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Abstract
The G protein-coupled free fatty acid receptor 2 (FFA2R) is highly expressed on neutrophils and

was previously described to regulate neutrophil activation. Allosteric targeting of G protein-

coupled receptors (GPCRs) is increasingly explored to create distinct pharmacology compared

to endogenous, orthosteric ligands. The consequence of allosteric versus orthosteric FFA2R

activation for neutrophil response, however, is currently largely elusive. Here, different FFA2R

desensitization profiles in human neutrophils following allosteric or orthosteric activation are

reported. Using a set of neutrophil functional assays to measure calcium flux, pERK1/2, chemo-

taxis, cellular degranulation, and oxidative burst together with holistic and pathway-unbiased

whole cell sensing based on dynamic mass redistribution, it is found that the synthetic positive

allosteric modulator agonist 4-CMTB potently activates neutrophils and simultaneously alters

FFA2R responsiveness toward the endogenous, orthosteric agonist propionic acid (C3) after

homologous and heterologous receptor desensitization. Stimulation with C3 or the hierarchically

superior chemokine receptor activator IL-8 led to strong FFA2R desensitization and rendered

neutrophils unresponsive toward repeated stimulation with C3. In contrast, stimulation with

allosteric 4-CMTB engaged a distinct composition of signaling pathways as compared to orthos-

teric receptor activation and was able to activate neutrophils that underwent homologous and

heterologous desensitization with C3 and IL-8, respectively. Moreover, allosteric FFA2R activa-

tion could re-sensitize FFA2 toward the endogenous agonist C3 after homologous and heterolo-

gous desensitization. Given the fact that receptor desensitization is critical in neutrophils to sense

and adapt to their current environment, these findings are expected to be useful for the discovery

of novel pharmacological mechanisms tomodulate neutrophil responsiveness therapeutically.
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1 INTRODUCTION

Neutrophilic granulocytes are the most abundant leukocytes in

circulation and belong to the primal armamentarium against both

septic and aseptic infections in humans. They are guided to sites of
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inflammation or infection by sensing their environment through cell

surface receptors, which aid in controlling neutrophil activity in situ to

respond to local stimuli. Activated neutrophils clear the affected tissue

from invading microbes by either phagocytic activity, release of toxic

agents, such as reactive oxygen species (ROS) or by coordinating with
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other immune cells.1,2 Thus, together with monocytes, neutrophilic

granulocytes are key actors in inflammation resolution. An imbalance

in neutrophil response results in either insufficient tissue clearing

of the causative source or exaggerated immune reaction eventually

leading to detrimental unresolved inflammation.1,3

Neutrophil recruitment and activation are subjected to com-

plex biochemical mechanisms involving release and recognition of

cytokines as well as danger- and pathogen-associated molecular

patterns (DAMPS and PAMPs, respectively).4 In an inflammatory

surrounding, a fine-tuned regulation of immune cell receptor respon-

siveness and receptor signaling is particularly important. G protein-

coupled receptors (GPCRs) are essential neutrophil cell surface recep-

tors that process environmental cues to allow leukocyte recruitment

and activation.4 Beside thewell-established neutrophil GPCRs (formyl

peptide receptors [FPRs], chemokine receptors [CXCRs], classical

chemoattractant receptors [complement receptor C5a, leukotriene

receptor LTB4, platelet-activating factor receptor PAFR]), also the free

fatty acid receptor FFA2 (formerly GPR43) is highly expressed on neu-

trophils and is reported to be involved in inflammatory responses.5,6

Short-chain fatty acids (SCFA, such as acetate, propionate, and

butyrate) mainly derived from the gut microbiota through digestion of

dietary fiber are the endogenous ligands of the FFA2 receptor acting

as orthosteric agonists with micromolar potency.5,6 SCFA can reach

excessively high amounts at the site of generation in the gut but are

also found in the systemic circulation at micromolar concentrations.7

The exact role of the FFA2 receptor in the regulation of neutrophil

response especially in context of other neutrophil stimuli is so far

only insufficiently understood in part due to a lack of FFA2 recep-

tor specific ligands. The tool box to study FFA2R functionality in

neutrophils in more detail was broadened by the discovery of the

FFA2R-specific allosteric agonist 4-CMTB8 and the FFA2R-selective

orthosteric antagonist CATPB,9,10 enabling the experimental explo-

ration of site-specific FFA2 receptor signaling. Whether allosteric as

compared to orthosteric FFA2R activation has distinct consequences

for neutrophil response is, however, currently still unknown. We

here investigated FFA2R signaling downstream of allosteric versus

orthosteric activation in calcium release assays as well as in pheno-

typic label-free measurements of neutrophil cytoskeletal rearrange-

ment, ERK1/2 phosphorylation, receptor internalization, and immune

response assays, determining neutrophilmigratory and adhesion prop-

erties as well as degranulation and ROS production.We found the reg-

ulation and signaling fingerprint of FFA2R activation in neutrophils to

be dependent on the ligand mode, that is, orthosteric or allosteric tar-

geting, which led to adapted neutrophil immunological functions and

modulation of neutrophil responsiveness after desensitization.

2 MATERIALS AND METHODS

2.1 Chemicals and reagents

All chemicals and reagents were purchased from Sigma–Aldrich,

unless specified otherwise. Assay buffer for functional neutrophil

assayswasmade fromDulbecco‘smodified PBS (with 0.9mmol/L Ca2+

and 0.5 mmol/L Mg2+; 0.1% BSA, 10 mmol/L HEPES, and 10 mmol/L

glucose, pH 7.4). HBSS buffer for DMRmeasurements was from Ther-

moFisher. Anti-CD16-PE-Cy5(3G8), anti-CD63-FITC(H5C6) and anti-

CD11b-PE(ICRF44) were from Becton Dickinson (Vienna, Austria).

CellFix and FACS-Flow were from Becton Dickinson (Vienna, Austria).

PVP-free polycarbonate filters were from NeuroProbe (Gaithersburg,

USA). Fluo-3-AM was supplied from Life Sciences (Vienna, Austria).

Fixative solution was prepared by adding 9 ml of distilled water and

30 ml of FACS-Flow to 1 ml of CellFix. DMR experiments were per-

formed using the Epic R© System (Corning, USA) in fibronectin-coated

cell-based biosensor plates (Corning, USA). FR900359 was a kind gift

of Evi Kostenis and Gabriele König (University of Bonn, Germany).

2.2 Preparation of human neutrophils

Blood was taken from healthy volunteers according to a protocol

approved by the Ethics Committee of the Medical University of Graz

and processed as described previously.11 In short, polymorphonu-

clear leukocytes (PMNL) were prepared bymeans of dextran sedimen-

tation of erythrocytes followed by centrifugation on a Histopaque-

1077 layer.

2.3 Chemotaxis assay

PMNL were pretreated as indicated, placed into the top wells of a

5 µm pore-sized 48-well micro-Boyden chamber and were allowed

to migrate toward the indicated chemoattractant for 1 h at 37◦C.

Migrated cells in the bottom wells were enumerated by flow cytome-

try and neutrophils were identified from eosinophils according to their

lower auto-fluorescence in the FL-2 (585/42 nm) channel.

2.4 Calciummeasurements

PMNL (106 cells/ml) were treatedwith 2 µMof Fluo-3-AM in the pres-

ence of 0.02% pluronic F-127 for 1 h at room temperature. Cells were

pretreated as indicated and stimulated with the respective agonist.

Samples were stained with anti-CD16-PE-Cy5 and neutrophils were

distinguished from eosinophils as CD16+ cells. Changes in intracellu-

lar Ca2+ were detected as fluorescence increase of the Ca2+ sensi-

tive dye Fluo-3 in the FL1-(530/30 nm) channel. For antagonist mea-

surements, cells were pre-incubated with CATPB for 30 min before

agonist addition.

2.5 ERK1/2 phosphorylation assay

PMNL (106 cells/ml) were treated with either vehicle or FFA2 agonist

for 5 min at room temperature. Neutrophils were subsequently

stimulated for another 5 min with the indicated compounds at room

temperature and immediately stopped by addition of 4× volume of

ice-cold PBS. The cells were centrifuged at 400 × g at 4◦C for 5 min

and suspended in 300 µl of lysis buffer (CellSignaling #9803) supple-

mented with protease and phosphatase inhibitors. Samples were then

centrifuged at 16,000 × g at 4◦C for 20 min. Supernatant was used
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in an ELISA detecting total (Cell Signaling #7050) and phosphor-

ERK1/2 (Thr202/Tyr204) (Cell Signaling #7177) according to

manufacturer’s instructions.

2.6 CD11bmeasurements

PMNL were pretreated for 5 min at room temperature as indicated

and incubated with agonists for 30 min at 37◦C. Samples were stained

with anti-CD16-PE-Cy5 and anti-CD11b-PE (ICRF44) Ab and neu-

trophils were distinguished from eosinophils as CD16+ cells. CD11b

up-regulation was analyzed as fluorescence increase in the FL-2

(585/42 nm) channel by flow cytometry and expressed as percent of

the vehicle response.

2.7 Respiratory burst

PMNL were stained with anti-CD16-PE-Cy5 pretreated as indicated

and cellswere stimulatedwith serial dilutions of the respective agonist

in the presence of 50 µMDCFDA for 20min at 37◦C. Respiratory burst

was immediately quantified by flow cytometry as the increase in the

FL-1 (530/30 nm) channel due to the conversion of DCFDA into DCF

by reactive oxygen. Neutrophils were identified as CD-16+ cells and

responses were expressed as percent of the vehicle response.

2.8 CD63measurements

PMNL were pretreated for 5 min at RT as indicated and labeled

with anti-CD63-FITC Ab to assess degranulation and anti-CD16-PE-

Cy5 to identify neutrophils. Samples were treated with cytochalasin

B (5 µg/ml) for 5 min at 37◦C and degranulation was induced with

serial dilutions of C3 or 4-CMTB for 20 min at 37◦C. CD63 expression

was detected in the FL-1 (530/30 nm) channel by flow cytometry and

expressed as percent of the respective control response.

2.9 Dynamicmass redistributionmeasurements

Dynamicmass redistribution (DMR)measurementswere performed in

suspension mode as previously described in detail.12 Briefly, 60,000

freshly isolated neutrophils per well were seeded into a 384-well

biosensor plate in HBSS buffer containing 20 mMHEPES, centrifuged

for 30 s at 150 × g and incubated at 28◦C for 2 h in the DMR reader

before the measurement. Compounds were diluted in HBSS (+20 mM

HEPES), added to the biosensor plate after 3 min of baseline read with

a liquidhandling systemunder continuousDMRrecording.Where indi-

cated, cells were preincubatedwithG protein inhibitors for 1 h prior to

DMRmeasurements.

2.10 Receptor internalization

A total of 2 × 104 PMNLs/well were seeded in 50 µl RPMI medium in

a 96-well CellBind plate (Corning) and let adhere for 30 min at 37◦C.

Cells were incubated for 5 min (+5 min pre-incubation) with com-

pounds diluted in RPMI containing 0.1% BSA at 37◦C. Reaction was

stopped by addition of 100 µl ice-cold PBS. Supernatant was carefully

discarded andwells werewashedwith 200 µl PBS/well for 5min under

slight shaking. Cells were fixed with 4% PFA for 15 min and subse-

quently washed twice with 200 µl PBS/well for 5 min. Each well was

incubated for 20 min at room temperature with 100 µl of quenching

solution (1% H2O2 in PBS). After 2 washing steps (200 µl PBS, 5 min),

blocking buffer (10% FBS in PBS) was added, incubated for 1 h at room

temperature and washed again once with 200 µl PBS for 5 min. Cells

were incubated with anti-human FFA2R antibody (abcam #124272) at

a dilution of 1:1000 overnight at 4◦C in 50 µl blocking buffer. After

3 washing steps with 200 µl PBS for 5 min, secondary Ab (Jackson

#111-035-003) at a dilution of 1:1000 in 50 µl blocking buffer was

added and incubated for 60 min at room temperature under constant

shaking. Subsequently, cells were washed 3 times (200 µl PBS, 5 min)

and incubated with 100 µl TMB substrat (Raybiotech) for 20 min and

signal was measured at 450 nm at a Tecan multimode reader (Tecan

infinite 200).

2.11 Data analysis and statistics

All graphs were plotted and statistically analyzed as indicated using

GraphPad Prism 8 (GraphPad, USA).

3 RESULTS

3.1 FFA2R activation leads to calcium response in

human neutrophils

To study the consequences of orthosteric versus allosteric FFA2R

activation in neutrophilic granulocytes, we monitored calcium release

in isolated human neutrophils after stimulation with the orthosteric

agonist propionic acid (C3) or the FFA2R selective allosteric agonist

2-(4-chlorophenyl)-3-methyl-N-(thiazol-2-yl)butanamide (4-CMTB).8

Regardless of the different activation mode, both compounds led to a

robust and dose-dependent intracellular calcium response. 4-CMTB,

however, displayed higher potency and efficacy as compared to C3

(Fig. 1A and B). Receptor signal origin of C3 and 4-CMTB from the

orthosteric and an allosteric site, respectively, was confirmed by use of

the selective orthosteric FFAR2 antagonist CATPB, which completely

abolished C3, but not 4-CMTB-induced calcium release (Fig. 1C and

D). In contrast to what has been found in overexpressing HEK293

cells, these data indicate that 4-CMTB acts as a non-orthosteric,

purely allosteric FFA2R activator in primary human neutrophils, which

endogenously express FFA2R.13

3.2 Orthosteric and allosteric FFA2R activation

result in different homologous receptor

desensitization

in neutrophils

To ensure a tailored cell response depending on the current bio-

logical need during the complex situation of inflammation and in

the presence of abundant chemokines, immune cells developed
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F IGURE 1 Orthosteric and allosteric FFA2R
activation on neutrophils. Calcium measure-
ments in human neutrophils upon stimulation
with increasing concentrations of C3 (A) or 4-
CMTB (B). Concentration-response-curves from
peak calcium flux induced by C3 (C) or 4-
CMTB (D) in the presence of increasing con-
centrations of the orthosteric FFA2 antagonist
CATPB. pEC50 (C3): 2.9 ± 0.1; pEC50 (4-CMTB):
4.47± 0.04. Shown aremean values+ SEM,mea-
sured in triplicates (A and B) and mean ± SEM of
3 independent experiments (C andD)

a hierarchical system of receptor responsiveness toward various

stimuli. Receptor desensitization is a key regulatory pathway that cells

employ to rapidly adapt to their biochemical environment. Homol-

ogous as well as heterologous receptor (cross-)desensitization and

leukocyte priming are manifestations of such regulation.14 To test

whether neutrophils control FFA2 signaling accordingly, we activated

the receptor repeatedly with equipotent concentrations of either

orthosteric or allosteric FFA2R agonist and measured the ability to

induce a cytosolic calcium increase. We found that pre-stimulation

with the orthosteric agonist C3 abolished responsiveness to repeated

stimulation with C3 indicating strong homologous desensitization of

the FFA2 receptor toward orthosteric activation, whereas allosteric

pretreatment with 4-CMTB only partially diminished the calcium

response to a repeated allosteric activation (Fig. 2A and B). Moreover,

neutrophils remained sensitive toward orthosteric stimulation if pre-

ceded by allosteric activation (Fig. 2C). To check whether additional

pathways previously shown to be activated downstream of FFA2R in

neutrophils are likewise differentially affected, we assessed ERK1/2

phosphorylation as a readout of the MAPK signaling pathway upon

orthosteric and allosteric FFA2R activation. Analogous to the calcium

flux, we found a similar pERK1/2 activation pattern after orthosteric

and allosteric pre-stimulation. Pre-incubation with C3 completely

abolished the response toward orthosteric activation and allosteric

pre-stimulation was largely without effect on repeated activation

with 4-CMTB. Allosteric pre-stimulation with 4-CMTB, however,

led to a strong response toward orthosteric FFA2 activation by C3

(Fig. 2D). These data suggest that orthosteric and allosteric FFA2 acti-

vation use different mechanisms to regulate receptor responsiveness

and control signaling pathways associated with the FFA2 receptor

in neutrophils.

3.3 Allosteric activation resensitizes heterologously

and homologously desensitized FFA2 receptor

responsiveness toward orthosteric activation

The different mechanisms of orthosteric versus allosteric FFA2R acti-

vation in the homologous desensitization experiments were also reca-

pitulated in receptor cross-desensitization experiments comprisingC3

and 4-CMTB as well as the hierarchically superior CXCR1/2 recep-

tor stimulus IL-8. Stimulation with IL-8 resulted in a strong calcium

increase, upon which the orthosteric FFA2R agonist C3 was impotent

to evoke a cell response, indicative of heterologous receptor desensi-

tization (Fig. 3A). In contrast, 4-CMTB generated an unabated calcium

signal after IL-8 stimulation (Fig. 3B). FFA2 stimulation with either C3

or 4-CMTB was, however, without effect on the ability of neutrophils

to respond to IL-8 treatment, indicating that heterologous receptor

desensitization occurs from CXCR1/2 to FFA2 receptors but not vice

versa and corroborating a hierarchy of CXCR1/2 receptors being supe-

rior to FFA2 receptors (Fig. 3A and B, inserts).

We then conducted a triple stimulation experiment comprising

allosteric and orthosteric FFA2R activation as well as IL-8 priming.

Intriguingly, after neutrophil pretreatment with 4-CMTB followed by

IL-8 stimulation, that was previously sufficient to block orthosteric

FFA2 activation, C3 regained the capacity to evoke a solid calcium

response (Fig. 3C). Moreover, this observation was also evident

after homologous orthosteric desensitization, since FFA2 receptors

regained responsiveness toward C3 stimulation after desensitization

with C3 and subsequent 4-CMTB treatment (Fig. 3D). This indicates

that allosteric 4-CMTB receptor activation can function as a resen-

sitizer for orthosteric FFA2R-mediated neutrophil activation. To

further investigate how the FFA2 receptor is regulated on neutrophils
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F IGURE 2 FFA2R desensitization upon orthosteric and allosteric
receptor activation. Homologous FFA2 receptor desensitization
experiments in human neutrophils. Real time calcium measurements
under repeated stimulationwith either C3 (1mM;A), 4-CMTB (30 µM;
B), or pre-stimulation with 4-CMTB (30 µM) and final stimulation with
C3 (1 mM) (C). (D) ERK1/2 phosphorylation under repeated stimula-
tionwith either vehicle, C3 (1mM) or 4-CMTB (30 µM). Ratios of phos-
phorylated and total ERK1/2 level are depicted. Plotted are mean val-
ues + SEM, measured in triplicates. Arrows indicate compound addi-
tion. **/****P < 0.005/0.0001; 1-way ANOVA with Dunnett’s multiple
comparison test

we quantified receptor internalization upon different stimuli. While

FFA2R cell surface abundance was unaffected by treatment with

the CXCR1/2 agonist IL-8, both orthosteric and allosteric FFA2R

activation led to marked reduction of FFA2 receptors on the plasma

membrane as compared to vehicle-treated neutrophils (Fig. 3E).

Intriguingly, neutrophil pretreatment with both C3 and 4-CMTB was

not able to re-establish initial FFA2 receptor surface expression level

regardless of the second stimulus (Fig. 3F). This indicates that the

observed (cross-)desensitization as well as the resensitization of FFA2

receptors by allosteric targeting is not mediated by regulation of FFA2

receptor presence on the plasma membrane of neutrophils but rather

suggests that allosteric receptor activation ensues molecular changes

at the receptor or post-receptor level to modify FFA2R sensitivity to

differentially respond to ligand stimulation.

3.4 C3 and 4-CMTB differentially engage G proteins

tomediate calcium response in neutrophils

To gain a deeper understanding of the underlying mechanisms of

orthosteric versus allosteric FFA2 receptor activation in human neu-

trophils, we inspected neutrophil calcium response under two aspects:

(1) to detect a possible extracellular calcium component, we used the

cation chelating agent EGTA and (2) to decipher the input of G𝛼i/o

(hereafter G𝛼i) and G𝛼q/11/14 (hereafter G𝛼q) proteins, to the sig-

naling effects downstream of the FFA2 receptor, we used the selec-

tive G protein inhibitors PTX to block G𝛼i, and FR900359 (FR)15 to

inhibit G𝛼q signaling, respectively. Both the initial peak as well as

the following plateau phase of FFA2R-mediated neutrophil calcium

flux was largely unaffected by the presence of EGTA indicating no

impact of extracellular calciumstores to the signal generatedbyC3and

4-CMTB (Fig. 4A). G protein pathway analysis of calcium release in

neutrophils revealed that C3-mediated responsewas sensitive to PTX,

but not to FR pretreatment if used in isolation. The signal decrease

under a combined treatment with PTX and FR was, however, signifi-

cantlymore pronounced compared to single G𝛼i protein inhibition and

revealed a modest PTX- and FR-insensitive calcium signal (Fig. 4B).

These data indicate a primary G𝛼i input for orthosteric FFA2 recep-

tor calcium signaling with subordinate input fromG𝛼q proteins as well

as a G𝛼i/q-independent component. In contrast, 4-CMTB-induced cal-

cium response was insensitive to either PTX, FR, or a combination of

both, suggesting a substantial G𝛼i/q-independent signalingmechanism

downstream of allosteric FFA2 receptor activation.

3.5 Label-free whole cell sensing of human

neutrophils reveals distinct signaling fingerprints

downstream of orthosteric and allosteric

FFA2R activation

The different signal composition downstream of orthosteric and

allosteric FFA2 receptor stimulation and its significance for neutrophil

cell response was further analyzed in a pathway unbiased holistic

cell sensor assay based on dynamic mass redistribution (DMR). The

label-free DMR assay measures cytoskeletal rearrangements in liv-

ing cells in real time and thus allows the simultaneous monitoring of

consequences of different signaling pathways.16 Positive DMR signals

reflect an increase in cellular mass density above an optical biosensor

surface, while negative DMR signals indicate a decrease in cell bulk

near the sensor. The unperturbed whole cell responses of human neu-

trophils stimulated with increasing concentration of C3 or 4-CMTB

indicate an extensive apparent difference between orthosteric and

allosteric FFA2 receptor activation. While C3 induced a strong posi-

tiveDMRsignal, 4-CMTBappeared as aweak activator of totalDMR in

neutrophils by showing only minor changes in relation to baseline and

a tendency toward negative DMR signatures indicative for an oppo-

site direction of net mass movement as compared to C3-induced pos-

itive DMR (Fig. 5A and B). Application of signaling pathway inhibitors

substantiated the findings from the calcium assay and revealed a dual

input of G𝛼i and G𝛼q to C3-mediated responses with a minor G𝛼i/q-

independent component (Fig. 5C). 4-CMTB-induced neutrophil mass

movement comprise a substantial G𝛼q input to cell shape change,

because FR pretreatment significantly altered the cytoskeleton rear-

rangement and unmasked a strongDMR response of 4-CMTB (Fig. 5D,

compare black with purple trace). PTX pre-incubation revealed only a
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F IGURE 3 Rescue of orthosteric FFA2R neutrophil response by 4-CMTB. Heterologous and homologous receptor cross-de/resensitization
experiments in human neutrophils using IL-8 (3 nM), C3 (1 mM), and 4-CMTB (30 µM). Real-time calcium measurements upon repeated stim-
ulation with different combinations of IL-8/C3 (A), IL-8/4-CMTB (B), 4-CMTB/IL-8/C3 (C), and C3/4-CMTB/C3 (D). Assessment of FFA2 recep-
tor internalization after stimulation with C3 (1 mM), 4-CMTB (30 µM), or IL-8 (3 nM) (E) and after pre-stimulation with orthosteric (1 mM C3)
or allosteric (30µM 4-CMTB) FFA2 agonists (F). Shown are mean values + SEM, measured in triplicates. Arrows indicate compound addition.
***/****P< 0.0005/0.0001; 1-way ANOVAwith Dunnett’s multiple comparison test

F IGURE 4 Analysis of calcium release in
neutrophils by C3 and 4-CMTB mediated
FFA2R activation. Calcium release in human
neutrophils in absence or presence of EGTA
stimulated with C3 (3 mM) or 4-CMTB (50 µM)
(A). Quantification of calcium flux induced by C3
(3mM) or 4-CMTB (50 µM) in human neutrophil
pretreated for 1 h with vehicle, PTX (10 µg/ml),
FR (1 µM), or a combination of PTX and FR (C).
Depicted are mean values + SEM, measured in
triplicates. */***P < 0.05/0.001, 1-Way-ANOVA
with Dunnett’s multiple comparison test

minor G𝛼i input to the overall allosteric FFA2R signaling because the

respective 4-CMTB traces showed only slight changes (Fig. 5D, com-

pare blackwith green trace). A positiveDMR response persisted under

combined pretreatment with PTX and FR, reflecting a strong G𝛼i/q-

independent component of 4-CMTB signaling in neutrophils (Fig. 5D,

brown trace).

Taken together, the data indicate that orthosteric and allosteric

FFA2R activation involves G𝛼i and G𝛼q proteins as well as G𝛼i/q-

independent mechanisms, although to different extents. Moreover,

the assembly of the individual signaling inputs to the overall activa-

tion structure in neutrophils differs between orthosteric and allosteric

FFA2R activation. These differences eventually translate into the dis-

tinct composition of (1) a common signaling event, such as calcium flux,

and of (2) a discrete phenotypic cell response, such as change in neu-

trophil morphology (DMR).

3.6 FFA2R stimulation on neutrophils does not lead

to strong chemotactic responses

Based on these data, we hypothesized that the different activation

mechanisms at the FFA2 receptor by C3 and 4-CMTB translate into

differences in neutrophil phenotype, namely chemotaxis, adhesion,

degranulation, andoxidativeburst capability. Becauseprevious reports

suggest chemotaxis as main effect of FFA2R activation on neutrophils,

we assessed the migratory phenotype of neutrophils after orthos-

teric or allosteric FFA2 receptor activation. In line with literature data
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F IGURE 5 Holistic neutrophil response to
FFA2R activation and analysis of underly-
ing pathway composition. DMR recordings of
human neutrophils stimulated with increasing
concentrations of C3 (A) or 4-CMTB (B). Cell
response of neutrophil pretreated for 1 hwith or
without G protein inhibitors (3 µg/ml PTX, 1µM
FR) and stimulated with 3 mMC3 (C) or 100 µM
4-CMTB (D). Traces are depicted as mean+ SEM

measured in triplicates, DMR signatures are cor-
rected for response toward vehicle addition

that stem from human neutrophils and FFA2R agonists, we detected

maximum chemotactic indices that were comparable between C3

and 4-CMTB and that were following a similar bell-shaped dose-

response relationship (Fig. 6A and B).5,17 The magnitude of the migra-

tory response, however, was relatively low compared to IL-8, which

might insinuate a subordinate role of FFA2R signaling in neutrophil

chemotaxis in an inflammatory surrounding.18 To investigate whether

allosteric priming affects chemotactic properties, neutrophils were

prestimulated with either C3 or 4-CMTB before monitoring of migra-

tion toward FFA2R agonists. Priming could not enhance chemotaxis

toward FFA2R stimulation (1) indicating that allosteric FFA2 recep-

tor sensitization does not affect all pathways downstream of FFA2R

in neutrophils equally but differentially modulates neutrophil pheno-

types and (2) strengthening the conclusion that FFA2R plays a minor

role as a significant chemotaxis receptor in neutrophils.

3.7 CD11b expression is differentially regulated by

C3 and 4-CMTB stimulation

Neutrophil granule mobilization and adhesion is a hallmark in the pro-

cess of neutrophil activation to defend the host against pathogens.

Cell surface expression of CD11b (integrin 𝛼-M, ITGAM) serves herein

as a measure of leukocyte adhesion as well as mobilization of secre-

tory vesicles and transport of cargo carrying granules.19 We found this

marker to be differentially regulated by FFA2R activation. While C3

only marginally increased CD11b cell surface expression (Fig. 7A), 4-

CMTB strongly up-regulated CD11b surface presence on neutrophils

(Fig. 7B). Despite lacking evidence for a significant role of FFA2on neu-

trophil chemotaxis these data indicate a receptor site-specific FFA2

functionality in the leukocyte activation process. Priming neutrophils

with 4-CMTB before stimulating with C3 showed that neutrophils

were sensitized by 4-CMTB to further enhance C3-mediated CD11b

surface abundance globally over the concentration range (Fig. 7A),

while priming with C3 rather shifted the concentration response

curve of 4-CMTB to the left but could not further increase maximum

responses (Fig. 7B).

3.8 Allosteric FFA2 receptor targeting rescues

orthosteric receptor signaling to induce neutrophil

activation under desensitized conditions

We further extended our investigations on the expression of CD63

(cluster of differentiation protein 63), which serves as a marker for

azurophilic (primary) degranulation and neutrophil activation mediat-

ing their degranulation at sites of inflammation.19 Orthosteric activa-

tion by C3 could merely induce CD63 expression at concentrations

that fully activate FFA2 receptor signaling (Fig. 7C). 4-CMTB, however,

led to robustCD63 level in a dose-dependentmanner (Fig. 7D). Intrigu-

ingly, priming with 4-CMTB turned C3 into a highly effective neu-

trophil activator with strong enhancement of maximal activation level

(Fig. 7C). Priming with C3 and subsequent stimulation with 4-CMTB,

however, leftmaximalCD63 level largelyunaffected compared to stim-

ulation with 4-CMTB alone and only slightly shifted the 4-CMTB con-

centration response curve to the left (Fig. 7D). This emphasizes—in line

with results from calcium measurements—the conclusion that orthos-

teric FFA2R signaling through C3, when silent on its own, can be re-

enabled by pre-stimulation with the allosteric agonist 4-CMTB.

As a complementary view on leukocyte activation, we assessed the

capability of neutrophils to produce reactive oxygen species (ROS)

after FFA2 receptor activation. ROS production by immune cells is an

effective tool to destroy infectious agents and constitute an important

means in first line defense of neutrophils.1,2 We found that C3 failed

to increase ROS production while 4-CMTB showed only marginally

increased ROS levels in human neutrophils (Fig. 8A andB). Neutrophils
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F IGURE 6 Chemotaxis of human neutrophils toward FFA2R acti-
vation. Chemotactic response of human neutrophils toward increas-
ing concentrations of the orthosteric FFA2R agonist C3 (A) or the
allosteric FFA2R agonist 4-CMTB (B). Chemotaxis toward C3 stimula-
tion after primingwith 30 µM4-CMTB (C) or toward 4-CMTB stimula-
tion after primingwith 1mMC3 (D). IL-8 was used for comparison as a
standard neutrophil chemoattractant at a concentration of 1 nM (open
circles).Depictedaremeanvalues+ SEM of3 independent experiments

primed with C3 and stimulated with 4-CMTB subsequently produced

slightly elevated ROS levels, whereas priming with the allosteric acti-

vator promoted massive ROS production upon subsequent C3 stimu-

lation (Fig. 8C andD).

As paralleled in the preceding complementary analyses, these phe-

notypic neutrophil readouts underline that orthosteric and allosteric

FFA2R signaling differentially translate into neutrophil response.

Moreover, orthosteric FFA2R signaling can be restored by pre-

stimulation of the receptor with the allosteric agonist 4-CMTB, thus

substantiating the hypothesis that allosteric FFA2 receptor engage-

ment may play a decisive role in FFA2R functionality in neutrophils.

4 DISCUSSION

Allosteric modulation is a promising approach in drug discovery and

development. Numerous advantages are postulated to be associated

with allostery, for example, (1) the spatio-temporal preservation of

physiological tone if allosteric ligands function as positive or negative

allosteric modulators without intrinsic activity, (2) the chance to

access targets previously marked as "undruggable" or to design drugs

with higher target specificity as allosteric binding sites are commonly

less conserved among structurally related proteins, (3) a wider safety

window due to a "ceiling effect" of allosteric modulation, or (4) the

possibility to generate new pharmacology, such as change in the

signaling downstream of a target depending on the activation mode, a

phenomenon referred to as signaling bias.20,21 Itwas previously shown

that the allosteric agonist 4-CMTB sequentially activates the FFA2

receptor to induce a different activation pattern compared to the

endogenous orthosteric agonist C3 in the recombinant HEK293 cell

system.13 Whether allosteric receptor activation in humanneutrophils

endogenously expressing FFA2R entails distinct physiological conse-

quences compared toorthosteric FFA2Ractivation remainedyetunex-

plored.We here provide evidence for a distinct role of allosteric versus

orthosteric FFA2 receptor activation in primary human neutrophils.

4-CMTBandC3 induced a different signaling fingerprint in neutrophils

and led to distinct whole cell responses, such as cytoskeletal rear-

rangement,measures ofmicrobicidal activity, and adhesion properties.

In agreement with previous reports, we detected low chemotactic

activity toward FFA2 stimulation as compared to migration toward

chemokine receptor activation (here toward IL-8 or described for the

chemotactic peptide (fMLP), respectively).18 A negligible role of the

FFA2 receptor for neutrophil responseunder inflammatory conditions,

in which cytokine level can increase tremendously, is further fueled by

the finding that either orthosteric FFA2 agonism or fMLP effectively

silenced subsequent orthosteric FFA2-induced neutrophil activation.

This indicates that the FFA2 receptor underwent strong homologous

and heterologous receptor desensitization.18 We here corroborate

homologous and heterologous FFA2 receptor desensitization and

found allosteric targeting to re-sensitize the FFA2 receptor toward

orthosteric stimulation. Apparent GPCR desensitization could be

linked to various mechanisms. These include (1) receptor phosphory-

lation, (2) 𝛽-arrestin recruitment to the receptor, (3) receptor internal-

ization, (4) receptor trafficking and potentially signaling from intracel-

lular locations, (5) regulation of receptor movement by interweaving

with the actin cytoskeletal, or (6) downstream signaling bias to feed-

back on upstream receptor sensitivity. A comprehensive analysis of all

potential mechanisms is beyond the scope of this work and hence the

exact mechanisms of FFA2 receptor de/resentization in neutrophils

still remain to be elucidated. Nevertheless, the hitherto reported data

on FFA2R regulation of neutrophils narrow down possible underlying

mechanisms. 𝛽-Arrestin binding was reported to both mediate FFA2

receptor internalization as well as to shape anti-inflammatory FFA2

signaling in neutrophils.22 However, C3 and 4 CMTB have been shown

to induce comparable level of 𝛽-arrestin recruitment contradicting a

differential recruitment of 𝛽-arrestin to orthosteric versus allosteric

activated FFA2 receptors as the underlying decisive mechanism.23

Likewise, regulation of receptor mobility involving the actin cytoskele-

ton can mediate both GPCR desensitization and reactivation, but dis-

rupting the actin cytoskeletal apparatus was shown to be insufficient

to regulateFFA2receptor responsivenessonneutrophils.18 Finally, the

here presented data disprove the hypothesis that receptor neutrophil

membrane abundance plays a key role in the observed phenomenon of

FFA2 receptor resensitization since (1) orthosteric (C3) and allosteric
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F IGURE 7 Analysis of neutrophil activation
marker upon orthosteric and allosteric FFA2R
activation. CD11b expression on human neu-
trophils stimulated with increasing concentra-
tions of C3 (A) or 4-CMTB (B) after priming with
30 µM 4-CMTB or 1 mM C3, respectively. Mea-
surement of CD63 expression on human neu-
trophils after stimulation with increasing con-
centrations of C3 (C) or 4-CMTB (D) after neu-
trophil primingwith30µM4-CMTBor1mMC3,
respectively. Depicted are mean values as fold
over basal ± SEM, n = 5.Where not shown, error
bars are within symbol size

(4-CMTB) FFA2R agonists did not differ in their capability to inter-

nalize FFA2 receptors from the membrane, while they evidently

induced different level of receptor desensitization on neutrophils, (2)

IL-8 did not affect FFA2 receptor surface level, although leading to

substantial FFA2R desensitization, and (3) allosteric resensitization of

the FFA2 receptor by 4-CMTB did not correlate with restoration of

initial membrane receptor level. Hence, other mechanisms are likely

to drive the observed allosteric FFA2R receptor resensitization. It is

tempting to speculate that the different signaling pathway composi-

tion, that is, signaling bias, downstream of allosteric versus orthosteric

FFA2 receptor activation eventually lead to differential regulation

of FFA2R responsiveness. However, hypotheses involving signaling

bias, FFA2R phosphorylation, and/or receptor trafficking as deter-

mining processes in FFA2 receptor de/resensitization require future

experimental evaluation.

Several studies suggest a relevance of the FFA2 receptor in preclin-

ical in vitro and in vivo disease models ranging from asthma and colitis

to diabetes and cancer, all of which are driven by inflammatory pro-

cesses to a different degree.17,24-33 Free fatty acid receptor signaling

is furthermore likely also underlying the observation that a high-fiber

diet is proven to be associated with an amelioration or prevention of

immunological or neoplastic disorders but the exactmechanismof FFA

receptors in these processes is only partially understood.24,25,34,35

An increase of SCFAs by the metabolizing microbiota and subsequent

activation of anti-inflammatory and immune-regulatory pathways

involving SCFA receptors such as FFA2R is thought to be responsible

for these effects.24,25 However, whether activation or inactivation

of the FFA2 receptor is eventually the goal of a pharmacological

therapy is still amatter of debate. The discussionmight be complicated

by the fact that SCFA activity is not only mediated by GPCRs, but

also non-receptor mediated signaling pathways (HDAC inhibition,

metabolic effects), via different cell types (hematopoietic and non-

hematopoietic cells) entailing different physiological functions and

displaying species-specific differences.25,29,36 Some studies support an

anti-inflammatory role of FFA2 receptor activation by controlling the

release of inflammatory mediators and regulation of immune cell infil-

tration in atherosclerosis, colitis, asthma, and arthritis models.17,28,37

Others demonstrated a more complex and bifunctional role of the

receptor with FFA2R−/− mice showing decreased leukocyte response

in an acute colitis model and reduced tissue damage in a chronic

colitis model.26 Furthermore, M1 and M2 M𝜙s in adipose tissue

were differentially regulated by FFA2R to ensure tissue homeostasis

confirming the notion that FFA2R conveys both pro-inflammatory

and anti-inflammatory actions.38 Our finding that allosteric target-

ing of the FFA2 receptor allows neutrophils to remain responsive

under desensitizing conditions adds, however, another twist to the

interpretation of FFA2R relevance in a disease setting.

A balanced response of neutrophils becomes particularly impor-

tant in the state of exuberant inflammation during sepsis, which is

characterized by a dysfunction of the immune response resulting in

both high patient morbidity as well as mortality.39 Neutrophils are

key players in the first line of host defense and failure of neutrophil

function is a hallmark in the pathophysiology of sepsis.3 Intensified

neutrophil response to an infection was correlated to higher survival

rates of septic patients.40 Furthermore, FFA2R signaling has been

demonstrated to be beneficial in an acute settingmimicked by amouse

model of bacterial lung infection with K. pneumoniae while FFA2R−/−

mice had a defect in the clearance of a C. rodentium infection.27,41
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F IGURE 8 Reactive oxygen species production by human neu-
trophils upon orthosteric and allosteric FFA2R activation. ROS pro-
duction in human neutrophils after stimulation with C3 (A), 4-CMTB
(B), or after priming with 1 mM C3 and subsequent stimulation with
increasing concentrations of 4-CMTB (C) or after priming with 10 µM
4-CMTBand subsequent stimulationwith increasing concentrations of
C3 (D). Depicted aremean values+ SEM, n=3.Where not shown, error
bars are within symbol size

These findings underline the importance of FFA2R-mediated acute

neutrophil response as the initial immune defense mechanism. In line

with this, a recent study found that a higher FFA2 receptor expression

level was associated with an increase in the 30-day survival rate of

sepsis patients corroborating an integral role of FFA2 during and after

sepsis.42 Because neutrophil responsiveness is tightly regulated by

receptor desensitization mechanisms, it is tempting to speculate that

an increase in FFA2 receptor sensitivity, for example, by allosteric

priming, toward the endogenous ligand might be of benefit under

septic conditions during massive local cytokine release to increase

neutrophil response. A previous study showed that allosteric priming

of the FFA2 receptor by another allosteric ligand (Cmp 58) augmented

both potency and efficacy of the orthosteric agonist acetate in human

neutrophil NADPH-oxidase response.43 Lind et al. observed this phe-

nomenon also between FFA2 and another receptor, P2Y2, and suggest

an allosteric mechanism underlying the inter-receptor cross-talk.44

Although these studies use structurally slightly different ligands than

in the here presented data, the general finding of allosteric FFA2

receptor priming corroborates our observations of an allosteric mech-

anism impacting the signaling repertoire of the endogenous receptor

activator. Beyond that, our finding of a distinct allosteric FFA2 recep-

tor activation to resensitize neutrophils toward the endogenous

receptor activator could provide an intricate way to safeguard FFA2R

functionality and to preserve neutrophil responsiveness toward SCFA.

While desensitization of neutrophil receptors is crucial in the coor-

dination of immune response, our knowledge about this complex reg-

ulation is only rudimentary. It is therefore fundamental to develop a

growing understanding of the underlying molecular mechanisms for

future treatments of inflammatory diseases. A mechanism to reorga-

nize the hierarchy of neutrophil stimuli by resensitization of one recep-

tor with an allosteric agonist toward the orthosteric ligand bodes a

new pharmacological approach to enhance neutrophil functionality

under desensitizing conditions. Future studies will have to explore if

themechanism found here ex vivo is of relevance in an in vivo setting.
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