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Abstract

Signal inhibitory receptor on leukocytes-1 (SIRL-1) is a negative regulator of myeloid
cell function and dampens antimicrobial responses. We here show that different
species of the genus Staphylococcus secrete SIRL-1-engaging factors. By screening
a library of single-gene transposon mutants in Staphylococcus aureus, we identified
these factors as phenol-soluble modulins (PSMs). PSMs are amphipathic a-helical
peptides involved in multiple aspects of staphylococcal virulence and physiology.
They are cytotoxic and activate the chemotactic formyl peptide receptor 2 (FPR2) on
immune cells. Human cathelicidin LL-37 is also an amphipathic a-helical peptide
with antimicrobial and chemotactic activities, structurally and functionally similar
to a-type PSMs. We demonstrate that a-type PSMs from multiple staphylococcal
species as well as human cathelicidin LL-37 activate SIRL-1, suggesting that SIRL-1
recognizes o-helical peptides with an amphipathic arrangement of hydrophobicity,
although we were not able to show direct binding to SIRL-1. Upon rational peptide
design, we identified artificial peptides in which the capacity to ligate SIRL-1 is seg-
regated from cytotoxic and FPR2-activating properties, allowing specific engage-
ment of SIRL-1. In conclusion, we propose staphylococcal PSMs and human LL-37
as a potential new class of natural ligands for SIRL-1.

KEYWORDS
cathelicidin LL-37, phenol-soluble modulin, SIRL-1, Staphylococcus

Abbreviations: DAMP, damage-associated molecular pattern; FPR2, formyl peptide receptor 2; LAIR-1, leukocyte-associated immunoglobulin-like
receptor 1; LDH, lactate dehydrogenase; NFAT, nuclear factor of activated T cells; NTML, Nebraska transposon mutant library; PAMP, pathogen-
associated molecular pattern; PMA, phorbol 12-myristate 13-acetate; PRR, pattern recognition receptor; PSM, phenol-soluble modulin; QS, quorum
sensing; SIRL-1, signal inhibitory receptor on leukocytes-1.
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1 | INTRODUCTION

Our defense system typically recognizes microbes through
pattern recognition receptors (PRRs), which interact with
pathogen-associated molecular patterns (PAMPs).' Besides
extrinsic stimuli such as bacteria, endogenous damage- or
danger-associated molecular patterns (DAMPs) such as
defensins, heat shock proteins, cathelicidin LL-37, and
some S100 proteins also interact with PRRs and initiate
or potentiate immune responses.>’ Nevertheless, exces-
sive triggering of PRRs and other activating immune re-
ceptors can lead to immune system overactivation, induce
immunopathology, and cause tissue damage. To prevent
disproportionate activation, inhibitory immune receptors
control the activation of immune cells. They dampen and
provide context to activation signals that immune cells re-
ceive when encountering a microbial or endogenous trig-
ger and raise the activation threshold.

Signal inhibitory receptor on leukocytes-1 (SIRL-1)
is an inhibitory immune receptor expressed on granu-
locytes and monocytes in the blood® and monocytes in
the lung.® A genetic polymorphism regulating SIRL-1
expression levels on monocytes is associated with the in-
flammatory skin disease atopic dermatitis.” Upon SIRL-1
engagement, two immunoreceptor tyrosine-based inhibi-
tory motifs in its cytoplasmic domain become phosphor-
ylated and recruit Src homology 2 domain-containing
tyrosine phosphatases 1 and 2 to relay inhibitory signals.®
Neutrophils possess potent mechanisms for microbe rec-
ognition and clearance and are critical immune cells in
the defense against bacteria. We have shown that SIRL-1
engagement on neutrophils dampens reactive oxygen spe-
cies production and neutrophil extracellular trap forma-
tion.*'° Recently, we have revealed that SIRL-1 is engaged
by the endogenous S100 protein family of DAMPs."! We
have also demonstrated that SIRL-1 is downregulated on
in vitro-activated neutrophils® and neutrophils present at
the site of infection.'? Therefore, we have proposed that
SIRL-1 acts as a disinhibition receptor: once the threshold
for activation provided by SIRL-1 is passed, SIRL-1 down-
regulation allows for the rapid deployment of neutrophil
effector mechanisms.*

The human skin is covered with a variety of microbes
that provide benefit to the host.'* However, potentially
pathogenic microbes are also commonly present among
healthy microbiota communities and can, depending
on the location or context in which they appear, cause
infections.'* To prevent infections, a robust first line of
microbe-controlling mechanisms, such as the skin's acid-
ity, low moisture content, and the production of antimi-
crobial peptides such as f-defensins, dermcidin, some
S100 proteins, and cathelicidin LL-37, is established in
the skin."”"® The skin-residing Gram-positive bacteria of

the genus Staphylococcus are particularly well adapted to
life under such conditions.'*"'® Staphylococcus comprises
bacterial species with vastly different pathogenic poten-
tial. The well-characterized Staphylococcus aureus can
exhibit a commensal-like lifestyle, and commonly colo-
nizes the human nares and skin.”>*! It is often present on
the skin of patients with atopic dermatitis.”* S. aureus is
also a well-known pathogen,®® causing skin and soft tis-
sue infections and even invasive systemic infections.**
Staphylococcus epidermidis fulfills a similar dual role in
its interaction with the host. It is the most common colo-
nizer of human skin, but can also cause disease, although
generally in a hospital setting and not in healthy individ-
uals.”>*” Many well-characterized virulence factors that
increase staphylococcal pathogenicity and promote sur-
vival when encountering the host's defense mechanisms
have been described, predominantly in S. aureus.® >3 In
contrast, features or molecules that promote staphylo-
coccal commensalism are less well understood. Similarly,
host factors contributing to the maintenance of tolerance
to microbes are mainly unknown. Multiple inhibitory
immune receptors interact with microbes.> Here, we in-
vestigated the SIRL-1 engagement by Staphylococcus and
identified a new group of staphylococcal and endogenous
ligands for SIRL-1.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains and plasmids
Bacterial strains and plasmids used are described in
Tables 1 and 2, respectively. All strains were grown over-
night in tryptic soy broth (T8907, Sigma-Aldrich, St. Louis,
Missouri, USA) at 37°C with agitation. Plasmid-harboring
strains were grown in tryptic soy broth supplemented with
25 pg/ml tetracycline (T7660, Sigma-Aldrich, St. Louis,
Missouri, USA) overnight at 37°C with agitation. The
next day, bacterial cultures were centrifuged for 3 min at
2700 g, and the supernatant was filtered through a 0.2 um
filter. Strains of the Nebraska transposon mutant library
(NTML) screening array were grown in 900 pl tryptic soy
broth supplemented with 5 pg/ml erythromycin (E5389,
Sigma-Aldrich, St. Louis, Missouri, USA) in deep 96-well
plates overnight at 37°C without agitation. The next day,
bacterial cultures were centrifuged for 3 min at 2700 g,
and the supernatant was collected without filtration.

2.2 | Peptide design and analysis

We designed twenty-eight 18 AA residue long peptides
comprising only amino acids with the highest a-helical
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propensities: lysine as a positively charged, glutamic acid as
a negatively charged, glutamine as a polar uncharged, and
leucine as a hydrophobic amino acid.’ 8 Sequence alignment
was performed with Clustal Omega,* secondary structure
prediction was performed with Jpred4,” and screening of
peptides for specific a-helical properties was performed with
HeliQuest.*! The 28 designed peptides are shown in Table 3.

TABLE 1 Bacterial strains used in this study

Bacterial strains Source

S. aureus LAC wt [33]

S. aureus LAC Aagr [33]

S. aureus LAC APSM [34]

S. aureus LAC APSMa1-4 [33]

S. aureus LAC APSM{1-2 [33]

S. aureus LAC Ahld [33]

S. aureus MW2 wt [33]

S. aureus MW2 Aagr [33]

S. aureus MW2 APSM [35]

S. aureus MW2 APSMal-4 [33]

S. aureus MW2 APSMf31-2 [33]

S. aureus MW2 Ahld [33]

S. epidermidis ATCC 49134 Own

S. capitis ATCC 35661 Own

S. carnosus TM-300 Own

S. haemolyticus KV-116 Own

S. hominis KV-111 Own

S. warneri KV-112 Own

S. saprophyticus ATCC 35552 Own

S. lugdunensis M23590, HM-141* NIAID, NIH
S. caprae C87, HM-246° NIAID, NIH
Nebraska transposon mutant library (NTML), NIAID, NIH

NR-48501°

“Provided by BEI Resources, NIAID, NIH, as part of the Human Microbiome
Project.

Provided by NIH Biodefense and Emerging Infections Research Resources
Repository, NIAID, NIH, as part of the Human Microbiome Project.

“Provided by the Network on Antimicrobial Resistance in Staphylococcus
aureus (NARSA) for distribution by BEI Resources, NIAID, NIH.

TABLE 2 Plasmids used in this study .
Plasmids

pTXA16
pTXA16-PSMa

pTXA16-PSMB

pTXA16-hld

FASE‘BJOURNAL

2.3 | Peptide synthesis

S. aureus PSMa3, N’-formyl-PSMa3, C’-N’ reversed
sequence PSMa3, all-D-PSMa3, N’-formyl-3-toxin,
and N’-formyl-PSMp1** were custom synthesized by
GenScript (Piscataway, New Jersey, USA) at 95% pu-
rity. Human cathelicidin LL-37** was custom synthe-
sized by GenScript (Piscataway, New Jersey, USA) at
95% purity or purchased from AnaSpec (AS-61302,
AnaSpec, Fremont, California, USA). S. aureus PSMal,
PSMa2, PSMoa4, PSMf31-2, 8-toxin,>* 8-toxin allelic vari-
ant G10S,” PSM-Mec,* N-AgrD F20, N-AgrD F24 and
N-AgrD D20,” S. epidermidis PSMa, PSMB1-3, PSMy/s-
toxin, PSM& and PSMe,***” Staphylococcus haemolyticus
PSMa and PSMp1-3,* Staphylococcus lugdunensis PSMe*
and OrfX,* Staphylococcus pseudintermedius PSME,
Staphylococcus warneri PSMe,* and all 28 designed pep-
tides were synthesized in-house precisely as described
before.!! Peptide sequences are available in the listed ref-
erences and Table 3.

2.4 | Antibody generation

Mouse anti-human-SIRL-1 antibody clone 3D3 was
generated as described previously.” BALB/c mice were
subcutaneously injected with 50 ug SIRL-1 ectodomain
(in-house production, as described in Ref. [5]), and
injections were repeated 2 and 3 weeks after the first
injection. Mice were sacrificed 3 days after the final in-
jection, and we fused splenic PBMCs with SP2/0 cells
using standard hybridoma technology. We screened
the resulting hybridoma clones for specific binding to
SIRL-1-transfected RBL-2H3 cells. We obtained mono-
clonal hybridoma cells by performing limiting dilution,
screened them again for SIRL-1 binding, and selected
clone 3D3 as a prominent SIRL-1 binder. We purified
the mAb clone 3D3 from the monoclonal hybridoma
cell supernatant using a HiTrap Protein G HP column
(17-0405-01, GE Life sciences, Fairfield, Connecticut,
USA).

Description Source

Tetracycline (Tet) resistance, control plasmid [33]

Tet resistance, psmal-4 genes constitutively expressed [33]
through xylose promoter

Tet resistance, psmf31-2 genes constitutively expressed [36]
through xylose promoter

Tet resistance, hld gene constitutively expressed [37]

through xylose promoter
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TABLE 3 Sequences of the 28 designed peptides
No. peptide Sequence No. peptide Sequence
1 LQLLQQLLQQLQQLLQQL 15 LQLLKQLLKKLKKLLQKL
2 LQLQLQLQLQLQLQLQLQ 16 LQLLKQLLKKLQKLLQKL
3 LQLLEKLLEKLKELLKEL 17 LQLLKQLLKQLQKLLQKL
4 LQLELELKLKLELELKLK 18 LQLLKQLLKQLQQLLQKL
5 LKLLKKLLKKLKKLLKKL 19 LQLLKQLLQQLQQLLQKL
6 LKLKLKLKLKLKLKLKLK 20 LQLLKQLLQQLQQLLQQL
7 LELLEELLEELEELLEEL 21 LQLLEQLLQQLQQLLQQL
8 ELELELELELELELELEI 22 LQLLEQLLQQLQQLLQEL
9 QKQQKKQQKKQKKQQKKQ 23 LQLLEQLLEQLQQLLQEL
10 QKQKQKQKQKQKQKQKQK 24 LQLLEQLLEQLQELLQEL
11 QEQQEEQQEEQEEQQEEQ 25 LQLLEQLLEELQELLQEL
12 EQEQEQEQEQEQEQEQEQ 26 LQLLEQLLEELEELLQEL
13 LQLLKKLLKKLKKLLKKL 27 LQLLEELLEELEELLQEL
14 LQLLKKLLKKLKKLLQKL 28 LQLLEELLEELEELLEEL

2.5 | 2B4 NFAT-GFP reporter cell assay

The 2B4 cell line is a T-cell hybridoma cell line. In the 2B4
NFAT-GFP reporter cell lines, extracellular domains of
human leukocyte-associated immunoglobulin-like recep-
tor 1 (LAIR-1) and SIRL-1 are fused to the transmembrane
and intracellular domains of human CD3¢.'"°! Ligation of
either the cells’ endogenous CD3¢ or a hLAIR-1-CD3¢ or
hSIRL-1-CD3¢ chimera by an antibody or a ligand results
in nuclear factor of activated T-cells (NFAT) promoter-
driven GFP expression. Reporter cells were maintained
in RPMI 1640 (52400-041, Life Technologies, Carlsbad,
California, USA) supplemented with 10% heat-inactivated
fetal bovine serum (Biowest, Nuaillé, France) and 50 U/ml
penicillin-streptomycin (11528876, Life Technologies,
Carlsbad, California, USA) (referred to as culture me-
dium hereafter). The NFAT-GPF reporter cell assay was
performed with wt-CD3¢, hSIRL-1-CD3¢, or hLAIR-1-
CD3¢ NFAT-GFP reporter cells. Nunc MaxiSorp (442404,
ThermoFisher Scientific, Waltham, Massachusetts,
USA) (Figures 1-4, 5A,B) or Greiner Bio-One (655101,
Kremsmiinster, Austria) (Figure 5C) 96-well flat-bottom
plates were coated overnight at 4°C with overnight bacte-
rial supernatants, synthetic peptides, and controls (50 ul
per well). Mouse anti-human-SIRL-1 mAb (clone 1AS5,
in-house; 10 pg/ml), mouse anti-human-LAIR-1 mAb
(clone 8AS8, in-house; 10 pug/ml), Armenian hamster anti-
mouse-CD3 (clone 145-2C11; 10 ug/ml; BD, Franklin
Lakes, New Jersey, USA) in PBS (D8537, Sigma-Aldrich,
St. Louis, Missouri, USA), and human collagen I (CC050,
Sigma-Aldrich, St. Louis, Missouri, USA) 2 mM acetic
acid (A6283, Merck, Darmstadt, Germany; 5 pg/ml) were
used as controls. The next day, wells were washed three

times with PBS, and 0.5 x 10* reporter cells in 200 ul
culture medium were seeded to each well. Plates were
incubated overnight in a cell culture incubator at 37°C
and 5% CO,. Where indicated, reporter cells were pre-
incubated with mouse-anti-SIRL-1 clones 1A5 or 3D3 or
mouse-anti-LAIR-1 clone 8A8 for 30 min before seeding
to the plate without washing. For the anti-CD3 mAb con-
trol in reporter assays with pre-incubation with antibod-
ies, 1 ug/ml anti-mouse-CD3 was coated to the plate. The
next day, GFP expression was measured by flow cytom-
etry (LSR Fortessa; BD Bioscience, Franklin Lakes, New
Jersey, USA) and analyzed with FlowJo software (version
10.0.7r2).

2.6 | 2B4 NFAT translocation assay

hSIRL-1-CD3{ reporter cells were stimulated for 30 min
on 96-well MaxiSorp flat-bottom plates coated overnight
at 4°C with PSMa3, LL-37, or the same control antibod-
ies as were used in the 2B4 NFAT-GFP reporter assay.
In addition, cells were stimulated with 50 ng/ml phor-
bol 12-myristate 13-acetate (PMA; P8139, Sigma-Aldrich,
St. Louis, Missouri, USA) and 3.75 uM ionomycin (10634,
Sigma-Aldrich, St. Louis, Missouri, USA). After 30 min,
cells were fixed by a 15-minute incubation in 3.7% para-
formaldehyde (F8773, Sigma-Aldrich, St. Louis, Missouri,
USA). Cells were then washed three times with PBS
with 1% bovine serum albumin (BSA; BSAV-RO, Roche,
Basel, Switzerland) and stained with DRAQ5 (424101,
BioLegend, San Diego, California, USA) and an anti-NFAT
mADb (conjugated to Alexa Fluor488, clone D43B1; 143248,
Cell Signaling, Danvers, Massachusetts, USA), diluted in
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FIGURE 1 Supernatants of different staphylococcal species activate SIRL-1. Wild-type, hLAIR-1-CD3¢-, or hSIRL-1-CD3¢-expressing
NFAT-GFP reporter cells were stimulated overnight with plate-coated control antibodies, collagen, tryptic soy broth, or supernatants of
overnight cultures of different Staphylococcus sp. grown in tryptic soy broth. GFP expression upon overnight stimulation was measured

by flow cytometry. (A) The percentage of GFP-positive reporter cells in response to stimulation with plate-coated PBS (negative control),
anti-mouse CD3-, anti-LAIR-1-, and anti-SIRL-1-specific antibodies, the LAIR-1 ligand collagen (positive controls), and overnight culture
supernatants of the Staphylococcus aureus strains LAC and MW2 and tryptic soy broth as control. (B) Representative dot plots showing the
percentage of GFP-positive reporter cells after stimulation with S. aureus strains LAC and MW2, with tryptic soy broth as control. (C) The
percentage of GFP-positive reporter cells in response to stimulation with plate-coated supernatants of nine other staphylococcal species.
Mean and SD of three independent experiments are displayed. Student's ¢-test with the Holm-Siddk multiple-comparison correction.
Significance is indicated for the comparison of hLAIR-1-CD3¢ to hSIRL-1-CD3¢. *p < .05; **p < .01; ***p < .001; ns = not significant

PBS with 1% BSA and 0.1% Triton X-100 (X100, Sigma-
Aldrich, St. Louis, Missouri, USA). After three washes
with PBS with 1% BSA, NFAT translocation was measured
by imaging flow cytometry (Imagestream; Amnis, Austin,
Texas, USA). Data were analyzed using the IDEAS soft-
ware (Amnis, Austin, Texas, USA). Nuclear translocation
of NFAT was assessed by analyzing the overlay between
the nuclear signal (DRAQ5) and NFAT (Alexa Fluor488).
We reported the percentage of the cells with a DRAQ5-
Alexa Fluor488 similarity score above 2.5 (as assessed by
the Similarity Feature in IDEAS software) as the percent-
age of cells with nuclear NFAT.

2.7 | Lactate dehydrogenase (LDH)
release cytotoxicity assay

LDH release cytotoxicity assay was performed using the
Pierce LDH Cytotoxicity Assay Kit (88953, ThermoFisher

Scientific, Waltham, Massachusetts, USA). hSIRL-1-
CD3¢ GFP reporter cells were routinely cultured as
described above. For the LDH assay, cells were trans-
ferred to RPMI 1640 without phenol red (11835063,
ThermoFisher Scientific, Waltham, Massachusetts,
USA) supplemented with 5% heat-inactivated fetal bo-
vine serum and seeded to a flat-bottom 96-well plate at
20 000 cells per well in 100 pul medium. Cells were in-
cubated overnight in a cell culture incubator at 37°C
and 5% CO,. The next day, 10 ul of peptides dissolved
in water was added to the cells to a final concentration
of 10 uM. Water and manufacturer-provided lysis buffer
were used as controls. Cells were incubated in a cell cul-
ture incubator at 37°C and 5% CO, for 45 min. After in-
cubation, supernatants were collected, and the detection
of LDH was performed following the manufacturer's in-
structions. Absorbance at 490 and 680 nm was measured.
The 680 nm absorbance values were subtracted from the
490 nm absorbance values. Values were normalized to
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FIGURE 2
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Inactivation of genes encoding phenol-soluble modulins al-4 and 8-toxin (hld) in Staphylococcus aureus abrogates its

ability to activate SIRL-1. Wild-type, hLAIR-1-CD3¢-, or hSIRL-1-CD3¢-expressing NFAT-GFP reporter cells were stimulated overnight
with plate-coated overnight supernatants of S. aureus strains. GFP expression upon overnight stimulation was measured by flow cytometry.

(A) Supernatants of all S. aureus single-gene transposon (Tn) insertion mutants in the Nebraska transposon mutant library (NTML) were
screened for activation of the hSIRL-1-CD3{ reporter cell line. Each dot represents the GFP expression induced by the supernatant of an
individual mutant in the library. Inactivation of S. aureus genes agrABC (red dots) and sarA (green dot) and tryptic soy broth-induced
background (dashed line) are highlighted. (B) NTML Tn-insertion mutants of sarA and agrABC, along with mutants of two major protein
secretion systems: tat/tatC and secA/secY, and mutants of regulators of S. aureus gene expression rpiR, rot, and rnc were retested in the

GFP reporter cell assay. Significance is indicated for the comparison of hSIRL-1-CD3{ stimulated with supernatant of mutant bacteria to
hSIRL-1-CD3¢ stimulated with supernatant of S. aureus LAC wt (result from Figure 1, here plotted for comparison and shaded grey). (C, E)
Supernatants of isogenic deletion mutants in all four agrABCD quorum sensing system-encoding genes (Aagr), the triple deletion mutant
(APSM) in all PSM-encoding genes (PSMal-4, PSMf1-2, and 8-toxin hld), and mutants in genes encoding a-type PSMs (APSMa), -type
PSMs (APSM§), and 8-toxin (Ahld) were tested in the GFP reporter cell assay. Deletion mutants in S. aureus LAC (C) and S. aureus MW2 (E)
genetic backgrounds were used. (D, F) Supernatants of the triple PSM deletion strain (APSM) with re-introduced plasmid-encoded PSMa1l-4
(p-PSMa) or PSM{31-2 (p-PSM) or 8-toxin (p-hld) genes were tested in the GFP reporter cell assay. Plasmid complementation was done in
APSM mutants of S. aureus LAC (D) and MW2 (F). Significance is indicated for the comparison of hSIRL-1-CD3¢ stimulated with knockouts
(C, E) or plasmid-complemented strains (D, F) to hSIRL-1-CD3{ stimulated with wt strains (C, E) or strains complemented with control
plasmid (D, F). Mean and SD of three independent experiments are displayed in panels B-F. One-way ANOVA followed by Dunnett's

multiple-comparisons test. *p < .05; **p < .01; ***p < .001; ns = not significant

water-treated cells as 0% cytotoxicity and lysis-buffer-
treated cells as 100% cytotoxicity. The experiment was
performed in duplicates.

2.8 Form;rl peptide receptor 2 (FPR2)-
mediated Ca®* mobilization assay

HL-60 FPR2 cells® were routinely cultured in culture
medium (described above). Prior to the assay, cells were
transferred to RPMI 1640 without phenol red supple-
mented with 1% BSA and 50 U/ml penicillin-streptomycin
(assay medium). To assess FPR2 activation, we measured
FPR2-specific Ca®* fluxes. HL-60 FPR2 cells were washed
twice with assay medium. 1.5 x 10° cells in 1.5 ml medium
were mixed with 5 uM Fluo-3-AM (F14218, Invitrogen,
Waltham, Massachusetts, USA) dissolved in DMSO
(472301, Sigma-Aldrich, St. Louis, Missouri, USA) and
incubated in a cell culture incubator at 37°C and 5% CO,
for 30 min. After incubation, cells were washed with
assay medium and resuspended to a final concentration
of 2 x 10° cells per ml. To block FPR2, we added 15 uM
WRW4 peptide (2262/1, Tocris Bio-Techne, Minneapolis,
Minnesota, USA) dissolved in H,O to the cells. Five hun-
dred ul of cell suspension was pipetted into FACS tubes.
Ca*" fluxes were recorded by FACS (FACSCanto II, BD
Bioscience, Franklin Lakes, New Jersey, USA) using a
488 nm excitation laser and 530/30 nm filter. The baseline
signal was measured for 30 s. Next, peptides were added
to the cells to a 1.5 uM final concentration, cells were very
briefly vortexed, and Ca** fluxes were immediately re-
corded for up to 4 min. FlowJo (version 10.0.7r2) kinetics
platform was used for initial data analysis. A time series
of median fluorescence values were exported for every
sample. Baseline (I,) was established as the average signal

of the first 25 s of measurement, and data were normal-
ized using the formula (I — I;))/1,. Unless stated otherwise,
maximum signals after stimulation are reported.

2.9 | Statistical analysis

Student's t-test with the Holm-Siddk multiple-comparison
correction or one-way ANOVA followed by Dunnett's or
Tukey's multiple-comparisons test were performed as in-
dicated. p-values lower than .05 were considered statisti-
cally significant (*p < .05; **p < .01; ***p < .001). Statistical
analysis was performed with GraphPad Prism 8.

3 | RESULTS
3.1 | SIRL-1is engaged by a factor
secreted by staphylococci

We used 2B4 NFAT-GFP reporter cells, additionally ex-
pressing a chimeric protein consisting of the extracel-
lular domain of human SIRL-1 and the transmembrane
region and intracellular domain of CD3¢(hSIRL-1-CD3¢)
to screen for potential bacterial ligands for SIRL-1. As
controls, we used non-transduced and hLAIR-1-CD3¢-
transduced 2B4 NFAT-GFP reporter cells. We stimu-
lated all three NFAT-GFP reporter cell lines with
plate-coated specific monoclonal antibodies against
mouse CD3, hLAIR-1 (clone 8A8) or hSIRL-1 (clone
1A5), or collagen I. All three cell lines highly expressed
GFP upon stimulation with anti-mouse CD3, which li-
gates the endogenous mouse CD3 protein expressed by
the 2B4 NFAT-GFP cell line (Figure 1A). Stimulation
with anti-LAIR-1 and anti-SIRL-1 antibodies induced
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FIGURE 3 Synthetic Staphylococcus aureus PSMa3 and 8-toxin and human cathelicidin LL-37 selectively activate SIRL-1. (A-D)
Wild-type, hLAIR-1-CD3¢-, or hSIRL-1-CD3¢-expressing NFAT-GFP reporter cells were stimulated overnight with a concentration range

of up to 60 uM of plate-coated PSMa3, N’-formylated PSMa3, N'-formylated PSMf1, and N’-formylated 8-toxin of S. aureus (A) and human
cathelicidin LL-37 (C), as indicated. In B and D, only stimulations with 60 uM plate-coated peptides are shown for all three reporter cell
lines. (E-H) hLAIR-1-CD3¢- or hSIRL-1-CD3¢-expressing NFAT-GFP reporter cells were pre-incubated with anti-hLAIR-1 and two different
anti-hSIRL-1 antibodies, and then stimulated overnight with plate-coated anti-mCD3 (E), collagen I (F), PSMa3 (G), or LL-37 (H) as
indicated. GFP expression upon stimulation was measured by flow cytometry (A-H). (I, J) Visualization (I) and quantification (J) of NFAT
translocation into the nucleus 30 min after stimulation of the hSIRL-1-CD3¢ GFP reporter cell line with PBS, phorbol 12-myristate 13-acetate
and ionomycin (PMA + iono.), and plate-coated anti-CD3, anti-LAIR-1, anti-SIRL-1, PSMa3, and cathelicidin LL-37 were assessed by
ImageStream. Mean and SD of three independent experiments are displayed. (B, D-H) Student's -test with the Holm-Sidak multiple-
comparison correction (no correction in D). (B, D) Significance is indicated for the comparison of hLAIR-1-CD3{ to hSIRL-1-CD3¢.

(E-H) Significance is indicated for the comparison of anti-hLAIR-1 (8A8) to anti-hSIRL-1 (1A5) pre-incubation of reporter cells. (J) One-
way ANOVA followed by Dunnett's multiple-comparisons test. Significance is indicated for the comparison of PBS to all other conditions.

*p < .05; **p < .01; ***p < .001; ns = not significant
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FIGURE 4 SIRL-1 is activated by a-type phenol-soluble modulins of multiple staphylococcal species. Wild-type, hLAIR-1-CD3¢- or
hSIRL-1-CD3¢-expressing NFAT-GFP reporter cells were stimulated overnight with 10 uM plate-coated peptides as indicated. After
overnight incubation, GFP expression was measured by flow cytometry. PSMs from (A) S. aureus, (B) S. epidermidis, and (C) other
staphylococci were used, as indicated. Mean and SD of three independent experiments are displayed. Student's ¢-test with the Holm-Siddk
multiple-comparison correction. Significance is indicated for the comparison of hLAIR-1-CD3( to hSIRL-1-CD3¢. *p < .05; **p < .01;

***p < .001; ns = not significant

high GFP expression only in the respective cell lines,
demonstrating specificity (Figure 1A). Additionally, the
hLAIR-1-CD3{ reporter cell line was stimulated with
plate-coated collagen I, one of many types of collagens
that are natural ligands of LAIR-1,>' resulting in up to
70% GFP-positive cells (Figure 1A). Next, we stimu-
lated the reporter cell lines with plate-coated over-
night supernatants of S. aureus strains LAC and MW2.
Supernatants from both strains induced GFP expres-
sion in hSIRL-1-CD3{ reporter cells, resulting in around
60% GFP-positive cells (Figure 1A,B). We observed no
response in hLAIR-1-CD3¢ reporter cells, indicating

specificity for SIRL-1 (Figure 1A,B). The bacterial cul-
ture broth, tryptic soy broth, induced only minimal GFP
expression in the hSIRL-1-CD3¢ line (Figure 1A,B). To
determine whether the potential SIRL-1 ligand was con-
served among other staphylococcal species, we stimu-
lated the reporter cell lines with overnight supernatants
of nine additional staphylococcal species (Figure 1C).
All supernatants induced GFP expression in hSIRL-1-
CD3¢ reporter cells, whereas none induced GFP expres-
sion in hLAIR-1-CD3¢ or wt reporter cells. This shows
that a potential bacterial SIRL-1 ligand is conserved
among staphylococci.
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FIGURE 5 Artificial non-toxic amphipathic peptides specifically activate SIRL-1 and not FPR2. Wild-type, hLAIR-1-CD3¢- or hSIRL-
1-CD3¢-expressing NFAT-GFP reporter cells were stimulated overnight with plate-coated peptides. After overnight incubation, GFP
expression was measured by flow cytometry. (A, B) Reporter cells were stimulated with a concentration range of up to 60 uM of plate-coated
PSMa3, all-D-PSMa3 composed of D-isomers of amino acids in the same sequence as in the wt PSMa3, and reverse PSMa3 in which the
amino acid sequence was reversed C’-N’. (A) concentration-dependent activation of hSIRL1-CD3( cell line. (B) Reporter cells stimulated
with 60 uM plate-coated peptides from (A). One-way ANOVA followed by Tukey's multiple-comparisons test. Significance is indicated for
all comparisons between hSIRL-1-CD3¢ conditions. (C) Reporter cell lines were stimulated with a series of 28 artificially designed peptides
with varying content and distribution of AA residues with different properties. Their helical wheel representations are shown. Amphipathic
peptides contain hydrophobic residues (marked yellow) that partition to one side of the helix. Peptides were plate coated from a 10 uM
solution. Student's t-test with the Holm-Sidék multiple-comparison correction. Significance is indicated for the comparison of hLAIR-
1-CD3¢ to hSIRL-1-CD3¢. (D) Cytotoxicity of 10 uM wt PSMa3, N’-formylated PSMa3, C'-N’ reverse sequence PSMa3, all-D-amino acid
PSMa3, and all 28 artificial peptides against the hSIRL-1-CD3{ reporter cells was assessed by measuring LDH release after a 45-minute
incubation. One-way ANOVA followed by Dunnett's multiple-comparisons test. Significance is indicated for the comparison of hSIRL-1-
CD3{ reporter cells treated with 10 uM peptides to hSIRL-1-CD3{ reporter cells treated with H,O. (E, F) HL-60 FPR2 cells were stimulated
with PSMa3 and its derivatives, and with a selection of artificial SIRL-1-activating peptides that showed to be non-toxic (C, D). FPR2-
mediated Ca** mobilization was monitored by flow cytometry. We stimulated the cells in presence or absence of a specific FPR2 inhibitor
WRW4. (E) A representative Ca’* signal induced by PSMa3 wt is shown. (F) Maximum Ca®* signals with or without the FPR2 inhibitor

are shown for all tested peptides. Student's t-test with the Holm-Sidak multiple-comparison correction. Significance is indicated for the
comparison of HL-60 FPR2 stimulated with the peptides in presence or absence of WRW4. (A-D, F) Mean and SD of three independent
experiments are shown. *p < .05; **p < .01; **p < .001; ns = not significant

3.2 | Staphylococcal agr operon controls
expression of the SIRL-1-activating factor

S. aureusis the mostintensely studied member of the genus
Staphylococcus, with a wealth of research tools available
to study its biology. To identify the staphylococcal SIRL-1
ligand, we screened the supernatants of all 1920 arrayed
S. aureus mutants from the NTML for their ability to acti-
vate SIRL-1 as measured by induction of GFP expression
in the hSIRL-1-CD3( reporter cells (Figure 2A). Nineteen
mutants induced percentages of GFP-positive hSIRL-1-
CD3¢ reporter cells equal to or lower than the background
levels (6.4% GFP-positive reporter cells) induced by tryp-
tic soy broth used to cultivate bacteria (Figure 2A, dashed
line). Fifteen of these mutants are mutated in proteins nor-
mally not secreted from S. aureus, and one is a mutant of
a putative membrane protein. These sixteen mutants are
listed in the Appendix Table A1, and we excluded them
from further analysis. We next focused on the remain-
ing three Tn-insertion mutants that induced percentages
of GFP-positive cells lower than the background. Two of
these Tn-insertion mutants were mutated in genes agrB
and agrC (4.8% and 5.7% GFP-positive reporter cells, re-
spectively; Figure 2A, red dots below background dashed
line), which are part of the agr operon. The agr operon
comprises four genes agrA-agrD.”® Additionally, a Tn-
insertion mutant in the third gene of the agr operon, agrA,
induced 7.2% GFP-positive reporter cells, which is slightly
above background (Figure 2A, red dot above background
dashed line), whereas the fourth gene agrD is not present
in the NTML. The third Tn-insertion mutant of interest
was mutated in sarA (5.3% GFP-positive reporter cells;
Figure 2A, green dot).

The agr operon encodes the S. aureus quorum sensing
(QS) system, which consists of four cooperatively acting pro-
teins AgrA-AgrD and controls the expression of accessory
genes such as toxins, adhesins, and other proteins essential
for biology and virulence of staphylococci.” The gene sarA
encodes the staphylococcal accessory regulator A (SarA),
which controls the transcription of the agr operon.>® AgrD
is a small peptide secreted through the cell wall-residing
AgrBinto the extracellular space, where it accumulates with
the increasing density of bacterial population. High con-
centrations of AgrD activate the cell wall-residing receptor
histidine kinase AgrC.>* Activated AgrC, in turn, phosphor-
ylates the cytoplasmic response regulator AgrA, which in
conjunction with SarA initiates transcription from agr pro-
moters.”® Our data show that the agr system either regulates
the secretion of a potential SIRL-1 ligand in S. aureus or that
its components themselves induce GFP expression in the
SIRL-1 reporter cell line. AgrD is the only one of the four
Agr proteins that is not inactivated in the NTML but also
the only secreted Agr protein, making it a likely candidate
for SIRL-1 activation. In line with this, inactivation of AgrB,
which is required for AgrD secretion, results in significant
decrease in SIRL-1 activation. Nevertheless, inactivation
of AgrA/C also results in abrogation of SIRL-1 activation,
and secretion of AgrD is not dependent on AgrA/C. It is,
therefore, unlikely that AgrD itself is the SIRL-1-activating
molecule. Instead, the agr-encoded QS system components
of S. aureus probably regulate the secretion of a SIRL-1 li-
gand. To test this hypothesis, we stimulated the hSIRL-1-
CD3(¢ reporter cells with supernatants of NTML mutants
in regulatory proteins that are under control of the agr
system. These included mutants in the pentose phosphate
pathway-responsive regulator rpiR, repressor of toxins rot,
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endoribonuclease III rnc, and in two main staphylococcal
protein secretion pathways—twin-arginine translocation
system tat/tatC and the secretion system secA/secY—which
are responsible for the transmembrane transport of most
S. aureus secreted proteins. Supernatants from all these
mutants induced GFP expression in hSIRL-1-CD3{ reporter
cells, in contrast to the supernatants of sarA, agrA, agrB,
and agrC NTML Tn-insertion mutants, which only induced
minimal GFP expression (Figure 2B). Our data show that
the SIRL-1 ligand secreted by S. aureus is directly regulated
by the agr system and not through an interconnected regu-
latory system downstream of the agr system. Furthermore,
it is not secreted via the major staphylococcal secretion sys-
tems Tat or Sec.

3.3 | Staphylococcal a-type phenol-
soluble modulins (PSMs) activate SIRL-1

The staphylococcal QS system also controls the expression
of PSMs, a family of peptides with distinct structural and
functional characteristics, almost universally expressed by
staphylococci. PSMs are amphipathic a-helical peptides,
that is, polar amino acids partition on one side of the helix
and hydrophobic ones on the other.>* Many PSMs are cy-
totoxic to human cells.***® PSMs are typically formylated
on the N’-terminal methionine and can activate the chem-
otactic FPR2 on immune cells.>® In S. aureus, the shorter
a-type PSMs (20 to 26 amino acids) comprise PSMal-4
and 8-toxin (hld), while the longer -type PSMs comprise
PSMf31-2 (44 amino acids). The expression of psm genes is
strictly controlled by the direct binding of AgrA to the psm
promoter region.*® We tested overnight supernatants of
the following independently generated deletion mutants:
a quadruple agrABCD mutant lacking all four QS genes
(Aagr),33 a triple deletion mutant in PSMal-4, PSMf1-2,
and 8-toxin hld (APSM),** and single deletion mutants in
PSMal-4 (APSMa), PSM[31-2 (APSM§), or §-toxin (Ahld).
To exclude strain-specific effects, we used mutants in two
different genetic backgrounds, S. aureus strains LAC and
MW2. Aagr, APSM, and APSMa1-4 in both genetic back-
grounds showed significantly decreased SIRL-1 activation
in the reporter cell line, while APSM{1-2 and Ahld have no
or very little (hld) effect on GFP expression, showing that
PSMal-4 are possibly the SIRL-1 ligands (Figure 2C,E).
To confirm that genes encoding PSMal-4 confer SIRL-
1l-activating properties to S. aureus supernatants and ex-
clude possible unwanted in cis effects of gene deletions,
we performed a gene complementation study. Tetracycline
resistance-bearing pTXA16 plasmids encoding PSMal1-4 (p-
PSMa), PSM31-2 (p-PSM), or 8-toxin (p-hld) under control
of constitutively active staphylococcal xylose promoter were
introduced into the APSM strain. Empty pTXA16 plasmid

backbone was introduced into wt and APSM strains as a
control. We performed the plasmid complementation in
S. aureus LAC (Figure 2D) and S. aureus MW2 (Figure 2F)
genetic backgrounds. Reintroduction of genes encoding
PSMal-4, but not PSMf1-2, into APSM mutants restored
SIRL-1 reporter cell line activation to the levels induced by
supernatants of wt strains. In contrast to our results with the
hld deletion strains (Figure 2C,E), reintroduction of the gene
encoding the 8-toxin (p-hld) restored the SIRL-1-activating
phenotype exhibited by the wt strain (Figure 2D,F). Notably,
in S. aureus LAC, p-hld complementation resulted in lower
numbers of GFP-positive SIRL-1 reporter cells compared to
the wt strain. In S. aureus MW2, this difference was not sig-
nificant, which we attribute to slight variability in data. A
possible explanation for the observed restoration of SIRL-1
activation in the p-hld complemented strains while the
hld deletions showed no effect on SIRL-1 activation is that
in overnight supernatants of wt strains, the amounts of
PSMal-4 may be higher than the amounts of §-toxin and
may compensate for the effect of hld deletion. Furthermore,
plasmid-encoded PSM genes are not controlled by their na-
tive promoter, but instead by a constitutively active xylose
promoter. Additionally, the copy number of genes encoding
PSMs on the plasmid is higher than on the chromosome.
Both factors may result in higher supernatant concentrations
of PSMs when expressed from the plasmid than when ex-
pressed from the chromosome. The empty vector backbone
introduction into either wt or APSM backgrounds did not
have any noticeable effect on GFP expression (Figure 2D,F).

To verify that no other bacterial co-factors were re-
quired for SIRL-1 activation, we determined whether syn-
thetic a-type PSMs activated the hSIRL-1-CD3( reporter
cell line. Naturally produced PSMs are predominantly
N’ terminally formylated. We stimulated reporter cells
with plate-coated S. aureus N’-formyl-PSMa3, N’-formyl-
PSMf1, N’-formyl-6-toxin, and non-formylated PSMa3.
The hSIRL-1-CD3( reporter cell line was selectively ac-
tivated by N’-formyl-PSMa3, non-formylated PSMa3,
and N’-formyl 8-toxin, but not N’-formyl-PSMf1, which
is in line with our previous observations using bacterial
gene knockouts (Figure 2C,E). The formylation status
of PSMa3 did not affect SIRL-1 activation. Notably, the
observed SIRL-1-activating effect was concentration de-
pendent (Figure 3A) and receptor specific, since wt and
hLAIR-1-CD3¢ reporter cell lines did not respond to any
of the synthetic peptides (Figure 3B).

3.4 | Human antimicrobial peptide
cathelicidin LL-37 activates SIRL-1

Cathelicidin LL-37 is a human host defense peptide that
shows biochemical, structural, and functional similarities
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to a-type PSMs.”*7 It is a 37 AA long amphipathic a-
helical peptide constitutively expressed by epithelial cells
at barrier sites, such as the skin, and acts as a first defense
against invading microbes.” Additionally, activated im-
mune cells secrete it in high amounts to promote the in-
flammatory process.'”*** LL-37 is produced by cleavage
of its precursor protein hCAP18 by kallikrein in keratino-
cytes® and proteinase 3 in neutrophils.®* It interacts with
the membranes of bacteria and eukaryotic cells, impairing
membrane integrity through pore formation, resulting in
cytolysis.®>®® In sub-cytolytic concentrations, LL-37 also
regulates the immune system through binding to FPR2,”’
promoting immune cell activation to clear pathogens. We
stimulated the hSIRL-1-CD3(¢ reporter cells with increas-
ing concentrations of plate-coated LL-37 and observed
that this a-helical peptide activated the hSIRL-1-CD3¢, but
not wt or hLAIR-1-CD3¢, reporter cells in a concentration-
dependent manner (Figure 3C,D). This observation iden-
tifies a new endogenous candidate ligand for SIRL-1.

3.5 | SIRL-1 activation by PSMs and
LL-37 is blocked by specific antibodies

To further demonstrate that the observed GFP signal is
SIRL-1 specific, we pre-incubated the hSIRL-1-CD3( re-
porter cells with two different anti-SIRL-1 antibodies
(clones 1A5 and 3D3) or with the anti-LAIR-1 antibody
(clone 8A8) before incubation on plate-coated PSMa3,
LL-37, and anti-CD3 antibody as control (Figure 3E-H).
Pre-incubation of hSIRL-1-CD3{ reporter cells with anti-
LAIR-1 or any of the anti-SIRL-1 antibodies did not af-
fect the reporter cell activation by plate-coated anti-CD3
(Figure 3E). As an additional control, hLAIR-1-CD3{
reporter cells were pre-incubated with anti-LAIR-1 and
both anti-SIRL-1 antibodies and subsequently stimulated
with plate-coated collagen I. While anti-LAIR-1 blocked
collagen I-induced LAIR-1 activation, none of the anti-
SIRL-1 antibodies did so (Figure 3F). Both anti-SIRL-1
antibodies blocked the interaction between PSMa3 or
LL-37 and SIRL-1 in a concentration-dependent man-
ner (Figure 3G,H). Thus, we have further confirmed that
PMSa3- and LL-37-induced GFP expression is specific for
SIRL-1 and requires the SIRL-1 ectodomain.

To further investigate whether PSMs and LL-37 di-
rectly activate SIRL-1, we sought to measure reporter cell
activation in a transcription-independent manner. We vi-
sualized and quantified the translocation of NFAT from
the cytoplasm to the nucleus 30 min after incubation of
hSIRL-1-CD3{ reporter cells with PBS, PMA-ionomycin,
anti-CD3, anti-SIRL-1, anti-LAIR-1, PSMa3, or cathelici-
din LL-37 (Figure 31 shows visualization, and Figure 3J
shows quantification). We observed NFAT translocation

FASE‘BJOURNAL

from the cytoplasm into the nucleus after incubation with
PMA-ionomycin, anti-CD3, and anti-SIRL-1, but not PBS
or anti-LAIR-1, showing specificity (Figure 3I). Incubation
with both PSMa3 and cathelicidin LL-37 resulted in a sub-
stantial increase in nuclear NFAT (Figure 3J). These data
strongly suggest that both S. aureus PSMa3 and human
cathelicidin LL-37 directly activate SIRL-1.

3.6 | SIRL-1is broadly activated by
staphylococcal PSMs

Virtually, all staphylococcal species express PSMs. At
least 12 different PSMs and similar peptides are identi-
fied in S. aureus: PSMal-4, PSMf1-2, 8-toxin, and its al-
lelic variant G10S.*** Furthermore, specific sub-types
of methicillin-resistant S. aureus strains also possess
PSM-Mec.** Additionally, three N’-terminal fragments
of the QS protein AgrD of S. aureus—N-AgrD F20, N-
AgrD F24, and N-AgrD D20—have been identified*® with
properties remarkably similar to other PSMs. In S. epider-
midis, PSMf31-3, PSMa, PSMy/8-toxin, PSM§, and PSMe
were identified.***” Furthermore, PSMB1-3 and PSM«
in S. haemolyticus,"® homologs of S. epidermidis PSMe in
S. lugdunensis, S. pseudintermedius, and S. warneri,” and
the OrfX peptide in S. lugdunensis™ are described. We syn-
thesized these PSMs and stimulated the reporter cell lines
with them (Figure 4A—C). All shorter PSMa-type peptides
of S. aureus, except for PSM-Mec and the N’-terminal frag-
ments of AgrD, strongly activated the hSIRL-1-CD3¢, but
notwtor hLAIR-1-CD3(, reporter cell line (Figure 4A). The
longer PSM@-type peptides did not induce significant GFP
expression in hSIRL-1-CD3{ reporter cells (Figure 4A).
Similarly, PSMoa-type peptides of S. epidermidis and other
staphylococci activated the hSIRL-1-CD3¢, but not wt or
hLAIR-1-CD3¢, reporter cell line, while PSMf-type pep-
tides did not (Figure 4B,C). Therefore, we conclude that
short, PSMa-like PSMs across the genus Staphylococcus
activate SIRL-1.

3.7 | SIRL-1recognizes amphipathic
a-helical peptides

Among staphylococcal PSMs, sequence identity is low. The
pairwise sequence identities between SIRL-1-activating
S. aureus PSMa3 and other SIRL-1-activating PSMs shown
in Figure 4 range from 16% for S. lugdunensis OrfX to 41%
for S. aureus PSMa2, and the average pairwise sequence
identity is only 24%. On the other hand, general structural
properties are much more conserved among PSMs. In
these peptides, the alternating arrangement of charged and
hydrophobic amino acids from the N’ to the C’ terminus
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results in their partitioning to the opposite sides of the a-
helix, giving rise to amphipathicity. Furthermore, an over-
all positive charge is seen in all SIRL-1-activating PSMs
(except for S. epidermidis PSMa, which has a zero net
charge but is still amphipathic). The same structural fea-
tures are also recognized in the human cathelicidin LL-37,
while its sequence identity to PSMs is low. To explore the
structure-function relationship in SIRL-1-activating PSMs,
we investigated how PSM-mediated SIRL-1 activation is
affected by structural changes in PSMs such as change in
chirality or C'-N’ sequence reversal. We stimulated the
hSIRL-1-CD3¢ reporter cell line with the all-D isomer of
S. aureus PSMa3 or with C'-N’ PSMa3 and observed that
these peptides activated SIRL-1 in the GFP reporter assay
equally potently as the wt PSMa3 (Figure 5A,B). This ob-
servation supports the idea that SIRL-1 recognizes a gen-
eral molecular feature of staphylococcal PSMs instead of a
particular amino acid sequence.

To further explore the structural characteristics of
SIRL-1-activating peptides, we designed a series of PSM-
and LL-37-inspired peptides with differing properties and
tested these in wt, hLAIR-1-CD3¢, and hSIRL-1-CD3{ re-
porter cells (Figure 5C, Table 3). We varied the amino acid
composition and their positioning in the a-helix to vary:
(1) overall/net charge of the helix; (2) partitioning of the
charged and hydrophobic residues along the helix; and
(3) overall hydrophobicity. We chose amino acids with the
highest propensities to form a-helices*®: lysine to incorpo-
rate a positive charge, glutamic acid to incorporate a neg-
ative charge, glutamine as a polar uncharged amino acid,
and leucine as a hydrophobic amino acid, and performed
secondary structure prediction for all designed peptides.
Most peptides were strongly predicted to have a-helical
secondary structure, except for peptides no. 2, 8, and 10-
12, for which the a-helical secondary structure prediction
was less reliable. The secondary structure of peptide no. 6
could not be confidently predicted. To illustrate the pep-
tides’ amphipathicity, we plotted them as helical wheels
(Figure 5C, peptide no. 1 is an example of an amphipathic
peptide). Using this panel of rationally designed artificial
peptides, we observed that all peptides with a predicted a-
helical secondary structure and amphipathic arrangement
of hydrophobic residues activated SIRL-1 (Figure 5C).
Notably, scrambling the positions of amino acids to dis-
turb their separation to the polar and hydrophobic faces,
and consequently, entirely disrupt the amphipathic char-
acter, while keeping the amino acid content unchanged,
abrogated SIRL-1 activation (Figure 5C, peptide pairs 1-2,
3-4, and 7-8), except in the peptide pairs 5-6 (Figure 5C).
The specific composition of the helix’s polar face had lit-
tle effect on SIRL-1-activating properties of the peptides
(Figure 5C, peptides 13-28).

3.8 | Some artificial SIRL-1-activating
peptides are non-toxic and do not
activate FPR2

Most PSMs are highly cytotoxic and act pro-inflammatory
by activating the chemotactic receptor FPR2 on immune
cells.>® We tested if the cytotoxic and FPR2-activating prop-
erties of our panel of designed peptides could be segregated
from the SIRL-1-engaging property. We first assessed the
cytotoxicity of all designed peptides by measuring LDH re-
lease from hSIRL-1-CD3{ reporter cells upon treatment with
10 uM peptides. All derivatives of S. aureus PSMa3 (PSMa3,
N'-formyl-PSMa3, all-D-PSMa, and C’'-N" PSMa3) exhibited
cytotoxicity (Figure 5D). In contrast, designed peptides 1-4,
7-12, and 18-22 were not cytotoxic at the same concentration
(Figure 5D). We next screened a selection of non-toxic pep-
tides for FPR2 activation by measuring Ca®* mobilization in
the HL-60 cell line overexpressing FPR2. S. aureus PSMa3
and its naturally occurring N’-formylated variant potently
activated FPR2 (a representative transient Ca** signal in-
duced by PSMa3 is shown in Figure 5E), and Ca** signaling
was entirely inhibited when cells were pre-incubated with
the FPR2 inhibitory peptide WRW4 (Figure 5E,F). The C'-
N’ PSMa3 and all-D-PSMa3 did not activate FPR2, in line
with previously published data.>® None of the tested artificial
SIRL-1-activating peptides activated FPR2 (Figure SE,F).
Therefore, cytotoxicity, FPR2 activation, and SIRL-1 en-
gagement have different structural requirements. We here
identified peptides 1, 3, and 18-22 as non-cytotoxic and non-
FPR2-activating SIRL-1-specific agonists.

4 | DISCUSSION

Here, we demonstrate that secreted staphylococcal a-
helical peptides, PSMs,**** activate the human inhibitory
receptor SIRL-1. Our data show that in S. aureus, PSMs are
the primary SIRL-1-activating compound, as PSM-deficient
mutant strains have considerably decreased SIRL-1-
activating properties. Nevertheless, PSM-deficient mutants
still weakly engage SIRL-1, hinting at possible additional
SIRL-1-activating factors secreted by staphylococci. For
instance, these could be additional not yet characterized
PSMs or similar molecules. We show that synthetic PSMs
from other staphylococcal species also activate SIRL-1,
demonstrating that SIRL-1 broadly recognizes staphylococ-
cal PSMs. We further demonstrate that SIRL-1 is activated
by the human peptide cathelicidin LL-37, which has struc-
tural and functional similarities to staphylococcal PSMs."
Taken together, we have identified a new group of bacterial
and endogenous SIRL-1 ligands—the staphylococcal PSMs
and the human cathelicidin LL-37.
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PSMs are vital determinants of staphylococcal viru-
lence: they are cytotoxic to different human cell types*>
and engage the chemotactic receptor FPR2 on human
neutrophils.”® They can be secreted in high amounts; it
has been shown that as much as 60% of total secreted pro-
teins in wt S. aureus USA300 are PSMs.* However, PSMs
are not only virulence factors but also perform multiple
other functions. They promote the spreading of bacterial
cells on the epithelial surface*”®® and facilitate the for-
mation and structuring of biofilms.®>®” PSMs also act as
bacteriocins, cytotoxic bacterial products active against
other bacterial species,> helping to maintain staphylo-
cocci in their habitat and protecting them and their host
from other invading bacterial species. Furthermore, PSMs
have immunomodulatory and tolerance-inducing prop-
erties. For example, they modulate human dendritic cells
to direct the development of regulatory T cells, leading
to tolerogenic immune responses.””’* All these features
identify PSMs not only as virulence factors but also as
facilitators of a mutually beneficial relationship between
staphylococci and their host.

The human antimicrobial peptide cathelicidin LL-37
structurally and functionally resembles the staphylococ-
cal PSMs. It is an amphipathic a-helical peptide with cyto-
toxic and, through binding to FPR2, immunostimulatory
properties.®®” However, it also possesses a plethora of
immunomodulatory functions; it decreases the produc-
tion of pro-inflammatory and stimulates the production
of anti-inflammatory cytokines in numerous cell types.
For example, LL-37 decreases pro-inflammatory cytokine
production in epithelial cells pre-exposed to the bacterial
TLRS agonist flagellin,’* decreases TNF and nitric oxide
production in macrophage cell lines stimulated with LPS,
LTA, or lipoarabinomannan PAMPs,” and dampens the
expression of IL-6, IL-8, and CXCL10 induced by LPS in
human gingival fibroblasts.”* Future studies are needed to
investigate the possibility that some of these modulatory
functions are mediated by SIRL-1.

Recognition of PSMs and LL-37 by SIRL-1 does not
require specific amino acid residues, which is evident
from PSMs and LL-37 sharing little sequence identity.
Instead, SIRL-1 may be activated by the general molec-
ular features of these molecules. Based on the naturally
occurring staphylococcal PSMs and the structurally and
functionally similar human cathelicidin LL-37 that acti-
vate SIRL-1, we conclude that a-helical peptides with an
amphipathic arrangement of hydrophobicity engage SIRL-
1. Furthermore, structural rearrangements of PSMas3,
such as in the all-D-PSMa3 isomer and the C'-N’ reversed
sequence PSMa3, in which a-helical secondary structure
and amphipathic arrangement of hydrophobic amino
acid residues are preserved, still activate SIRL-1. Similar
to our observation that both L- and D-PSMa3 potently
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activate SIRL-1, both L-LL-37 and D-LL-37 equally induce
IL-8 production in human keratinocytes, which could be
blocked by surface receptor-specific inhibitors.”” It has
been suggested that the hydrophobic environment of the
cell membrane might allow for specific peptide—peptide
or peptide—protein interactions irrespectively of the pep-
tide's chirality or helix sense.”® We could not demonstrate
a direct interaction between PSMs or LL-37 and SIRL-1 in
a purified system using recombinant proteins. This may
indicate that a membrane component, which is absent in
purified systems, is required for SIRL-1-PSM or SIRL-1-
LL-37 complex formation. Our attempts to detect interac-
tion may have additionally been hampered by the potent
and irreversible tendency of these peptides to stack into
amyloid-like fibrils.”®>’

Based on the structural features of staphylococcal PSMs
and the human LL-37, we rationally designed a series of
peptides with predicted a-helical secondary structure and
varying amphipathic character, charge, and charge distribu-
tion. We observed that the amphipathic character of these
peptides is required for SIRL-1 activation, regardless of the
detailed variations in their structure. Although we did not
experimentally determine the secondary structure of these
peptides, the predicted secondary structure, together with
the peptides’ SIRL-1-activating properties, support our idea
that a-helical peptides with an amphipathic arrangement
of hydrophobicity engage SIRL-1. Notably, scrambling the
amino acids’ positions to disturb their separation to the
polar and hydrophobic faces, and consequently entirely
disrupting the amphipathic character of the designed pep-
tides while keeping their amino acid content unchanged,
abrogated SIRL-1 engagement in all but one peptide pair
(Figure 5C, peptide pairs 5-6). However, SIRL-1 engage-
ment by both these peptides is much less prominent than
with other peptides. Without further characterizing these
peptides, we cannot adequately explain why peptide 6 still
weakly engages SIRL-1. Finally, the charge distribution
and overall charge of the artificial peptides did not have a
notable effect on SIRL-1 activation.

General structural features of staphylococcal PSMs are
formylation of the N’-terminal methionine, a-helical sec-
ondary structure, and amphipathic arrangement of amino
acid residues. Functionally, PSMs are cytotoxic and FPR2
activating, and as we show here, they also engage SIRL-
1. Using the series of designed peptides, we were able to
decouple the cytotoxic and pro-inflammatory properties
of these peptides from their SIRL-1-engaging function.
As expected, all derivatives of PSMa3 (PSMa3, N’-formyl-
PSMa3, all-D-PSMa, and C'-N" PSMa3) exhibited cyto-
toxicity, while peptides with a lower net charge showed
decreased or no cytotoxicity. This is in line with the fact
that antimicrobial or cytotoxic peptides are commonly
amphipathic and positively charged.”” With regard to
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FPR2 activation, we confirm that C'-N’ reversed and all-
D-PSMa3 completely lost the FPR2-activating property,
in line with previously published data.’> Thus, we have
obtained a group of LL-37- and PSM-inspired SIRL-1-
engaging peptides without FPR2-activating and cytotoxic
properties, demonstrating that different structural fea-
tures of PSMs and LL-37 mediate FPR2 activation, SIRL-1
activation, and cytotoxicity. Others previously showed that
different epitopes of the LL-37 peptide mediate different
functions and that segregation of the peptide's functions is
possible.”® The ability to segregate the versatile properties
of LL-37 and the PSMs is interesting from a therapeutic
perspective, since inhibitory receptors are attractive tar-
gets for immunotherapy.”®

Microbes rapidly evolve and quickly change their molec-
ular makeup. To achieve reliable recognition of microbes,
the immune system employs PRRs, which recognize gen-
eral structural patterns to ensure robust target recognition
that is not perturbed by minor changes in the ligands. Many
known PRRs recognize more than one structural pattern.
For example, the receptors RAGE, TLR4, and TLR2 all
recognize different patterns and bind diverse ligands.”*
SIRL-1 may employ a similar strategy to recognize its li-
gands. We previously showed that SIRL-1 is activated by
the human S100 proteins.'* Here, we identify staphylococ-
cal a-type PSMs and human cathelicidin LL-37 as an addi-
tional class of SIRL-1 ligands. Both cathelicidin LL-37 and
the S100 family of proteins are DAMPs and are released
from damaged cells or activated immune cells to promote
inflammatory processes. We have previously suggested that
inhibitory receptors provide negative feedback on immune
cell activation to prevent immunopathology.* In this regard,
the recognition of DAMPs such as LL-37 by SIRL-1 may en-
able prompt cessation of inflammatory processes and limit
immunopathology. The interaction between SIRL-1 and its
newly described exogenous ligands, staphylococcal PSMs,
may serve a similar purpose. It may be in place to favor the
commensal lifestyle of PSM-producing staphylococci over
their potential to trigger host-damaging immune responses.

A genetic polymorphism causing reduced SIRL-1 expres-
sion levels on monocytes is associated with atopic dermatitis,
a skin disease characterized by extensive inflammation and
almost universal presence of S. aureus in atopic dermatitis
skin lesions.”** On the other hand, atopic dermatitis is cor-
related with significantly lower or even insufficient LL-37
expression, especially after skin injury,*"** while in other in-
flammatory skin diseases, such as rosacea and psoriasisf'”‘85
LL-37 expression is commonly increased. Together, this may
suggest that the malfunction or absence of the PSM/LL-
37-SIRL-1 regulatory axis, which would deliver inhibitory
signals to immune cells, contributes to the development of
inflammatory diseases like atopic dermatitis.

To conclude, we have demonstrated that SIRL-1 is acti-
vated by a-helical peptides with an amphipathic arrange-
ment of hydrophobicity, namely the human cathelicidin
LL-37 and the staphylococcal PSMs. We designed SIRL-1-
specific activating peptides without cytotoxic and chemo-
tactic properties. This will allow us to unravel the biology
of SIRL-1 further and will facilitate the development of
SIRL-1 agonists for possible therapeutic intervention in
autoimmune and inflammatory diseases.
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Gene product

Capsular polysaccharide biosynthesis protein Cap5P

Ribosome small subunit-dependent GTPase A

ATP synthase F1, alpha subunit

Tyrosine recombinase XerC

DNA mismatch repair protein MutS

Uracil permease

Anaerobic ribonucleotide reductase, small subunit

Putative membrane protein (SAUSA300_1984)

ABC transporter, ATP-binding protein

Glutamine amidotransferase subunit PdxT

Riboflavin biosynthesis protein

Alanine racemase

2-oxoisovalerate dehydrogenase, E1 component, beta subunit

Arginine repressor

Dihydrolipoamide dehydrogenase

ABC transporter, ATP-binding protein
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