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List of abbreviations

2-Aoc, 2-aminooctanoic acid; Ac, acetyl; AMP, antimicrobial peptide; βNphe, N-phenyl-β-

alanine; βNSpe, N-(S)-1-phenylethyl-β-alanine; C5a, complement fragment 5a; C5aR, 

receptor for C5a; [Ca2+]i, concentration of free intracellular calcium; CF, carboxyfluorescein; 

CL, chemiluminescense; Cmp. 43, compound 43 (FPR1 ligand); CsH, cyclosporine H;

CXCR, CXC chemokine receptor; DAD, diode array detector; DMF, Dimethylformamide; 

ESI-MS, electrospray ionization mass spectrometry; DIPEA, diisopropylethylamine; FCS, 

fetal calf serum; F2Pal10, FPR2-derived pepducin; FPR, formyl peptide receptor; GPCR, G-

protein coupled receptor; hArg, homoarginine; HDP, host defense peptide; HPLC, high-

performance liquid chromatography; HRP, horseradish peroxidase; HR-MS, High-resolution 

mass spectrometry; IDR, innate defense regulator; KRG, Krebs-Ringer phosphate buffer with 

glucose; Lau, lauryl; Lys, lysine; Lys(Pam); Nε-palmitoyl-lysine; mAb, monoclonal antibody; 

Me, methyl; NLys, α-peptoid lysine; Oct, octanoyl; OSu, N-hydroxysuccinimidyl; PAF, 

platelet-activating factor; PAFR, receptor for PAF; Pam, palmitoyl; PBP10, Rhodamine-B 

labelled Phosphatidylinositol 4,5-bisphosphate-binding peptide derived from gelsolin; PE, 

phycoerythrin; PFA, paraformaldehyde; Ph, phenyl; PLC, phospholipase C; PMA, phorbol 

myristate acetate, PMN, polymorphonuclear leukocytes; PRR, pattern recognition receptor; 

PSM, phenol-soluble modulin; PyBOP, (benzotriazol-1-yloxy)-tris(pyrrolidino)phosphonium 

hexafluorophosphate; ROS, reactive oxygen species; RPMI, RPMI-1640 culture medium; 

SOD, superoxide dismutase; Ste, steroyl; TFA, trifluoroacetic acid
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Abstract

Immunomodulatory host defense peptides (HDPs) are considered to be lead compounds for 

novel anti-sepsis and anti-inflammatory agents. However, development of drugs based on 

HDPs has been hampered by problems with toxicity and low bioavailability due to in vivo

proteolysis. Here, a subclass of proteolytically stable HDP mimics consisting of lipidated α-

peptide/β-peptoid oligomers was investigated for their effect on neutrophil function. The most 

promising compound, Pam-(Lys-βNSpe)6-NH2, was shown to inhibit formyl peptide receptor 

2 (FPR2) agonist-induced neutrophil granule mobilization and release of reactive oxygen 

species. The potency of Pam-(Lys-βNSpe)6-NH2 was comparable to that of PBP10, the most 

potent FPR2-selective inhibitor known. The immunomodulatory effects of structural 

analogues of Pam-(Lys-βNSpe)6-NH2 emphasized the importance of both the lipid and 

peptidomimetic parts. By using imaging flow cytometry in primary neutrophils and FPR-

transfected cell lines we found that a fluorescently labelled analogue of Pam-(Lys-βNSpe)6-

NH2 interacted selectively with FPR2. Furthermore the interaction between Pam-(Lys-

βNSpe)6-NH2 and FPR2 was found to prevent binding of the FPR2-specific activating peptide 

agonist Cy5-WKYMWM, while the binding of a FPR1-selective agonist was not inhibited. To 

our knowledge, Pam-(Lys-βNSpe)6-NH2 is the first HDP mimic found to inhibit activation of 

human neutrophils via direct interaction with FPR2. Hence, we consider Pam-(Lys-βNSpe)6-

NH2 to be a convenient tool in the further dissection of the role of FPR2 in inflammation and 

homeostasis as well as for investigation of the importance of neutrophil stimulation in anti-

infective therapy involving HDPs. 
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1. Introduction

The innate immune response constitutes the front-line defense against infection [1]. It consists

of a complex network of cells and inducible soluble factors that interact to recognize and 

combat incoming pathogens in a series of immediate and relatively unspecific and generalized 

reactions. Microbial molecular components are recognized via pattern recognition receptors 

(PRRs) on host immune cells resulting in the release of pro-inflammatory and antibacterial 

factors such as cytokines, chemokines, lipid mediators, and reactive oxygen species (ROS) 

[2]. Local inflammation plays an important role in this response by orchestrating the 

recruitment of various immune cells to the infection focus often resulting in clearance of the 

infection. However, excessive, unbalanced, or prolonged inflammation can be detrimental to 

the host. In the case of sepsis, the massive release of pro-inflammatory factors into the 

circulation causes tissue damage possibly leading to organ dysfunction and ultimately death

[3-5]. Novel anti-infective therapies are urgently needed due to the fact that excessive and

non-compliant use of antibiotics has selected for multidrug-resistant bacterial strains. 

Consequently, infectious diseases are once again becoming a severe health threat as we are 

rapidly approaching what has been termed “the post-antibiotic era” [6-8]. As the innate 

immune response is involved in the initial protection against invasive microorganisms as well 

as in the pathogenesis of infectious and inflammatory diseases, immunomodulation has been 

proposed as an attractive novel non-antibiotic therapeutic approach [9, 10]. Natural host 

defense peptides (HDPs) possess many of the properties essential for anti-infective agents as 
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a number of these peptides exhibit both direct microbicidal activity and potent 

immunomodulatory functions via interaction with various immune-competent cells such as 

neutrophils [10-12]. Being among the first cells to be recruited to the site of infection, 

neutrophils are important early effector cells of the innate immune system. Moreover, 

dysregulation of neutrophil function has been linked to both aseptic and septic inflammatory 

and autoimmune diseases, highlighting the importance of this cell type in maintaining a 

balanced inflammatory response [13-18]. Recruitment and activation of neutrophils occur

through integration of signals from cell-surface G-protein coupled receptors (GPCRs) 

recognizing host factors such as chemotactic proteins and peptides, e.g. chemokines via 

CXCR1/2, and complement anaphylatoxins via C5aR, as well as pathogen-derived N-

formylated peptides via formyl peptide receptors (FPRs) [2, 19]. Human neutrophils express 

two closely related FPRs, namely FPR1 and FPR2 [20]. Activation of neutrophils through 

FPRs induces a variety of pro-inflammatory and antibacterial effector mechanisms including 

production of ROS, and release of antimicrobial peptides (AMPs) and hydrolytic enzymes 

from intracellular granules [20]. Furthermore, FPRs regulate the inflammatory reactions in 

neutrophils by modulating signaling through many other receptors in a process termed 

receptor cross-talk [21-24]. The role of FPRs in regulation of inflammation is highlighted by 

their suggested involvement in both systemic [25] and local [26-28] inflammatory responses. 

Thus, recently various groups have suggested FPRs as therapeutic targets in inflammatory and 

infectious diseases [29, 30] and several selective FPR agonists and inhibitors have been 

discovered: the cyclic undecapeptide cyclosporine H (CsH) is the most potent selective FPR1

inhibitor [31, 32], and rhodamine B-labelled PIP2-binding peptide of gelsolin (PBP10) is the 

most potent selective FPR2 inhibitor known to date [33, 34]. Also several HDPs have been 

shown to interact with FPRs thereby modulating the responses of human neutrophils [35-40], 
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e.g. human cathelicidin LL-37, a chemoattractant that activates neutrophils through FPR2 [36, 

37, 39, 40]. Furthermore, a synthetic derivative of bactenecin (a bovine HDP), referred to as 

innate defense regulator peptide 1 (IDR-1), has been shown to induce neutrophil migration 

and activation thereby augmenting neutrophil-mediated killing of bacteria via FPR1 [41].

Development of anti-infective drugs based on HDPs has been hampered by problems with 

toxicity and poor bioavailability due to in vivo proteolytic degradation [42]. To circumvent 

these problems, we and others have developed synthetic HDP mimics with improved 

characteristics such as increased protease resistance [43-45]. Stable HDP mimics based on a 

design with alternating α-amino acids and peptoid residues (see Figure 1A) have been found 

to exhibit antimicrobial activity against planktonic bacteria and biofilm, and to possess 

antiplasmodial as well as immunomodulatory activities [43, 46-49]. The aim of the present

study was to investigate the effects of lipidated peptidomimetics, belonging to the subclass of 

-peptide/β-peptoid hybrids, on the inflammatory responses of human neutrophils. The most 

promising compound, Pam-(Lys-βNSpe)6-NH2 (Cmp. 1, Figure 1B), displayed receptor-

selective inhibition of cellular responses, such as production of ROS and degranulation

induced in neutrophils by FPR2-specific agonists, with a potency comparable to that of the 

most potent known FPR2 inhibitor PBP10. Based on these results Pam-(Lys-βNSpe)6-NH2 is 

considered to be a promising anti-inflammatory drug lead that may prove useful for the 

treatment of inflammation-driven disease, including sepsis. Furthermore, Pam-(Lys-βNSpe)6-

NH2 may be a useful tool in the further dissection of the role of FPR2 in inflammation and 

homeostasis. 
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2. Materials and Methods

2.1 Chemicals, reagents and peptides

Solvents, Rink amide resin, α-amino acid building blocks and coupling reagents were 

obtained from IrisBiotech (Marktredwitz, Germany), while octanoic acid, Lau-OSu and Pam-

OSu, stearic acid,  and 5(6)-carboxyfluorescein (CF) were obtained from Sigma-Aldrich 

Chemie (Steinheim, Germany); Fmoc-Lys(Pam)-OH was acquired from Bachem (Bubendorf, 

Switzerland). Horseradish peroxidase (HRP) and phorbol myristate acetate (PMA) were from 

Sigma-Aldrich (St. Louis, MO, USA). PBP10 peptide (RhB-QRLFQVKGRR) and the FPR2-

derived pepducin F2Pal10 (palmitoyl (Pam)-KIHKKGMIKS) were obtained from Caslo 

Laboratory (Lyngby, Denmark). The receptor antagonist WRWWWW (WRW4) was from 

Genscript Corporation (Scotch Plains, NJ, USA) and cyclosporin H was kindly provided by 

Novartis Pharma (Basel, Switzerland). The hexapeptides WKYMWM/m were purchased from 

AltaBioscience (University of Birmingham, Birmingham, U.K.), and the phenol-soluble 

modulin (PSMα2, MGIIAGIIKFIKGLIEKFTGK) was obtained in its α-N-formylated form 

from American Peptide Company (Sunnyvale, CA, USA). The formylated tripeptide fMLF 

and C5a were purchased from Sigma-Aldrich (St. Louis, MO) and PAF was from Avanti 

Polar Lipids Inc. (Alabama, USA). The FITC-fNLFNYK and the Cy5-WKYMWM peptides 

were from Phoenix Pharmaceutical (Burlingame, CA). All peptides were dissolved in 

dimethyl sulfoxide to a concentration of 10 mM and stored at –80°C until use. Further 

dilutions were made in Krebs-Ringer phosphate buffer that was supplemented with glucose 
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(10 mM), Ca2+ (1 mM), and Mg2+ (1.5 mM) (KRG; pH 7.3). RPMI 1640, fetal calf serum 

(FCS), penicillin and streptomycin, and G418 were from PAA Laboratories GmbH, Austria.

2.2 General procedure for purification and compound characterization 

Analytical HPLC was performed on a Shimadzu HPLC system with diode array detector 

(DAD) consisting of an SCL-10A VP controller, an SIL-10AD VP auto injector, an LC-10AT 

VP Pump, an SPDM10A VP DAD, and a CTO-10AC VP column oven, using a Phenomenex 

Luna C18(2) column (150 × 4.6 mm ; 3 μm) eluted at a rate of 0.8 mL/min. Injection volumes 

were 5-10 μL of a 1 mg/mL solution and separations were performed at 40 °C. The system 

was controlled by Class VP 6 software. Eluents A (H2O/MeCN/TFA) 95:5:0.1) and B 

(MeCN/H2O/TFA 95:5:0.1) were employed for linear gradient elution (10% B  60% B 

during 30 min or 20% B  100% B during 30 min). Preparative HPLC separations were 

performed on a Phenomenex Luna C18(2) column (250 × 21.2 mm; particle size: 5 μm) by 

using an Agilent 1100 system consisting of two preparative-scale pumps, an autosampler, and 

a multiple-wavelength UV detector. The eluents A and B were employed with a flow rate of 

20 mL/min; injection volumes were 300-900 μL; typically, linear gradients of 10% B  60% 

B during 20 min or 20% B  80% B during 20 min were employed. High-resolution mass 

spectra were obtained on a Bruker MicroTOF-Q LC mass spectrometer equipped with an 

electrospray ionization source and a Quadropole MS detector. The analyses were performed 

as ESI-MS (m/z): [M + nH]n+ for all peptidomimetics.

2.3 Synthesis of peptidomimetics
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The α-peptide/β-peptoid peptidomimetics 1-16, peptides 17 and 18 as well as peptoid 19-21 

(Figure 1) were synthesized on Rink amide resin by standard Fmoc solid-phase synthesis 

using the appropriate dimeric building blocks [50] and peptoid lysine building block [46, 51]

with PyBOP as coupling reagent as earlier reported [50]. In the lipidated compounds the acyl 

moieties were introduced either via coupling of the corresponding acid (5 equiv, 16 h; 

octanoic acid, stearic acid, or commercial Fmoc-Lys(Pam)-OH) using PyBOP (5 equiv) as 

coupling reagent (in DMF; 10 equiv DIPEA) or via the N-hydroxysuccinimidyl esters (Lau-

OSu and Pam-OSu in DMF; equiv DIPEA, 16 h). The fluorophore in compounds 20 and 21

was introduced as earlier described [48]. Following cleavage from the resin, all 

peptidomimetics were purified to homogeneity by preparative HPLC. The identity of the 

compounds was verified by HR-MS (M < 5 ppm), and the purity was determined by using 

analytical HPLC (> 95% at 220 nm). Target compounds were stored dry at −20 °C until use.  

2.4 Isolation of human neutrophils

Human polymorphonuclear neutrophils (PMNs) were isolated from buffy coats (The Blood 

Center, Sahlgrenska University Hospital, Gothenburg) obtained from apparently healthy 

adults. After storage overnight at ambient temperature erythrocytes were depleted by dextran 

sedimentation at 1  g and the leukocyte mixture was centrifuged on a Ficoll-Paque gradient.

After a hypotonic lysis of the remaining erythrocytes, the PMNs were washed twice,

resuspended (1  107/mL) in KRG, and kept on melting ice until use.

2.5 Expression of FPRs in undifferentiated HL60 cells
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The stable expression of FPR1 and FPR2 in undifferentiated HL60 cells has been described 

previously [31, 52, 53]. To prevent auto-differentiation, cells were passed twice a week before 

reaching a density of 2  106/ml. At each passage, an aliquot of cells was centrifuged, the 

supernatant discarded, and the cell pellet resuspended in fresh culture medium containing 

RPMI 1640 supplemented with FCS (10%), penicillin/streptomycin (1%), L-glutamine (2 

mM) and the selection antibiotic G418 (1 mg/mL). 

2.6 Neutrophil NADPH-oxidase activity

Superoxide anion production was determined by using luminol- or isoluminol-enhanced 

chemiluminescense (CL) systems [54, 55]. The CL activity was measured in a 6-channel 

Biolumat LB 9505 (Berthold Co, Wildbad, Germany) using disposable 4-mL polypropylene 

tubes with a 1 mL reaction mixture. The release of ROS was measured with cells in KRG

(PMNs or differentiated HL60 cells at a density of 2  105/mL) mixed with isoluminol (2 

10-5 M) and HRP (4 U/mL). The cells were pre-warmed for 5 min at 37oC in the presence or 

absence of receptor inhibitors, after which the stimulus was added. The light emission was 

recorded continuously for up to 20 min. 

2.7 Changes in the intracellular concentration of Ca2+

Freshly isolated PMNs from buffy coats or undifferentiated stably transfected HL60 cells (2 

107/mL) were labeled with Fura 2-AM (Molecular Probes, Eugene, OR, USA), and the 

change in the cytosolic concentration Ca2+ was followed by the use of a PerkinElmer 

fluorescence spectrophotometer (LC50) as previously described [52]. The transient rise in 
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intracellular calcium is presented as the ratio between fluorescence intensities of the emitted 

light at 340 nm and 380 nm when excited at 510nm. 

2.8 Cell-surface receptor expression

The level of surface expression of the integrin CR3 was determined by the use of a 

phycoerythrin (PE)-conjugated antibody against CD11b (BD Biosciences, MD, USA). To 

surface label the PMNs, cells in KRG (5  106/mL) were incubated on ice, the antibodies 

were added and the incubation was prolonged for 30 min. Control samples incubated with 

isotype control antibodies were included. After a washing step to remove excess unbound 

antibodies, the amount of bound fluorescence was determined by flow cytometry using an 

Accuri C6 flow cytometer (Becton Dickinson Sparks, MD, USA). Surface expression of 

FPR2 was determined using an FPR2-specific mAb (Abcam, Cambridge, UK) together with a 

goat anti-mouse IgG secondary antibody (Thermo Scientific, Waltham, MA, USA). PMNs (1 

 106/mL) suspended in ice cold PBS supplemented with 1% BSA were incubated with the 

anti-FPR2 mAb on ice for 30 min. Control samples incubated with an isotype control were 

included. After washing, the cells were incubated with the secondary antibody for 20 min on 

ice. After a final wash the cells were fixed by incubation in 2% PFA for 10 min at room 

temperature, washed in PBS/BSA, and kept cold until analysis.

2.9 Evaluation of ligand-receptor interaction by imaging flow cytometry

Primary human neutrophils, or HL60 cells stably transfected with either FPR1 or FPR2, were 

stained with the CF-labelled compounds 20 and 21 (Figure 1), or an FPR2-specific 

mAb/secondary antibody pair (see below) before analysis by imaging flow cytometry
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(ImageStream X, see below). The staining with CF-labelled compounds was performed by 

adding a final concentration of 100 nM compound 20 or 21 to cells in ice cold KRG (1  106

cells/mL) followed by incubation on ice for 30 min. The cells were fixed immediately 

hereafter by addition of 2% PFA, and incubation for 10 min at room temperature. After 

fixation the cells were washed once, resuspended in KRG, and kept cold until analysis.

Staining of the nucleus with DRAQ5 (Abcam, Cambridge, UK) was performed immediately 

before analysis by addition of DRAQ5 (5 μM) to each sample followed by incubation for 5 

min at room temperature. Staining of separate cell samples for FPR2 expression was 

performed as described above for flow cytometry. For each sample 5000 focused cells were 

collected using an ImageStream X (Amnis, Seattle, WA, USA) imaging flow cytometer with 

60x objective without extended depth of field. IDEAS® software v. 6.0 (Amnis, Seattle, WA, 

USA) was used for data analysis (additional information about the used features and 

calculations performed can be found in the IDEAS® user manual that may be downloaded 

from www.amnis.com). First, cells in focus were gated, followed by identification of single 

cells in a plot of Aspect Ratio (the length of the minor axis of an object divided by the length 

of the major axis) versus Area in the Brightfield channel, and analysis of fluorescence 

intensity and distribution. The cellular distribution of fluorescence was analyzed using the 

Bright Detail Intensity R3 feature of the IDEAS software. Bright Detail Intensity R3 

computes the fluorescence intensity in bright spots of 3 pixels or less in the cell after 

subtraction of the local background surrounding the spots.  

2.10 Competitive receptor binding by flow cytometry
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Neutrophils in ice cold KRG (5  106/mL) were preincubated with unlabeled ligands or 

inhibitors for 5 min on ice before addition of fluorescently labeled FPR2-specific (Cy5-

WKYMWM) or FPR1-specific (FITC-fNLFNYK) agonist followed by incubation on ice for 

30 min. The neutrophils were fixed directly after labeling by addition of 2% PFA and 

incubated at room temperature for 10 min. After fixation the cells were washed once, 

resuspended in KRG, and kept cold until analysis by flow cytometry using an Accuri C6 flow 

cytometer (Becton Dickinson Sparks, MD, USA). 

2.11 Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0.  Statistical comparison of 

different treatments was performed by one- or two-way ANOVA followed by the 

recommended adjustment for multiple comparisons as indicated for specific experiments; p< 

0.05 was considered statistically significant.  IC50-values for selective receptor inhibitors and 

α-peptide/β-peptoid chimeric oligomers were determined by fitting a sigmoidal curve with 

variable slope to data normalized to the response induced without inhibitors (= 100%) using 

the “log(inhibitor) versus normalized response” function in GraphPad Prism. A “Replicates 

Test for Lack of Fit” was performed and showed no evidence for use of an inadequate model.   
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3. Results

Modulation of inflammatory cell functions constitutes a novel promising approach that on one 

hand may target bacterial infections and on the other hand may prevent or cure excessive 

inflammatory responses leading to disease [9-11]. Inspired by our previous finding that an -

peptide/-peptoid hybrid exhibited moderate immunomodulatory activity [48], we screened 

an array of analogous -peptide/β-peptoid oligomers (see Figure 1A) with different N-

terminal modifications for their ability to inhibit release of pro-inflammatory cytokines from 

stimulated leukocytes. The lipidated peptidomimetic Pam-(Lys-βNSpe)6-NH2 (compound 1, 

see Figure 1B) was identified as having potent anti-inflammatory properties (submitted for 

publication). In the present study, the effect of compound 1 on inflammatory responses of 

neutrophils was investigated. 

3.1 Modulation of FPR2 mediated superoxide release and degranulation by Pam-(Lys-

βNSpe)6-NH2 (compound 1)

Initially we investigated the ability of compound 1 to modulate superoxide release upon 

triggering of neutrophils with receptor-specific chemoattractants or the receptor-independent 

phospholipase C (PKC) activator phorbol myristate acetate (PMA). The neutrophils were pre-

incubated with the compound (0.5 – 1.0 μM) for a short time (5 min) and then stimulated with 

receptor-specific agonists known to induce an activation of the superoxide-generating 

NADPH-oxidase. The selective agonists comprise the complement protein fragment C5a 
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(agonist of the C5a-receptor, C5aR), platelet-activating factor (PAF; agonist of the PAF-

receptor, PAFR), as well as the two peptides fMLF, and WKYMWM, selective for FPR1 and 

FPR2, respectively. The response induced by the FPR2 agonist WKYMWM was inhibited

significantly whereas compound 1 had no effect on the responses induced by the other stimuli 

(data for the two FPR agonist and PMA are shown in Figure 2A. Data for different 

concentrations of compound 1 are shown in Figure 5A.). FPR2 unresponsiveness can be 

induced through binding of specific FPR agonists after a short period of active signaling in a 

process called homologous desensitization [56-58].  Consequently, we wished to investigate 

whether compound 1 activates neutrophil production of superoxide anions and desensitizes

the cells for a challenge with a new receptor agonist but no such effect was seen. In 

concentrations that completely inhibit the activity induced by WKYMWM (0.5 - 1.0 μM), no 

direct activation was induced by compound 1, as no release of ROS or any intracellular ROS

production was seen in neutrophils (data not shown). Binding of chemoattractants to their 

respective neutrophil GPCRs not only induces activation of the NADPH-oxidase, but also

triggers mobilization of receptors localized in granule/secretory vesicle compartments to the 

plasma membrane [19]. Accordingly, activation of neutrophils by FPR agonists results in the 

mobilization of CD11b (CR3) to the cell surface, as shown in Figure 2B for the FPR1 agonist 

fMLF and the FPR2 agonist WKYMWM. In accordance with the results obtained in the 

NADPH-oxidase assay, addition of submicromolar concentrations of compound 1 selectively 

inhibited the WKYMWM-induced CD11b mobilization by more than 50%, similarly to the 

well-established FPR2 inhibitor PBP10, whereas the fMLF response was unaffected (see 

Figure 2B). FPR2 is a promiscuous receptor, and some of the known agonists also activate 

FPR1. To determine whether the inhibitory activity of compound 1 is ligand- or receptor-

dependent, several previously characterized FPR ligands (peptides and lipopeptides)
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possessing somewhat different selectivity or mode of action were used to determine the 

inhibitory effects of compound 1 (see Figure 3A and B). The response induced by the agonists 

fMLF and compound 43 (Cmp. 43), that both prefer FPR1 over FPR2, was not inhibited by 

compound 1 (0.5 μM). The hexapeptide WKYMVm is an agonist that activates both 

neutrophil FPRs and in accordance with this the NADPH-oxidase activity induced by this 

dual agonist was not affected significantly by neither compound 1 (0.5 μM) nor CsH (1.0 μM)

when added separately. Combining compound 1 with CsH, on the other hand, inhibited the 

response to WKYMWm, as would be expected if compound 1 is a selective FPR2 inhibitor. 

In accordance with the suggested FPR2 selectivity of compound 1 (0.5 μM), it completely 

inhibited the responses induced by the FPR2-selective peptide agonists WKYMWM and

MMK1 [59] as well as by the staphylococcal phenol-soluble modulin (PSMα2) [60] (Figure 

3A). It is well-known that several GPCRs may be activated by a group of lipopeptides 

classified as pepducins [61, 62]. A typical pepducin contains a palmitic acid residue linked to 

a peptide with a sequence corresponding to an intracellular segment of the corresponding

GPCR. The most potent pepducin derived from the third intracellular loop of FPR2, denoted 

F2Pal10, was recently shown to selectively activate neutrophils via FPR2 [62]. The inhibitory 

effect of compound 1 (0.5 μM) was not restricted to conventional FPR2 agonists, but also 

included suppression of the response induced by the pepducin F2Pal10 (see Figure 3B). 

3.2 Compound 1 inhibits FPR2-induced increase in free cytosolic Ca2+-concentration

A very early event in signaling upon activation of FPRs is a phospholipase C-dependent 

increase in the cytosolic Ca2+-concentration ([Ca2+]i), a rise initially achieved via mobilization 

of Ca2+ from intracellular storage organelles [33]. Although this signaling pathway is not 
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directly linked to that leading to an activation of the NADPH-oxidase [56] we used this 

secondary messenger to determine whether the effect of compound 1 on activation through 

FPR2 is due to interference with the early part of the signaling cascade, rather than blocking 

the receptor itself. Compound 1 (1.0 μM) selectively and dose-dependently inhibited the rise 

in [Ca2+]i induced by the FPR2-specific agonist WKYMWM, whereas Ca2+ mobilization 

triggered by the FPR1-specific agonist fMLF was unaffected (see Figure 4, part A and B). 

The FPR2 selectivity of compound 1 was also confirmed by experiments performed on stably 

transfected HL60 cells expressing either FPR1 or FPR2 [52]. The functionality and selective 

expression of FPRs in these cells were verified by the inhibitory effects on the changes of 

[Ca2+]i in the presence of the earlier described receptor-selective inhibitors CsH and PBP10 

(Figure 4C). The FPR1-specific antagonist CsH (1.0 μM) inhibited the fMLF induced 

response as expected, while PBP10 (1.0 μM) was without effect on the rise in [Ca2+]i in 

FPR1-expressing cells activated with fMLF, and this was found to be the case also for 

compound 1 (1.0 μM). In accordance with the FPR2 selectivity of compound 1 (1.0 μM) and 

PBP10 (1.0 μM) both efficiently inhibited the response induced by WKYMWM in FPR2-

transfected cells, whereas the FPR1-selective inhibitor CsH (1.0 μM) was without effect 

(Figure 4C). In summary, these results clearly demonstrate that compound 1 affects early 

events of FPR2 signaling and that the presence of FPR2 is required for its activity. 

3.3 Potency and activity of compound 1 is similar to that of PBP10 

Previous studies have identified two selective inhibitors of FPR2, namely the classical peptide 

antagonist WRW4 and the allosteric modulator PBP10 [33, 53, 63, 64]. Comparison of the 

inhibitory efficiency of compound 1 with these known FPR2 inhibitors was performed on the 
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WKYMWM-induced NADPH-oxidase response in human neutrophils. This revealed similar 

inhibitory profiles for compound 1 and PBP10, with an IC50 value of compound 1 slightly 

lower than that for PBP10 (50 nM vs. 60 nM; Figure 5A). Compared to the antagonist 

WRW4, both compound 1 and PBP10 were significantly more potent (see Figure 5A). To 

investigate the apparent similarity in effect and mode of action of compound 1 and PBP10

further, the combined effect of lower concentrations (0.05 μM) of the two inhibitors was

determined. As seen in Figure 5B, a purely additive effect of the two inhibitors was found. In 

addition, the reversibility of their effects was investigated. Neutrophils (2107 cells/mL) were 

preincubated with inhibitory concentrations (0.2 μM) of either compound 1 or PBP10 for 2 

min. The cell suspensions were diluted 100-fold, giving a non-inhibitory concentration of the 

inhibitors (0.002 μM), and after various time periods of recovery the cells were subjected to 

stimulation with the FPR2-selective peptide WKYMVM in the presence (dashed line) or 

absence (dotted line) of freshly added inhibitor (0.2 μM). Already after 1 min of recovery

after dilution, the cells without addition of more inhibitor (dotted line) were fully responsive 

to WKYMVM (Figure 5; shown for compound 1 in the left panel, and for PBP10 in the right 

panel), suggesting a rapid and fully reversible inhibition, and thus that persistent interaction

with the receptor is required for inhibition.

3.4 Structural determinants for the FPR2-inhibitory potency of compound 1

To gain more insight into the structural requirements for the novel type of peptidomimetic 

FPR2 inhibitor, we investigated the structure-activity relationships within an array of diverse 

representatives of lipidated -peptide/β-peptoid hybrid oligomers. Thus, a library of structural 

analogues of compound 1 was designed and synthesized (structures are presented in Figure 
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1B) and tested for their effects on FPR1- and FPR2-induced NADPH-oxidase activity. A non-

lipidated derivative (compound 2) showed no inhibitory activity in the concentration range 

tested (up to 1.0 μM), while analogues with gradually shorter lipid anchors (i.e. 4 and 5) were 

less potent with rapidly increasing IC50 values (Table 1), indicating that hydrophobicity is an 

important determinant for activity. However, compound 3, containing a fatty acid that is 

longer than that of compound 1, was only slightly more potent. Interestingly, overall 

hydrophobicity is not the parameter that alone determines the FPR2 inhibition potency. This 

conclusion was drawn from the fact that the variant in which the palmitoyl group was 

replaced by two shorter fatty acids (compound 6; having the same hydrophobicity score as 

compound 1) was a less efficient inhibitor than compound 1. Alternatively, hydrophobicity 

may be introduced via incorporation of a synthetic α-amino acid displaying a C6 side chain 

(i.e. 2-aminooctanoic acid: 2-Aoc) as the N-terminal residue(s). The FPR2 inhibitory effect of 

compound 7, containing one N-terminal 2-Aoc residue, was comparable to that of compound 

5 displaying an N-terminal octanoyl moiety. By contrast, incorporating two consecutive 2-

Aoc residues (i.e. compound 8) was less efficient than an N-terminal conjugation with a

single C12 fatty acid (i.e. compound 4) supporting the hypothesis that hydrophobicity 

preferably should be present as a single long lipid chain in order to confer optimal FPR2 

inhibitory function to these lipidated peptidomimetics. Additionally, the alternating 

cationic/hydrophobic design of the α-peptide/β-peptoid oligomers was found to be of 

importance since no inhibitory activity was obtained with the purely cationic lipidated

compounds 17-19. Variation in the type of cationic residues (i.e. compound 1 vs. 10) and

degree of chirality (i.e. compound 1 vs. 9) only gave rise to minor differences in potency. 

Importantly, we found that full or partial exchange of the cationic lysine residues in 

compound 1 for the guanidinylated homoarginine (hArg; i.e. compound 10 and 13,
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respectively) resulted in loss of selectivity for FPR2, as the fMLF-induced release of ROS

also was inhibited by compounds containing hArg residues (Table 1). Also, the length of the 

α-peptide/β-peptoid oligomer was found to be of some importance. Decreasing the length of 

the peptidomimetic moiety from twelve residues (as in compound 1 and 13) to four residues

(i.e. compound 11) significantly decreased the FPR2-inhibitory effect. Interestingly, a non-

lipidated 16-mer compound (i.e. compound 15) was found to possess a surprisingly high

FPR2-inhibitory activity albeit still 10-fold lower than the best lipidated oligomers. In 

summary, these data show that the FPR2-inhibitory activity of lipidated -peptide/β-peptoid 

hybrid oligomers is dependent on the type of fatty acid as well as the design and length of the 

peptidomimetic oligomer. Furthermore, the FPR2 selectivity is dependent on the type of 

cationic residues used in the oligomers since compounds that only contain guadinylated 

cationic residues also inhibit FPR1. 

3.5 Interaction of lipidated α-peptide/β-peptoid hybrids with FPR2 prevent binding of 

WKYMWM

Imaging flow cytometry was applied to investigate the interaction of a fluorescently labeled

analogue of compound 1 with neutrophils. The CF-labeled analogue (i.e. compound 20 Figure 

1B) retained an FPR2-selective inhibitory profile (0.05 - 0.5 μM), whereas the fluorescently 

labeled non-lipidated variant (compound 21) displayed no inhibitory effect in the 

concentrations used (Figure 6A), in line with the activity of the lipidated versus the non-

lipidated analogues (Table 1). Although neutrophils incubated with compound 21 (0.1 μM)

showed some fluorescence, this was significantly lower (Figure 6B-C) compared to that 

observed for compound 20. The images furthermore show that compound 20 is localized
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primarily at the cell surface, whereas the non-lipidated (and non-inhibitory) compound 21 is 

distributed homogenously in the cytoplasm. The inferred difference in cellular distribution 

was verified by using image analysis to calculate the feature ‘bright-detail intensity’ (see 

section 2.9) of the cells incubated with compounds 20 and 21, respectively (Figure 6D). We

hypothesized that direct interaction of compound 20 (but not of 21) with FPR2 might be the 

cause of the difference in cellular distribution between the two compounds. To probe this 

hypothesis, the cellular distribution of compounds 20 and 21 in HL60 cells, overexpressing 

either FPR1 or FPR2, was investigated. A clear difference in the cellular distribution of the 

active FPR2 inhibitor compound 20 (0.1 μM) in the two cell lines was observed (Figure 7A 

and B). In the FPR2-expressing cells compound 20 was localized primarily at the cell surface 

whereas it was distributed in the cytoplasm of the FPR1-expressing cells. On the other hand, 

no significant difference in the cellular distribution of the inactive unlipidated compound 21

(0.1 μM) in the two cell lines was observed (Figure 7A and B). This suggests that compound 

20 interacts directly with FPR2, and that this is causing the difference in localization between 

compound 20 and its non-lipidated analogue. This conclusion is supported by the fact that 

compound 21 binds equally well to the two transfectants, whereas compound 20 displays a 2-

fold higher binding to the FPR2 transfectants. These results indicate that FPR2-inhibiting 

lipidated peptidomimetics interacts with the receptor, and to investigate whether this 

interaction affects agonist binding, we performed a classical binding competition experiment

in which the binding of a fluorescently labeled FPR1 agonist (FITC-fNLFNYK) and an FPR2 

agonist (Cy5-WKYMWM) were evaluated. Compound 1 (0.01 – 0.2 μM) dose-dependently 

inhibited binding of the FPR2 ligand, whereas no effect was seen on binding of the FPR1 

agonist (Figure 8A and B). No inhibitory effect on neither the FPR1 nor the FPR2 ligand was 
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found when a non-lipidated inactive analogue (compound 2) was used as competing agonist 

(data not shown). 

4. Discussion

Host defense peptides and certain peptidomimetics are considered to be promising anti-

infective drug leads due to their potent immunomodulatory activity. Here, we report that a 

proteolytically stable palmitoylated α-peptide/β-peptoid host defense peptide mimic, Pam-

(Lys-βNSpe)6-NH2 (compound 1, Figure 1B), reduces the pro-inflammatory activity of human 

neutrophils by selective inhibition of signaling through the pattern recognition receptor FPR2.

Combining functional data in primary neutrophils, showing that the inhibitory activity of 

Pam-(Lys-βNSpe)6-NH2 occurs early in the signaling cascade, with imaging techniques and 

flow cytometry data showing that Pam-(Lys-βNSpe)6-NH2 preferentially interacts with cells 

expressing FPR2 and blocks the binding of FPR2 ligands, we show that Pam-(Lys-βNSpe)6-

NH2 exerts its inhibitory activity through direct interaction with FPR2 or associated 

molecules. Pam-(Lys-βNSpe)6-NH2 potently inhibits release of oxygen radicals induced by all 

tested FPR2 ligands comprising pathogen-derived peptides as well as a synthetic pepducin 

derived from the third intracellular loop of FPR2, i.e. F2Pal10. According to the prevailing 

hypothesis, pepducins like F2Pal10 [63] become anchored to the cell membrane through 

insertion of the fatty acid moiety into the lipid bilayer. This triggers the peptide part of the 

pepducin molecule to “flip” onto the intracellular side of the membrane where they are 

assumed to exert their agonistic or antagonistic action by allosteric modulation at intracellular 

domains of the receptor or on associated signaling molecules [61, 62, 65]. Due to this 

alternative mode of action of pepducins as compared to that of classical agonists, regular 
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receptor antagonists are not expected to affect activation by pepducins [66]. Therefore, 

inhibition of F2Pal10-induced stimulation by Pam-(Lys-βNSpe)6-NH2 suggests that it may 

similarly be an allosteric modulator thereby inhibiting activation by the pepducin agonist 

F2Pal10. It is worth noticing, however, that PBP10, the FPR2 antagonist WRW4, as well as

the S. aureus derived FPR2 antagonist FLIPr also inhibit stimulation by F2Pal10 [63], and 

thus it remains a possibility that F2Pal10 has another mechanism of action than that 

elucidated for other pepducins. The FPR2-selective activity of Pam-(Lys-βNSpe)6-NH2 was 

found to be dependent on the length and position of the conjugated fatty acid as well as the 

length and the alternating cationic/hydrophobic design of the α-peptide/β-peptoid oligomer 

backbone. The importance of the fatty acid conjugation for FPR2 inhibition supports the 

hypothesis that Pam-(Lys- βNSpe)6-NH2 is an allosteric modulator, and suggests that it acts 

via lipid anchoring to the cell membrane similarly to the pepducins. However, it could also be 

hypothesized that the lipid moieties of Pam-(Lys-βNSpe)6-NH2 and F2Pal10 are merely 

facilitating the specific interaction with FPR2 and thus constitute a molecular pattern 

recognized by FPR2. The potency of Pam-(Lys-βNSpe)6-NH2 as inhibitor of the release of 

oxygen radicals induced by the FPR2 agonist WKYMWM is similar to the most potent of the 

previously described FPR2 inhibitors, namely PBP10. These two inhibitors were found to be 

significantly more potent and to possess a significantly different dose-response profile as 

compared to the conventional FPR2 antagonist WRW4, indicating that they may work through 

different mechanisms. Furthermore, combining PBP10 and Pam-(Lys-βNSpe)6-NH2 resulted 

in an additive effect, and the activity of both compounds was found to be reversible. Also in 

functional assays such as measurement of neutrophil degranulation and rise in cytosolic free 

calcium, their effects are similar. Thus, no functional differences between PBP10 and Pam-

(Lys- βNSpe)6-NH2 could be established in the present study, and the question of whether 
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these two inhibitors use similar mechanisms of action remains unresolved. PBP10 is cell-

penetrating - a property that has been associated with the conjugated rhodamine moiety which 

is essential for its FPR2-inhibitory activity [53]. Likewise, peptidomimetics with α-peptide/β-

peptoid backbones, like Pam-(Lys-βNSpe)6-NH2, have previously been shown to be 

internalized into mammalian HeLa cells [67, 68]. In the present study this ability was 

extended to comprise immune cells as well, since imaging flow cytometry data showed that a 

fluorescently labeled non-lipidated analogue (compound 21, figure 1B) was readily 

internalized into human neutrophils and HL60 cells. However, compound 21 was found to be 

inactive in functional assays for FPR2 inhibition, indicating that efficient cellular 

internalization is not linked to FPR2 inhibition. In agreement with this observation the

palmitoyl moiety of Pam-(Lys- βNSpe)6-NH2 was found to be crucial for FPR2 inhibition,

and it was required for an efficient interaction between Pam-(Lys-βNSpe)6-NH2 (or the 

fluorophore-labeled analogue compound 20) and FPR2. Previously it has been shown that the 

rhodamine group in PBP10 cannot be exchanged for palmitic acid [53], indicating that Pam-

(Lys-βNSpe)6-NH2 and PBP10 might not use identical mechanisms of action. Furthermore,

although cellular internalization has been shown for both inhibitors, it is not known whether 

they exert their action intra- or extracellularly. The rapid reversibility of their inhibitory 

effects (complete reversal within 1 min) after dilution to ineffective concentrations of the 

compounds indicates an extracellular mode of action, since the halftimes for cellular uptake of 

classical cell-penetrating peptides are typically in the range of minutes to hours [69].Several 

natural as well as synthetic HDPs have been shown to, directly or indirectly, activate human 

neutrophils, an effect that has been hypothesized to be important for their in vivo 

antimicrobial activity and beneficial effect in experimental sepsis [37-39, 70]. This 

stimulatory effect, has for some HDPs, e.g. LL-37 and IDR-1002, been linked to activation of 
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FPR2 [39, 40, 70]. On the other hand, increased ROS production by neutrophils has been 

associated with poor outcomes in sepsis patients [71] and mouse studies have implicated 

endogenous FPR2 agonists in sepsis development [72]. Pam-(Lys-βNSpe)6-NH2 is, to our 

knowledge, the first HDP mimic that has been shown to inhibit stimulation through FPR2. 

This makes Pam-(Lys-βNSpe)6-NH2 a convenient tool for the further dissection of the role of 

FPR2 during infection and inflammation, and the role of neutrophil stimulation in anti-sepsis 

therapy with HDPs. Furthermore, we consider Pam-(Lys-βNSpe)6-NH2 to be a promising lead 

compound for development of novel anti-inflammatory drugs. 
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Legends

Figure 1: The chemical structure of residues and compounds used. (A) α-peptide, α-peptoid,

and β-peptoid amino acids as well as the β-peptoid residues βNSpe and βNphe (used in the 

compounds displayed in B) are shown. (B) Overview of the lipidated α-peptide/β-peptoid 

chimeric oligomers used in this study. Compound 18 and 19 was designed as in [73]. 

Figure 2: Compound 1 inhibits WKYMWM mediated release of ROS and degranulation. (A) 

PMNs were preincubated (37°C, 5 min.) in the presence (broken line) or absence (solid line) 

of compound 1 (Cmp. 1, 1.0 μM) and stimulated with the FPR1-selective agonist fMLF (0.1 

μM),  the FPR2-selective agonist WKYMWM (0.1 μM), or PMA (0,05 μM) and the release 

of superoxide anion was measured immediately. The graph shows representative data from 

more than three independent experiments. (B) PMNs were incubated (37°C, 20 min.) with 

WKYMWM (0.1 μM) or fMLF (0.1 μM), in the presence or absence of the FPR2 inhibitors

PBP10 (1 μM) and compound 1 (Cmp. 1, 0.5 μM). After incubation the cells were stained for 

cell surface expression of CD11b and analyzed by flow cytometry. The histograms show 

representative data, and the bar graph shows mean +SD of the CD11b expression in samples 

with agonists as percentage of the 37°C control sample from three independent experiments. 

Asterisks indicate statistically significant differences based on a One-way ANOVA with the 

sample without inhibitors as control sample and Dunnett’s test for multiple comparisons.  *: p 

≤ 0.05, **: p ≤ 0.01, ***. 
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Fig. 3: The inhibitory effect of compound 1 applies to conventional FPR2 agonists and an

FPR2-derived pepducin. (A) PMNs were preincubated (37°C, 5 min.) in the presence or 

absence of compound 1 (Cmp. 1, 0.5 μM) and/or cyclosporine H (CsH, 1 μM)) and stimulated 

with the FPR1 agonists  fMLF (0.1 μM) or compound 43 (Cmp. 43, 1 μM), the dual FPR1 and 

FPR2 agonist WKYMWm (0.05 μM), or the FPR2 agonists WKYMWM (0.1 μM), MMK 1 

(0.2 μM), or PSMα2 (0.1 μM) and the release of superoxide anion was measured 

immediately. The bar graph shows the mean + SD of oxygen release in samples containing 

inhibitors (Cmp. 1 and CsH) as percentage of samples without inhibitors from four 

independent experiments. The absolute values of ROS release induced by the various ligands 

were donor dependent but ranged between: WKYMWM (30-90 mcpm), fMLF (35-90 mcpm), 

MMK1 (20-70 mcpm), Cmp. 43 (40-80 mcpm), WKYMWm (50-125 mcpm), PSMα2 (6-125 

mcpm). Asterisks indicate statistically significant differences based on a One-way ANOVA 

with the samples stimulated with fMLF or Cmp. 43 as control samples and Dunnett’s test for 

multiple comparisons.  *: p ≤ 0.05, **: p ≤ 0.01, ***≤ 0.001. (B) PMNs were preincubated 

(37°C, 5 min.) in the presence or absence of compound 1 (Cmp. 1, 0.5 μM) and stimulated 

with the FPR2 derived pepducin F2Pal10 (0.5 μM) and the release of superoxide anion was 

measured immediately. The kinetic graph shows representative data, whereas the bar graph 

shows mean + SD of the maximum release of oxygen radicals from four independent 

experiments. Asterisks indicate statistically significant differences based on a paired t-test. **: 

p ≤ 0.01. 



Page 39 of 52

Acc
ep

te
d 

M
an

us
cr

ip
t

39

Figure 4: Compound 1 inhibits FPR2-mediated mobilization of intracellular calcium. (A)

Fura 2-AM–labeled PMNs were preincubated (10 min at 37°C) with (broken line) or without 

(solid line) compound 1 (Cmp. 1, 1 μM), after which the cells were stimulated with 

WKYMWM (black) or fMLF (light gray) (0.02 μM; added at arrow) and the change in 

intracellular calcium was determined. The graph shows representative data from three 

independent experiments. The maximum change in intracellular calcium (ΔFura2 

fluorescence ratio) was determined by addition of Triton X100 and was found to be 4.5. (B)

Fura 2-AM–labeled PMNs were preincubated  (10 min at 37°C) with or without compound 1 

(Cmp. 1) in varying concentration, after which the cells were stimulated with WKYMWM 

(white) (0.02 μM) and the change in intracellular calcium was determined. The bar graph 

shows the mean +SD of the magnitude of the change in [Ca2+]i from three independent 

experiments. Asterisks indicate statistically significant differences evaluated by one-way 

ANOVA with Tukeys multiple comparison test. **: p ≤ 0.01. The maximum change in 

intracellular calcium (ΔFura2 fluorescence ratio) was determined by addition of Triton X100 

and was found to be 4.5. (C) Fura 2-AM labeled HL60 cells stably transfected with either 

FPR1 or FPR2 were preincubated (10 min at 37°C) in the presence or absence of the FPR1 

specific inhibitor CsH (1 μM), the FPR2 specific inhibitor PBP10 (1 μM), or compound 1

(Cmp. 1, 1 μM), after which they were stimulated with 0.02 μM fMLF (FPR1-transfected 

cells) or WKYMWM (FPR2-transfected cells), and the change in intracellular calcium 

concentration was determined. The bar graphs show mean +SD of the magnitude of the 

change in intracellular calcium concentration in the presence of inhibitors as percentage of the 

samples with no inhibitors from three independent experiments. The absolute values of the 

change in intracellular calcium concentration induced by stimulation with FPR agonists 

varied between experiments but ranged between: fMLF in FPR1 transfected cells (2.25-3.0 
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ΔFura2 fluorescence ratio), WKYMWM in FPR2 transfected cells (2.0-2.6 ΔFura2 

fluorescence ratio). Asterisks indicate statistically significant differences evaluated by one-

way ANOVA with Tukeys multiple comparison test. **: p ≤ 0.01, ***: p ≤ 0.001.

Figure 5: The potencies and effects of compound 1 and PBP10 are similar. (A) PMNs were 

preincubated (37°C, 5 min) in the presence or absence of varying concentrations of compound 

1 (Cmp. 1), PBP10, or WRW4 and stimulated with the FPR2-specific agonist WKYMWM 

(0.1 μM) before measurement of the release of superoxide anion. The graph shows mean +/-

SD of the release of superoxide anion in samples with inhibitor as percentage of samples 

without from four independent experiments, as a function of the concentration of the inhibitor 

as well as the regression curves used to determine IC50 values. The absolute values of ROS 

release induced by WKYMWM stimulation of the neutrophils varied between donors, but 

were in the range of 25-90 mcpm. Asterisks indicate statistically significant differences 

between Cmp. 1 and WRW4 based on multiple t-tests using the Holm-Sidak method for 

multiple comparisons *: p ≤ 0.05. No statistically significant differences were found between 

PBP10 and Cmp. 1. The degrees of freedom were 40 for each inhibitor. (B) PMNs were 

preincubated (37°C, 5 min) in the presence or absence of compound 1 (Cmp. 1) and/or PBP10 

before stimulation with WKYMWM (0.1 μM) and measurement of the release of superoxide 

anion. The graph shows representative data from six independent experiments. (C) PMNs (1 

107cells/mL) were preincubated (2 min at room temperature) with or without compound 1 

(Cmp. 1; 0.2 μM) or PBP10 (0.2 μM), The cell suspensions were diluted 100-fold, giving a 

non-inhibitory concentration of the inhibitors, and after various time periods of recovery the 

cells were subjected to stimulation with the FPR2-selective peptide WKYMVM (0.1 μM) in 

the presence (dashed line) or absence (dotted line) of fresh inhibitor (0.2 μM). 
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Figure 6: A fluorescently-labelled lipidated α-peptide/β-peptoid chimeric oligomer locates to

the cell surface of neutrophils. (A) PMNs were preincubated (37 °C, 5 min) in the presence 

(broken line) or absence (solid line) of carboxyfluorescein (CF)-labeled lipidated (Cmp. 20, 

0.05 μM) and unlipidated (Cmp. 21, 0.05 μM) α-peptide/β-peptoid oligomers and stimulated 

with the FPR1-specific agonist fMLF (0.1 μM) or the FPR2-specific agonist WKYMWM (0.1 

μM), and then the release of superoxide anion was measured immediately. (B-D) Freshly 

purified PMNs were stained with compound 20 or 21 (green), before staining of the nucleus 

with DRAQ5 (red) and analysis by imaging flow cytometry. The data shown are 

representative for four independent experiments. (B) Representative pictures selected around 

the mean Bright detail intensity (subfigure D) are shown. (C) The histogram shows intensity 

of control PMNs (unlabeled) and PMNs incubated with Cmp. 20 or Cmp. 21. (D) The 

histogram shows Bright Detail Intensity of PMNs stained with Cmp. 20 or Cmp. 21.

Figure 7: Selective interaction of a fluorescently-labelled lipidated α-peptide/β-peptoid  

oligomer with FPR2 in transfected HL60 cells. HL60 cells stably transfected with either FPR1 

or FPR2 were incubated with the carboxyfluorescein (CF)-labelled FPR2 inhibitor Cmp. 20

(green), an inactive unlipidated CF-labelled compound 21 (green), or left untreated, before 

staining of  the nucleus with DRAQ5 (red) and analysis by imaging flow cytometry. Separate 

cell samples were immunofluorescently stained for the presence of FPR2 (red). The raw data 

shown in pictures and histograms are representative for three independent experiments. (A)

Representative pictures selected around the mean Bright detail intensity from one experiment 

are shown. (B) The diagram shows Bright Detail Intensity in the CF-channel +SD from three 

independent experiments. The histograms show representative data from one experiment. The 

asterisks indicate statistically significant differences evaluated by two-way ANOVA with 
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Sidaks method for multiple comparisons. ***: p ≤ 0.001. (C) The diagram shows Mean 

Fluorescence Intensity (MFI) of cells stained with CF-labeled compounds +SD from three 

independent experiments. The asterisks indicate statistically significant differences evaluated 

by two-way ANOVA with Sidaks method for multiple comparisons. **: p ≤ 0.01. The 

histograms show representative data from one experiment. The x-axis in histograms is a log-

scale. 

Figure 8: Compound 1 competes for the binding of FPR2 ligands. PMNs were preincubated 

with varying concentrations of compound 1 (Cmp. 1, ice, 5 min) before incubation (ice, 30 

min) with Cy5-WKYMWM or FITC-fNLFNYK and analysis by flow cytometry. (A) The 

histograms show representative data for undtained PMNs preincubated with buffer, Cmp. 1

(0.2 μM), or unlabeled ligand (0.5 μM). (B) The bar graphs show mean +SD of staining with 

fluorescently labeled FPR agonists after subtraction of the background fluorescence of 

unstained cells in the presence of Cmp. 1 as percentage of samples without Cmp. 1 from at 

least three independent experiments. Asterisks indicate statistically significant differences 

based on a One-way ANOVA using Tukey’s method for multiple comparison. *: p ≤ 0.05, **: 

p ≤ 0.01, *** p≤ 0.001. 
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http://ees.elsevier.com/bcp/download.aspx?id=382331&guid=677f8a7d-1487-4fc2-850f-c33b6ee3208b&scheme=1
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Tables 

Table I: FPR2 and FPR1 inhibition of structural analogues of compound  

                                                           
1
 As indicated in figure 1 

2
 IC50 values are calculated based on data from four independent experiments. Brackets show the 95 % 

confidence interval. 

3
 The % inhibition of fMLF induced response upon 5 min pretreatment with 1 μM compound, shown 

as the mean value from two independent experiments. – indicates no observed inhibition.   

4
 The regression did not converge. 

5
 Inhibitory effect was found, but the IC50 value was out of the tested range. 

No1 Structure 

Inhibition of WKYMWM 

induced ROS secretion 

IC50-value [μM]2 

%  inhibition of 

fMLF3 induced 

ROS secretion 

1 Pam-(Lys-βNSpe)6-NH2 0.05 (0.04-0.07) - 

 Effect of lipid length and position  

2 Ac-(Lys-βNSpe)6-NH2 -4
 - 

3 Ste-(Lys-βNSpe)6-NH2 0.03 (0.02-0.06) - 

4 Lau-(Lys-βNSpe)6-NH2 0.18 (0.14-0.24) - 

5 Oct-(Lys-βNSpe)6-NH2 0.96 (0.6-1.5) - 

6 Oct-(Lys(Lau))-(Lys-βNSpe)6-NH2 0.10 (0.07-0.14) - 

7 Ac-2-Aoc-(Lys-βNSpe)6-NH2 >1,05 - 

8 Ac-2-Aoc-2-Aoc-(Lys-βNSpe)6-NH2 0.72 (0.49-1.05) - 

 Effect of backbone sequence  

9 Pam-(Lys-βNPhe)6-NH2 0.06 (0.04-0.1) - 

10 Pam-(hArg-βNSpe)6-NH2 0.04 (0.02-0.08) 72 % 

 Effect of backbone length  

11 Pam-(Lys-βNSpe-hArg-βNSpe)-NH2 0.35 (0.21-0.59) - 

12 Pam-(Lys-βNSpe-hArg-βNSpe)2-NH2 0.05 (0.03-0.07) 17 % 

13 Pam-(Lys-βNSpe-hArg-βNSpe)3-NH2 0.03 (0.02-0.04) 51 % 

14 Pam-(Lys-βNSpe-hArg-βNSpe)4-NH2 0.04 (0.02-0.08) - 

15  Ac-(Lys-βNSpe-hArg-βNSpe)4-NH2 0.47 (0.36-0.61) - 

16  Ac-(Lys-βNSpe-hArg-βNSpe)-NH2 -e - 

 Lipidated cationic compounds  

17 Pam-(Lys)6 -e - 

18 Pam-(Lys)3 -e - 

19 Pam-(NLys)3 -e - 

Table I
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http://ees.elsevier.com/bcp/download.aspx?id=382333&guid=12ad2518-cd0a-466e-8055-1b0283879cf9&scheme=1
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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