YPD broth that was incubated at 37 C for an 

additional 4 h. C. albicans cells were washed twice by centrifugation in 10 mM sodium phosphate 

buffer, counted in a hemocytometer, and adjusted to the desired concentration in 10 mM sodium 

phosphate buffer. HNP1, ClY21-HNP1 and IY16-HNP1 were used at concentration 1 to 100 µg/ml 

in 10 mM sodium phosphate buffer, pH 7.4, or PBS. After incubation with HNP for 2 h at 37°C, 

timed samples were removed, serially diluted, spread on YPD plates, and incubated for 24 h to 

allow full colony development. Additionally, C. albicansa killing by HNP1 was measured by XTT 

metabolic assay as reported previously 53. 

 

Chemotaxis 

Chemotaxis was determined in triplicate samples in multiwell chambers (Abcam) using a  

5 or 3 um pore size filter that separated the upper well which contained the leukocytes from the 

lower well which contained the putative chemotactic factors. Negative controls using the 

appropriate dilution buffer were run simultaneously. After 1 h incubation at 37 C, the filters were 

removed and stained with DRAQ5. With a microgrid, we determined the number of cells that had 

migrated to the lower aspect of the filter (cells/hpf) toward the putative chemoattractant, and 

subtracted from it the number of cells that migrated toward the diluent control. This activity was 

then compared with that of FMLP (neutrophils) or CCL2 (monocytes) and the results were 

expressed as number of cells migrated through the pores. 
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Cytokine profile and ELISA 

Supernatant of HMDM stimulate with HNP1, ClY21-HNP1, IY16-HNP1 and S. aureus were 

harvested and incubated with the Proteome Profiler Human XL Cytokine Array (R&D), consisting 

of a membrane-based sandwich immunoassay. Capture antibodies spotted in duplicate on 

nitrocellulose membranes bind to specific target proteins present in the supernatant. Captured 

proteins were detected with biotinylated detection antibodies and then visualized using 

chemiluminescent detection reagents. The signal produced is proportional to the amount of analyte 

bound. ELISAs for human CCL2, CCL3 and CCL4 were conducted according to the instructions 

of the manufacturers. The supernatants of stimulated cells were used undiluted. For blocking of 

plates and dilution of standard curves, ELISA dilution buffer was used, unless it was specified 

differently in the instructions. ELISA plate were washed with PBS-T. 

 

Thermostability assay 

We used the Tycho NT.6 (NanoTemper Technologies) for label-free thermal shift analysis. 

For each condition, 10 µL of sample were prepared in PBS at a protein concentration of 0.4mg/ml. 

The protein samples were loaded into UV capillaries and experiments were carried out using the 

Tycho NT.6. Unfolding profiles in terms of the change of fluorescence emission ratio (350/330nm) 

were measured over a temperature range from 35 to 95°C. 

 

Anti-toxin experiments 

Human neutrophils, primary human monocytes or RAW 264.7 cells were seeded in a 96-well plate 

at a density of 1x105cells per well in RPMI medium 1640 containing serum. For the assay, 20 nM 

LF, 50 nM PA, 50 nM LLO, 50 nM PLY oand 50 nM of the PVL components LukS and LukF in 

equimolar ratio, and 0.1 to 10 µM of HNPs were added simultaneously to cells in serum-free RPMI 

medium 1640 or RPMI medium 1640 supplemented with 5% FCS. One or two hours after 

treatment, cell viability was determined by LDH release. 

 

Cytotoxicity assay 

To assess any toxicity of inhibitors LDH release was assessed using the CytoTox 96 Non-

Radioactive Cytotoxicity Assay (Promega), according to the manufacturer’s instructions. 

Neutrophils were seeded in RPMI in a 6 well plate with 1x105 cells/100 µl. Inhibitors were 
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preincubated with cells for 30 min at 37 C at concentrations indicated in the figures. Assay was 

performed in triplicate. 

 

LF metalloproteolytic activity 

An N-acetylated, C-7-amido-4-methylcoumarin (AMC) derivative of a 14-mer fluorogenic peptide 

substrate (Merk)  designed from the MEK-2 template was used to measure Anthrax lethal factor 

(LF) metalloproteolytic activity. HNP1, ClY21-HNP1 and IY16-HNP1 were test for inhibitory 

effect at concentration 0.1 to 10 uM. Metalloproteolytic activity of LF was monitored using a 

Fluoroskan Ascent fluorescence spectrometer. 

 

Hemolysis 

Briefly, red cells from normal human blood (2.5 ml) were washed four times with PBS and 

suspended in PBS at 5% by volume. Assays were done in 96-well plates, with a final volume of 

0.1 ml/well. LLO and PLY and HNP1s were added to the wells and preincubated for 15 min on 

ice before adding erythrocytes (RBC). After all components were mixed, the plate was placed in a 

Versa Max microplate reader and incubated at room temperature for 30 min. During this time, the 

A700 of each well was recorded every 30 s, automatically shaking the plate before each reading. 

The data were plotted as ∆A700, indicating the level of protection by HNP1s. 

 

Statistical analysis 

Data are expressed as the mean ± SD and were analyzed using GraphPad Prism version 5 software. 

Statistical comparisons were evaluated by t test, and differences were considered statistically 

significant at P < 0.05. 
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SUPPLEMENTARY FIGURES 

 

 

 

 

 
Figure S1. MPO and NOX2 inhibitors reduce hypohalous acids formation. Human neutrophils treated with 
diphenyliodonium (DPI) or 4-aminobenzoic acid hydrazide (4-ABAH), and stimulated with PMA, S. aureus and 
zymosan. Hypohalous acids measured by 3′-(p-aminophenyl) fluorescein (APF) at 60 min after stimulation. Bars show 
means ± SEM, n = 3. *p < 0.001, unpaired Student’s t test. 
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Figure S3. Proteomics analysis of halogenated proteins. Proteomic analysis of chlorinated (a) and iodinated (b) 
HNP1-3 derived peptides from neutrophils cultivated with supplemented halides in the medium. The supplemented 
halides in the medium were NaBr and NaI at the concentration of 100 µM per each. Bars show means ± SEM, n = 3. 
**p < 0.001, *p < 0.01, ns, non-significant unpaired student’s t test. 

 

Figure S2. Chloro-tyrosine levels of non-hydrolized human neutrophil lysate. Elution profile of non-hydrolized 
PMA and unstimulated human neutrophils lysate measured by ESI-MS. Chloro-tyrosine standard were used as control, 
n=2. Dashed line corresponds with the elution of the chloro-tyrosine standard.  
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Figure S4. MPO inhibitor reduced chlorination and iodination of HNP1-3. Mass spectrometry analysis of 
chlorinated (a) and iodinated (b) HNP1-3 derived peptides from human neutrophils treated with 4-aminobenzoic 
acid hydrazide (4-ABAH) and stimulated with PMA. Bars show means ± SEM, n = 3. *p< 0.0001, unpaired 
Student’s t test. 

 

Figure S5. E. coli and C. albicans killing by halo-HNP1s. CFU count of E. coli (a) and C. albicans (b) killing 
using HNP1, ClY-21-HNP1 and IY16-HNP1 (50 µg/ml). n = 3; ns, non-significant  unpaired Student’s t test. 
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Figure S6. HNP1s modulate cytokines and chemokines production. Human cytokine profile array of HMDM 
infected with S. aureus and treated with HNP1, ClY-21-HNP1 and IY16-HNP1 (10 µg/ml). 1= CCL2; 2=CCL3/CCL4; 
3= IL18bp. n=2 (a). ELISA of HMDM infected with S. aureus and treated with HNP1, ClY-21-HNP1 and IY16-
HNP1 and detected levels of CCL4. Bars show means ± SEM, n = 3. **p < 0.001, *p < 0.01, ns, non-significant 
unpaired Student’s t test (b). 
 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.11.01.565105doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.01.565105
http://creativecommons.org/licenses/by-nc-nd/4.0/

