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A B S T R A C T   

In order to avoid a prolonged pro-inflammatory neutrophil response, signaling downstream of an agonist- 
activated G protein-coupled receptor (GPCR) has to be rapidly terminated. Among the family of GPCR kinases 
(GRKs) that regulate receptor phosphorylation and signaling termination, GRK2, which is highly expressed by 
immune cells, plays an important role. The medium chain fatty acid receptor GPR84 as well as formyl peptide 
receptor 2 (FPR2), receptors expressed in neutrophils, play a key role in regulating inflammation. In this study, 
we investigated the effects of GRK2 inhibitors on neutrophil functions induced by GPR84 and FPR2 agonists. 
GRK2 was shown to be expressed in human neutrophils and analysis of subcellular fractions revealed a cytosolic 
localization. The GRK2 inhibitors enhanced and prolonged neutrophil production of reactive oxygen species 
(ROS) induced by GPR84- but not FPR2-agonists, suggesting a receptor selective function of GRK2. This sug-
gestion was supported by β-arrestin recruitment data. The ROS production induced by a non β-arrestin recruiting 
GPR84 agonist was not affected by the GRK2 inhibitor. Termination of this β-arrestin independent response 
relied, similar to the response induced by FPR2 agonists, primarily on the actin cytoskeleton. In summary, we 
show that GPR84 utilizes GRK2 in concert with β-arrestin and actin cytoskeleton dependent processes to fine- 
tune the activity of the ROS generating NADPH-oxidase in neutrophils.   

1. Introduction 

Neutrophils, the most abundant white blood cells in peripheral 
human blood, are rapidly recruited by microbial and/or host cell pro-
duced “danger signals” to inflamed tissues, where these professional 
phagocytes neutralize/eliminate the “insult” and participate in tissue 
repair [1]. Neutrophil recognition of danger molecules generated by 
infectious agents or by damaged host tissues is mediated through cell 
surface receptors of which many are members of the G protein-coupled 
receptor (GPCR) family [2,3]. These include formyl peptide receptors 
(FPR1/2), free fatty acid receptors (FFARs), the ATP receptor (P2Y2R), 

and the receptor for platelet activating factor (PAFR) [3,4]. Proper 
neutrophil activation is a crucial part of our immune defense, but a 
prolonged cellular response can be detrimental to the surrounding tis-
sues. Therefore, tight regulation of GPCR-mediated responses is required 
to maintain tissue homeostasis. Attenuation is achieved by termination 
of G protein signaling and subsequent receptor internalization, a process 
leading either to receptor degradation or recycling of the receptors to 
the cell surface. 

For many GPCRs, G protein signaling is rapidly terminated through 
recruitment of β-arrestin to the activated receptor. Phosphorylation of 
the activated receptor facilitates β-arrestin recruitment and GPCR 

Abbreviations: CL, chemiluminescence; DMEM, Dulbecco's modified Eagle medium; DMSO, dimethyl sulfoxide; DPBS, Dulbecco's phosphate-buffered saline; FPR, 
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peroxidase; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species. 
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kinases (GRKs) play key roles in this process [5–8]. Among the seven 
GRK isoforms described, GRK2 and GRK3 share a large sequence ho-
mology at the amino acid level and the phosphorylation patterns 
mediated by these kinases are almost identical. GRK2 is, however, the 
predominate isoform expressed by leukocytes [9]. The precise mecha-
nisms that determine GRK2 activation and interaction with an activated 
GPCRs is not known but it has been suggested that GRK2 has a C-ter-
minal pleckstrin homology domain responsible for the interaction be-
tween the kinase and the βγ heterodimer that is released from an 
activated heterotrimeric G protein. This interaction facilitates GRK2 
translocation to the plasma membrane and phosphorylation of the 
activated receptor [7,10]. It is, however, known that an immediate step 
following receptor phosphorylation is recruitment of β-arrestin, a pro-
cess leading to formation of a GPCR/β-arrestin complex that sterically 
blocks G protein binding and attenuates further signaling [7,11,12]. 
Although β-arrestin plays a key role for receptor desensitization, many 
agonists can upon binding, stabilize GPCRs in a conformation unable to 
recruit β-arrestin and this includes agonists specific for FPR2 and 
GPR84, respectively [13–16]. 

FPR2 and GPR84 are highly expressed in neutrophils and are 
promising drug targets for treating inflammatory diseases [17–20]. 
FPR2 is a pattern recognition receptor and sense formyl peptides 
released from bacteria or damaged host cells [2,21], while GPR84 has 
been suggested to sense medium-chain fatty acids [22,23]. Activation of 
human neutrophils with agonists selectively recognized by FPR2 or 
GPR84 is linked to a rapid signaling cascade accompanied by cellular 
functional responses including production of reactive oxygen species 
(ROS) generated by the electron transporting NADPH-oxidase [2]. 
Following the general regulation scheme for GPCR signaling, agonist 
occupied FPR2 and GPR84 are homologously desensitized, i.e., these 
receptors become non-responsive to a second stimulation with the same 
agonist or other agonists that bind to the same receptor, and the 
downstream signaling is by that terminated [24]. Regarding FPR2, we 
and others have earlier shown that termination of the receptor down-
stream signaling as well as the reactivation of desensitized receptors are 
regulated through coupling of the receptor/agonist complex to the actin 
cytoskeleton [13,15,16,18,25]. In line with this, receptor endocytosis of 
FPR2 is achieved through β-arrestin/AP2 independent mechanisms 
[26]. However, compared to the current knowledge of FPR2 regulation, 
much less is known about the mechanisms that regulate GPR84 
signaling. 

GRK2 mediated phosphorylation typically involves specific amino 
acid residues present in the intracellular receptor domains of some 
GPCRs [27,28], but how GRK2 regulates neutrophil GPCR signaling has 
been very little studied. In this study, we aimed to elucidate the regu-
latory role of GRK2 in GPR84- and FPR2-mediated neutrophil functions, 
and we used two well characterized but structurally different tool 
compounds to functionally inhibit GRK2. We show that the GRK2 in-
hibitors potentiated GPR84-mediated ROS production and reduced 
GPR84-mediated β-arrestin recruitment. In addition, inhibition of GRK2 
was without effect on the neutrophil response induced by FPR2 agonists 
and by a biased non β-arrestin recruiting GPR84 agonist. The data pre-
sented suggest a regulatory role for the actin cytoskeleton in the 
termination/desensitization of receptor agonist pairs insensitive to 
GRK2 inhibition. Hence, our data provide insights into the role of GRK2 
and the actin cytoskeleton in regulating neutrophil activation induced 
by agonists for GPR84 and FPR2, respectively. 

2. Methods 

2.1. Ethics statement 

This study includes buffy coats obtained from the blood bank at 
Sahlgrenska University Hospital, Gothenburg, Sweden using blood from 
healthy human blood donors. According to the Swedish legislation 
section code 4§ 3p SFS 2003:460, no ethical approval was needed since 

the blood/buffy coats were provided anonymously. 

2.2. Chemicals 

Horseradish peroxidase (HRP), phorbol 12-myristate 13-acetate 
(PMA) and Pefabloc protease inhibitor cocktail was from Roche Diag-
nostic (Mannheim, Germany). Barbadin was from MolPort (Riga, Latvia) 
and coelenterazine h was from Cayman Chemical Company (Ann Arbor, 
MI, USA). Dextran and Ficoll-Paque were from GE-Healthcare Bio-Sci-
ence (Piscataway, NJ, USA). Fura-2 AM was from Molecular Probes. The 
hexapeptide WKYMVM and the F2Pal10 pepducin were acquired from 
CASLO Laboratory (Lyngby, Denmark). Isoluminol, latrunculin A, 
bovine serum albumin (BSA), poly-D-lysine and dimethyl sulfoxide 
(DMSO) were from Sigma-Aldrich (St. Louis, MO, USA), while catalase 
was from Worthington Biochemical Corporation (Lakewood, NJ, USA). 
Dulbecco's modified Eagle medium (DMEM), GlutaMAX, Hank's 
balanced salt solution (HBSS), dialyzed fetal bovine serum (FBS), 
Penicillin-Streptomycin, Lipofectamine 2000, Pluronic F-68 and Dul-
becco's phosphate-buffered saline (DPBS) were from Thermo Fisher 
Scientific (Waltham, MA, USA). ZQ16, DL175 and the Takeda GRK2 
inhibitor Cmpd101 were from Tocris Bioscience (Bristol, UK). The GRK2 
Nissan inhibitor (NisGRK2) was a kind gift from AstraZeneca and Cmp51 
was a kind gift from Trond Ulven (Copenhagen, Denmark). Rabbit anti- 
human GRK2 monoclonal antibody (#MAB43391) was acquired from 
R&D Systems (Minneapolis, MN, USA), while the HRP-conjugated goat 
anti-rabbit antibody was from Agilent DAKO (Santa Clara, CA, USA). 
Clarity Western ECL substrate was from BioRad Laboratories (Hercules, 
CA, USA). 

2.3. GPR84 and FPR2 arrestin recruitment 

The ability of FPR2 agonists to promote β-arrestin recruitment was 
evaluated in PathHunter® eXpress CHO-K1 FPR2 over-expressing cells 
from DiscoverX (Fremont, USA), according to the manufacturer's pro-
tocol. In brief, cells (104 cells/well) diluted in a plating reagent, were 
seeded in 96-well tissue culture plates and incubated for 20 h before 
stimulation with agonists for 90 min at 37 ◦C, 5% CO2. Thereafter cells 
received detection solution for 60 min and chemiluminescence was 
measured in a bioluminescence plate reader (CLARIOstar, BMG Labtech, 
Offenburg, Germany). 

The ability of GPR84 agonists to promote β-arrestin recruitment was 
evaluated by enhanced bystander bioluminescence resonance energy 
transfer (ebBRET). HEK293A cells were cultured in DMEM with 4.5 g/L 
D-glucose and GlutaMAX supplemented with 10% (vol/vol) FBS and 100 
U/mL Penicillin-Streptomycin in a humid atmosphere at 37 ◦C, 5% CO2. 
Cells were transfected with Lipofectamine 2000 using a reverse trans-
fection protocol and seeded on poly-D-lysine coated white, opaque 
CulturPlate-96 96-well plates (PerkinElmer, Waltham, MA, USA). For 
each well, 50,000 cells were mixed with 8.63 ng Flag-SNAP-GPR84, 
0.125 ng Rluc8-arrestin3-Sp1, 31.25 ng mem-linker-citrine-SH3 and 
0.1 μL Lipofectamine 2000 in a total volume of 100 μL. 24 h after 
transfection, cells were washed once with 100 μL assay buffer (HBSS 
supplemented with 1 mM CaCl2, 1 mM MgCl2 and 20 mM HEPES, pH 
7.4) and incubated for 30 min in 50 μL assay buffer or Cmpd101 (final 
concentration 10 μM). Coelenterazine h (15 μL, final concentration 5 
μM) was added and 3 min later 10 μL agonist was added. BRET was 
measured every third minute for 30 min on an EnVision 2104 Multilabel 
Reader (PerkinElmer) using 470/24 nm (donor) and 535/30 nm 
(acceptor) emission filters and a 1 s/well measurement time. BRET ra-
tios were calculated as the ratio of acceptor and donor emission (535 
nm/470 nm). For concentration-response curves the buffer response was 
subtracted and the area under the curve was fitted to a three parameter 
stimulation model: Y = Y0 + (Ymax − Y0) / (1 + 10^logEC50 - [agonist]). 
The Flag-SNAP-GPR84 plasmid was constructed by replacing GLP1R in 
the previously described pcDNA3.1(+)-Flag-SNAP-GLP1R plasmid [29] 
with human GPR84 (Genscript, Piscataway, NJ, USA). Rluc8-arrestin3- 
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Sp1 and mem-linker-citrine-SH3 were kind gifts from Jonathan Javitch 
(Columbia University, NY, USA) and have been described previously 
[30]. 

2.4. Isolation of human peripheral blood neutrophils and subcellular 
fractionation 

Neutrophils from healthy donors were isolated from buffy coats by 
dextran sedimentation, Ficoll-Paque gradient centrifugation and hypo-
tonic lysis of remaining erythrocytes [31,32]. The cells were suspended 
in Krebs-Ringer phosphate buffer (KRG, pH 7.3; 120 mM NaCl, 5 mM 
KCl, 1.7 mM KH2PO4, 8.3 mM NaH2PO4 and 10 mM glucose) supple-
mented with Ca2+ (1 mM) and Mg2+ (1.5 mM) after isolation and stored 
on ice until use. 

Subcellular fractionation was performed as described [33]. Briefly, 
neutrophils (6 × 108 cells) were treated with the serine protease in-
hibitor diisopropyl fluorophosphates (DFP, 8 μM, final concentration), 
disintegrated by nitrogen cavitation (Parr Instruments Co., Moline, IL), 
and the post nuclear supernatant was fractionated on two (1.05 and 
1.12 g/L) layer Percoll gradients centrifuged at 15,000g for 45 min in a 
fixed-angle JA-20 Beckman rotor. Fractions of 1.5 mL were collected by 
aspiration from the bottom of the centrifuge tube and granules were 
enriched by ultracentrifugation. The localization of subcellular granules 
was determined by granule marker analysis as described [34]. In brief, 
the activity of alkaline phosphatase (ALP; maker for the plasma mem-
branes and secretory vesicles) and myeloperoxidase (MPO; marker for 
the azurophil granules) on individual fraction were determined. Plasma 
membrane/secretory vesicles enriched for ALP (fractions 14–18; the 
γ-fraction), the most dense fractions enriched for MPO (fractions 1–6; 
the α-fraction), and the medium dense fractions with low levels of both 
ALP and MPO (fractions 8–12; the β-fraction), were pooled and the 
membranes/granules were pelleted by ultracentrifugation. The organ-
elles in the pooled α, β, and γ fractions were then used for Western 
blotting. The organelle free fractions (no ALP or MPO) in the top of the 
gradient (fractions 22–25; S2) contain the cytosolic proteins (S2). 

2.5. Calcium mobilization 

Neutrophils (2 × 107/mL) were loaded with Fura-2 AM (2 μM) in 
KRG containing 0.1% BSA for 30 min in darkness at room temperature 
before washing and suspension in KRG at a density of 2 × 107/mL. 
Calcium measurements were carried out in a Perkin Elmer fluorescence 
spectrophotometer (LC50), with excitation wavelengths of 340 nm and 
380 nm, an emission wavelength of 509 nm, and slit widths of 5 nm and 
10 nm, respectively. The transient rise in intracellular calcium is pre-
sented as the ratio of fluorescence intensities (340 nm/380 nm) 
detected. 

2.6. Neutrophil NADPH-oxidase activity 

NADPH-oxidase activity was determined using isoluminol-enhanced 
chemiluminescence (CL) [4] in a six-channel Biolumat LB 9505 (Bert-
hold Co., Wildbad, Germany). Polypropylene tubes containing a 900 μL 
reaction mixture of 105 neutrophils in KRG, isoluminol (2 × 10− 5 M) and 
HRP (4 Units/mL), were equilibrated at 37 ◦C for 5 min before addition 
of 100 μL of stimulus. For pre-incubation experiments with Cmpd101, 
latrunculin A (25 ng/mL) and/or Barbadin (10 μM), treatment was 
added to the reaction mixture during the 5 min equilibration period. For 
experiments using antagonists, the antagonist was added 30 s prior to 
stimulation. Receptor reactivation experiments were conducted by 
adding a second stimulation (100 μL) after the NADPH-oxidase response 
had returned to baseline (i.e. desensitized state) following an initial 
stimulation of cells by a receptor-specific agonist. The light emission of 
ROS production is expressed as Mega counts per minute (Mcpm). 

2.7. SDS-PAGE and Western blotting 

Percoll gradient fractions, prepared as described above, were diluted 
in non-reducing sample buffer, heated for 5 min at 90 ◦C, and applied to 
12% SDS-polyacrylamide gels. The separated proteins were transferred 
to nitrocellulose membranes, washed for 2 × 5 min in PBS/0.05% 
Tween20 followed by blocking the membrane at room temperature for 
1 h in skimmed milk (5% in PBS/0.05% Tween20). After blocking, the 
membranes were washed (5 × 5 min), in PBS/0.05% Tween20 and then 
incubated overnight at 4 ◦C with a primary rabbit anti-human antibody 
against GRK2 (0.25 μg/mL). Non-bound antibodies were removed by 
washing (5 × 5 min) with PBS/0.05% Tween20. Then, the membranes 
were incubated at room temperature for 2 h with a HRP-conjugated goat 
anti-rabbit secondary antibody (1 μg/mL). The membranes were then 
washed (5 × 5 min) in PBS/0.05% Tween20 and developed using Clarity 
Western ECL for 2 min and then analyzed using the ChemiDoc XRS by 
Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA). 

2.8. Data analysis 

Data analysis was performed using GraphPad Prism 9.0 (Graphpad 
Software, San Diego, CA, USA). Curve fitting was performed by non- 
linear regression using the sigmoidal dose-response equation (vari-
able-slope). Data represent mean values with dots representing values 
from individual donors. Statistical analysis was performed using a 
paired Student's t-test or a repeated measures one-way ANOVA followed 
by Tukey's multiple comparison test. Statistically significant differences 
are indicated by *p < 0.05, **p < 0.01, ***p < 0.001. 

3. Results 

3.1. Functional inhibition of GRK2 enhances GPR84-mediated neutrophil 
response 

To study the role of GRK2 in human neutrophils, we first determined 
the presence and subcellular localization of this kinase using a GRK2 
specific antibody. Neutrophils contain different granules and many 
membrane proteins are expressed both in the plasma membrane and 
granule membranes whereas others are found in the matrix of the 
different granule subsets or restricted to the cytoplasmic cytosol [35]. 
Neutrophil organelles were separated from the cytosolic proteins by 
centrifugation/fractionation on a two-layer Percoll density gradient, a 
technique that allows a clear separation and subsequent enrichment of 
proteins in the subcellular organelles from the light membrane fraction 
and cytosolic (S2) proteins [33]. The material from the most dense 
fractions (α; see materials and methods) contains azurophil granules and 
the γ fraction (marker protein ALP) contains plasma membranes and 
secretory vesicles (Supplementary Fig. 1). The β fraction with low levels 
of both ALP and MPO contains the specific and gelatinase granules. 
When analyzing the localization of GRK2 in these fractions with an 
antibody specific for GRK2 (recombinant GRK2 MW ~ 80 kDa was used 
as positive control), it was clear that neutrophils expressed GRK2 and 
the protein was predominantly present in the cytosol (Fig. 1A). 

Next, we targeted GRK2 using two structurally different inhibitors 
(Supplementary Fig. 2) from the Nissan (NisGRK2) and Takeda 
(Cmpd101) pharmaceutical companies, respectively [36–38]. Neutro-
phil activation triggered by GPR84 specific agonists was monitored by 
measuring the NADPH-oxidase activity determined as the amount of 
released superoxide anions over time [4]. In line with earlier published 
data [15], only a weak response was induced by the GPR84 agonist 
Cmp51 (Fig. 1B). It is important to note that the ability of neutrophils to 
produce ROS in response to GPCR agonists differs a lot between different 
blood donors [39,40], as seen in donor-to-donor variations (Fig. 1C). 
However, the magnitude of Cmp51-induced activity was increased by 
pre-treating neutrophils with either of the two GRK2 inhibitors in all 
donors (Fig. 1B). The ROS potentiating effect of the GRK2 inhibitor 
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applied to all Cmp51 concentrations examined (Fig. 1C). No ROS pro-
duction was induced by Cmpd101 alone (Fig. 1D). Furthermore, the fact 
that Cmpd101 had no effect on neutrophil activation induced by phorbol 
myristate acetate (PMA), an activator of the NADPH-oxidase, achieved 
by a direct activation of protein kinase C and thus independent of any 
cell surface receptor (Fig. 1D), demonstrating that GRK2 inhibition does 
not have any direct effect on the NADPH-oxidase machinery. 

Taken together, our data show that GRK2 is expressed in neutrophils 
and the effects of GRK2 inhibitors, resulting in an increased GPR84- 
mediated ROS production, suggest that the kinase is functionally active. 

3.2. Further characterization of the role of GRK2 in regulating GPR84- 
mediated ROS release 

Based on the fact that similar effects were obtained with both 
structurally different GRK2 inhibitors, we further characterized the ef-
fects using only one of the inhibitors, and we decided to use Cmpd101. 
To determine the role of the GPR84 agonist, we used another neutrophil 
activating GPR84 agonist ZQ16 [18,41] to validate the results of Cmp51. 
The enhancing effect of Cmpd101 on neutrophil ROS release was 
evident also with ZQ16 (Fig. 2A), where ROS production increased for 
all donor cells examined. Analysis of the dose response patterns of the 

ZQ16 response in the presence and absence of Cmpd101, respectively, 
revealed that the inhibitor had effect mainly on the maximal ROS pro-
duction of the agonist (Fig. 2B). In addition, the enhancing effect was 
also dependent on the concentration of the inhibitor Cmpd101 with an 
EC50 value of ~1 μM (Fig. 2C). The engagement of GPR84 in ZQ16 
signaling in the presence of Cmpd101 was evident as the GPR84 specific 
antagonist GLPG1205 [18,42] completely blocked the ZQ16 induced 
ROS production (Fig. 2D, [15]). Based on the suggested role of GRK2 in 
mediating GPCR phosphorylation and desensitization [43], we exam-
ined the effects of the GRK2 inhibitors on the termination of the GPR84 
response. The response induced by the GPR84 agonists in neutrophils 
was transient (Fig. 2A), and we determined termination of the response 
as the time elapsed from the peak (Tpeak) of the response, to the time 
point corresponding to 50% (T50%) of that level (ΔTdecline = T50% −

Tpeak). Our data show that agonists at higher concentrations in untreated 
cells had a more rapid decline than that induced by agonists at lower 
concentrations (Fig. 2E–G). More importantly, the presence of GRK2 
inhibitor caused a prolonged ROS production (Fig. 2F, G). Taken 
together, these data strongly support a role for GRK2 in regulating the 
GPR84-mediated neutrophil signaling. 

Fig. 1. GRK2 inhibitor induce an enhanced GPR84-mediated ROS production. 
A) Immunoblot of GRK2 in different subcellular fractions (S2: cytosol; α: azurophilic granules; β: specific/gelatinase granules; γ: secretory vesicles/plasma mem-
brane) obtained from a two-layer percoll gradient. The equivalent cell numbers for S2 loaded to the gel correspond to 3 × 105 cells and 7.5 × 105 cells for the three 
granule fractions (α, β and γ). Human recombinant GRK2 (50 ng, lane to the right) was included as a positive control, corresponding to ~80 kDa on the molecular 
weight marker on the left. One representative immunoblot out of three is shown. B) Neutrophils were pre-incubated in the absence (buffer, solid line) or presence of 
two different GRK2 inhibitors; Nissan GRK2 inhibitor (NisGRK2, 1 μM, dashed line) and Takeda compound Cmpd101 (1 μM, dotted line) for 5 min prior to GPR84 
agonist Cmp51 stimulation (1 nM, indicated by an arrow). The release of ROS was monitored over time. One representative experiment out of six independent 
experiments is shown. C) Summary of peak ROS responses induced by different concentration of Cmp51 in the absence (buffer, black dots) or presence of GRK2 
inhibitor Cmpd101 (1 μM, white dots). D) Neutrophils were either left untreated (buffer, dashed line) or pre-treated Cmpd101 (1 μM, dotted line) before stimulation 
with the receptor independent PKC activator PMA (50 nM). Control cells were also stimulated with Cmpd101 alone (1 μM, solid line). Data in C are presented as 
individual dots representing values from neutrophils isolated from independent blood donors (n > 5) treated with or without Cmpd101. Statistical analysis in C was 
performed by a paired Student's t-test for each agonist concentration separately (*p < 0.05). 
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3.3. GRK2 inhibition affects GPR84 downstream β-arrestin recruitment 
but not the transient rise in the cytosolic concentration of free calcium ions 

The finding that GRK2 inhibitors affect GPR84-mediated ROS pro-
duction, suggests a regulatory role for GRK2 in receptor down-stream 
signaling including the GPR84-β-arrestin pathway. Accordingly, the 
role of GRK2 in β-arrestin recruitment was determined using two 

different approaches; we examined both the direct effect of a GRK2 in-
hibitor on ZQ16-induced β-arrestin recruitment and the effect of the 
inhibition of the neutrophil ROS production induced by DL175, the 
earlier described biased GPR84 agonist lacking the ability to induce 
recruitment of β-arrestin [15]. The degree of β-arrestin recruitment was 
measured in HEK293 cells overexpressing GPR84, using an enhanced 
bystander bioluminescence resonance energy transfer (ebBRET) assay 

Fig. 2. Effect of GRK2 inhibition on ZQ16-induced ROS production in neutrophils. 
A) Neutrophils were pre-incubated in the absence (buffer, black line) or presence of Cmpd101 (1 μM, dashed line) prior to stimulation with ZQ16 (1 μM, indicated by 
an arrow). ROS production was monitored over time. One representative experiment out of six independent experiments is shown. B) Peak ROS response induced by 
different concentrations of ZQ16 as indicated was recorded from untreated cells (buffer, black dots) and cells pretreated 5 min with Cmpd101 (1 μM, white dots) prior 
stimulation. C) Dose-dependent effect of Cmpd101 on ZQ16 (1 μM)-induced ROS production. The concentration required to reach 50% of the response is marked by 
dotted line. D) Inhibitory effect of GPR84 antagonist GLPG1205 (1 μM, gray bar, black dots) on ROS production (peak response is shown) induced by ZQ16 (500 nM) 
from Cmpd101-pretreated (37 ◦C, 5 min) neutrophils, control cells received no GLPG1205 (black bar, white dots. E–G) GPR84-mediated ROS termination time was 
determined as the time needed (ΔTdecline = T50% − Tpeak) for the response to decline to 50% (T50%) of the peak response (Tpeak). E) One representative curve of (T50%) 
for untreated cells (buffer) using high concentrations (1 μM, solid line) and low (100 nM, dashed line) of the GPR84 agonist ZQ16 is shown. F-G) Comparison of the 
GPR84-mediated ROS termination time in control cells (black bars, white dots) and Cmpd101 pre-treated cells for F) ZQ16 and G) Cmp51. All data show the mean 
with individual dots from each donor (n > 3). Statistical analysis (B, F, G) was performed by a paired Student's t-test for each agonist concentration separately (*p <
0.05, ns = no statistically significant difference). 
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system previously described [30]. The GPR84 agonist ZQ16 promoted 
β-arrestin translocation rapidly (Fig. 3A) and dose-dependently 
(Fig. 3B). More importantly, the presence of the GRK2 inhibitor 
reduced ZQ16 induced β-arrestin recruitment at all concentrations 
examined (Fig. 3B). We have previously shown that Takeda Cmpd101 
when used at the same concentration as in this study, inhibits β-arrestin 
recruitment, an effect showing a high similarity with the results ob-
tained using a genetic approach to knockout of GRK2 and GRK3, 
respectively [44]. The remaining β-arrestin recruitment in presence of 
Cmpd101 thus indicates that other kinases, e.g. GRK5/6, PKA or PKC, 
are likely to play a minor role in β-arrestin recruitment to GPR84. In this 
assay, we could also confirm that no β-arrestin recruitment was induced 
by DL175 (Fig. 3B), the earlier described biased GPR84 agonist that has 
been shown to potently affect chemotaxis and phagocytosis in murine 
macrophages [15]. The biased signaling feature of DL175 was evident as 
the agonist lacked ability to recruit β-arrestin (Fig. 3B) but triggered a 
weak ROS production (Fig. 3C). The presence of Cmpd101 did, however, 
not affect the DL175-induced ROS production at any concentration 
examined (Fig. 3C). 

The PLC-PIP2-IP3 signaling pathway, leading to a rise in the cytosolic 
concentration of intracellular calcium ions ([Ca2+]i), is a G protein 
mediated signaling event downstream of an activated neutrophil GPCR 

achieved independent of β-arrestin recruitment [2]. In accordance with 
this, the two agonists ZQ16 and DL175 that differed in their ability to 
recruit β-arrestin, elicited a transient rise in [Ca2+]i with very similar 
kinetics (Fig. 3D). The fact that the presence of the GRK2 inhibitor did 
not affect the GPR84-mediated rise in [Ca2+]i induced by all ZQ16 
concentrations examined (shown with 250 nM in Fig. 3D), further 
supports a specific role for GRK2 in regulating GPR84-mediated 
β-arrestin recruitment and ROS production but not GPR84 signaling in 
general. 

The GRK2 inhibitor lacks effects on FPR2-mediated signaling and 
function. 

To study the role of GRK2 in regulating FPR2-mediated neutrophil 
functions, we used two well-characterized FPR2 specific agonists 
WKYMVM and the pepducin F2Pal10 [45]. A functional inhibition of 
GRK2 was without effect on neutrophil ROS production induced by 
WKYMVM agonist as well as when induced by F2Pal10 (Fig. 4A-D) [45]. 
The lack of effect was evident irrespectively of agonist concentration 
(Fig. 4B, D). WKYMVM is a conventional peptide agonist, whereas 
F2Pal10 is an FPR2 specific pepducin, i.e., a lipopeptide with a peptide 
sequence derived from the third intracellular loop of FPR2. F2Pal10 is a 
biased signaling FPR2 agonist that at the concentrations used activates 
the neutrophil ROS producing NADPH-oxidase but lacks the ability to 

Fig. 3. Effect of GRK2 inhibition on GPR84-mediated β-arrestin recruitment and G-protein independent signaling. 
A) BRET experiments monitoring recruitment of β-arrestin induced by ZQ16 (100 μM) to the plasma membrane in HEK293 cells overexpressing GPR84. One 
representative real-time recruitment out of three independent experiments is shown. B) Dose-dependent ZQ16-induced β-arrestin recruitment in the absence (buffer, 
white squares) or presence of Cmpd101 (10 μM, black squares). Data are presented as mean ± SEM (n = 3). The lack of β-arrestin recruitment by the biased agonist 
DL175 (100 μM) is shown as triangle. C) Cmpd101 (1 μM, gray bars, black dots) lacked effect on the DL175-induced peak ROS production from human neutrophils at 
indicated concentrations. Control DL175 responses (buffer, black bars, white dots) are from neutrophils that did not receive Cmpd101 pretreatment. ZQ16 stimu-
lation with and without pre-treatment with Cmpd101 is shown in Fig. 2B for comparison. Data shows mean peak ROS response with dots representing individual 
values from n > 3 independent experiments. Statistically significant differences between treatments were assessed using a paired Student's t-test for each agonist 
concentration separately (ns = no statistically significant difference). D) The transient rise of [Ca2+]i was measured over time in isolated human neutrophils stained 
with Fura2 AM incubated in the absence (buffer, solid line) or presence of Cmpd101 (1 μM, dashed line) for 10 min at 37 ◦C before stimulation with ZQ16 (250 nM) 
or DL175 (10 μM) as indicated by arrows. One representative experiment out of three independent experiments is shown with the dotted line corresponding to the 
baseline level before stimulation. 
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recruit β-arrestin [16,46,47]. Similar to WKYMVM, also F2Pal10 trig-
gered ROS release was unaffected by the GRK2 inhibitor Cmpd101 at all 
agonist concentrations examined (Fig. 4B, D). Furthermore, the GRK2 
inhibitor was without effect on FPR2-mediated β-arrestin recruitment 

(Fig. 4E) and slightly (but not consistently) affect the transient rise in 
[Ca2+]i irrespective of the agonists' ability to recruit β-arrestin (Fig. 4F). 
Taken together, the data presented strongly suggest that GRK2 selec-
tively regulates GPR84- but not FPR2-mediated neutrophil activation. 

Fig. 4. Cmpd101 does not affect FPR2 agonists NADPH-oxidase activation, β-arrestin recruitment or the intracellular rise of calcium. 
A–D) Neutrophils were left untreated (buffer, solid lines) or pretreated with Cmpd101 (1 μM, dashed lines) at 37 ◦C for 5 min. Cells were then stimulated with A-B) 
FPR2 peptide agonist WKYMVM (100 nM) or C–D) FPR2 pepducin agonist F2Pal10 (500 nM). A, C) One representative curve of ROS production out of five inde-
pendent experiments is shown. B, D) Summary of the effect of Cmpd101 (1 μM, gray bars, black dots) on ROS response induced by the FPR2 agonists to that from 
untreated (buffer) cells (black bars, white dots). Data are presented as total ROS production (AUC), mean with dots corresponding to individual values from five 
individual experiments. Statistical significance for each agonist concentration separately was assessed using a paired Student's t-test showing no differences between 
treatments (ns = no statistically significant difference). E) FPR2-mediated β-arrestin recruitment was determined using the PathHunter® Enzyme Fragment 
Complementation technology showing that β-arrestin translocation in WKYMVM (100 nM) stimulated cells induced translocation both in absence (buffer, black bar, 
white dots) and presence (gray bar, black dots) of Cmpd101 (2 μM). Data shows mean chemiluminescence with dots corresponding to individual values from three 
individual experiments with a paired Student's t-test used to assess statistical significance (ns = no statistically significant difference). F) The transient rise of [Ca2+]i 
in human neutrophils in the absence (buffer) or presence of Cmpd101 (1 μM) for 10 min at 37 ◦C before stimulation with WKYMVM (5 nM) or F2Pal10 (100 nM). The 
result from one representative [Ca2+]i experiment out of three independent experiments is shown. 
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3.4. Selective inhibition of the interaction between β-arrestin and AP2 
enhances GPR84-mediated neutrophil response 

Barbadin, a small compound recently shown to selectively inhibit the 
interaction between β-arrestin and the β2-adaptin subunit of the clathrin 
adaptor protein AP2 [48], was used as a tool to determine the role of 
β-arrestin/β2-adaptin interaction in GPR84 signaling. Accordingly, we 
studied the effect of Barbadin on neutrophil activation induced by 

GPR84 agonists. Barbadin enhanced the response induced by FPR2 ag-
onists, independent of whether β-arrestin was recruited or not (Fig. 5A, 
B; see also [26]). Addition of Cmpd101 did, however, not further 
enhance this response (Fig. 5A, B). When Barbadin was added to the 
neutrophils when the response induced by the FPR2 agonists was 
terminated, the receptors were resensitized (Fig. 5C). A more pro-
nounced ROS production was induced also by GPR84 agonists in neu-
trophils pre-treated with Barbadin (Fig. 5D, E). When combined with 

Fig. 5. Role of β-arrestin/AP2 interaction in regulating FPR2 and GPR84 activity. 
A–B, D) Neutrophils were pre-treated without (buffer, solid line) or with Barbadin (10 μM, dashed line) or a combination (dotted line) of Barbadin (10 μM) and 
Cmpd101 (1 μM) before stimulation with A) WKYMVM (40 nM), B) F2Pal10 (500 nM) or D) ZQ16 (1 μM), after which ROS production was measured over time. C) 
Reactivation of F2Pal10 (500 nM, dashed line) and WKYMVM (100 nM, solid line) desensitized neutrophils with Barbadin (10 μM, second arrow). E) Summary of the 
effect of Barbadin (10 μM, gray bars, black dots) and Barbadin (10 μM) in combination with Cmpd101 (1 μM, white bars, gray dots) on the ROS production induced 
by ZQ16 (1 μM) or DL175 (10 μM). Naïve GPR84 responses are from untreated cells that did not receive any pretreatment (buffer, black bars, white dots). The total 
ROS production (AUC) are presented (mean and individual measurements, n = 5). Statistically significant differences between pre-treatments were assessed using a 
repeated measures one-way ANOVA followed by Tukey's multiple comparison test for each agonist separately (*p < 0.05, **p < 0.01, ns = no statistically significant 
difference). F) One representative curve out of three independent experiments showing no reactivation of GPR84 desensitized cells by Barbadin (10 μM, second 
arrow) following initial activation (first arrow) with ZQ16 (1 μM, black line) or DL175 (10 μM, gray line) for untreated cells (buffer, solid line) or cells preincubated 
with Cmpd101 (1 μM, dashed line). 
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Cmpd101, the response induced by ZQ16 was further enhanced whereas 
no such effect was obtained when DL175 was the activating GPR84 
agonist (Fig. 5E), further supporting a difference in GPR84 regulation 
between β-arrestin recruiting and non-recruiting agonists. No reac-
tivation of GPR84 was induced with Barbadin in cells activated by ZQ16, 
whereas DL175 weakly reactivated the cells if they had been pre-treated 
with Cmpd101 before addition of DL175 (Fig. 5F). These results suggest 
that FPR2 but not GPR84 rely on a Barbadin-sensitive pathway for 
agonist-induced receptor desensitization. 

Taken together, these data show that GPR84 and FPR2 utilize 
distinct mechanisms in neutrophils for signaling attenuation and re-
ceptor desensitization. 

3.5. Both FPR2 and GPR84 can couple to the actin cytoskeleton for 
signaling termination in neutrophils 

In the presence of the actin cytoskeleton disrupting agent latrunculin 
A, the response induced by FPR2 agonists was both augmented and 
prolonged, and these effects were obtained irrespective of if the acti-
vation was accompanied by β-arrestin recruitment or not (Fig. 6A, B). 
More importantly, when latrunculin A was added to the cells when the 
naïve neutrophil response had been terminated, the FPR2 desensitized 
cells were resensitized upon disruption of the cytoskeleton (Fig. 6C). 
These results are in agreement with earlier studies, showing that 
termination of FPR2 signaling and receptor desensitization is an actin 
cytoskeleton regulated process that occurs independent of β-arrestin 
recruitment and achieved through a coupling of the agonist occupied 
FPRs to the actin cytoskeleton. Such a coupling results in a physical 
separation of the activated receptor from the G protein and a termina-
tion of signaling [2]. 

We used the same protocol as that described above for FPR2, to 
determine the involvement of the actin cytoskeleton in GPR84 activa-
tion and signaling termination/desensitization. The ROS production 
induced by the GPR84 agonists in the presence of latrunculin A was 
increased upon activation by ZQ16 (Fig. 6D–F) as well as by DL175 
(Fig. 6G–I). When combined with Cmpd101, the peak activity of the 
ZQ16 response in cells lacking an intact actin cytoskeleton was not 
further increased (Fig. 6F) but the response was somewhat prolonged 
measured by total ROS production (area under curve, Fig. 6E), further 
supporting a role of GRK2 in regulating ZQ16-induced GPR84 desensi-
tization. Despite the fact that also the response induced by the biased 
GPR84 agonist DL175 was significantly increased in neutrophils with a 
disrupted cytoskeleton (Fig. 6G–I), the presence of Cmpd101 did not 
change this response (Fig. 6G–I). 

Next, we examined if a disruption of the cytoskeleton could resen-
sitize GPR84 desensitized neutrophils. Basically, no reactivation was 
obtained when latrunculin A was added to ZQ16 desensitized neutro-
phils (Fig. 7A, B). In contrast and despite DL175 being a poor activating 
GPR84 agonist, the DL175 desensitized neutrophils produced large 
amounts of ROS when the cytoskeleton was disrupted by addition of 
latrunculin A (Fig. 7C). No additional increase was obtained when 
latrunculin A was combined with Cmpd101 (Fig. 7C). The reactivation 
of DL175-desensitization cells was completely mediated through 
GPR84, shown by the fact that the specific GPR84 antagonist GLPG1205 
totally inhibited the response (Fig. 7D). Taken together, these data 
propose two pathways in regulating GPR84 signaling attenuation, i.e., 
one being regulated by GRK2 and β-arrestin recruitment when the re-
ceptor is activated by a balanced agonist and the other being controlled 
by the actin cytoskeleton when the receptor is activated by a biased/ 
non-β-arrestin recruiting agonist. 

4. Discussion 

The results presented show that the GRK2-enzyme is part of the 
regulatory system that controls the signals generated by GPR84 that 
activate the ROS generating NADPH oxidase in neutrophils. We show 

that an inhibition of GRK2 resulted in i) an enhanced GPR84-mediated 
ROS production and in ii) a reduced GPR84-mediated β-arrestin 
recruitment, whereas iii) the receptor down-stream rise in the cytosolic 
concentration of free Ca2+ ions was unaffected, suggesting a lack of ef-
fect on the PLC-PIP2-IP3-Ca2+-signaling pathway that rapidly increase 
the Ca2+ concentrations in the neutrophil cytosol by a release of the ions 
from intracellular stores [49]. These data are consistent with the known 
role of GRK2 in facilitating β-arrestin recruitment downstream of some 
other activated GPCRs [50]. An inhibition of GRK2 was, however, 
without effect on i) ROS production in neutrophils activated by a biased 
GPR84 agonist unable to recruit β-arrestin, as well as on ii) ROS pro-
duction in neutrophils activated by FPR2 specific agonists. We thus show 
that the role of GRK2 in the receptor down-stream signaling of GPR84 
differs depending on if the agonist occupied receptor recruits β-arrestin 
or not, and this was true also for the role of the actin cytoskeleton 
dependent regulatory mechanism leading to signaling termination/re-
ceptor desensitization. 

GRK2 has been shown to be widely distributed in different tissues/ 
cells including immune cells [51] and the phosphorylation activity of 
this kinase has been shown to play crucial roles in cell signaling and 
many functional responses [43]. In line with this, we show that GRK2 is 
expressed also in human neutrophils and although we cannot exclude at 
present that neutrophils express also other GRKs, the fact that two 
structurally different pharmacological inhibitors specific for GRK2 
[36,37] generated very similar results strongly suggest that this kinase 
modulates GPR84-mediated ROS production in neutrophils at the re-
ceptor level. Similar to the role of GRK2 in regulating GPR84 signaling/ 
function, earlier research has demonstrated that GRK2 regulates also the 
function of CXCR4 and CXCR2, two other GPCRs that are highly 
expressed by neutrophils [52,53]. It should be noticed that although our 
data support a role of GRK2 in fine tuning neutrophil functions mediated 
by GPR84 the outcome of an inhibition of the enzyme may be influenced 
not only by inflammatory pathological conditions but also whether the 
signaling activity is induced by an agonist that utilizes the GRK2 enzyme 
to terminate the response. 

Receptor phosphorylation mediated by GRK2 is a key process in 
regulating responses for many GPCRs [12,54], but not for all. Both 
GPR84 and FPR2 contain potential GRK2 phosphorylation sites in their 
intracellular domains (see https://www.phosphosite.org/homeAction 
[27,28]), but whereas the serine and threonine residues recognized by 
GRK2 are exposed at the third intracellular loop of GPR84 (see UniProt 
Q9NQS5), such residues are exposed in the C terminal tail of FPR2 (see 
(UniProt P25090). At the mechanistic level, this difference between 
GPR84 and FPR2 may determine the different effects of GRK2 inhibition. 
The receptor selectivity of the GRK2 inhibitors might, thus, be explained 
by where the potential phosphorylation sites are located (the C-terminus 
of FPR2 and the third intracellular loop of GPR84), but the precise 
molecular mechanism remains to be determined. Regarding FPR2 
phosphorylation, it has been shown that a peptide containing the C- 
terminal tail of the closely related FPR1 can be phosphorylated by pu-
rified GRK2 [55]. But in order to phosphorylate an activated receptor, 
the βγ heterodimer released from the activated G protein, has to recruit 
cytosolic GRK2 to the plasma membrane [7,10,56], and this process 
might differ between the activated GPR84 and FPR2. It would be of 
interest, to examine whether recombinant GRK2 could phosphorylate 
synthetic peptides also from the C-terminal of FPR2 as well as from the 
third intracellular loop of GPR84, and if so at which site(s). Neverthe-
less, this information would not necessarily reflect the phosphorylation 
states in the proper activated receptor. 

We show that GRK2 inhibition reduces GPR84-mediated β-arrestin 
recruitment induced by the balanced agonists, suggesting that β-arrestin 
plays a role in GPR84 signaling termination. This is in line with the 
known event followed by GRK2 mediated phosphorylation, i.e., 
β-arrestin recruitment that sterically blocks further G protein signaling 
to attenuate receptor response [7,11,12]. Our data using the biased 
GPR84 agonist (DL175), showing that the GRK2 inhibitor lacked effect 
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Fig. 6. Effect of latrunculin A on GPR84-mediated ROS production from human neutrophils. 
A, B) Representative ROS production over time in neutrophils pretreated with buffer (solid line) or latrunculin A (LA, 25 ng/mL, dashed line) at 37 ◦C for 5 min, 
followed by stimulation with A) FPR2 agonist WKYMVM (40 nM) or B) F2Pal10 (500 nM). C) Neutrophils were first stimulated (indicated by the first arrow) with 
FPR2 agonists WKYMVM (40 nM, solid line) or F2Pal10 (500 nM, dashed line). When the responses had declined to baseline, these FPR2 desensitized cells received a 
second stimulation with LA (25 ng/mL, indicated by the second arrow). The ROS production was measured over time and one representative experiment out of three 
independent experiments is shown for A–C. D) Neutrophils were pretreated with Cmpd101 (1 μM, solid line), LA (25 ng/mL, dashed line) or a combination of 
Cmpd101 with LA (dotted line) at 37 ◦C for 5 min, followed by stimulation with GPR84 agonist ZQ16 (1 μM) and measurement of ROS production over time. One 
representative experiment out of five independent experiments is shown. E–F) The bar graphs show a summary of E) total (area under curve, AUC) and F) peak ROS 
response induced in the presence of Cmpd101 (black bars, white dots), LA (gray bars, black dots) or both Cmpd101 and LA (white bars, gray dots) upon stimulation 
by different concentrations of ZQ16 as indicated. G) Neutrophils were pretreated with Cmpd101 (1 μM, solid line), LA (25 ng/mL, dashed line) or a combination of 
Cmpd101 with LA (dotted line) for 5 min at 37 ◦C, followed by stimulation with DL175 (10 μM) and measurement of ROS production over time. One representative 
experiment out of five is shown. H–I) The bar graphs show a summary of H) total (AUC) and I) peak ROS response induced by different concentrations of DL175 in the 
presence of Cmpd101 (black bars, white dots), LA (gray bars, black dots) or both Cmpd101 and LA (white bars, gray dots). Data in E, F, H and I are expressed as mean 
with dots representing individual measurements from five independent experiments, with a repeated measures one-way ANOVA followed by Tukey's multiple 
comparison test used to assess statistical significance for each agonist concentration separately (*p < 0.05, **p < 0.01, ***p < 0.001, ns = no statistically signifi-
cant difference). 
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on the response but with a weak barbadin-induced reactivation when no 
β-arrestin was recruited, further support the involvement of β-arrestin. 
The concept of biased agonist is emerging and the precise mechanism 
has not yet been clearly understood at the signaling level. It is possible 
that DL175 triggers signaling in favor of Ca2+ over that leading to ROS 
generation in neutrophils and it is also possible that β-arrestin trans-
location is involved in regulating GPR84-medaited ROS generation. It 
should, however, be noticed that also the DL175-induced response is 
rapidly terminated despite the absence of β-arrestin recruitment, sug-
gesting that additional desensitization mechanisms are there to termi-
nate signaling downstream of the receptor. In line with this, the 
neutrophil response induced by FPR2 agonists are rapidly terminated 
also in the presence of GRK2 inhibitors and irrespective if the receptor 
recruits β-arrestin or not. We have recently shown FPR2 endocytosis 
occurs independent of β-arrestin/AP2 interaction and the tool com-
pound Barbadin lacks effect on FPR2 endocytosis but augments FPR2- 
mediated ROS production [26]. Based on this yet unknown effect of 
Barbadin on ROS production, we chose not to apply Barbadin to study 
GPR84 endocytosis in this study. In contrast, the results obtained sug-
gesting that agonist induced desensitization of FPR2 but not GPR84 

relies on a Barbadin sensitive pathway, were included despite the fact 
that the molecular background to this difference remains to be 
determined. 

To add more complexity to GRK2 biology, it remains unclear how 
GRKs are activated and how they interact with activated receptors [57]. 
Similarly, the precise roles of β-arrestins in regulating neutrophil GPCR- 
mediated functions are also largely unknown. However, our recent 
studies have highlighted a key regulatory role for a β-arrestin coupled 
signaling pathway in neutrophil chemotaxis [13,14,16]. 

Although β-arrestin has been shown to be of prime importance for 
receptor desensitization of many GPCRs [6], it is clear that FPR2 
desensitization and internalization are also regulated by β-arrestin in-
dependent mechanisms [26,48,58]. As an alternative desensitization 
mechanism, we propose that activated FPR2 and the biased agonist 
activated GPR84 couples to the actin cytoskeleton to terminate G protein 
signaling. Our data suggest that GPR84 utilizes this mechanism when 
β-arrestin recruitment is absent, and this suggestion is based on the fact 
that a disruption of the actin cytoskeleton could greatly induce a robust 
reactivation of GPR84 in complex with DL175. In attempt to in this study 
understand whether GRK2 interferes with the actin cytoskeleton, we 

Fig. 7. Effect of latrunculin A in triggering reactivation of agonist desensitized GPR84. 
A) Neutrophils were first desensitized (first arrow) with the GPR84 agonist ZQ16 (1 μM, solid line) or DL175 (10 μM, dashed line). When the responses had declined 
these GPR84 desensitized cells were re-stimulated with latrunculin A (LA; 25 ng/mL, second arrow), and the ROS production was monitored over time. One 
representative experiment out of six independent experiments is shown. B–C) Summary of the ROS production upon first GPR84 activation with different con-
centrations of B) ZQ16 or C) DL175 (direct activation, white bars, gray dots) and the second reactivation of B) ZQ16- or C) DL175-desensitized cells with 25 ng/mL 
LA (LA reactivation, black bars, white dots) or a combination of LA (25 ng/mL) with 1 μM Cmpd101 (LA + Cmpd101 reactivation, gray bars, black dots). D) 
Neutrophils were first desensitized with DL175 (5 μM), when the response had declined to baseline, the cells were either left untreated (buffer) or received the GPR84 
antagonist GLPG1205 (1 μM) before reactivation with Cmpd101 (1 μM, black bars, white dots), LA (25 ng/mL, gray bars, black dots) or a combination of Cmpd101 
with LA (white bars, gray dots). Reactivation induced peak ROS production is shown. Data in B–D are expressed as mean with dots representing individual mea-
surements from independent experiments (n > 4). Statistical analysis was performed using a repeated measures one-way ANOVA followed by Tukey's multiple 
comparison test for each agonist concentration separately (*p < 0.05 and **p < 0.01). ND = non-detectable, ns = no statistically significant difference. 
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pre-treated cells with GRK2 inhibitors before disruption of the cyto-
skeleton in DL175 desensitized cells and we did not observe any sig-
nificant difference in cells with and without GRK2 inhibition. In 
addition, we used two FPR2 agonists (with or without ability to recruit 
β-arrestin at the concentrations used) to desensitize the cells before 
reactivation. We found that irrespective of β-arrestin recruitment or not, 
the FPR2 desensitized cells could be reactivated upon disruption of the 
actin cytoskeleton. These data together suggest that neither GRK2 nor 
β-arrestin recruitment have direct inhibitory effects on cytoskeleton 
coupling in human neutrophils. Nevertheless, we cannot rule out the 
possibility that GRK2 or β-arrestin recruitment may affect the dynamic 
reorganization of the actin cytoskeleton in other cell types. 

In contrast to FPR2 that irrespective if β-arrestin recruitment is 
induced or not relies on the actin cytoskeleton for desensitization, the 
use of this termination/desensitization system by activated GPR84 de-
pends on if the agonist triggers β-arrestin recruitment. Both the cyto-
skeleton dependent and the β-arrestin dependent termination/ 
desensitization systems are available, and it is obvious that the prefer-
ence for β-arrestin over the actin cytoskeleton is determined by the 
status of the activated GPR84. The receptor signals induced by a 
balanced GPR84 agonists polymerize G-actin to F-actin [18], but this 
system is not used for signaling termination/desensitization. When the 
actin cytoskeleton has been disrupted before addition of an agonist, the 
ROS production induced also by a balanced GPR84 agonists is 
augmented (Fig. 6 in this study). We have earlier shown that depending 
on the receptor studied, termination of signaling is differently regulated 
by receptor coupling to the actin cytoskeleton. This is illustrated by the 
fact that whereas termination/desensitization of FPR2 relies primarily 
on receptor coupling to the actin cytoskeleton no such coupling termi-
nates/desensitizes signaling by the receptors for IL8 (CXCR1/2), PAF 
(PAFR) and medium chain fatty acids (GPR84) [59]. Therefore, we 
propose that β-arrestin recruitment regulates ROS production down-
stream of GPR84 but not downstream of FPR2. The precise mechanism 
underlying this is not clear, but it may be explained by a role of the actin 
cytoskeleton in suppressing endogenous GPR84 activity from inside the 
plasma membrane, a control system that has been shown to dampen the 
neutrophil response to ATP, an agonist recognized by the P2Y2 receptor 
in these cells [60]. Taken together, these data show that GPCR activation 
and termination is highly regulated at multiple levels including extra-
cellular ligand-binding, intracellular signaling domains and numerous 
scaffolding proteins that interact with receptors after agonist stimula-
tion and receptor phosphorylation. 

In conclusion, we provide molecular insights into a selective 
coupling of GRK2/β-arrestin and the actin cytoskeleton in the termina-
tion of GPR84-mediated ROS generation from human neutrophils. ROS 
is well known to participate in many biological processes in both health 
and diseases including inflammation and vascular diseases [2,61–64]. 
Current research has highlighted an important role of GPR84 in fibrosis 
and inflammation [17,65], while GRK2 is emerging as an attractive drug 
target for treating cardiovascular diseases and cancer [9,66]. Thus, a 
better understanding of how GRK2 regulates GPR84-mediated inflam-
matory response should aid in the design of more effective therapeutics 
in a number of clinical conditions involving inflammation. Our data 
highlight also the need for more mechanistic studies on the poorly un-
derstood area of GRKs regulatory role in neutrophil functions. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamcr.2022.119262. 
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