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Abstract: Ligand-based selectivity in signal transduction (biased signaling) is an emerging field of G
protein-coupled receptor (GPCR) research and might allow the development of drugs with targeted
activation profiles. Human formyl peptide receptor 1 (FPR1) is a GPCR that detects potentially
hazardous states characterized by the appearance of N-formylated peptides that originate from either
bacteria or mitochondria during tissue destruction; however, the receptor also responds to several
non-formylated agonists from various sources. We hypothesized that an additional layer of FPR
signaling is encoded by biased agonism, thus allowing the discrimination of the source of threat.
We resorted to the comparative analysis of FPR1 agonist-evoked responses across three prototypical
GPCR signaling pathways, i.e., the inhibition of cAMP formation, receptor internalization, and ERK
activation, and analyzed cellular responses elicited by several bacteria- and mitochondria-derived
ligands. We also included the anti-inflammatory annexinA1 peptide Ac2-26 and two synthetic ligands,
the W-peptide and the small molecule FPRA14. Compared to the endogenous agonists, the bacterial
agonists displayed significantly higher potencies and efficacies. Selective pathway activation was
not observed, as both groups were similarly biased towards the inhibition of cAMP formation.
The general agonist bias in FPR1 signaling suggests a source-independent pathway selectivity for
transmission of pro-inflammatory danger signaling.

Keywords: bias analysis; G protein-coupled receptor (GPCR); formyl peptide receptor 1;
danger-associated molecular pattern (DAMP); pathogen-associated molecular pattern (PAMP);
annexin Al peptide Ac2-26

1. Introduction

A key feature of the eukaryotic immune defense is its capability to sense danger signals. Microbes are
a source of potentially deleterious infections, and consequently, ‘pathogen-associated molecular patterns’
(PAMPs) and ‘danger-associated molecular patterns’ (DAMPs) represent chemical signatures that are
sensed and transduced via the corresponding ‘pattern recognition receptors’ (PRRs) [1,2].

One such molecular pattern is the characteristic N-formylated methionine at the N-terminus of
bacterial proteins. This modified amino acid is not utilized for the initiation of eukaryotic protein
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translation. However, mitochondria, which are considered to represent endosymbionts of bacterial
origin [3], initiate protein biosynthesis with N-formylated methionine and might release detectable levels
of formylated peptides in situations of enhanced cell death or trauma [4,5]. Therefore, the appearance of
N-formylated peptides signals potentially hazardous states caused by either bacterial threats (PAMPs)
or tissue destruction (DAMPs).

In higher eukaryotes, this unique pattern is sensed by the family of formyl peptide receptors (FPRs),
which belong to the superfamily of G protein-coupled receptors (GPCRs) [5,6]. Thus, a shared sensor
system detects bacteria-derived ligands and those that are liberated by non-infectious tissue destruction
from mitochondria. The corresponding formylated peptides elicit strong signals via the activation
of formyl peptide receptor 1 (FPR1) [7,8]. Here, we addressed whether human FPR1 is capable to
decode the actual source of threat via different, i.e., ligand-specific signaling, and consequently modify
the elicited cellular responses. We hypothesized that these layers of signal information are encoded
by distinguishing ligand perception and potentially are governed by biased agonism. This emerging
concept in GPCR-mediated signal transduction [9] emphasizes that ligands selectively stabilize specific
receptor conformations that ultimately favor one (or more) signaling pathways out of the many
the receptor is linked to. The final cellular response elicited by the receptor/ligand interaction is
therefore biased towards specific signaling pathways [9-11]. We also considered that the different
classes of agonists might group due to their efficacies and potencies for the same cellular pathways,
i.e., apart from the selective activation of entirely different signaling pathways. In this scenario, different
classes of agonists would not be associated with their own unique profile of qualitatively distinct
cellular responses but instead would cause the same effect, as revealed by similar bias factors, yet on a
different scale.

In general, agonist-activated GPCRs stimulate a broad set of heterotrimeric a3y guanine
nucleotide-binding proteins (G proteins), which in turn regulate adenylyl cyclase or phospholipase
C (PLC) activities, ultimately leading to effective changes in second messengers cyclic AMP (cAMP)
and inositol triphosphate (IP3) levels [12]. Apart from regulating enzymes to control the generation of
second messengers, key intracellular signaling pathways are also activated via the GPCR signaling
axis. For instance, GPCR-linked stimulation of the mitogen-activated protein kinase (MAPK) pathway,
which plays important functional roles in, e.g., the regulation of (chronic) inflammation or even the
development of cancer [13,14], is well established. Receptor internalization, which is linked with
desensitization and signal termination, is regulated via GPCR/agonist interactions. Notably, emerging
novel findings suggest that this mechanism might also be linked to prolonged receptor signaling [15,16].

Here, we compared the signaling profiles of representative microbial, endogenous, and synthetic
FPR1 agonists. Our results reveal that the FPR1 activators cluster depending on their origin: the bacterial
formylated peptides are strong, potent, and efficacious superagonists, whereas the mitochondrial
peptides are less effective. Bias calculation uncovered that although the agonists operate on different
levels as defined by their logistic parameters, FPR1 signal transmission generally is biased toward
inhibition of cAMP formation.

2. Materials and Methods

2.1. FPR1 Ligands and Reagents

Formylated peptides corresponding to the N-termini of the human mitochondrially
encoded proteins NADH:ubiquinone oxidoreductase core subunit 2 (MT-ND2;, fMNPLAQ),
NADH:ubiquinone oxidoreductase core subunit 6 (MT-ND6; fMMYALF), and cytochrome b
(CYTB; fMTPMRKTNPLMKLIN), the formylated pentapeptide fMIVIL from Listeria monocytogenes,
and the gG-2p20 peptide GLLWVEVGGEGPGPT derived from the secreted glycoprotein sgG-2
of herpes simplex virus type 2 (HSV-2) were custom-synthesized (Biomatik, Cambridge, ON,
Canada). The acetylated peptide Ac2-26 corresponding to the N-terminus of human annexin
Al (AcAMVSEFLKQAWFIENEEQEYVQTVK) and the synthetic agonist W-peptide (WKYMVm)
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were purchased from Tocris (Wiesbaden-Nordenstadt, Germany). The prototype FPR1 agonist fMLF
derived from E. coli was purchased from Sigma. Stock solutions were prepared as indicated in
Table Al. The mouse monoclonal anti-FLAG antibody M1 (Sigma-Aldrich, Darmstadt, Germany),
which recognizes the FLAG epitope only when present at the very N-terminus of the FPR1 receptor,
i.e., after successful cleavage of the hemagglutinin signal sequence (see below) in the endoplasmic
reticulum (ER), was labeled with DyLight488 antibody labeling kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. Pertussis toxin (PTX) from Bordetella
pertussis was purchased from Tocris, the Gocq inhibitor FR900359 (FR, formerly known as UBO-QIC),
a cyclic depsipeptide from the plant Ardisia crenata sims sims was purified following a previously
published protocol [17]. Reversed-phase high-performance liquid chromatography separation of
the FR-containing fraction (column: YMC C;5 Hydrosphere, 250 x 4.6 mm, 3 um; MeOH:H,O (8:2),
0.7 mL min~') afforded FR with a purity of 95%. For G protein inhibition experiments, cells were
pretreated for 16 h with 100 ng/mL PTX or for 1 h with 1 uM FR preincubation in cell culture medium
at 37 °C.

2.2. FPR1-Encoding Plasmid, HeLa-FPR1- Cell Line, and Cell Culture Conditions

The FPR1 expression vector, containing the N-terminally FLAG-tagged human FPR1, was generated
as previously described [18]. The FPR1 coding sequence was PCR-amplified from a cDNA library
representing human total leukocyte RNA (Takara Bio, Saint-Germain-en-Laye, France). The FLAG-
epitope was introduced immediately upstream to the original FPR1 start codon and is preceded by a
cleavable influenza hemagglutinin signal sequence to facilitate cell surface presentation. This tagged
FPR1 CDS was transferred into the mammalian expression vector pcDNA3.1 (-) (Thermo Fisher
Scientific) via Xhol and EcoRI restriction sites. HeLa cells cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma), supplemented with 10% standardized fetal bovine serum (FBS Superior,
Biochrom, Cambridge, UK), 100 U/mL penicillin, and 0.1 mg/mL streptomycin) at 37 °C in a 7% CO,
atmosphere were transfected using Lipofectamine 2000 (Thermo Fisher Scientific). Clonal lines were
selected with 800 ng/mL geneticin (G418, AppliChem, Darmstadt, Germany).

2.3. FPR1 Expression Analysis in Parental and Recombinant HeLa Cells by gPCR and
Immunofluorescence Microscopy

gqRT-PCR was employed to confirm that parental, i.e., non-transfected HeLa cells do not express
members of the FPR family at detectable levels and to confirm FPR1 expression in the stably expressing
HeLa-FPR1 cell lines. Total RNA from HeLa cells was isolated with the RNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturers’ instructions; 1 ug of RNA starting material was
converted into cDNA with the high-capacity cDNA reverse transcription kit and random hexamer
primers (Thermo Fisher Scientific). Subsequent qPCR analysis was performed with QuantiTect
primer assays (Qiagen) for FPR1 (Hs_FPR_1_SG, QT00199745) and custom-designed sets of primers
(Microsynth, Lindau, Germany) for amplification of FPR2 (for: 5-TTGGTTTCCCTTTCAACTGG-3’
rev: 5’-AGACGTAAAGCATGGGGTTG-3") and FPR3 (for: 5-GGTTGAACGTGTTCATTACC -3’ rev:
5-TGGTTTCTGTGAATTTTGGC-3"). Housekeeping genes actin (Hs_ACTB_1_SG, QT00095431) and
glyceraldehyde 3-phosphate dehydrogenase (Hs_GAPDH_2_SG, QT01192646) served as references.
All gPCR reactions were conducted with the Brilliant III Ultra-Fast SYBR Green qPCR Master Mix
(Agilent Technologies, Santa Clara, CA, USA). Four independent cell samples were analyzed in technical
replicates and amplified for 45 cycles on a CFX 384 real-time PCR cycler. The PCR amplification was
analyzed with the CFX Manager Software v.2.1 (Bio-Rad, Hercules, CA, USA).

Expression and correct localization of tagged FPR1 were confirmed by immunofluorescence
imaging. HeLa-FPR1 cells were cultured on glass coverslips and fixed with 4% paraformaldehyde for
10 min at room temperature. After incubation with anti-FLAG M1 antibody (diluted 1:100 in 2% BSA
in PBS containing Ca®* and Mg?* (PBS**, Sigma) for 60 min, cells were treated with anti-mouse Alexa
594-coupled secondary antibody (Invitrogen, Carlsbad, CA, USA) for an additional 45 min at room
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temperature. To visualize cell nuclei, Hoechst 33,342 stain (Thermo Fisher Scientific, diluted 1:100) was
added during the incubation with the secondary antibody. Oregon Green 488 conjugated wheat germ
agglutinin (Invitrogen, WGA, 5 pg/mL in Hank’s balanced salt solution containing Ca?* and Mg?* for
10 min at room temperature) was used to label the plasma membrane. Samples were imaged with a
LSMB800 (Zeiss, Oberkochen, Germany) confocal microscope using a 63X objective.

2.4. Flow Cytometric Analysis of Agonist-Induced Receptor Internalization

HeLa-FPR1 cells were treated with vehicle or agonists diluted in internalization medium (IM;
DMEM, 20 mM HEPES, 1 mg/mL BSA, pH 7.2) for 15 min at 37 °C. Cells were washed in PBS (Sigma),
and detached in PBS/5 mM EDTA for 3 min at 37 °C. For the detection of the cell surface receptor
pool, cells were washed with ice-cold PBS containing 5% BSA and 1 mM CaCl, and subsequently
incubated with 5 ug/mL DyLight488-conjugated anti-FLAG M1 antibody for 45 min. 7AAD (eBioscience,
San Diego, CA, USA) allowed the exclusion of compromised cells. Median fluorescence intensities
(MFI) of 10,000 viable cells per condition were measured with a Guava easyCyte flow cytometer
and the InCyte™ Software (Merck-Millipore, Darmstadt, Germany). Agonist-induced internalization
was defined as the difference between the MFI of vehicle-treated controls and the MFI detected in
agonist-treated cells. For each measurement, agonist-induced internalization was normalized to the
mean internalization induced by 10™* M W-peptide, which consistently represented the maximum
system response for internalization.

2.5. HTRF-Based Quantification of cAMP Levels

A competitive immunoassay based on time-resolved measurement of fluorescence resonance
energy transfer (HTRF, homogeneous time-resolved fluorescence) between a cryptate-labeled specific
antibody (donor) and a d2-coupled cAMP acceptor molecule (cAMP-G; Kit, Cisbio, Codolet, France)
was used to measure cyclic AMP (cAMP) formation in cells, as described elsewhere earlier [19]. In brief,
cells cultured as described above on 96 well plates (50k cells/well) were incubated with 5 uM of the
adenylyl cyclase activator forskolin (Sigma) in complete medium supplemented with 500 uM of the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, Sigma), together with the agonists at
the indicated concentrations, for 30 min at 37 °C. Samples were transferred onto a 384 well low volume
plate, conjugates were added, and samples were analyzed with the CLARIOstar reader (BMG Labtech,
Ortenberg, Germany) (200 flashes/well, integration start 60 psec, integration time 400 psec, settling time
100 psec). Luminescence signals were expressed as the ratio of 10,000x (acceptor signal/donor signal).
Values were normalized to the maximum system output, which was obtained as forskolin-induced
cAMP formation.

2.6. HTRF-Based Quantification of MAPK/ERK Phosphorylation Levels

The advanced Phospho-ERK1/2 (Thr202/Tyr204) plate-based assay (Cisbio) was used to measure
ERK activation through HTRF using a sandwich assay format of a donor-coupled antibody and an
acceptor antibody as described before in [20]. Briefly, cells grown on 96 well plates (45k cells/well)
were serum-starved for 2 h and stimulated with the agonists at the indicated concentrations for 5 min
at 37 °C. Lysates were transferred to a 384 well low volume plate, incubated with the antibodies for
4 h at room temperature, and luminescence was recorded with a CLARIOstar reader (BMG Labtech)
(200 flashes/well, integration start 60 usec, integration time 400 psec, settling time 100 psec). HTRF ratios
were normalized to maximum system output obtained through stimulation with 100 nM phorbol
12-myristate 13-acetate (PMA).

2.7. HTRF-Based Quantification of IP1 Levels

The IP-One-Gq assay (Cisbio), that detects inositol monophosphate, a stable downstream
metabolite of IP3 induced by phospholipase C activation, was utilized to establish FR pretreatment
conditions, as described elsewhere earlier [21]. In brief, cells grown overnight on 384 well
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plates (5k cells/well) were pretreated with 1 uM FR for 1 h at 37 °C prior to stimulation with
100 uM phospholipase C activator 2,4,6-trimethyl-N-[3-(trifluoromethyl)phenyl]benzenesulfonamide
(m-3MB3EBS, Tocris) for 2 h at 37 °C. LiCl present in the stimulation buffer provided in the kit prevented
the degradation of IP1. After addition of the conjugates, samples were incubated for 1 h at room
temperature and read on a CLARIOstar plate reader (BMG Labtech) (200 flashes/well, integration start
60 usec, integration time 400 psec, settling time 100 psec).

2.8. Curve Fitting

For each individual curve, ligand concentrations were log-transformed, normalized, and expressed
as fractions of the maximum system response per pathway. Concentration-response curves were
analyzed with Graphpad Prism 6 and the in-built four parameters sigmoidal model with a Hill
coefficient of 1. ECs5( values were derived from individual sigmoidal curve fits. If the data fitting was
ambiguous without further constraints (very weak partial agonists, no inflection point), the minimum
was set to zero and the highest experimental response was considered to represent Emax. The ROUT
method [22] was used to detect and eliminate outliers. An agonist-induced response was defined by a
curve span >3 SEM. If no fitting was possible (i.e., no detection of agonist-elicited responses), the ‘no
response’ (NR) label was assigned. To analyze the relationship between data, linear regression and
Spearman’s correlation coefficients were calculated (Graphpad Prism 8).

Bias was calculated with the operational model [23]. The logarithm of the activity ratio
Emax/ECsq [24-26] served as a surrogate for the actual transduction coefficient log(t/KA) [27] and was
calculated individually for each agonist and pathway. To visualize the ligand “texture”, agonist-specific
AlogR values were plotted for the analyzed pathways. To compare the relative effectiveness of an
agonist at a given pathway with the reference agonist, AlogR values were calculated as differences of
the respective pathway-specific logR of the agonist of interest and the endogenous MT-ND6 peptide
as the reference agonist. To rank the relative signaling preferences of a ligand for one pathway over
another, AAlogR values were calculated.

3. Results

To address in a systematic fashion whether FPR1 agonists differ in their corresponding signaling
fingerprints, we established a heterologous FPR1 expression system [18]. The resulting transgenic
HeLa-FPR1 cell line was analyzed via qRT-PCR to confirm the stable expression of FPR1 (Figure 1a).
As parental HeLa cells did not express any detectable levels of FPR1-3, this experimental design enabled
monitoring specific FPR1-mediated responses [8,28]. The correct localization and incorporation of
the FLAG-tagged receptor in the plasma membrane were validated by immunofluorescence imaging
(Figure 1b). In order to avoid potentially distorting influences resulting from agonist effects other than
those elicited via the FPR1 signaling axis, we used parental HeLa cells as a negative control. No signal
could be observed when these cells were stained with the M1 antibody, and none of the tested agonists
caused any significant response for the analyzed pathways, thereby confirming the specificity of our
results (Figure A1).

3.1. FRET-Based Analysis of Agonist-Induced Changes in cAMP Levels

Agonist-induced cellular responses mediated via FPR1 previously have been reported to depend
on Goy for signal transduction [29]. We, therefore, resorted to a FRET-based system to analyze
agonist-mediated changes in cAMP de novo generation. Notably, none of the analyzed FPR1 agonists
caused any detectable increase of cellular cAMP levels, thereby confirming that the tested ligands
did not trigger FPR1 responses via Gas (Figure A2). To stimulate the cellular cAMP formation to its
maximum, we utilized forskolin, a known activator of adenylyl cyclase activity [30] and determined
the inhibitory potential of the different FPR1 agonists (exemplary raw data are shown in Figure A3a).
Relative potencies and efficacies of the analyzed agonists differed significantly in our assay (Figure 2).
Bacterial peptides [31,32] and the W-peptide [15,33,34], formed a distinct group of agonists with
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high potencies and efficacies, mitochondrial peptides—on the other hand—were characterized by
significantly lower potencies. However, differences in the respective efficacies for bacterial and
mitochondrial peptides were not as pronounced. Notably, the annexin Al peptide Ac2-26 [35],
which displayed the lowest potency in our assay, was still able to suppress de novo cAMP formation
to a level similar to the mitochondrial agonists. Interestingly, gG2p20, an exogenous ligand-derived
from herpes virus [36], and the synthetic small molecule FPRA14 [37,38] mimicked the mitochondrial
peptides to some extent. To analyze agonist profiles in more mechanistic detail, we investigated
whether the magnitude of the agonist-elicited responses was linked with the respective potencies.
Generally, EC5( values of the agonists displayed a very strong negative monotonic relationship with
their respective ability to elicit Emax, as demonstrated by the Spearman’s rank correlation coefficient
(r=-0.917,p =0.001,n9).

| WT
I HeLa FPR1

FLAG-FPR1

Figure 1. Evaluation of FPR1 (formyl peptide receptor 1) expression and localization in the heterologous
HeLa expression system. (a) qRT-PCR revealed that none of the three FPR paralogs is expressed in
parental HeLa cells (WT), whereas FPR1 is readily detectable in the HeLa-FPR1 transgenic cell line.
Housekeeping genes ACTB (beta actin) and GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
served as internal controls. (b) Confocal immunofluorescence microscopy with the M1 antibody
(red channel) confirmed the plasma membrane localization of FLAG-tagged FPR1. The plasma
membrane was stained with WGA (green channel), and nuclei were visualized using Hoechst stain
(blue channel). Upper panel: HeLa-FPR1 cell line; lower panel: WT HeLa cells, scale bar, 5 um.
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Figure 2. Concentration-response curves for FPR1-mediated inhibition of cAMP production. Cells were
stimulated with forskolin (FSK) and the respective FPR1 agonists. Responses recorded 30 min after
agonist addition were normalized to the maximum system response obtained with forskolin. Data points
represent the mean + SEM of at least 7 independent measurements.
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3.2. FRET-Based Analysis of Agonist-Induced Changes in MAPKinase Activation

The MAPKinase cascade is a common effector of GPCR activation [39-41]. As shown in Figure 3,
all agonists were able to increase ERK1/2 phosphorylation (exemplary raw data are shown in Figure A3b).
Interestingly, the mitochondrial agonist MT-ND6 performed comparably to the bacterial agonists and
the W-peptide, whereas the other mitochondrial peptides, as well as Ac2-26, only weakly activated
ERK1/2 phosphorylation. As in the case of the adenylyl cyclase inhibition, gG2p20 and the synthetic
small molecule FPRA14 displayed almost identical profiles. Spearman’s rank correlation uncovered a
strong negative monotonic correlation between ECsy and Enax values (r = —0.8, p = 0.014, n 9).

°
o

1.09 .0 04
o o o
L L 2
g 084 g 084 F 081
b E 0.6 3 E' 0.6 ® E 0.6
N < N £ N £
S @ 044 S 2 0.44 S & 044
£s £5 &
0.2 .24 0.2
< o c I 0.2 e I
N 0.0 § 0.0 < 0.0 - Foeegeeege i F e P
g - z "
-0.2 T J 0.2 r T T T J -0.2 T T T T J
12 -10 -8 -6 -4 12 -10 -8 -6 -4 -12 -10 -8 -6 -4
log [W-peptide] (M) log [FPRA14] (M) log [Ac2-26] (M)
1.04 1.04 1.0+
c o c
K] L L
F 081 £ 0.8 % 081
7 £ 06 7 5 06 7 £ 0
N £ N £ N £
T & 0.4 T & 0.4 T & 0.4
E2 o, E2 ., E2 .,
o a V.4 o o V-4 o a V-4
S S o g o 3 o ¥
= 0.0 = 0.04 = 0.0 g
& & 4
%02 & -0.2 & -0.24
12 -10 8 F 4 12 10 8 5 4 12 10 -8 E] -4
log [MT-ND2] (M) log [MT-ND6] (M) log [CYTB] (M)
1.09 1.0 1.01
s s s
& 038 £ 0.8 £ 0.8
3 s 5
T S 0.6 T E 0.6 T E
N < N £ N <
] % 0.4 s % 0.4 s %
E2 E2 E2
S & o 88 g2 2s
g g S
X 0.04 < 0.0 <
4 © x
0.2 r r r v . Y02 r r r v . Yoz r r r .
12 10 -8 4 A2 10 -8 ] -4 12 -10 -8 6
log [fMLF] (M) log [fMIVIL] (M) log [gG2p20] (M)

Figure 3. Concentration-response curves for FPR1-mediated phosphorylation of ERK1/2 on
Thr202/Tyr204. Responses monitored 5 min after the addition of agonist were normalized to the
maximum system response, which was obtained with PMA (phorbol 12-myristate 13-acetate).
Data points represent the mean + SEM of at least 5 independent measurements.

3.3. Agonist-Mediated Internalization of FPR1

Activated GPCRs usually are removed from the cell surface and are internalized into
endosomes [15,16]. To test the potential of our agonists to induce FPR1 internalization, we determined
the agonist-dependent decrease in FPR1 cell surface presentation, based on the detection of the
N-terminal FLAG-epitope by flow cytometry [42,43]. The actual amount of internalized receptor was
calculated via the difference of cell surface signals measured in untreated and agonist-treated samples
after 15 min of agonist addition. Administration of W-peptide, bacterial peptides fMLF and fMIVIL,
or the endogenous mitochondrial peptide MIT-ND6 decreased the cell surface-associated FPR1 pool in
a concentration-dependent manner. In contrast to that, the mitochondria-derived peptides MT-ND2,
CYTB, the synthetic agonist FPRA14, and the annexin A1l peptide Ac2-26 did not elicit detectable
internalization and were therefore deemed non-responders. Importantly, no significant difference was
observed between the two formylated ligands fMLF and MT-ND6, indicating that the source of signal
(PAMP vs. DAMP) was not encoded by these ligands (Figure 4).
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Figure 4. Concentration-response curves for agonist-induced FPR1 internalization. Receptor
internalization was calculated as the difference between FLAG signals of unstimulated cells and
signals recorded 15 min after agonist addition. Results were normalized to the maximum system response
obtained with 10~* M W-peptide. Data points represent the mean + SEM of 6 independent measurements.

3.4. G protein Dependency of Agonist-Mediated Responses

We considered that the correlation for Enax and ECsg values for individual agonists and pathways,
asrevealed by the Spearman’s rank coefficients, might—albeit indirectly—provide insights into common
effector proteins interacting with the receptor to transduce agonist-elicited responses. We detected
a very strong positive monotonic correlation between ECsy values for cAMP inhibition and ERK
phosphorylation (r = 0.933, p = 0.001, n 9). A similar trend could also be established for the
corresponding Emax values, which again revealed a strong positive correlation (0.733, p = 0.031, n 9;
for an overview of logECsy and Enaxa values, see Figure A4 and Table A2.). To directly assess
whether the different molecular pathways are driven by Ga;-protein-dependent signal transduction,
we repeated our experiments in the presence of the Goy-specific inhibitor pertussis toxin (PTX) at a
concentration that completely abolished the inhibition of cAMP formation induced by W-peptide
(Figure A4a). PTX treatment of HeLa-FPR1 cells did not interfere with ERK activation per se, however,
agonist-mediated ERK1/2 activation was suppressed, thus strongly implying that both pathways,
(at least) in our cellular system, relied on the Goy-protein (Figure 5). In stark contrast, receptor
internalization was not dependent on Goy activation, as agonist-evoked FPR1 internalization was not
affected in PTX-pretreated cells (Figure 6a) and was equally undisturbed in cells pretreated with the
Gog inhibitor FR (Figure 6b).
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Figure 5. FPR1-mediated ERK1/2 phosphorylation is abolished in PTX (pertussis toxin)-pretreated
cells. Cells were pretreated for 16 h with 100 ng/mL PTX and subsequently stimulated with agonist
concentrations eliciting the respective Emax. Results were normalized to the maximum system response
obtained with PMA. Data points represent the mean + SEM of 6 independent measurements.
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Figure 6. Agonist-induced FPR1 internalization is not dependent on Go-mediated signal transmission.
(a) Cells were pretreated either for 16 h with PTX or (b) for 1 h with FR and subsequently
stimulated with agonist concentrations eliciting the respective Emax. Results were normalized to
the 107* M W-peptide-induced maximum response. Data points represent the mean + SEM of 6
independent measurements.

3.5. Analysis of Agonist Bias on FPR1

For the identification and analysis of ligand bias [23] associated with the FPR1 signaling
axis, we selected the mitochondria-derived MT-ND6 as endogenous reference agonist for all tested
pathways. For each agonist and pathway, we determined the corresponding logR (the logarithm of the
activity ratio) values [24] and normalized the activities to MT-ND6 (AlogR=10gRgonist-l0ogRMT-NDé,
see Table I) [23]. Figure 7 summarizes the resulting agonist ranking for each pathway. Overall,
two agonist clusters were established: bacterial ligands, along with the W-peptide, which resembles
a conserved spatial structure of bacterial agonists [44], constituted the group of “high-performers”.
Endogenous mitochondria-derived agonists, the herpes virus-derived peptide, the small synthetic
agonist FPRA14, and annexin Al peptide Ac2-26 represented the second group of considerably lower
activity (Figure 7a). Interestingly, the endogenous agonist MT-ND6 featured balanced characteristics,
with a profile “in-between” both groups. Graphical representations of the intrinsic activity profiles,
i.e., in terms of AlogR, further highlight the tendency of our tested ligands to segregate into two
clusters, which was observed independently of pathway but in relation to the agonist origin (Figure 7b).
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However, the segregation was less pronounced when the magnitude of the respective response
was taken into consideration (Figure 8, Figure A5, and Table A2). Analysis of pathway preferences,
i.e., in terms of AlogR values, revealed that FPR1 activation was generally biased towards the inhibition
of cAMP formation compared to the activation of the MAPKinase pathway or receptor internalization
(Figure 9). However, the direct comparison of the weak agonist Ac2-26 with the strong agonist fMIVIL
impressively revealed that bias was realized at different logistic levels (Figure 9).
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Figure 7. Relative agonist profiles compared to the endogenous reference agonist. (a) AlogR values were
calculated from logR values with the mitochondrial peptide MT-ND6 as reference agonist. Data points
represent the mean and 95% confidence intervals. (b) Relative agonist activities corresponding to the
AlogR values for the respective pathways are depicted in radial graphs. Each radius is displayed in the
logarithmic scale.
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Figure 8. Graphical representation of the agonist profiles. Relative agonist activities corresponding to
the AlogR values and the logistic parameters (a) EC59 and (b) Epaxa for the respective pathways are
depicted in radial graphs. Each radius for AlogR is displayed in the logarithmic scale, radiuses for
Emax are scaled linearly.
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Figure 9. Comparison of agonist pathway preferences. AAlogR values were calculated from AlogR
values. Data points represent the mean and 95% confidence intervals.

4. Discussion

FPR1 and the corresponding large repertoire of FPR1 agonists, derived from various cellular and
pathogenic sources, constitute a powerful system for the detection of insults that are linked with tissue
destruction under infectious and sterile conditions, such as pathogenic challenges or trauma caused by
burns or injury [9,45]. Because overactivation of the innate immune response is often correlated with
excessive and deleterious tissue damage, e.g., in influenza A virus (IAV) infection, targeting the FPR
family might represent a novel approach to balance innate immunity. Indeed, our previous studies
revealed the advantageous use of the host-derived anti-inflammatory N-terminal annexin A1l peptide
Ac-2-26, a pan-FPR agonist [46] to counteract viral load and mortality in a preclinical murine IAV
infection model [47], thus encouraging the development of novel FPR-based therapies.

Generally, the often observed signaling diversity elicited by GPCR agonists that are acting on the
same receptor is based on the ligand preference for certain receptor conformational states linked to
a subset of all possible signaling responses. This diversity has been termed “functional selectivity”
and has led to the concept of “biased agonism” and helps to explain different regulatory outcomes
via the activation of the same receptor [9,11]. Therapeutically, bias analysis might help to identify
compounds that direct receptor signaling toward desired responses, thus aiding in the development
of novel therapeutics with an effective pharmacological profile that avoids activation of unwanted
signaling pathways and hence side effects [48,49]. Indeed, a few biased agonists have been developed
and are currently in various stages of clinical trials; this is true even for FPR-targeting compounds [50].

To further explore the potential of biased agonism acting on FPRs, we selected human FPR1,
the founding member of the FPR family [8], for broader analysis. FPR1 represents the sensor
platform for short formylated peptides, a pattern commonly associated with bacterial PAMPs and
mitochondria-derived DAMPs [51,52]. However, the preference for such modified peptides is not
exclusive, and even non-formylated derivatives (such as Ac2-26) are known to activate FPR1 effectively.
The structural diversity of FPR1 agonists led us to hypothesize that potentially different classes
of agonists might group, based on their origin, i.e., as PAMPs, otherwise endogenous ligands or
DAMPs, thus enabling the receptor to decode the actual source of danger and in turn to channel the
cellular responses.

Commonly, agonists are classified according to their ability to invoke the maximum receptor-
mediated response of a given pathway. These agonists represent “full” agonists, whereas “partial”
agonists only elicit a fraction of the cellular responses caused by a full agonist. This classification is
intuitive and seems to be well suited to describe the properties of most ligands; it inherently suffers,
however, from the disadvantage that potentially better—yet unidentified—agonists (evoking a higher
response) cannot be accounted for. An alternative approach classifies agonist efficacies in relation to an
endogenous reference agonist of high efficacy. Therefore, some agonists might be identified, which are
even capable to elicit stronger cellular responses than those associated with the reference agonist;
consequently, these ligands are referred to as “superagonists”, although this term still has to be defined
in broader detail [53]. The molecular explanation for this phenomenon might lie in the observation that
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simultaneous binding of an efficacious agonist and a G protein is required to induce the full receptor
response [54,55]. Our results imply that bacterial agonists function as bona fide superagonists at FPR1.

Of note, FPR1 agonist clusters clearly grouped based on ligand efficacies and potencies;
these logistic properties were strongly correlated as revealed by the analysis “within” as well as “across”
Goj-dependent pathways. Moreover, our results argued in favor of a shared signal transmission
selectivity for a given pathway across these structurally unrelated agonist classes. This was most
obvious in the case of agonist-mediated ERK activation [56,57], which was entirely G protein-dependent,
because in no instance did we observe Gai-independent activation of the ERK signaling cascade.
Yet, lack of evidence for G protein-independent signals, as far as ERK phosphorylation is concerned,
does by no means exclude that FPR1 agonists display preferences for supposedly distinct subsets
of FPR1-elicited signaling pathways over others. Internalization might—at first glance—appear G
protein-independent. However, the most likely scenario probably is that endocytosis requires an active
receptor conformation rather than an active signaling pathway and therefore occurs even when G
proteins are precluded from active signal transmission. It is therefore perhaps not surprising that
particularly high-efficacy ligands are the most effective at causing receptor internalization. It also
cannot be ruled out that a given cellular environment is hard-wired for a set of pathways [58]. Hence,
the decoding capacity of our heterologous expression system might cause the cells’ inability to
distinguish the source of these ligands, leading to so-called “system bias”. Our data suggests that
peptide-based FPR1 pharmacotherapy might be worthwhile exploring, however, peptide aggregation
is a huge challenge [59].

Based on the bias calculations, all of the agonists preferentially inhibited cAMP over ERK
phosphorylation. cAMP is a prominent second messenger in the PKA signaling pathway and a potent
regulator of immunity. Because increasing and decreasing cAMP levels are correlated to dampening
or stimulating immune responses, respectively, the cellular cAMP balance is considered a bona fide
druggable target [60]. Surprisingly, the Ac2-26 peptide was also biased toward adenylyl cyclase
inhibition, similar to the endogenous mitochondrial peptides, and the agonistic profile did not resonate
with the established anti-inflammatory properties.

The bias in FPR1 activation toward inhibition of cAMP production may signal imminent danger,
regardless of the source. However, similar bias factors can be associated with entirely different logistic
parameters, and therefore, might cause different levels of physiological response. Our data do not
support a selective activation of entirely different signaling pathways, as typically associated with
biased agonists. Rather, our findings identified that the actual differences of the danger signals are
encoded by the different levels of response (described by the logistic parameters EC5p and the maximum
agonist-elicited response Emax).

Another means by which GPCR signaling can be diversified is the organization of GPCR-based
signaling platforms via homo- and hetero-oligomerization [61]. Indeed, there is emerging functional
evidence for FPR higher-order structures [62,63]. Whether such supramolecular sensor complexes are
able to decode additional information is certainly an important line of future research.
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Figure A1. Agonist effects are specific for the FPR1 signaling axis. Parental HeLa cells were subjected
to the assays analyzing (a) internalization, (b) cAMP formation, and (¢) MAPKinase activation,
at agonist concentrations eliciting the respective Emax response. (a) A representative result, (b), (c) mean
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Concentration-response curves for FPR1-mediated stimulation of cAMP production.

None of the agonists increased intracellular cAMP levels, in line with the reported FPR1-mediated
activation of Goy. Mean response + SEM, n 3.
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Figure A3. Exemplary raw data of concentration-response curves for FPR1-mediated stimulation of
(a) cAMP production and (b) MAPKinase activation. In addition to the W-peptide measurements,
data points for the cAMP standards and the ERK positive and negative controls included in the kit are
shown. Data were normalized to the maximum output as obtained with forskolin and PMA.

a cAMP b IP one
1200 14000+ _ ) )
without agonist
1000+ - without agonist 12000+ = m.3M3FBS
.g 800- -- WKYMVm .g 100004
£ S 8000+
u 600+ o
x g 60004 __
T 4001 T 40001
2001 2000
0 T T T T T 1 0-
0 50 100 150 200 250 QQ- QQ- QQ' QQ'
PTX (ng/mL) ‘ x ‘ x

Figure A4. Analysis of G protein dependency. (a) PTX-mediated inhibition of FPR1-mediated changes
in cAMP generation. (a) Maximum FPR1-mediated inhibition of forskolin-induced cAMP formation
was completely prevented in cells pretreated for 16 h with 100 ng/mL PTX. (b) Effect of 1 uM FR
preincubation for 1 h on IP-1 production induced by the phospholipase C activator m-3M3FBS.

Data points represent the mean + SEM.
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Table Al. Ligand stock solutions. Concentrations of stock solutions were calculated based on
the solubility of the compound as indicated by the manufacturer and its molecular weight (M).
Stock solutions were prepared using the solvents recommended by the manufacturer.

Ligand Stock Concentration Solvent Solubility M
Ac2-26 324 uM PBS 1 mg/mL 3089.46 g/mol
CYTB 1.0 mM DMSO 2 mg/mL 1816.26 g/mol
fMIVIL 3.25mM DMSO 2 mg/mL 615.83 g/mol
fMLF 10 mM DMSO 4 mg/mL 437.60 g/mol
FPRA14 100 mM DMSO 100 mM 408.92 g/mol
gG2p20 1.36 mM DMSO 2 mg/mL 1467.62 g/mol
MT-ND2 2.85 mM DMSO 2 mg/mL 700.79 g/mol
MT-ND6 2.49 mM DMSO 2 mg/mL 803.00 g/mol
WKYMVm 2.3 mM H,O 2 mg/mL 856.11 g/mol

Table A2. Overview of logistic parameters for FPR1 agonists. LogECsy and Emax were determined for
FPR1 ligands for the analyzed pathways. Data are expressed as mean + SEM values. NR, no response.

cAMP Formation = ERK1/2 Activation Internalization

Ligand
lOgECSO Emaxa 10gEC50 Emaxa logECSO Emaxa
-5.94 0.66 -6.06 0.55
. FPR14 0.19 0.11 0.05 0.05 NR NR
synthetic
W-peptid -8.96 0.82 -9.54 0.85 -7.66 1.00
Pepide 915 0.03 0.06 0.04 0.08 0.03
-4.31 0.63 -4.13 0.38
endogenous Ac2-26 0.20 0.10 016 0.06 NR NR
-5.52 0.39 -5.11 0.20
CYTB 0.11 0.04 0.24 0.05 NR NR
mitochondrial 3 -5.69 0.63 -5.21 0.21
MEND2 - h43 .04 0.16 0.03 NR NR
-7.13 0.66 —8.66 0.85 -6.11 0.63
MT-ND6 0.09 0.06 0.04 0.02 0.06 0.05
-9.06 0.82 -8.81 0.86 -7.10 0.97
. MIVIL 0.24 0.03 0.11 0.01 0.06 0.02
bacterial
-9.00 0.83 -9.24 0.74 -6.53 0.76
MLE 510 003 0.04 0.04 010 003
. -6.36 0.68 -6.15 0.48
viral 8G2p20 oy 0.05 0.08 0.04 NR NR
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