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Abstract
Neutrophils express the two formyl peptide receptors (FPR1 
and FPR2) and the medium-chain fatty acid receptor GPR84. 
The FPRs are known to define a hierarchy among neutrophil 
G protein-coupled receptors (GPCRs), that is, the activated 
FPRs can either suppress or amplify GPCR responses. In this 
study, we investigated the position of GPR84 in the FPR-de-
fined hierarchy regarding the activation of neutrophil nico-
tine adenine dinucleotide phosphate (NADPH) oxidase, an 
enzyme system designed to generate reactive oxygen spe-
cies (ROS), which are important regulators in cell signaling 
and immune regulation. When resting neutrophils were ac-
tivated by GPR84 agonists, a modest ROS release was in-
duced. However, vast amounts of ROS were induced by 
these GPR84 agonists in FPR2-desensitized neutrophils, and 
the response was inhibited not only by a GPR84-specific an-
tagonist but also by an FPR2-specific antagonist. This sug-

gests that the amplified GPR84 agonist response is achieved 
through a reactivation of desensitized FPR2s. In addition, the 
GPR84-mediated FPR2 reactivation was independent of 
β-arrestin recruitment and sensitive to a protein phospha-
tase inhibitor. In contrast to FPR2-desensitized cells, FPR1 
desensitization primarily resulted in a suppressed GPR84 ag-
onist-induced ROS response, indicating a receptor hierarchi-
cal desensitization of GPR84 by FPR1-generated signals. In 
summary, our data show that the two FPRs in human neutro-
phils control the NADPH oxidase activity with concomitant 
ROS production by communicating with GPR84 through dif-
ferent mechanisms. While FPR1 desensitizes GPR84 and by 
that suppresses the release of ROS induced by GPR84 ago-
nists, amplified ROS release is achieved by GPR84 agonists 
through reactivation of the desensitized FPR2.
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Introduction

Neutrophils, major effector cells in innate immunity, 
constitute a vital part of the defense against invading mi-
crobes and other protective inflammatory processes but 
can also mount pathological actions leading to tissue 
damage [1, 2]. The multifaceted functions of neutrophils, 
including directional migration, secretion of granule con-
stituents, and activation of the reactive oxygen species 
(ROS)-generating nicotine adenine dinucleotide phos-
phate (NADPH) oxidase, are regulated and fine-tuned by 
different receptors belonging to the family of G protein-
coupled receptors (GPCRs) [3, 4]. Neutrophils express a 
number of GPCRs of importance for initiation as well as 
resolution of inflammation, including the two formyl 
peptide recognizing receptors (FPR1 and FPR2), recep-
tors that recognize platelet-activating factor (platelet-ac-
tivating factor receptor [PAFR]), interleukin 8 (CXCR1/2), 
and free fatty acids (GPR84, FFAR2) [3, 5, 6]. ROS gener-
ated by the NADPH oxidase play roles not only in bacte-
rial killing and tissue destruction activities but also in cell 
signaling and immune regulation [7–10]. Thus, it is of 
utmost importance that activation of the oxidase is a well-
regulated process; an efficient inflammatory response 
should be achieved without causing any unnecessary col-
lateral tissue damage.

The neutrophil response triggered by GPCRs relies not 
only on the specific agonists that activate their respective 
receptor but also on a complex receptor downstream sig-
naling network and different hierarchical receptor cross-
talk mechanisms that regulate receptor activities and 
fine-tune the functions of neutrophils [6]. The complex-
ity can be illustrated by a defined position of receptor hi-
erarchical cross-talk between FPRs and other GPCRs. For 
example, on the one hand, signals generated downstream 
of the FPRs heterologously desensitize CXCR1/2 and to-
tally abrogate IL-8-induced neutrophil functions [11–
14]. On the other hand, FPR agonists amplify the re-
sponse induced by PAF and ATP through a receptor 
cross-talk mechanism with the PAFR and the P2Y2R (re-
ceptor for ATP), respectively [15–17].

GPR84 has been suggested to sense the medium-
chain fatty acids such as lauric acid and capric acid that 
are available through food intake [18]. Based on the 
facts that GPR84 recognizes medium-chain fatty acids 
and is highly expressed by neutrophils, this receptor has 
been suggested to constitute a molecular link between 
metabolism and inflammation [18–20]. The precise ac-
tivation mechanism(s) and the physiological role of 
GPR84 remain largely unknown, but the identification 

of several potent GPR84-selective agonists as well as an-
tagonists over the last years has greatly increased our 
understanding of this receptor (see the two recent re-
views [21, 22]). The availability of these powerful mo-
lecular tool compounds makes it possible to perform 
mechanistic studies focusing on GPR84 signaling and 
regulation.

In this study, we have used several newly developed 
GPR84 targeting molecular tool compounds to deter-
mine the regulatory effects of FPRs on GPR84-triggered 
activation of neutrophils. The data obtained clearly show 
that FPR1 and FPR2 affect GPR84-mediated neutrophil 
ROS production. Our results add new knowledge regard-
ing the complexity of neutrophil GPCR communication 
hierarchy demonstrated by that the two very closely re-
lated FPRs regulate the function of GPR84 differently. 
Whereas FPR1 primarily suppressed the GPR84-induced 
ROS production, a suppression suggested to be achieved 
through heterologous GPR84 desensitization by FPR1-
generated signals, FPR2 augmented the response induced 
by GPR84-specific agonists. The basis for the increased 
GPR84-mediated ROS production in FPR2-desensitized 
cells is disclosed to involve a novel receptor cross-talk 
mechanism by which signals generated by GPR84 reacti-
vate desensitized FPR2.

Materials and Methods

Chemicals
Dextran and Ficoll-Paque were obtained from GE-Healthcare 

Bio-Sciences (Waukesha, WI, USA). Horseradish peroxidase was 
obtained from Roche Diagnostics (Mannheim, Germany). Isolu-
minol, dimethyl sulfoxide, and formylated tripeptide N-formyl-
Met-Leu-Phe (fMLF) were obtained from Sigma Chemical Co. (St. 
Louis, MO, USA). Cyclosporine H was kindly provided by Novar-
tis Pharma (Basel, Switzerland). FPR2 pepducin F2Pal10, PIP2-
binding peptide PBP10, hexapeptide WKYMVM, mitochondrial 
cryptic peptide (mitocryptide) NADH dehydrogenase subunit 4, 
and formylated tetrapeptide N-formyl-Met-Ile-Phe-Leu (fMIFL) 
were synthesized and HPLC-purified by TAG Copenhagen A/S 
(Copenhagen, Denmark). Calyculin A was purchased from Nordic 
Biosite (Täby, Sweden), and the Src family kinase inhibitor PP2 
was from Calbiochem (La Jolla, CA, USA). PAF was obtained from 
Avanti Polar Lipids (Alabaster, AL, USA), and ZQ16 (2-(hexyl-
thio)pyrimidine-4,6-diol) was from Tocris Bioscience (Bristol, 
UK). The earlier described GPR84-specific agonists Cpd51 (6-no-
nylpyridine-2,4-diol) and DL175 were synthesized as described 
[23, 24]. The antagonist GLPG1205 was kindly provided by Gala-
pagos NV (Mechelen, Belgium). All peptides were dissolved in di-
methyl sulfoxide and stored at −80°C until use. Subsequent dilu-
tions of all peptides were made 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) supplemented with Ca2+ (1 mM) 
and Mg2+ (1.5 mM).
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Isolation of Human Neutrophils
Human peripheral blood neutrophils were isolated from buffy 

coats from healthy blood donors using dextran sedimentation and 
Ficoll-Paque gradient centrifugation as described previously [25, 
26]. The remaining erythrocytes were disrupted by hypotonic lysis, 
and the neutrophils were washed twice and resuspended in KRG 
and stored on melting ice until use. This isolation process permits 
cells to be purified with minimal granule mobilization.

Neutrophil NADPH Oxidase Activity
The NADPH oxidase activity was determined using isolumi-

nol-enhanced chemiluminescence (CL) that measures the super-
oxide release [27]. The CL activity was measured in a 6-channel 
Biolumat LB 9505 (Berthold Co., Wildbad, Germany) using dis-
posable 4-mL polypropylene tubes with a 900-mL reaction mix-
ture containing 105 neutrophils, isoluminol (2 × 10−5 M), and 
horseradish peroxidase (2 Units/mL). The tubes were equilibrated 
in the Biolumat for 5 min at 37°C, after which the stimulus (100 
μL) was added (or two different agonists were added simultane-
ously for some experiments), and the light emission was recorded 
continuously over time. The light emission/superoxide anion pro-
duction is expressed as mega counts per minute (Mcpm).

When receptor-desensitized cells were studied, naïve (non-de-
sensitized) cells were first stimulated with a receptor-specific ago-
nist, and when the release of superoxide had declined, a second 
stimulation was performed. When experiments were performed 
with antagonists during reactivation, these were added to the neu-
trophils in the CL reaction mixture 1 min before the second stim-
ulation. For F2Pal10 “washout” experiments, neutrophils (107/mL) 
were first activated/desensitized with F2Pal10 (500 nM) at 37°C for 
5 min to allow FPR2 desensitization. Thereafter, 10 μL suspension 
containing FPR2-desensitized cells was transferred to pre-warmed 
CL reaction mixture with 500 nM F2Pal10 (to keep the F2Pal10 con-
centration constant during reactivation) or KRG (to obtain a 100× 
diluted F2Pal10 concentration during reactivation), followed by re-
activation with the GPR84 agonist. For ROS-mediated inactiva-
tion of FPR agonist experiments, neutrophils (2–20 × 105/mL) re-
ceived FPR agonist fMLF (1 μM) or WKYMVM (1 μM) at low tem-
perature to allow the FPRs to become desensitized without ROS 
production. The FPR-desensitized cells were warmed up at 37°C 
for 5 min, followed by stimulation with GPR84 agonist to allow 
receptor cross-talk-induced ROS production and FPR agonist ox-
idation. The supernatants were collected, and the remaining activ-
ity of the FPR agonists after ROS oxidation was determined 
through their potential to trigger ROS release from a new batch of 
neutrophils.

GPR84-Mediated Cyclic Adenosine Monophosphate Assay
HEK293 cells stably expressing GPR84 developed in our labo-

ratory previously [28] were harvested and resuspended in DMEM 
containing 500 μM IBMX (an inhibitor of cyclic nucleotide phos-
phodiesterases) at a density of 4 × 105 cells/mL. Cells were then 
plated onto a 384-well assay plate at 2,000 cells/5 μL/well. Another 
5 μL buffer containing compounds at various concentrations was 
added to the cells. After incubation at room temperature for 30 
min, 5-μL DMEM containing 15 μM forskolin (to increase the lev-
el of cyclic adenosine monophosphate [cAMP], so the subsequent 
lowering of the cAMP level due to Gαi activation can be observed) 
was added, and the incubation was continued for another 30 min. 
Intracellular cAMP measurement was carried with a LANCE Ultra 

cAMP kit (Cat No: TRF0264; PerkinElmer, Waltham, MA, USA) 
using an EnVision multiplate reader (PerkinElmer, Waltham, MA, 
USA) according to the manufacturer’s instructions. This assay is a 
homogeneous time-resolved fluorescence resonance energy trans-
fer immunoassay, based on the competition between the europium 
(Eu) chelate-labeled cAMP tracer and cellular cAMP for binding 
sites on cAMP-specific monoclonal antibodies. A decrease in in-
tracellular cAMP results in higher fluorescence resonance energy 
transfer signal.

GPR84-Mediated β-Arrestin2 Recruitment
The recruitment of β-arrestin2 to GPR84 was measured using 

the Promega NanoBiT Protein-Protein Interaction System [29]. In 
brief, HEK293 cells (2 × 106) were transfected with plasmids en-
coding SmBit-β-arrestin2 (1 μg) and GPR84-LgBit (1 μg) by elec-
troporation with a Scientz-2C electroporation apparatus (Scientz 
Biotech, Ningbo, China). The cells were seeded at 4 × 105 cells/well 
on 96-well plates and incubated at 37°C with 5% CO2. Twenty-four 
hours later, the cell media was replaced with 40 μL fresh culture 
medium without FBS. Thereafter, 10 μL Nano-Glo Live Cell re-
agent was added according to the manufacturer’s protocol (Cat 
No: N2011; Promega, Madison, WI, USA), and the cells were in-
cubated at 37°C with 5% CO2 for 5 min before another 25 μL cul-
ture media with various concentrations of compounds was added 
to the cells. After incubation at room temperature for 15 min, bio-
luminescence was measured with an EnVision multiplate reader 
2104 (PerkinElmer, Waltham, MA, USA).

Data Analysis
Data processing and analysis was performed using GraphPad 

Prism 8.0.0 (GraphPad Software, San Diego, CA, USA). Curve fit-
ting was performed by nonlinear regression using the sigmoidal 
dose-response equation (variable-slope). For statistical analysis, 
either a paired Student’s t test or a repeated measures one-way 
ANOVA followed by Dunnett’s multiple comparison test was used 
as indicated in the figure legends. All statistical analyses were per-
formed on raw data values, and statistically significant differences 
are indicated by *p < 0.05 or **p < 0.01.

Results

Naïve Neutrophils Activated by GPR84-Specific 
Agonists Release ROS
Activation of neutrophils by several GPCR agonists 

triggers an assembly of the NADPH oxidase and a release 
of ROS [3]. Accordingly, when naïve human neutrophils 
were stimulated with the two GPR84-specific agonists 
ZQ16 and its structural analog Cpd51 ([23]; structures 
shown in Fig. 1a, b), the NADPH oxidase was activated to 
produce ROS (Fig. 1c). The poor ROS response mediated 
through GPR84 is in line with our earlier results [20]. The 
ROS production profile mediated by GPR84 agonists was 
very similar to that induced by the FPR2-specific agonist 
pepducin F2Pal10, that is, the response was induced rap-
idly upon agonist stimulation and was terminated within 
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3 min after initiation (Fig.  1c). However, the maximal 
GPR84 agonist-induced ROS production from naïve 
neutrophils was low in comparison to that induced by a 
standard concentration (500 nM) of F2Pal10 (Fig. 1c, d). 
These data show that both FPR2 and GPR84 agonists trig-
ger an activation of the neutrophil NADPH oxidase, but 
that the magnitude of the GPR84-induced ROS response 
is less pronounced as compared to the response induced 
by the FPR agonists.

The GPR84-Mediated ROS Release Is Largely 
Amplified in FPR2-Desensitized Neutrophils
As shown in Figure 1c, ROS production following ac-

tivation of FPR2 is rapidly terminated. When the activity 
has returned to basal levels, these neutrophils are nonre-
sponsive (desensitized) to additional activation with 
same agonist (shown with F2Pal10 in Fig. 2a) as well as 
other FPR2 selective agonists [30]. Of note, FPR2-desen-
sitized neutrophils have ability to regain their respon-
siveness to FPR2 agonists if the agonist is removed, as 
demonstrated in our previous study [31]. However, the 
level of ROS released from F2Pal10-desensitized neutro-
phils when triggered by ZQ16 was significantly increased 
when compared to the ZQ16 response from naïve neu-
trophils (Fig. 2a, b). The level of the ZQ16-induced ROS 
production in FPR2-desensitized neutrophils was de-
pendent on the F2Pal10 concentration used to desensitize 

the receptor, reaching a maximum level with ∼250 nM 
F2Pal10 (Fig. 2b). The enhanced level of ZQ16-induced 
ROS production in FPR2-desensitized neutrophils was 
not restricted to the use of F2Pal10 as the desensitizing 
agonist, as similar amplifications were also obtained 
when FPR2 was desensitized with the FPR2 agonists mi-
tochondrial cryptic peptide (mitocryptide) NADH dehy-
drogenase subunit 4 (MCT-ND4, a mitochondrial-de-
rived formyl peptide; Fig.  2c) and the hexapeptide 
WKYMVM (Fig. 2d). Despite the fact that the highest 
concentrations of FPR2 agonists did not induce the high-
est degree of amplification of the ZQ16 response, no in-
hibitory effect on the ZQ16 response was obtained with 
increasing concentrations of either of the FPR2 agonists 
tested (Fig. 2b–d). As such, F2Pal10 was used for further 
and more detailed characterization of the increased 
GPR84-mediated ROS response in FPR2-desensitized 
neutrophils.

The response induced by the ZQ16 analog Cpd51 
[23] was also significantly amplified in F2Pal10-desensi-
tized neutrophils (Fig. 3a), reaching a maximum level 
already at ∼50 nM F2Pal10 (Fig. 3b). Furthermore, the 
magnitude of the ROS production induced by both 
ZQ16 and Cpd51 in F2Pal10-desensitized neutrophils 
was similar to that induced by F2Pal10 in naïve neutro-
phils (Fig.  2a, 3a). However, it should be noted that 
GPR84 agonists, when compared to F2Pal10, were very 

60

40

20

0
0 1 2 3 4

O
2–  p

ro
du

ct
io

n,
 M

cp
m

Time, min

F2Pal10
ZQ16
Cpd51

c

100

40

60

80

20

0

Pe
ak

 O
2–  p

ro
du

ct
io

n,
%

 o
f F

2P
al

10
 re

sp
on

se

ZQ16 Cpd51

**
**

d

S N

N

OH

OH

ZQ16
N OH

OH

Cpd51a b
Fig. 1. Chemical structures of GPR84 ago-
nists and their ability to activate the neu-
trophil NADPH oxidase. Chemical struc-
tures of the GPR84 agonists ZQ16 (a) and 
the ZQ16 structural related analog Cpd51 
(b). c, d Naïve neutrophils were stimulated 
with F2Pal10 (500 nM), ZQ16 (1 μM), or 
Cpd51 (1 nM), after which the release of su-
peroxide was measured continuously over 
time. c One representative trace of the su-
peroxide anion release. d A summary of the 
peak superoxide anion production pre-
sented in bar graph as % of the F2Pal10 re-
sponse (mean + SEM, n = 4). A repeated 
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poor ROS inducers in naïve cells (Fig. 1d). In addition, 
a GPR84 agonist dose-dependent ROS production was 
observed in neutrophils desensitized with a fixed con-
centration of F2Pal10. These data revealed that Cpd51 
was ∼1,000 times more potent than ZQ16 in triggering 
the ROS release from FPR2-desensitized neutrophils 
(EC50 value for Cpd51 was ∼0.2 nM [Fig. 3c] and EC50 
value for ZQ16 ∼200 nM [Fig. 3d]). In addition, these 
data also clearly demonstrate that FPR2-generated sig-
nals convert GPR84 agonists from poor to potent ROS-
activating agonists.

ROS production induced by FPR2 and GPR84 ago-
nists was further examined in two different experimental 
setups, in which (i) the 2 agonists were added simultane-
ously and (ii) the FPR2 agonist was diluted 100× (“washed 
out”) prior GPR84 agonist stimulation of the FPR2-de-
sensitized neutrophils. In the first experimental setup (si-
multaneous stimulation), relatively low concentrations of 
F2Pal10 and Cpd51 were chosen in order to generate a 
comparable and detectable response from each individu-
al agonist alone. Using these concentrations and stimu-

lating neutrophils with the two agonists simultaneously 
resulted in a response that was higher in magnitude than 
each agonist added alone. This increased response in-
duced by simultaneous addition of the two agonists was 
thus comparable to the sum of the response induced by 
each individual agonist alone (Fig. 3e). In the second ex-
perimental setup, we “washed out” F2Pal10 (by a 100× di-
lution after FPR2 desensitization) just prior reactivation 
by Cpd51. This dilution of F2Pal10 resulted in a decreased 
Cpd51-induced ROS production by FPR2-desensitized 
neutrophils (Fig. 3f) to a level similar to the Cpd51-in-
duced response produced by naïve neutrophils (Fig. 3e). 
Taken together, these data show that the presence of 
FPR2 agonist is required during the cross-talk-induced 
reactivation.

GPR84 Triggers a Unidirectional Reactivation of 
Desensitized FPR2
To characterize the precise receptor involvement of 

the amplified GPR84 response in FPR2-desensitized neu-
trophils, we determined the effects of antagonists specific 
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for FPR2 and GPR84, respectively. The receptor selectiv-
ity of the two antagonists PBP10 (selective for FPR2; [32]) 
and GLPG1205 (selective for GPR84; [33]) was confirmed 
using F2Pal10 and Cpd51 as neutrophil-activating ago-
nists. As expected, the FPR2 antagonist inhibited the re-
sponse induced by F2Pal10 (Fig. 4a) and was without ef-
fect on the response induced by Cpd51 (Fig. 4b), whereas 
the GPR84 antagonist inhibited the Cpd51 response 
(Fig. 4b) and was without effect on the F2Pal10-induced 
response (Fig. 4a). Interestingly, the response induced by 

the GPR84 agonist ZQ16 in FPR2-desensitized neutro-
phils was significantly inhibited by PBP10; the FPR2 an-
tagonist was added at a time point when the F2Pal10-in-
duced response had been terminated (Fig. 4c, d). The de-
gree of inhibition by PBP10 was comparable to that 
induced by the GPR84 antagonist GLPG1205, and the in-
hibited response reached similar levels to those induced 
by ZQ16 in naïve neutrophils (Fig. 4d). Very similar in-
hibitory patterns were observed with the two antagonists 
when ZQ16 was replaced by the other GPR84 agonist 
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Fig. 3. F2Pal10 transfers GPR84 agonists into potent NADPH oxi-
dase activators. a Naïve neutrophils were first activated with 
F2Pal10 (500 nM, solid line) or buffer (dotted line), and the release 
of superoxide anions was measured continuously over time. When 
the F2Pal10 response had returned to basal levels, the neutrophils 
received a second stimulation with Cpd51 (1 nM, solid and dotted 
lines). One representative experiment out of 4 individual experi-
ments for each agonist combination is shown. b Summary of the 
second GPR84-agonist-induced response from neutrophils pre-
activated with different concentrations F2Pal10 (mean + SEM, n = 
4). Statistically significant differences from the naïve Cpd51 re-
sponse were assessed using a one-way ANOVA followed by Dun-
nett’s multiple comparison test to the naïve Cpd51 response (de-
noted as a response of 100% and indicated by the dotted line).  
c, d Dose-response curves of the second response induced by 
Cpd51 (c) or ZQ16 (d) from FPR2-desensitized cells pre-activated 
with a fixed concentration of F2Pal10 (500 nM). Data were normal-

ized to the maximal response induced by the respective agonists. 
The EC50 values and 95% CI were calculated based on the peak ROS 
production (mean + SEM, n = 3 independent experiments). e Neu-
trophils were stimulated either alone or simultaneously with 
F2Pal10 (50 nM) and Cpd51 (1 nM), and data show the peak re-
sponse of superoxide production (mean + SEM, n = 6). f Neutro-
phils (10 μL) desensitized with F2Pal10 (500 nM) were transferred 
to a pre-warmed CL reaction mixture (890 μL) containing either 
the same concentration of F2Pal10 (500 nM) or KRG to obtain a 
100× diluted F2Pal10, followed by stimulation with Cpd51 (1 nM). 
Data are presented as the peak response of superoxide production 
(mean + SEM, n = 5) and statistical analysis was performed by a 
paired Student’s t test. FPR, formyl peptide receptor; ROS, reactive 
oxygen species; NADPH, nicotine adenine dinucleotide phosphate; 
CI, confidence interval; CL, chemiluminescence; KRG, Krebs-
Ringer phosphate buffer.
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Cpd51 (Fig. 4e). These data thus suggest that GPR84 can 
cross-talk with FPR2 and the GPR84-mediated ROS pro-
duction in FPR2-desensitized neutrophils involves a re-
activation of desensitized FPR2. In addition, the GPR84 
antagonist was without effect when the order of the acti-
vating agonists was reversed. That is, the F2Pal10 response 
in GPR84-desensitized neutrophils was not affected by 
the GPR84 antagonist (Fig. 4f). This strongly implies that 

the receptor cross-talk is unidirectional, that is, GPR84 
transduces signals, leading to FPR2 reactivation but not 
vice versa.

The FPR2 Reactivation Signals Are Sensitive to 
Calyculin A and Bypass β-Arrestin Recruitment
Recent research show that the signals generated by 

agonist occupied GPCRs differ depending on the ago-
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Fig. 4. GPR84 agonists trigger a unidirectional reactivation of 
F2Pal10-desensitized neutrophils. a, b Naïve neutrophils were acti-
vated by F2Pal10 (500 nM) (a) or Cpd51 (10 nM) (b) in the absence 
(solid line) or presence (dashed line) of the FPR2-specific inhibitor 
PBP10 (1 μM) or the GPR84-specific antagonist GLPG1205 (1 μM, 
dotted line), and the release of superoxide anions was measured 
continuously over time. One representative experiment out of 3 in-
dividual experiments for each agonist/antagonist combination is 
shown. c Naïve neutrophils were first activated with F2Pal10 (500 
nM, first arrow). When the response had declined, cells received a 
second treatment with the FPR2-specific inhibitor PBP10 (1 μM, 
dashed line), the GPR84 inhibitor GLPG1205 (1 μM, dotted line), or 
buffer (solid line) for 1 min (time of addition is indicated by second 
arrow), followed by a second stimulation with ZQ16 (1 μM, time of 
addition is indicated by the third arrow). One representative exper-
iment out of 3 individual experiments for each agonist/antagonist 
combination is shown. d, e Summary of the inhibitory effects by 
receptor-specific antagonists on the second response induced by 
ZQ16 (1 μM) (d) and Cpd51 (100 nM) (e) from F2Pal10-desensitized 

neutrophils (n = 3–5). The naïve ZQ16 or Cpd51 response from 
neutrophils stimulated in the absence of F2Pal10 and inhibitors is 
included for comparison (light grey bars). Data are expressed as 
peak superoxide production (mean + SEM), and statistically sig-
nificant differences were assessed using a repeated measures one-
way ANOVA followed by Dunnett’s multiple comparison test to the 
GPR84-agonist-induced response in F2Pal10-desensitized cells in 
the absence of inhibitors. f Reversed order of receptor agonist addi-
tion, that is, naïve neutrophils were first activated with buffer or the 
GPR84 agonist ZQ16 (1 μM). Once the ZQ16 response had declined 
to base level, the cells received a second stimulation with the FPR2 
agonist F2Pal10 (500 nM). The GPR84 antagonist GLPG1205 (1 μM) 
was added 1 min before the second F2Pal10 stimulation. The bar 
graph shows the peak of the second F2Pal10-induced superoxide re-
sponse (mean + SEM, n = 3). Statistically significant differences were 
assessed using a repeated measures one-way ANOVA followed by 
Dunnett’s multiple comparison test to the F2Pal10-induced response 
in ZQ16-desensitized cells in the absence of GLPG1205. FPR, formyl 
peptide receptor.
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nist that initiates signaling, of which some, in addition 
to activating the heterotrimeric G protein, may also re-
cruit β-arrestin to initiate noncanonical signaling [34]. 
The FPR2 agonist F2Pal10 activates a Gαi-containing 
G-proteins but lacks the ability to recruit β-arrestin, 
and the signals downstream the activated receptor are 
thus biased [17, 35, 36]. The data obtained using F2Pal10 
as an FPR2-desensitizing agent clearly show that 
β-arrestin recruitment downstream FPR2 is not a fea-

ture that is required for the amplification of the GPR84 
response.

To investigate the importance of β-arrestin recruit-
ment for the ability of GPR84-mediated receptor cross-
talk with desensitized FPR2s, we determined the cross-
talk activation induced by DL175, a compound recog-
nized by GPR84 and recently demonstrated to lack the 
ability to recruit β-arrestin [24]. We could confirm the 
described GPR84 signaling property of DL175, as dem-
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Fig. 5. FPR2 reactivation through GPR84 occurs independent of 
GPR84-induced β-arrestin recruitment and involves calyculin A-
sensitive phosphatases. a, b GPR84-overexpressing HEK293 cells 
were activated with different concentrations of ZQ16 or DL175. 
Dose-response curves of agonist-induced cAMP (a) or recruit-
ment of β-arrestin (b) were measured. The EC50 values were cal-
culated (mean + SEM, n = 3 independent experiments). c Neutro-
phils were first activated with F2Pal10 (500 nM, solid line) or buffer 
(dotted line), and the release of superoxide anions was measured 
continuously over time. After 5 min, when the F2Pal10 response 
had returned to basal levels, the neutrophils received a second 
stimulation with DL175 (5 μM). One representative experiment 
out of 4 individual experiments is shown. d The bar graph shows 
summary of the second peak DL175-induced superoxide response 
from F2Pal10-desensitized neutrophils treated for 1 min with or 
without GLPG1205 (1 μM) or PBP10 (1 μM) prior DL175 stimula-
tion (mean + SEM, n = 4). The naïve DL175 response from neu-
trophils stimulated in the absence of F2Pal10 and inhibitors is in-

cluded for comparison (light grey bar). Statistically significant dif-
ferences were assessed using a repeated measures one-way ANOVA 
followed by Dunnett’s multiple comparison test to the DL175 re-
sponse in F2Pal10-desensitized cells in the absence of inhibitors. 
Neutrophils preincubated with buffer (light grey bars). Calyculin 
A (60 nM, 10 min, dark grey bars) (e) and PP2 (500 nM, 10 min, 
dark grey bars) (f) were activated with F2Pal10 (500 nM) or buffer 
(naïve cells) before triggered by ZQ16 (1 μM) or F2Pal10 (500 nM). 
The bar graphs (mean + SEM, n = 4) show the peak superoxide 
release induced by F2Pal10 and ZQ16 in naïve neutrophils as well 
as by ZQ16 in F2Pal10-desensitized neutrophils, pretreated in the 
absence (light grey bars) and presence of calyculin A or PP2 (dark 
grey bars). The effects of pharmacological inhibitors in compari-
son to buffer-treated cells for each agonist combination (buffer/
ZQ16, buffer/F2Pal10, and F2Pal10/ZQ16) were analyzed by a 
paired Student’s t test. FPR, formyl peptide receptor; cAMP, cyclic 
adenosine monophosphate.
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onstrated by a strong signaling bias toward the G-pro-
tein-cAMP pathway (signaling achieved without any 
β-arrestin recruitment) also with high concentrations 
(100 μM) of DL175 (Fig. 5a, b). The signaling pattern of 
DL175 was opposite to the signaling characteristics of 
ZQ16, which triggers GPR84 downstream activation of 
the Gαi signaling pathway as well as recruitment of 
β-arrestin with EC50 values of ∼5 nM and ∼2 μM, respec-
tively (Fig.  5a, b). Despite the signaling bias of DL175 
away from β-arrestin recruitment, the DL175-induced 
ROS response was robustly amplified in FPR2-desensi-
tized neutrophils (Fig. 5c). Further, also this DL175 re-
sponse was inhibited not only by the GPR84 antagonist 
but also by the FPR2 antagonist PBP10, and the level of 
response reached in the presence of PBP10 was compa-
rable to that induced by DL175 in naïve neutrophils 
(Fig. 5d). Thus, the data obtained with DL175 show that 
although this GPR84 agonist is unable to recruit β-arrestin 
downstream of GPR84, the signals generated reactivate 
desensitized FPR2. Together with the fact that F2Pal10 
also lacks ability to recruit β-arrestin, we conclude that 
β-arrestin does not play a role in the receptor cross-talk-
induced FPR2-reactivation process.

To gain further insights into the intracellular signals 
involved in the receptor cross-talk transduced by GPR84 
and leading to reactivation of the desensitized FPR2, the 
effects of two pharmacological inhibitors that potently in-
hibit PP2A/PP1 phosphatases (calyculin A) and Src ki-
nases (PP2), respectively, were determined. F2Pal10-de-
sensitized neutrophils were treated with specific pharma-
cological inhibitors, followed by FPR2 reactivation with 
the GPR84 agonist ZQ16. The presence of calyculin A 
significantly reduced the cross-talk-induced ROS pro-
duction (Fig. 5e). Of note, this was not only due to an in-
hibition on the naïve GPR84 or FPR2 response, as the 
effect of calyculin A, if any, on the ZQ16- and F2Pal10-
induced ROS production in naïve non-desensitized neu-
trophils was increased rather than reduced (Fig. 5e). The 
Src kinase inhibitor PP2 reduced the naïve F2Pal10 re-
sponse as well as the receptor cross-talk-induced ROS 
production (Fig.  5f). Taken together, these data show 
that, at the signaling level, β-arrestin is not involved in the 
GPR84-mediated FPR2 reactivation, a process that en-
gages calyculin A-sensitive phosphatases.

ROS Production Induced by GPR84 Agonists in FPR1-
Desensitized Neutrophils
Previous studies of FPR signaling (summarized in 

some recent reviews [3, 37]) have shown that the two neu-
trophil FPRs (FPR1 and FPR2) regulate the activity of the 

neutrophil NADPH oxidase in almost identical manners 
[38]. In accordance with this, desensitized FPR1 and 
FPR2 both are reactivated by signals generated by the ag-
onist-occupied PAFR (shown for FPR1 in Fig. 6a) and the 
primed PAF response is inhibited not only by a PAFR 
antagonist but also by an FPR-specific antagonist [39]. 
Thus, a process of receptor cross-talk-induced receptor 
reactivation is disclosed for both FPR1 and FPR2 [3]. The 
basic characteristics of this process are shared by the 
GPR84 agonist-triggered activation of FPR2-desensitized 
neutrophils (Fig. 2, 4). Based on these facts, we assumed 
that also the desensitized FPR1 should be reactivated by 
agonist-occupied GPR84 and that the receptor cross-talk 
should result in an amplification of the neutrophil re-
sponse as a result of FPR1 reactivation. Using the FPR2 
desensitization and GPR84 agonist-induced reactivation 
protocol but with the FPR2 agonist replaced by the potent 
FPR1-specific agonist fMIFL, we found, however, that the 
response by GPR84 agonists induced in FPR1-desensi-
tized neutrophils was unaffected or even reduced (Fig. 6b, 
c). We intentionally used low nanomolar range concen-
trations (0.1–10 nM) of fMIFL, as this peptide is a full 
agonist with an EC50 of ∼0.1 nM [40]. Similar heterolo-
gous receptor cross-talk activation profile obtained with 
FPR1-desensitized neutrophils and ZQ16 was obtained 
when this GPR84 agonist was replaced with the other 
GPR84 agonist Cpd51 (Fig. 6d) and when the FPR1 ago-
nist fMIFL was replaced with the most commonly used 
FPR1 agonist fMLF as desensitizing agent (Fig. 6e).

The responses induced by GPR84 agonists in FPR-de-
sensitized neutrophils highlight a fundamental difference 
between the two FPRs in relation to GPR84, a difference 
that is clearly seen when the concentrations of the FPR 
agonists used generate a full or near full neutrophil re-
sponse. As shown in Figure 2, the GPR84-triggered re-
sponse in FPR2-desensitized neutrophils was as pro-
nounced or even higher (for ZQ16) than that induced by 
F2Pal10 in naïve neutrophils. In contrast, the GPR84-trig-
gered response in neutrophils desensitized with corre-
sponding high concentrations of an FPR1 agonist was not 
increased but rather suppressed (Fig. 6b–e). It should be 
noted, however, that when the desensitizing FPR1 agonist 
concentration was reduced, the GPR84-induced response 
was somewhat potentiated (Fig. 6c–e). The modest po-
tentiation of the ZQ16 response in fMIFL (10 pM) desen-
sitized cells was sensitive to the FPR1 antagonist cyclo-
sporine H (Fig. 6f), suggesting that a reactivation of the 
desensitized FPR1 is achieved when the desensitizing ag-
onist fMIFL concentration is too low to heterologously 
desensitize GPR84.
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We and others have earlier shown that inflammatory 
mediators including the FPR agonists fMLF and WKYM-
VM are redox sensitive and that their biological activity 
can be inactivated by neutrophil ROS through peptide 
oxidation [41–43]. To examine whether the different lev-
els of ROS produced through cross-talk between the two 
FPRs and GPR84 have a direct relevance in causing inac-

tivation of the FPR agonists, we performed ROS inactiva-
tion experiments as described earlier [43]. FPRs desensi-
tized with fMLF or WKYMVM were reactivated with 
Cpd51, and the remaining activity of fMLF or WKYM-
VM after oxidation was determined by their potential to 
activate ROS release from a new batch of naïve neutro-
phils. We found that supernatant from cells desensitized 
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Fig. 6. Cross-talk between FPR1 and GPR84. a Neutrophils were 
first stimulated with fMIFL (10 nM, solid and dashed lines, time of 
addition indicated by the first arrow) or buffer (dotted line). When 
the responses had returned to basal levels, the cells received a sec-
ond stimulation (time of addition indicated by the second arrow) 
with fMIFL (10 nM, solid line) or PAF (100 nM, dashed and dotted 
lines). One representative experiment is shown. b Neutrophils 
were activated with fMIFL (10 nM, solid line, time of addition in-
dicated by the first arrow) or buffer (dashed line). Once the fMIFL 
response had returned to base level, the cells received a second 
stimulation with ZQ16 (1 μM, time of addition indicated with the 
second arrow). One representative experiment out of 4 individual 
experiments for each agonist combination is shown. c–e The bar 
graphs (mean + SEM, n = 5–9) show a summary of the second ROS 
response induced by ZQ16 (1 μM) (c) or Cpd51 (1 nM) (d) in neu-
trophils pre-activated/desensitized with different concentrations 
of fMIFL and induced by ZQ16 (1 μM) in neutrophils desensitized 
with different concentrations of fMLF (e). The data are expressed 
as % of the naïve GPR84 agonist response (the dotted lines indicate 
the 100% of naïve response, peak superoxide production induced 

by GPR84 agonists in the absence of FPR1 agonists). To adjust for 
the increased background levels after FPR1 stimulation, the base-
line activity just before the second stimulation was subtracted from 
the second GPR84 agonist-induced peak superoxide responses. 
Statistically significant differences were assessed using a repeated 
measures one-way ANOVA followed by Dunnett’s multiple com-
parison to the naïve GPR84 response. f Neutrophils were stimu-
lated with buffer (naïve neutrophils) or pre-activated/desensitized 
with fMIFL (0.01 nM). Once the fMIFL-induced superoxide release 
had declined, the cells received a second treatment with buffer or 
the FPR1 antagonist CysH (1 μM) for 1 min followed by a second 
stimulation with ZQ16 (1 μM). The bar graph shows the second 
peak superoxide response (mean + SEM, n = 3) with the naïve 
ZQ16 response (light grey bar) included for comparison. Statisti-
cally significant differences were assessed using a repeated mea-
sures one-way ANOVA followed by Dunnett’s multiple compari-
son to the ZQ16-induced response in fMIFL-desensitized cells in 
the absence of CysH. FPR, formyl peptide receptor; formylated 
tetrapeptide N-formyl-Met-Ile-Phe-Leu; ROS, reactive oxygen 
species; CysH, cyclosporine H.
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with WKYMVM followed by GPR84 agonist-induced re-
activation contained less active peptide agonist than that 
from cells exposed to fMLF and Cpd51 (see online suppl. 
Fig. 1a, b; see www.karger.com/doi/10.1159/000514887 
for all online suppl. material). This is in line with the de-
scribed role of ROS in peptide inactivation, that is, a more 
pronounced inactivation of WKYMVM is induced by the 
higher level of ROS generated through GPR84-induced 
FPR2 reactivation. Our earlier published data have dem-
onstrated that in naïve cells, fMLF and WKYMVM trig-
ger very similar levels of ROS release with a ratio close to 
1 ([38], online suppl. Fig. 1c, d). These data thus further 
support the biological role of ROS in mediating inactiva-
tion of peptide agonists.

Taken together, our data clearly show that both FPR2 
and FPR1 can communicate with GPR84 to regulate ROS 
production in human neutrophils. In addition, it is obvi-
ous that whereas the GPR84-triggered ROS production is 
amplified in FPR2-desensitized neutrophils, FPR1 ago-
nists primarily desensitize GPR84.

Discussion

Agonists recognized by medium-chain fatty acid re-
ceptor GPR84 are fairly poor activators of the ROS-gen-
erating NADPH oxidase in naïve neutrophils, but the ag-
onists are transferred to potent activators of the oxidase 
in FPR2-desensitized neutrophils. The augmentation of 
the GPR84-triggered response is achieved through an 
earlier described receptor cross-talk mechanism in neu-
trophils [3, 16], initiated by receptor downstream signals 
generated by GPR84 that reactivate the desensitized 
FPR2. Neutrophils express, in addition to FPR2, the 
closely related FPR1, and although both receptors recog-
nize N-formylated peptides, their respective orthosteric 
agonist binding pockets differ and by that they have dif-
ferent agonist recognition profiles [30]. In accordance 
with the large similarities between these receptors in their 
cytoplasmic domains [37], signaling by the two receptors, 
in particular regarding neutrophil ROS production, has 
been shown to be very similar or even qualitatively iden-
tical in our earlier studies [38]. This study reveals, how-
ever, a fundamental difference between FPR1 and FPR2 
in their respective communication with GPR84. An in-
depth characterization of the receptor cross-talk patterns 
shows that GPR84 utilizes signaling through a pathway 
that triggers a reactivation of desensitized FPR2 and by 
that GPR84 agonists independent of their ability to re-
cruit β-arrestin are transferred to potent inducers of ROS 

production. Despite the fact that the signals generated by 
GPR84 can also reactivate FPR1-desensitized neutro-
phils, this receptor primarily suppress ROS production 
induced by GPR84 agonists. As the FPRs and GPR84 are 
emerging as promising targets for treating inflammation-
associated diseases [22, 44], the novel receptor cross-talk 
between the two FPRs and GPR84 described will increase 
the understanding of the complex signaling network that 
regulates GPCR-mediated neutrophil activation and the 
inflammatory response.

The neutrophil production/release of ROS induced by 
FPR agonists follows a typical GPCR-mediated response 
pattern in neutrophils, that is, the time for an active ROS 
production/release is rather short and the response is af-
ter a period of minutes fairly rapidly terminated through 
homologous receptor desensitization [45]. Accordingly, 
the homologous FPR-desensitized neutrophils are no 
longer responsive to an activation by the same agonist or 
to another agonist that binds to the same receptor. In this 
study, we investigated the regulatory mechanisms of 
FPRs cross-talk with GPR84 in regulating the ROS-gen-
erating enzyme system in human neutrophils, a system 
that has many biological implications. ROS has a broad 
clinical relevance in several different medical conditions, 
such as cancer, inflammatory diseases, and autoimmune 
diseases. For example, it has been shown that patients 
with chronic granulomatous disease with diminished/
abolished ROS production suffer from hyperinflamma-
tory conditions and that individuals carrying p47phox 
gene polymorphism are prone to develop autoimmune 
disease [7, 9, 46, 47]. In addition, ROS can directly affect 
tumor-killing activity of lymphocytes in cancer, and de-
pending on the level of ROS produced, metastasis and 
cancer growth are either increased or constrained [48, 
49]. FPR-desensitized neutrophils produce/release, how-
ever, ROS when activated by an agonist that is recognized 
by the PAFR. In fact, PAF is a poor activator of naïve neu-
trophils, but this agonist is turned into a potent activator 
of the ROS-producing system in FPR1- as well as FPR2-
desensitized neutrophils [16, 39]. It is clear that the level 
of ROS produced by naïve neutrophils when activated by 
specific GPR84 agonists (both ZQ16 and the structurally 
related analog Cpd51) is fairly low and almost negligible 
as compared to the ROS release following neutrophil ac-
tivation with agonists specifically recognized by FPR1 or 
FPR2. Interestingly, we show that the response induced 
by GPR84 agonists shares the same activation profile as 
PAF in relation to FPR2-desensitized neutrophils, char-
acterized by an amplification of the response that reaches 
levels comparable to that induced by FPR agonists in na-
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ïve neutrophils. The fact that this amplification applied to 
several different FPR2- as well as GPR84-specific agonists 
suggests that the effect lies at the receptor level and is in-
dependent of the particular agonist pair used to desensi-
tize FPR2 and activate GPR84, respectively. Although it 
is known that FPR2 has the capacity to regulate the func-
tions of many other GPCRs in human neutrophils [3], the 
interplay between FPR2 and GPR84 has previously not 
been studied. Thus, this study does not only put GPR84 
on the list of GPCRs that can cross-talk with FPRs but also 
further support the emerging notion that GPCR activity 
is regulated at multiples levels through complex mecha-
nisms.

We have earlier described the regulatory role of FPRs 
and the position they have in the receptor hierarchy to 
the other neutrophil receptors such as PAFR and ATP 
receptor P2Y2R [3, 15–17, 30, 39]. Based on the results 
presented in these studies, we have put forward a recep-
tor signaling cross-talk activation model for reactiva-
tion of desensitized FPRs; reactivation of FPRs is initi-
ated by agonist binding to the PAFR/P2Y2R, and the 
signals generated downstream of the G-protein activat-
ed by these receptors activate the desensitized FPRs 
from the cytosolic side of the membrane [3]. Even 
though the precise signals leading to an amplified 
GPR84 response in FPR2-desensitized neutrophils re-
main to be elucidated, the results obtained with these 
two receptors together fit perfectly to our receptor sig-
naling cross-talk activation model for receptor reactiva-
tion. Further, it is clear from the data presented that the 
reactivation signals utilized in the described cross-talk 
are not the same as those used by FPRs to directly acti-
vate the NADPH oxidase. This is illustrated by the fact 
that calyculin A, a specific phosphatase inhibitor earlier 
shown to potentiate the response induced in naïve neu-
trophils, blocks the cross-talk signaling, leading to re-
activation of FPR2-desensitized neutrophils not only 
when PAF is used to activate the neutrophils [16] but 
also with the reactivation is induced by GPR84 agonists. 
To further identify signaling pathways of importance 
for the GPR84-triggered reactivation of desensitized 
FPR2, we included a biased GPR84 agonist (DL175) un-
able to trigger recruitment of β-arrestin. The data ob-
tained using DL175 showed that the receptor down-
stream signals generated by GPR84 reactivate FPR2-de-
sensitized neutrophils also with this agonist, which 
suggests that the reactivating signal(s) is generated in-
dependent of β-arrestin recruitment. The fact that also 
neutrophils activated/desensitized with FPR2 agonists 
unable to recruit β-arrestin (e.g., F2Pal10 and PSMα2) 

are reactivated by the receptor cross-talk signals gener-
ated by GPR84 (this study) as well as by PAFR and 
P2Y2R [15–17, 36] shows that β-arrestin is not at all in-
volved in the receptor cross-talk reactivation of FPR2. 
It would be highly interesting to explore the effect on 
neutrophil activation of a biased GPR84 agonist that is 
in favor of β-arrestin recruitment, but to our knowl-
edge, such a biased agonist has not yet been identified.

Neutrophils express two structurally very similar 
FPRs (FPR1 and FPR2), and the two receptors also share 
many similarities regarding the transduced receptor 
downstream signals as well as the cellular responses [30, 
37]. Earlier data obtained in studies designed to deter-
mine receptor hierarchies suggest that FPR1 has the 
same position as FPR2 in the neutrophil GPCR hierar-
chy. This suggestion is, however, challenged by the re-
sults presented in this study. It is clear that FPR1-desen-
sitized neutrophils similar to FPR2-desensitized neu-
trophils can be reactivated by the receptor cross-talk 
reactivation signals generated by GPR84, giving rise to 
an amplified ROS response. However, in contrast to 
FPR2, this can only be achieved with low concentrations 
of the FPR1 agonist (∼0.01 and ∼5 nM for fMIFL and 
fMLF, respectively), well below the EC50 concentrations 
for activation with these agonists (0.1 and 50 nM for 
fMIFL and fMLF, respectively [40]). In contrast, the 
very low response induced by GPR84 agonists in naïve 
neutrophils is not affected or even reduced when the 
desensitized state is induced by higher concentrations 
of the FPR1 agonists. The mechanisms that regulate the 
functional duality of the FPR1 agonists, having the ca-
pacity to reduce the activity induced by GPR84 agonists 
on the one hand and on the other hand allow a reactiva-
tion of FPR1-desensitized neutrophils, remains to be 
elucidated. Speculatively, one possibility is that the de-
sensitized states of both FPR1 and FPR2 are transferred 
to active signaling states, provided that the receptor re-
activation signals are generated. As such, no signal 
would be generated by GPR84 when high concentra-
tions of the FPR1 agonist have been used to desensitize 
the receptor. That would mean that the non-responding 
heterologous desensitized state of GPR84 is generated 
by high concentrations of FPR1 agonists, whereas FPR2 
lacks the ability to desensitize GPR84 irrespectively of 
concentration. The non-responding heterologous de-
sensitized state of GPR84, induced by higher concentra-
tions of FPR1 agonists, places GPR84 in the same hier-
archy category as CXCR1/2 (receptor for IL-8) that has 
been shown to be regulated in a similar fashion, that is, 
the so-called endpoint chemoattractants specific for 
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FPR1 heterologously desensitize the neutrophil re-
sponse to agonist recognized by CXCR1/2 [11–14]. The 
fact that GPR84 generates receptor cross-talk signals 
that reactivate FPR1 neutrophils desensitized with low-
er concentrations of FPR1 agonists suggests that no het-
erologous GPR84 desensitization is induced by such 
concentrations of the FPR1 agonists, whereas the ability 
to be reactivated remains. The outcome of the GPR84-
triggered response in FPR1-desensitized neutrophils 
would then be dependent on whether the FPR1 agonist 
concentration used to desensitize FPR1 is also sufficient 
to desensitize GPR84 or not. The distinct different re-
ceptor cross-talk patterns between FPR1 and FPR2 fur-
ther highlight the emerging novel aspects of the two 
FPRs in modulating signaling and inflammation in dif-
ferent disease conditions [3, 50, 51]. Mechanistically, 
the communication between receptors is undoubtedly a 
highly regulated process that occurs at multiple levels, 
and no universal mechanism is responsible for the dif-
ferent cross-talk processes. Among many proposed 
mechanisms and signals involved in receptor cross-talk, 
receptor cross-phosphorylation by protein kinases such 
as protein kinase C or G-protein-coupled receptor ki-
nases that are activated by another receptor upon ago-
nist binding has been suggested to play important roles 
in heterologous desensitization [52, 53]. Future studies 
should examine the role of different isoforms of G-pro-
tein-coupled receptor kinases in regulating FPR desen-
sitization and reactivation and should also explore 
whether our findings on neutrophils have also implica-
tions in other cellular systems including fibroblast ex-
pressing both FPRs and GPR84 [54, 55]. Among the 
known cross-talk patterns, heterologous desensitization 
of one receptor upon activation of another receptor is 
more commonly noticed, compared to receptor reacti-
vation by signals generated downstream another recep-
tor, which is less frequently observed. More mechanistic 
studies such as network-based global signaling analysis 
and advanced experimental designs in primary human 
cells are highly desired.

In summary, our data further support that receptor 
cross-talk between different GPCRs represents an impor-
tant mechanism to control neutrophil function. Our re-
sults of the receptor cross-talk signaling patterns medi-
ated by GPR84-specific agonists in FPR-desensitized 
neutrophils reveal a not earlier described signaling differ-
ence between FPR1 and the closely related FPR2. Under-
standing the complex mechanisms underlying receptor 
communication and intracellular signaling pathways in 
neutrophils should undoubtedly increase our knowledge 

of GPCR signaling. In addition, increased knowledge of 
how such responses are modulated in general would fa-
cilitate the development of better GPCR-based function-
al regulators that can be used to control a wide array of 
pathologies.
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