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Abstract  43 
G protein-coupled receptors (GPCRs) are key regulatory proteins of immune cell function 44 
inducing signaling in response to extracellular (pathogenic) stimuli. Although unrelated, 45 
hydroxycarboxylic acid receptor 3 (HCA3) and GPR84 share signaling via Gαi/o proteins and 46 
the agonist 3-hydroxydecanoic acid (3HDec). Both receptors are abundantly expressed in 47 
monocytes, macrophages and neutrophils but have opposing functions in these innate immune 48 
cells. Detailed insights into the molecular mechanisms and signaling components involved in 49 
immune cell regulation by GPR84 and HCA3 are still lacking.  50 
Here, we report that GPR84-mediated pro-inflammatory signaling depends on coupling to the 51 
hematopoietic cell-specific Gα15 protein in human macrophages, while HCA3 exclusively 52 
couples to Gαi protein. We show that activated GPR84 induces Gα15-dependent ERK activation, 53 
increases intracellular Ca2+ and IP3 levels as well as ROS production. In contrast, HCA3 54 
activation shifts macrophage metabolism to a less glycolytic phenotype, which is associated 55 
with anti-inflammatory responses. This is supported by an increased release of anti-56 
inflammatory IL-10 and a decreased secretion of pro-inflammatory IL-1β. In primary human 57 
neutrophils, stimulation with HCA3 agonists counteracts the GPR84-induced neutrophil 58 
activation. Our analyses reveal that 3HDec acts solely through GPR84 but not HCA3 activation 59 
in macrophages. 60 
In summary, this study shows that HCA3 mediates hyporesponsiveness in response to 61 
metabolites derived from dietary lactic acid bacteria and uncovers that GPR84, which is already 62 
targeted in clinical trials, promotes pro-inflammatory signaling via Gα15 protein in 63 
macrophages. 64 
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1. Introduction 90 

Hydroxycarboxylic acid receptor 3 (HCA3) and GPR84 are both rhodopsin-like G protein-91 
coupled receptors (GPCRs). GPR84 has first been deorphanized as a receptor for medium-chain 92 
fatty acids (MCFAs) (C10 – C14) and their 3-hydroxy derivatives, while HCA3 was initially 93 
shown to be activated by the fatty acid oxidation intermediate 3-hydroxyoctanoic acid 94 
(3HO) [1,2]. Although GPR84 and HCA3 are rather distantly related, both receptors have in 95 
common that they are abundantly expressed in innate immune cells, coupled to Gαi/o proteins, 96 
and activated by 3-hydroxydecanoic acid (3HDec) [1,3,4]. Despite these shared features, we 97 
recently showed differential signaling outcome of HCA3 and GPR84 in response to 3HDec [5]. 98 
Our observations from a heterologous expression system suggested that differences in 99 
endocytosis and signaling upon activation of GPR84 and HCA3 may result in distinct 100 
physiological responses in cells endogenously expressing the receptors, like e.g. macrophages 101 
and neutrophils [5]. In immune cells, GPR84 has been associated with pro-inflammatory 102 
responses including induction of chemotaxis, phagocytosis and enhanced cytokine release [6–103 
8]. For HCA3, we recently showed that fermented food-derived metabolites of lactic acid 104 
bacteria (LAB), such as D-phenyllactic acid (D-PLA), are highly potent agonists [3]. Many 105 
studies demonstrate that D-PLA increases immune tolerance through activation of anti-106 
inflammatory processes (summarized in [3]) thus suggesting that HCA3 mediates some of these 107 
effects. There are only a few studies on the physiological function of HCA3 since it is only 108 
present in humans and great apes and therefore accessible animal models are lacking [3,9]  . 109 
Our present study is based on the assumption that the specific effects of different agonists acting 110 
on HCA3 and GPR84 are the basis for recognizing their function in immune cells. Since the 111 
bacterial origin of 3HDec, which activates both receptors, has only been shown indirectly in 112 
clinical samples [10], we analyzed in vitro E. coli culture medium for their relative 3HDec 113 
concentration in different growth phases. Further, we aimed to elucidate the molecular 114 
mechanisms relevant for the interplay of HCA3 and GPR84 in innate immune cells. 115 
Macrophages polarized from the human monocytic THP-1 cell line and freshly isolated 116 
polymorphonuclear neutrophil leucocytes (PMNs) were analyzed regarding their HCA3 and 117 
GPR84-mediated cellular functions. Both, macrophages and PMNs provide the first line of 118 
defense against invading microorganisms [11,12] and their cellular functions include 119 
phagocytosis, chemotaxis, the production of reactive oxygen species (ROS) as well as the 120 
release of anti-microbial peptides, lytic enzymes and different cytokines [13–15]. 121 
We found that although both, HCA3 and GPR84, are described as solely coupled to Gαi/o, 122 
GPR84 is also coupled to the Gα15 protein in macrophages. Activation of GPR84 by C10 and 123 
3HDec caused a Gα15 protein-mediated increase in intracellular Ca2+ levels, IP1 levels and ERK 124 
activation, associated with an enhanced ROS production. In contrast to our own previously 125 
obtained data in heterologous expression systems [5], here no HCA3-mediated effects upon 126 
activation by 3HDec were observed. However, stimulation of HCA3 by D-PLA, 3HO or the 127 
surrogate agonist IPBT-5CA reduced interleukin-1β (IL-1β) secretion, but increased anti-128 
inflammatory interleukin-10 secretion in macrophages. This is reflected metabolically by a less 129 
glycolytic phenotype in presence of HCA3 agonists, which is a characteristic feature of anti-130 
inflammatory responses of macrophages [16]. Similarly, we show that GPR84 agonists activate 131 
PMNs, while this is counteracted by HCA3 signaling. 132 
 133 
2. Materials and Methods 134 

2.1 Chemicals and Media  135 
All compounds, inhibitors and cytokines were purchased from Sigma-Aldrich, Cayman 136 
Chemical or Santa Cruz Biotechnology if not stated otherwise. All protocols were followed 137 
according to the respective manufacturers’ instructions, if not explicitly specified differently. 138 



 

4 
 

All media, antibiotics and fetal bovine serum (FBS) were obtained from Thermo Fisher 139 
Scientific if not stated otherwise. HBSS buffer was supplemented with 20 mM HEPES and the 140 
pH was adjusted to 7.4 if not stated otherwise. 141 
 142 
2.2 Isolation of PMNs (polymorphonuclear neutrophil leucocytes)  143 
Blood was taken from healthy blood donors and experiments were conducted in accordance 144 
with the Declaration of Helsinki according to a protocol approved by the Ethics Review Board 145 
of the Medical Faculty, Leipzig University (313/14-ek and 430/16-ek), with written informed 146 
consent from all blood donors.  147 
PMNs were freshly isolated from human peripheral blood employing the alternate protocol 148 
described by Kuhns et al. [17]. In brief, following Ficoll-Paque-based density gradient 149 
centrifugation, the PMN- and erythrocyte-rich pellet was mixed with 3 % dextran to separate 150 
them by allowing the erythrocytes to sediment at 1 x g for 20 min. Subsequently, the PMN-rich 151 
supernatant was centrifuged at 300 x g for 10 min, remaining erythrocytes in the PMN-152 
containing pellet were lysed (2 cycles), finally cells were washed, resuspended in HBSS (-) 153 
(without Calcium/Magnesium) and stored at RT at a density of 1 - 2.5 x 107 cells/ml until 154 
seeded for respective assay. If not otherwise stated, for all analyses involving PMNs, 5 x 104 155 
freshly isolated cells per well were seeded in a 96-well plate in HBSS. 156 
 157 
2.3 Cell culture  158 
THP-1 cells obtained from the DSMZ-German Collection of Microorganisms and Cell 159 
Cultures, THP-1-Lucia NFκB cells, stably expressing an NFκB-inducible Lucia reporter 160 
construct, purchased from InvivoGen and the human embryonic kidney cell line HEK293-T 161 
(ATCC CRL-3216) were maintained at 37 °C in a humidified 5 % CO2 incubator. Both THP-1 162 
cell lines were grown in RPMI-1640 supplemented with 10 % heat inactivated (HI, 30 min at 163 
56 °C) fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin and split 164 
every 3-4 days (THP-1 cells: 4 x 106 cells/T75-flask in 20 ml, THP-1-LuciaNFκB cells: 165 
10 x 106 cells/T75-flask in 20 ml). Medium of THP-1-Lucia NFκB was additionally 166 
supplemented with 100 µg/ml Normocin (InvivoGen) and every other passage with 100 µg/ml 167 
Zeocin. Activation of the NFκB-inducible Lucia reporter results in secretion of luciferase into 168 
the cell culture supernatant. HEK293-T cells were cultured in Dulbecco’s Modified Eagle 169 
medium (DMEM) containing 10 % FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.  170 

2.3.1 Differentiation and polarization of THP-1 cells 171 
THP-1 cells were split into 96-well (analyses-dependent: Greiner or Seahorse XF cell culture 172 
plates) or 24-well plates (depending on the assay) at a density of 5 x 104 or 5 x 105 cells/well 173 
and differentiated with 50 ng/ml PMA for 48 h. To subsequently polarize THP-1 cells into M0-, 174 
M1- or M2-like macrophages, cells were incubated for another 48 h in RPMI-1640 175 
supplemented with 10 % HI- FBS (M0), RPMI-1640 + 10 % HI-FBS + 20 ng/ml LPS + 176 
20 ng/ml IFNγ (M1), or RPMI-1640 + 10 % HI-FBS + 25 ng/ml IL-4 + 25 ng/ml IL-13 (M2) 177 
as previously described [18]. THP-1-Lucia NFκB cells were differentiated and polarized using 178 
the same protocol, only the cell density was adapted to 1 x 105 cells/well in 96-well plates.  179 
THP-1 cells were polarized to M1-like macrophages for RT-qPCR analyses, cAMP inhibition 180 
and IP1 accumulation assays, ERK and AKT activation analyses, detection of human IL-1β and 181 
TNFα, prior Ca2+ imaging and analyses of ROS production as well as for the Seahorse XF Cell 182 
Mito Stress Test.  183 

2.3.2 siRNA transfection of THP-1 cells 184 
Differentiated THP-1 cells were transfected with siRNA (OriGene) specifically targeting 185 
HCA3, GPR84 or GNA15 (supplementary Table S1), respectively, using Viromer Green 186 
(Lipocalyx). Prior to the transfection, the medium was changed to M1-polarizing medium. 10 187 
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μl or 100 µl of siRNA-Viromer mix were added to each well in 96- or 24-well plates, 188 
respectively. Assays were performed 24 h - 48 h post transfection.  189 
 190 
2.4 RNA preparation, reverse transcription and quantitative real-time PCR 191 

For preparation of RNA the ReliaPrep RNA Cell Miniprep System (Promega) was used. RNA 192 
of freshly isolated PMNs (1.7 x 106 ≈ PMNs in 1 ml blood) was extracted using the SV Total 193 
RNA Isolation System (Promega). PMNs were centrifuged and immediately lysed in lysis 194 
buffer supplied with the Kit. THP-1 cells were seeded in 24-well plates (5 x 105 cells/well), 195 
differentiated and polarized to M0-, M1- or M2-like macrophages and then harvested. Yielded 196 
RNA concentrations were measured using a Nano Drop spectrophotometer and RNA was stored 197 
at -80 °C.  198 
Prior to reverse transcription, 500 ng RNA were treated with 1 µl DnaseI (NEB) in a total 199 
reaction volume of 10 µl for 30 min at 37 °C. Reactions were stopped by addition of 1 µl 50 mM 200 
EDTA and heat inactivation for 10 min at 75 °C. Directly thereafter, RNA was reverse 201 
transcribed using iScript cDNA Synthesis Kit (Bio-Rad). Transcribed cDNA was diluted with 202 
RNase-free H2O to a final volume of 70 µl. The qPCR set-up was as follows: each reaction 203 
(12 µl) contained 1 µl of cDNA, 1 µl of premixed sense and anti-sense primer (400 nM each), 204 
5 µl of RNase-free H2O and 5 µl of Luna Universal qPCR Master Mix (NEB).  205 
The following thermal cycling protocol was used: polymerase activation at 95 °C for 2 min, 206 
followed by 40 cycles of 15 s of denaturation at 95 °C and 30 s of monitored 207 
annealing/extension at 60 °C. Subsequently, melt curves were recorded (55 °C – 95 °C, 0.5 °C 208 
increment, 5 s/step). Real-time PCR and data collection (Cq determination mode: regression) 209 
were performed on Bio-Rad CFX Connect Real-Time PCR Detection System. Indicated n 210 
reflect biological replicates, that were reverse-transcribed and qPCR was run in duplicates. 211 
Primers were designed using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) 212 
and ordered from Microsynth Seqlab. Melt curves after the qPCR run showed one single sharp 213 
peak for each primer pair listed in supplementary Table S1.  214 
 215 
2.5 Functional assays 216 

2.5.1 Dynamic mass redistribution (DMR) assay 217 
To measure label-free receptor activation, DMR Measurements (Epic technology, Corning Life 218 
Sciences) were performed with PMNs. Freshly isolated PMNs were resuspended in HBSS with 219 
or without 3 µg/ml PTX and incubated for 60 min at RT prior to seeding them in an uncoated 220 
Epic 384-well microplate at a density of 8 x 104cells per well. Seeding was followed by 45 min 221 
of equilibration, subsequent stimulation with various agonists was performed and DMR was 222 
recorded for 60 min. In DMR measurements, polarized light is passed through the bottom of 223 
the biosensor microplate, and a shift in wavelength of reflected light indicates intracellular mass 224 
redistribution triggered by receptor activation.  225 

2.5.2 ALPHAScreen cAMP assay 226 
Cyclic AMP content of cell extracts was determined using the ALPHAScreen cAMP Detection 227 
Kit (Perkin Elmer). Stimulation with various agonists at different concentrations was performed 228 
in HBSS with 1 mM 3-isobutyl-1-methylxanthine (IBMX) and 2 µM forskolin for 15 min at 229 
37 °C. Reactions were stopped by aspiration of stimulation buffer and cells were lysed in 230 
100 µl/well of lysis buffer containing 1 mM IBMX. From each well 5 µl of lysate were 231 
transferred to a 384-well plate and proceeded as previously described [5].  232 

2.5.3 Alpha SureFire Multiplex pERK 1/2 & total ERK Assay and pAKT1/2/3 & total AKT1 233 
Assay 234 
The pERK/total ERK and pAKT/total AKT ratios of cell extracts were determined using the 235 
Alpha SureFire Ultra Multiplex p-ERK 1/2 (Thr202/Tyr204) & Total ERK assay and the 236 
p-AKT1/2/3(Ser473) & Total AKT1 assay technology, respectively (Perkin Elmer).  237 
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For both assays, THP-1 cells and freshly isolated PMNs were seeded in 96-well plates. 238 
Stimulation with agonists was performed in HBSS buffer with 20 mM HEPES for 10 min at 239 
37 °C. For assays with both cell types, reactions were stopped by aspiration of stimulation 240 
buffer and lysis of cells in 50 µl/well of supplied lysis buffer supplemented with 250 µM 241 
protease inhibitor cocktail Pefabloc (AEBSF). From each well 10 µl of lysate were transferred 242 
to a 384-well plate and acceptor beads and donor beads were added. 243 

2.5.4 HTRF IP1 assay 244 
IP1 content of cell extracts was determined by using the HTRF Technology (Cisbio). 245 
Stimulation with various agonists at different concentrations was performed in 35 µl/well 246 
supplied stimulation buffer for 60 min at 37 °C. Reactions were stopped by placing cells on ice 247 
and addition of 30 µl/well of supplied lysis buffer. From each well 7 µl of lysate were 248 
transferred to a 384-well low volume plate. Acceptor and donor antibodies were added.  249 

2.5.5 Ca2+ imaging 250 
THP-1 cells, polarized to M1-like macrophages and transfected with siRNA when applicable, 251 
were seeded in 24-well plates on glass cover slips. For imaging experiments, cells were loaded 252 
with 5 μM fura-2AM (Molecular Probes) for 60 min in a standard solution containing 140 mM 253 
NaCl, 10 mM HEPES, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, and 10 mM glucose. Fura 2-254 
based measurements were performed in single cells using a monochromator-based imaging 255 
system and the software TILLvisION 4.0 (T.I.L.L. Photonics). Emitted fluorescences (excited 256 
at 340 nm and 380 nm) were acquired with a CCD camera (PCO Imaging) at intervals of 2 s 257 
and corrected for background fluorescence. Stock solutions of GPR84 and HCA3 agonists as 258 
well as fMLP and ATP were dissolved in standard solution and applied to the cells by bath 259 
perfusion.  260 

2.5.6 Detection of Human IL-1β, IL-10, TNFα  261 
Human IL-1β, IL-10 and TNFα concentrations in cell culture supernatants were determined 262 
employing the Human IL-1β ELISA Set II (BD Bioscience), the Human IL-10 ELISA Set (BD 263 
Bioscience) and the Human TNFα HTRF-Kit (Cisbio), respectively, according to the 264 
manufacturer’s protocol. Stimulation with agonists was performed in RPMI-1640 + 10 % FBS 265 
37 °C (8 h, 500 µl/well: IL-1β, IL-10; 5 h, 60 µl/well: TNFα). Reactions were stopped by 266 
aspiration of supernatants, which were subsequently frozen and stored (IL-1β, IL-10: -20 °C, 267 
TNFα: -80 °C) for later analysis.  268 

2.5.7 NFκB luciferase assay 269 
THP-1-Lucia NFκB cells were seeded in 96-well plates and differentiated with PMA for 48 h. 270 
Stimulation with agonists was performed in M1-polarization medium (using RPMI-1640 271 
without phenol red) for 48 h at 37 °C and 5 % CO2. To measure luciferase activity 272 
corresponding to NFκB activation, 20 µl/well of cell culture supernatant were transferred to a 273 
black 96-well plate, 50 µl/well of QUANTI-Luc assay solution (InvivoGen,) were added in the 274 
dark and luminescence was immediately measured using the EnVision multimode plate reader 275 
(Perkin Elmer).  276 

2.5.8 Seahorse XF Cell Mito Stress Test 277 
THP-1 cells were seeded in 96-well Seahorse XF cell culture plates and polarized to M1-like 278 
macrophages. Medium was changed to Phenol Red-free non-buffered Seahorse XF RPMI 279 
Medium containing 10 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate. The 280 
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 281 
using the mitochondrial stress test (Agilent) according to the manufacturer's protocol under 282 
basal conditions and in response to 1 μM oligomycin, 0.5 µM fluoro-carbonyl cyanide 283 
phenylhydrazone (FCCP) and 0.5 μM rotenone / 0.5 μM antimycin A with the XF96 284 
Extracellular Flux Analyzer (Seahorse Bioscience). ECAR, a proxy for lactate production, and 285 
OCR were recorded to assess the glycolytic activity and mitochondrial respiratory activity, 286 
respectively. Upon completion of the Seahorse assay, cells were stained with Hoechst 33342 287 
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(1:5000, Sigma-Aldrich) for 15 min at 37 °C to determine the total cell numbers per well. Plates 288 
were imaged and automatically analyzed using the Celigo Imaging Cytometer (Nexcelom 289 
Bioscience). Cell count was used for normalization of Seahorse Mito Stress Test data. The 290 
components of the ETC are localized in mitochondria and composed of complex I (inhibited by 291 
rotenone), complex II, complex III (inhibited by antimycin A), and complex IV, which reduces 292 
oxygen (OCR) (Figure 4C). The proton gradient generated by electron transfer along the ETC 293 
is used by the ATP synthase (inhibited by oligomycin) to generate adenosine triphosphate 294 
(ATP). FCCP uncouples the ETC from ATP production by depletion of the proton gradient. 295 
The ECAR reflects the cytosolic proton concentration, which is a measure of the rate of 296 
glycolysis. The parameters were calculated as follows: non-mitochondrial oxygen 297 
consumption (= minimum rate OCR measurement after rotenone / antimycin A injection), 298 
basal respiration (baseline OCR - non-mitochondrial respiration), ATP production (basal 299 
respiration - OCR after oligomycin injection), maximal respiration (maximum OCR after 300 
FCCP injection - non-mitochondrial respiration), spare respiratory capacity as % (maximal 301 
respiration / basal respiration x 100).  302 

2.5.9 Determination of HCA3 and GPR84 knockdown efficiency using ELISA 303 
HEK-293T cells were seeded in T-25 cell culture flasks (1.6 x 106 cells/flask) and co-transfected 304 
with receptor-specific siRNA or siNC and plasmid encoding N-terminally HA-tagged GPR84 305 
or N-terminally HA-tagged HCA3, respectively. Plasmids described in [5]. Lipofectamine 2000 306 
(Life Technologies, Darmstadt, Germany) with 2 µg plasmid and 200 pmol siRNA was used 307 
for transient transfection. 24 h after transfection, cells were harvested and plated in 48-well 308 
plates (1 x 105 cells/well; cell surface expression). Cell surface expression was measured using 309 
an direct cellular ELISA as described in [5].  310 
 311 
2.6 Image-based analyses 312 

2.6.1 ROS formation 313 
To measure NADPH oxidase-dependent ROS formation, THP-1 cells were seeded in 96-well 314 
plates, incubated with 5 µM dihydrorhodamine 123 (DHR123), and stimulated with receptor 315 
agonists for 24 h at 37 °C in the presence or absence of 4 µM NADPH oxidase inhibitor 316 
diphenyleneiodonium chloride (DPI). The assay was performed in HBSS containing 10 % 317 
THP-1 cell culture medium. Following incubation, buffer containing agonists and DHR123 +/- 318 
DPI was removed from plates and replaced by fresh HBSS. Plates were imaged immediately 319 
and automatically analyzed using the Celigo Imaging Cytometer (Nexcelom Bioscience).  320 

2.6.2 PMN activation/NET formation assay 321 
PMNs were seeded in 96-well plates, receptor agonists were added, followed by incubation at 322 
37 °C for 20 h. Finally, PMNs were stained with propidium iodide (PI, 1:2500, 1 mg/ml stock, 323 
Thermo Fisher Scientific) and Hoechst 33342 (1:5000, Sigma-Aldrich) for 15 min at 37 °C to 324 
measure activated and total cell numbers, respectively. Plates were imaged and automatically 325 
analyzed using the Celigo Imaging Cytometer (Nexcelom Bioscience).  326 

2.6.3 Phagocytosis 327 
PMNs were seeded in black Greiner 96-well plates with clear bottom, receptor agonists were 328 
added, followed by incubation at 37 °C for 30 min. The E. coli pHrodo Red-conjugated 329 
BioParticles (Thermo Fisher Scientific) were added to the plate at a final concentration of 0.1 330 
mg/ml, followed by incubation at 37 °C for 60 min. Subsequently, the E. coli particles were 331 
removed, cells were washed 3 x with PBS and fixed with 4 % formalin for 15 min at room 332 
temperature (RT). Next, the cells were washed once with PBS, permeabilized using 0,5 % 333 
Triton X-100 in PBS at RT for 10 min, washed twice with PBS and finally stained with Alexa 334 
Fluor 488 Phalloidin (1:40, Thermo Fisher Scientific) and Hoechst 33342 (1:5000) for 10 min 335 
at RT. Plates were imaged and analyzed using the Celigo Imaging Cytometer (Nexcelom 336 



 

8 
 

Bioscience). Confocal images were acquired using a 40 x objective employing the Confocal 337 
Quantitative Image Cytometer CQ1 (Yokogawa/Cenibra).  338 
 339 
2.7 Liquid Chromatography Mass Spectrometry (LC-MS) measurement 340 

E. coli K-12 MG1655 were cultured for 24 hours in M9 mineral medium containing M9 salt 341 
solution (33.7 mM Na2HPO,  22 mM KH2PO4, 8.55 mM NaCl, 9.35 mM NH4Cl) supplemented 342 
with 20 µM uracil, 60 µM threonine, 60 µM leucine, 20 µM histidine, 22 µM glucose, 2 mM 343 
MgSO4, and 100 µM CaCl2. OD600 was determined every 30 min for 8 h and again 24 h after 344 
the start of the experiment. Samples corresponding to ~ 20 mg E. coli wet weight were taken at 345 
OD600 0.2 (50 ml), 0.4 (15 ml), 0.7 (10 ml) and at time point 24 h (4 ml) and centrifuged 346 
(2000 x g) at 4°C for 10 min. Of the resulting supernatant 250 µl were directly added to an 347 
Eppendorf tube containing 750 µl ice-cold MeOH. Tubes were incubated 20 min at -20°C, 348 
centrifuged (14.000 rpm) for 10 min at 4°C and 400 µl of supernatant were transferred to LC-349 
MS glass vials, dried down in a speed vacuum concentrator and stored at -20°C until analysis. 350 
Samples were dissolved in 20 µl 50:50 MeOH:H2O of which 2 µl were injected into the 351 
Agilent 1290 LC-system connected to a 6550 Agilent Q-TOF mass spectrometer and an 352 
electrospray ionization (ESI) source was used. Data was collected in negative ionization mode. 353 
ESI (Agilent Jetstream) settings were as follows; gas temperature 300°C, gas flow 8 l/min, 354 
nebulizer pressure 40 psi, sheet gas temperature 350°C, sheet gas flow 11, Vcap 4000, 355 
fragmentor 100, Skimmer1 45 and OctapoleRFPeak 750. Medium metabolites were separated 356 
using reverse phase chromatography (Kinetex C18, 100 mm * 2.1 mm, 2.6 µM 100 Å, 357 
Phenomenex). For reversed phase elution, solvents were prepared as follows (A) H2O, 0.1 % 358 
formic acid (B) 75:25 acetonitrile: isopropanol, 0.1% formic acid. All solvents were of HPLC 359 
grade. Linear gradients were devised as follows for reversed phase separation (0.5 ml/minute) 360 
minute 0: 5%B, minute 8: 95%B, minute 10: 95%B, minute 10.2: 5%B, minute 12: 5%B. Data 361 
was analyzed using Mass Hunter Qual (Agilent) using the “find by formula” function with a 362 
match tolerance for masses of 10 ppm and for retention times of 0.35 min. Metabolites were 363 
identified using synthetic standards. 364 
 365 
2.8 Data analyses  366 

All data were analyzed as indicated and visualized using GraphPad Prism version 8 for 367 
Windows (GraphPad Software, San Diego California USA, www.graphpad.com).  368 
 369 
3. Results 370 

3.1 Production of 3HDec in media of E. coli stationary growth phase 371 

It is still under debate whether MCFAs are the endogenous agonists of GPR84, since so far their 372 
presence in relevant tissues at appropriate concentrations remains to be demonstrated [19]. 373 
However, 3-hydroxy MCFAs, including 3-hydroxydecanoic acid (3HDec), which has 374 
previously been shown to exert agonistic activity at both HCA3 and GPR84, are components of 375 
lipopolysaccharides (LPS) in Gram-negative bacteria and used as endotoxin markers in clinical 376 
samples [10]. An in vitro approach was chosen to determine, whether 3-hydroxy MCFAs are 377 
present in the growth media of Gram-negative bacteria. We sampled media from different 378 
phases of the growth curve of the gram-negative E. coli K-12 MG1655 strain (Figure 1A). The 379 
relative concentration of the 3-hydroxy MCFAs, 3HDec, 3-hydroxylauric acid (3HLau) and 380 
3-hydroxymyristic acid (3HMyr) was measured and found to be increased over time, with the 381 
highest levels in the stationary phase of the E. coli cultures (Figure 1B).  382 
 383 
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 384 
Figure 1: 3-hydroxy medium chain fatty acid concentration is increased in E. coli growth medium. HCA3 385 
and GPR84 are functionally expressed in THP-1-M1 macrophages.  386 
(A) OD600 of E. coli K-12 MG1655, cultured in M9 mineral medium was determined (mean ± SEM, n = 2 387 
experiments, each 5 replicates). At the time points highlighted in grey, samples corresponding to ~ 20 mg E. coli 388 
wet weight were taken and centrifuged. (B) 250 µl of the resulting supernatant medium were extracted and 389 
analyzed using LC-MS. Shown are the relative concentrations, i.e. area counts under the curves (each as x-fold of 390 
values obtained for sample OD600 = 0.2) shown as min to max with line at mean for 3-hydroxydecanoic acid 391 
(3HDec), 3-hydroxylauric acid (3HLau) and 3-hydroxymyristic acid (3HMyr). (C) The mRNA expression of 392 
HCA3 and GPR84 in THP-1 cells differentiated to M0-, M1- or M2-like macrophages (n = 3, reference gene ACTB 393 
Cq = 16) is shown as ΔCq-values (mean ± SEM). (D) cAMP inhibitory signaling induced by HCA3 and GPR84 394 
agonists was examined in THP-1-M1 macrophages in absence (w/o = 2.5 ± 0.3 nM cAMP/well is set 100%) and 395 
presence of PTX (w/o = 8.0 ± 1.5 nM cAMP/well is set 100% and shown as mean ± SEM, n = 3). (E) Agonist-396 
induced phosphorylation of endogenous ERK 1/2 and AKT1/2/3 in cellular lysates of THP-1-M1 macrophages 397 
stimulated with HCA3 and GPR84 agonists mean ± SEM (n ≥ 3). (F) Fura 2-based Ca2+ imaging experiments were 398 
performed in non-transfected THP-1-M1 macrophages. The fluorescence ratio (F340/F380) represents the time 399 
course of the intracellular Ca2+ concentration. Each trace represents the average Ca2+ signal ± SEM of 31-35 cells 400 
derived from single experiments. (G) Intracellular IP1 levels in response to HCA3 and GPR84 agonists as 401 
mean ± SEM (n = 5). (B, E, G) Statistical analyses were performed applying paired two-tailed t-tests. * P ≤ 0.05; 402 
** P ≤ 0.01; *** P ≤ 0.001. 403 
 404 
3.2 HCA3 and GPR84 are highly expressed and functionally active in THP-1-derived 405 
inflammatory macrophages 406 

As previously shown, 3HDec activates the Gαi-coupled receptors, HCA3 and GPR84 [5], which 407 
are often co-expressed in innate immune cells, namely monocytes, macrophages and 408 
neutrophils (PMNs). Here, we established differentiated and polarized THP-1 cells as a 409 
macrophage model to study HCA3 and GPR84. Highest mRNA expression of both, HCA3 and 410 
GPR84, was found in THP-1 cells polarized to M1-like macrophages (referred to as THP-1-M1) 411 
(Figure 1C). We performed cyclic AMP (cAMP) inhibition assays in absence and presence of 412 
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the Gαi/o-protein inhibitor pertussis toxin (PTX). All tested GPR84 agonists (C10, 413 
6-n-octylaminouracil (6-OAU)) and HCA3 agonists (3HO, D-PLA, IPBT-5CA) as well as the 414 
common agonist 3HDec induced a PTX-sensitive reduction of intracellular cAMP levels 415 
(Figure 1D). Previously, we demonstrated ERK activation in non-immune cells with 416 
heterologously expressed HCA3 or GPR84 [5]. However, in THP-1-M1 macrophages, only 417 
GPR84-activating agonists (C10, 3HDec, 6-OAU) but not the HCA3-specific agonists (3HO, 418 
D-PLA, IPBT-5CA) increased pERK/total ERK and pAKT/total AKT ratios (Figure 1E). 419 
Further, Ca2+ imaging experiments in single THP-1-M1 cells were performed to investigate the 420 
involved signaling components. The compounds, N-formylmethionyl-leucyl-phenylalanine 421 
(fMLP) and ATP, used to verify general responsiveness of the cells, evoked moderate or strong 422 
Ca2+ responses (Figure 1F). The GPR84 agonist C10, the most potent GPR84 agonist 6-OAU, 423 
and the shared agonist 3HDec induced moderate and graded Ca2+ elevations while the HCA3 424 
agonists (3HO, IPBT-5CA) failed to evoke Ca2+ signals (Figure 1F). Ca2+ mobilization can be 425 
induced by inositol phosphate, which is produced upon activation of Gαq/11 protein-coupled 426 
receptors. Hematopoietic cells specifically express the Gα15 protein (GNA15), which belongs 427 
to the Gαq/11 protein family. Thus, inositol monophosphate (IP1) accumulation as a measure for 428 
phospholipase C (PLC) activity downstream of Gαq/11/Gα15 signaling was measured [20,21]. 429 
Again, only C10, 6-OAU and 3HDec induced a significant increase in IP1 levels (Figure 1G). 430 
 431 
3.3 GPR84 couples to the Gα15 protein, causing ERK activation, IP1 accumulation and Ca2+ 432 
signaling in inflammatory macrophages 433 

To determine receptor-specificity of the activated signaling components, we transfected 434 
THP-1-M1 macrophages with siRNA targeting HCA3, GPR84 or Gα15 mRNA (siGNA15).  435 
Successful knockdown was confirmed using RT-qPCR although only about 40 % reduction of 436 
GPR84 mRNA expression could be achieved as compared to 60 % for HCA3 and 70 % for Gα15 437 
(Figure 2A). No specific high quality antibody targeting GPR84 or HCA3 are available. To test 438 
whether reduced GPR84 and HCA3 mRNA levels translate to decreased protein expression, we 439 
used HEK293-T cells, which do not express either receptor endogenously. We co-transfected 440 
HEK293-T cells with plasmids encoding HA-tagged HCA3 or HA-tagged GPR84 in 441 
combination with receptor-specific siRNA or siNC. Cell surface expression of the HA-tagged 442 
HCA3 protein was about 60 % decreased in presence of siHCA3 as compared to siNC, while 443 
cell surface expression of HA-tagged GPR84 protein was about 40 % decreased in presence of 444 
siGPR84 as compared to siNC (Figure S1). Using cAMP inhibition assays, both HCA3 agonists 445 
(3HO, D-PLA) caused a reduction of intracellular cAMP levels that was abolished by siRNA-446 
mediated knockdown of HCA3 (siHCA3) (Figure 2B). Despite limited efficacy, siRNA-447 
mediated knockdown of GPR84 significantly inhibited the C10- and 6-OAU-induced reduction 448 
of intracellular cAMP levels while knockdown of HCA3 had no effect (Figure 2B). The 3HDec-449 
mediated decrease in cAMP levels was partially inhibited by siHCA3 or siGPR84, respectively 450 
(Figure 2B). Next, we tested the PTX sensitivity as well as involvement of GPR84, HCA3 and 451 
Gα15 in ERK and AKT phosphorylation. ERK phosphorylation induced by GPR84 agonists was 452 
reduced in presence of PTX and abolished when cells were transfected with siGPR84 or 453 
siGNA15 (Figure 2C). Pre-incubation with PTX caused a complete loss, while siGPR84 but 454 
not siGNA15 caused a reduction of GPR84 agonist-mediated AKT activation (Figure 2D). 455 
Thus, although knockdown efficiency of GPR84 did not exceed 40 %, the significant loss of 456 
signaling upon activation by the GPR84-specific surrogate agonist 6-OAU (Figures 2C, 2D) 457 
supports that the GPR84 level is sufficiently reduced by the siRNA used. To test the 458 
involvement of Gα15 in Ca2+ signaling, the GPR84-specific surrogate agonist 6-OAU, which 459 
induces maximal Ca2+ responses, was used for measurements in non-transfected, siNC-460 
transfected (negative control siRNA) and siGNA15-transfected THP-1-M1 macrophages. 461 
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Knockdown of Gα15 inhibited the 6-OAU-induced Ca2+ responses whereas siNC had no effect 462 
(Figure 2E). 463 
In summary, GPR84, a receptor known to couple exclusively to Gαi/o proteins [22], but not 464 
HCA3, transduces its signals in THP-1-M1 macrophages also via the Gα15 protein, a hitherto 465 
unknown characteristic.  466 

 467 
Figure 2: Activation of GPR84 causes Gα15-mediated ERK activation and Ca2+ signaling in THP-1-M1 468 
macrophages. 469 
(A) THP-1-M1 macrophages were transfected with either siHCA3, siGPR84, siGNA15 (targeting Gα15-mRNA) or 470 
siNC (negative Ctrl siRNA), which caused ~ 60 %, ~ 40 % and ~ 70 % reduction in respective mRNA levels as 471 
detected using RT-qPCR. (B) cAMP inhibitory signaling induced by HCA3 and GPR84 agonists was examined in 472 
THP-1-M1 macrophages after transfection with siHCA3, siGPR84 or siNC. Agonist-induced phosphorylation of 473 
endogenous ERK 1/2 (C) and AKT1/2/3 (D) were measured in cellular lysates of THP-1-M1 macrophages in 474 
absence and presence of PTX or macrophages transfected with siNC, siHCA3, siGPR84 and siGNA15, w/o was 475 
set 1, respectively. (E) 1 µM of the GPR84-specific surrogate agonist 6-OAU induced a similar Ca2+ signal in non-476 
transfected and siNC-transfected cells, which was diminished in siGNA15-transfected cells, while the ATP-477 
induced Ca2+ response was not visibly affected. The change (Δ) in the fluorescence ratio (F340/F380) for the 6-478 
OAU-induced Ca2+ signals in non-transfected (nt), siNC- and siGNA15-transfected cells is depicted as mean 479 
± SEM from n = 4 experiments per group (each experiment containing 37 - 47 cells). Data is shown as (A, B) 480 
mean ± SEM (C, D) min to max with line at mean (n = 3 to 6 independent experiments). Statistical analyses were 481 
performed applying unpaired t-tests. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.  482 
 483 
3.4 GPR84 triggers tumor necrosis factor α (TNFα) secretion, activation of nuclear 484 
factor κ B (NFκB) and NADPH oxidase-dependent ROS production in inflammatory 485 
macrophages 486 

It was previously shown in mouse M1 macrophages that GPR84 activation by 6-OAU results 487 
in activation of NFκB and increases TNFα levels [6]. We confirmed this effect in human 488 
THP-1-M1 macrophages and found that stimulation with C10, 3HDec and 6-OAU increased 489 
the release of TNFα, whereas only C10 and 6-OAU, but not 3HDec activated NFκB (Figures 490 
S2A, S2B).  491 
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 492 
Figure 3: GPR84 agonists stimulate NADPH oxidase-dependent ROS production in inflammatory 493 
macrophages.  494 
(A) Production of reactive oxygen species (ROS) in THP-1-M1 macrophages was examined by adding DHR123 495 
(dihydrorhodamine 123) to the cells and assessing differences in the intracellular DHR123 fluorescence intensity 496 
after incubation with GPR84 agonists in the absence and presence of the NADPH-oxidase (NOX) inhibitor 497 
diphenyleneiodonium chloride (DPI, 4 µM). PMA was used as a positive control. Representative images and 498 
analyses performed using the Celigo Imaging Cytometer are shown. The sum of green pixel intensities in all 499 
segmented cells per well, correlating to DHR123 integrated intensity in the absence (measure for overall ROS-500 
production) and presence of DPI (measure for NOX-independent ROS-production) was used to determine total 501 
ROS and NOX-dependent ROS-production (n = 7). (B) THP-1-M1 macrophages were transfected with either 502 
siHCA3, siGPR84, siGNA15 or siNC. ROS and NOX-dependent ROS was determined (n = 5) (A, B) Green pixel 503 
intensities in absence of agonist were set 100 %. Normalized total ROS and NOX-dependent ROS is shown as 504 
floating bars min to max, line at mean. Statistical analyses were performed applying an unpaired t-test. * P ≤ 0.05; 505 
** P ≤ 0.01; *** P ≤ 0.001. 506 
 507 
Both, TNFα and NFκB signaling are known to be associated with the production of reactive 508 
oxygen species (ROS) [23,24]. The enzyme NADPH oxidase (NOX) is crucial for ROS 509 
production in immune cells as part of the defense mechanism against invading pathogens [25]. 510 
We measured intracellular ROS production in THP-1-M1 macrophages using 511 
dihydrorhodamine 123 (DHR123). In cells stimulated with GPR84 agonists for 24 h, the 512 
DHR123 intensity was lower in the presence of the NADPH oxidase inhibitor 513 
diphenyleneiodonium chloride (DPI), indicating NOX-dependent production of ROS (Figures 514 
3A). To test for differences in the overall intracellular ROS production, we analyzed DHR123 515 
intensity in the absence of DPI. 3HDec and C10 increased total and NOX-mediated ROS 516 
formation in THP-1-M1 macrophages, as did the positive control compound phorbol 12-517 
myristate 13-acetate (PMA), but not 6-OAU (Figures 3A, S2C). To determine, whether the 518 
3HDec- and C10-induced increase in total and NOX-dependent ROS was evoked by GPR84 519 
and Gα15, siRNA-mediated knockdown experiments were performed (Figure 3B). These 520 
analyses revealed, despite knockdown efficiency of only 40 %, that solely GPR84 caused the 521 
increase in ROS upon stimulation with 3HDec and C10 (Figure 3B). Furthermore, the ROS 522 
production in presence of 3HDec and C10 was significantly reduced in macrophages transfected 523 
with siGNA15, but was still increased compared to the control, suggesting that Gα15 is mainly 524 
but not exclusively responsible for this effect (Figure 3B).  525 
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 526 
Figure 4: HCA3 agonists decrease ROS production and IL-1β secretion but increase IL-10 secretion and 527 
enhance cellular respiration in THP-1-M1 macrophages. 528 
(A) Production of reactive oxygen species (ROS) in THP-1-M1 macrophages after incubation with HCA3 agonists 529 
in the absence and presence of the NADPH-oxidase (NOX) inhibitor diphenyleneiodonium chloride (DPI, 4 µM) 530 
(mean ± SEM of n = 7). Normalized total ROS and NOX-dependent ROS is shown as min to max, line at mean. 531 
(B) IL-1β and IL-10 concentrations (in pg/ml, min to max, line at mean of n ≥ 4 biological replicates) in cell culture 532 
supernatants of THP-1-M1 macrophages stimulated with HCA3 agonists. (C) The components of the electron 533 
transport chain are localized in mitochondria and the oxygen consumption rate (OCR) and extracellular 534 
acidification rate (ECAR) were analyzed in THP-1-M1 macrophages (created using BioRender.com). (D) Shown 535 
are metabolic parameters calculated from the OCR and ECAR measurements as described in Material and 536 
Methods. Data depicted as floating bars min to max, line at mean of 3 time points of 4 independent experiments 537 
(n = 12), each carried out in 4 technical replicates. Statistical analyses (w/o versus agonists) were performed using 538 
a repeated measures One-Way ANOVA * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.  539 
 540 
3.5 HCA3 triggers anti-inflammatory signaling via reduction of ROS production and IL-1β 541 
secretion but increase of IL-10 secretion and cellular respiration in inflammatory macrophages 542 

In contrast to GPR84 agonists, HCA3 activation had no effect on NFκB activation or TNFα 543 
secretion (Figures S2A, S2B), but caused a significant decrease in total and NOX-dependent 544 
ROS levels, suggesting an anti-inflammatory action (Figure 4A). In contrast to GPR84, little is 545 
known about HCA3-mediated immune cell functions. To further elucidate the potential anti-546 
inflammatory role of HCA3, we analyzed the effect of HCA3 agonists on the secretion of IL-547 
10, an anti-inflammatory cytokine and IL-1β, a pro-inflammatory cytokine in THP-1-M1 548 
macrophages. IL-1β concentrations in the supernatant were significantly reduced, when cells 549 
were stimulated with the HCA3 agonists 3HO, D-PLA or IPBT-5CA (surrogate HCA3-specific 550 
agonist), while IL-10 release was significantly increased (Figure 4B). Cellular metabolism and 551 
macrophage function are tightly linked and IL-10 has been shown to inhibit inflammation-552 
induced glycolysis while promoting oxidative phosphorylation in macrophages [16,26]. We 553 
performed metabolic flux analyses using the Seahorse Mito Stress Test (Agilent). Oxygen 554 
consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in 555 
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THP-1-M1 macrophages stimulated with HCA3 agonists in the absence and presence of 556 
selective inhibitors of the electron transport chain (ETC) (Figure 4C). HCA3 agonists caused an 557 
increase in basal respiration, associated with an increased proton leakage, but not ATP 558 
production (Figures 4D, S3). This is accompanied by a decreased basal ECAR indicating a 559 
lower glycolytic rate. This resulted in a significantly increased ratio of basal respiration/ECAR 560 
but reduced spare respiratory capacity (Figures 4D, S3). HCA3 agonists affected neither 561 
maximal respiration nor non-mitochondrial oxygen consumption (Figure S3).  562 
In summary, this indicates that HCA3 activation enhances aerobic respiration (oxidative 563 
phosphorylation), while the rate of glycolysis is reduced. This is a characteristic metabolic 564 
feature associated with anti-inflammatory responses of macrophages [16]. Macrophages are 565 
mostly tissue-resident descendants of circulating monocytes. The most abundant circulating  566 
leukocytes in humans and the first responders to an infection are neutrophils [27]. Thus, we 567 
analyzed the role of HCA3 and GPR84 for neutrophil function.  568 
 569 
3.6 HCA3 stimulation counteracts GPR84-induced PMN activation  570 

In PMNs, high mRNA expression of both receptors and functional presence using dynamic 571 
mass redistribution (DMR) measurements was verified (Figures 5A, 5B). DMR is a label-free 572 
technique and therefore highly suitable for signaling analysis in primary cells to determine time-573 
resolved receptor activation independent of second messenger levels. Stimulation of PMNs 574 
with all HCA3 agonists resulted in DMR responses completely suppressed by PTX, indicating 575 
coupling to Gαi/o-proteins (Figure 5B). Both, 3HDec and C10, induced a partially PTX-576 
insensitive DMR response, suggesting involvement of additional signaling pathways apart from 577 
Gαi/o stimulation (Figure 5B). Furthermore, GPR84 agonists activated ERK but not AKT in 578 
PMNs (Figure S4A).  579 
PMNs are the most abundant circulating leukocytes in humans and able to form neutrophil 580 
extracellular traps (NET) [28]. Released DNA, reflecting NET formation, can be stained with 581 
propidium iodide (PI) [29]. Here, the ratio of cell counts positive for PI and for Hoechst 33342 582 
(total cell number) derived from image-based analyses were used to quantify activation of 583 
PMNs (Figures 5C, S4B). C10 and 3HDec induced a significant increase in activated PMNs 584 
(Figure 5C). PMA served as positive control and resulted in almost 100 % activation, reflected 585 
by a ratio of PI count/Hoechst 33342 count of ~1 (Figure 5C). Some GPCRs in immune cells 586 
amplify or counteract signals induced by other receptors. We found that presence of the HCA3-587 
specific agonists D-PLA and IPBT-5CA caused a significant reduction of the 3HDec- or C10-588 
induced PMN activation (Figure 5C).  589 
NET formation can be lytic, leading to cell death (suicidal NETosis) or resulting in the 590 
formation of functional anuclear cytoplasts capable of phagocytosis (vital NETosis) [30,31]. 591 
We analyzed the effect of HCA3 or GPR84 stimulation on phagocytic activity of PMNs by 592 
treatment with HCA3 agonists, GPR84 agonists or PMA (positive control) and subsequent 593 
addition of pHrodo Red-conjugated E. coli particles (Figure 5D). These particles show 594 
pH-sensitive fluorescence upon ingestion into acidic phagosomes. The actin cytoskeleton was 595 
stained using Alexa Fluor 488-labeled phalloidin while the nuclei were stained with Hoechst 596 
33342 (Figure 5D). Automatic image-based analyses were performed to determine: (1) the 597 
number of cell bodies (green), containing (blue) or lacking an intact nucleus, (2) the number of 598 
phagocytic cells (green and red), and (3) the average number of particles per cell (red per green 599 
cell body) (Figure 5D).  600 
Upon stimulation with C10, 3HDec or the positive control PMA a reduced number of cells were 601 
containing nuclei consequently leading to an increased number of cells lacking nuclei (Figure 602 
5D). Additionally, the same treatments lead to a significantly decreased number of phagocytic 603 
cells, i.e. of cell bodies containing E. coli particles (Figure 5D). At last, the number of particles 604 
ingested per phagocytic cell was determined. Although we detected a lower number of 605 
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phagocytic cells when PMNs were stimulated with 3HDec or C10, we found a significantly 606 
higher number of ingested particles per cell body under these conditions (Figure 5D).  607 
C10 and 3HDec induce both suicidal NETosis (Figure 5C) and vital NETosis, supported by the 608 
increased phagocytic capacity (Figures 5D).  609 
 610 

 611 
Figure 5: C10 and 3HDec induce activation of primary human neutrophils, counteracted by HCA3 agonists.  612 
(A) The mRNA expression of HCA3 and GPR84 in freshly isolated human PMNs (n = 4 different donors, reference 613 
genes ACTB Cq = 16 and B2M Cq = 17) is shown as ΔCq-values (mean ± SEM, each sample measured in 614 
duplicates). (B) Dynamic mass redistribution (DMR) responses in PMNs (mean ± SEM of n = 4 different donors) 615 
upon stimulation with HCA3 and GPR84 agonists with or without PTX preincubation. (C) PMNs were incubated 616 
with HCA3, GPR84 agonists or PMA, stained with propidium iodide (PI, red) and Hoechst 33342 (blue). The 617 
number of activated (PI) / total cells (Hoechst 33342) was determined. (D) PMN nuclei were stained with Hoechst 618 
33342, cytoskeleton was stained using AlexaFluor488-phalloidin (F-Actin) and phagocytosis of pHrodo Red-619 
conjugated E. coli particles was assessed. Data is shown as percent of numbers determined in absence of agonists. 620 
(C) n ≥ 10 and (D) n = 5 independent experiments each performed with PMNs of different donors, carried out in 621 
triplicates, is shown as min to max, line at mean. Statistical analyses were performed applying paired two-tailed t-622 
test. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001. Cell illustrations in D were created with BioRender.com. 623 
 624 
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4. Discussion 625 

GPR84 and HCA3 are known to couple to Gαi/o proteins and exhibit overlapping expression in 626 
monocytes, macrophages and neutrophils (reviewed in [19]). While GPR84 is a widely studied 627 
receptor, constituting an attractive pharmacological target for the development of anti-628 
inflammatory drugs, data on HCA3 function in immune cells is rather scarce. Several surrogate 629 
GPR84 ligands have been discovered but little is known about the signaling components 630 
involved in the pro-inflammatory effects induced upon GPR84 activation (reviewed in [19]). 631 
For HCA3 on the other hand, a receptor only present in humans and great apes, anti-632 
inflammatory action has been suggested, but more detailed insights are lacking [5]. The 633 
3-hydroxy MCFA 3HDec, a gram-negative bacterial-derived MCFA, activates both GPR84 and 634 
HCA3, which exhibit opposing effects in innate immune cells. Therefore, deciphering GPR84- 635 
and HCA3-activated signaling pathways and their physiological consequences helps to further 636 
define their therapeutic potential.  637 
Here, we unraveled the molecular differences in GPR84- and HCA3-mediated signaling in 638 
innate immune cells. We conducted functional analyses to determine consequences for immune 639 
cell responses upon activation of those two GPCRs. Regarding the origin of 3HDec, we showed 640 
that levels of 3-hydroxy MCFAs strongly accumulate in association with the increasing death 641 
of gram-negative bacteria, like E. coli (Figure 1B). Previous studies had also shown in other 642 
contexts that 3HDec and 3-hydroxy derivatives of other MCFAs are degradation products of 643 
LPS [32,33]. In a heterologous expression system we showed recently that signaling kinetics 644 
and components involved in signal transduction of GPR84 and HCA3 differ upon activation by 645 
3HDec [5]. However, here we found that in human macrophages and primary human 646 
neutrophils, the HCA3-dependent signaling upon 3HDec stimulation is negligible, while 3HDec 647 
as well as C10 mediate pro-inflammatory signaling through activation of Gα15-coupled GPR84 648 
(Figures 2B-2E, 3B). To our best knowledge, coupling of GPR84 to Gα15 in addition to Gαi/o 649 
has not been described before. In a physiological context, one may speculate that elimination 650 
of bacteria by innate immune cells is accompanied by a release of LPS-derived 3-hydroxy 651 
MCFAs, causing local concentrations high enough to activate GPR84 followed by recruitment 652 
and activation of further immune cells. Thus, it is conceivable that LPS-derived 3-hydroxy 653 
MCFAs are the physiological relevant GPR84 agonists. Future analytical studies examining 654 
local concentrations of 3-hydroxy MCFAs in infected / inflamed tissue may shed further light 655 
on this aspect. It has previously been shown that Gα15 couples chemoattractant receptors 656 
efficiently to PLCβ and NFκB activation [34]. This is in line with our observations of GPR84-657 
mediated increase of intracellular Ca2+, IP3 and NFκB activation (Figures 1F, 1G, 2E, S2B). 658 
Further, we provide evidence for GPR84-, Gα15-dependent ERK activation and ROS production 659 
in macrophages (Figures 2C, 3B, 6). In neutrophils, which are the most abundant circulating 660 
leukocytes in humans and the first responders to an infection [27], GPR84 activation with C10 661 
or 3HDec resulted in activation of neutrophils (suicidal NETosis), which is the defining step in 662 
the inflammatory response (Figure 5C). At the same time phagocytic capacity (vital NETosis) 663 
was increased, further highlighting a role of GPR84 in pro-inflammation (Figures 5D, 6). 664 
Several studies already highlighted GPR84 as chemoattractant receptor [6,8,35]. Assuming that 665 
neutrophils and macrophages are recruited to the side of bacterial infection due to locally 666 
increasing 3HDec levels, GPR84 activation will then lead to Gα15-dependent NETosis, 667 
phagocytosis and ROS production to limit the infection.  668 
HCA3 signaling, on the contrary, did not affect neutrophil activation/phagocytosis by itself but 669 
counteracted GPR84-mediated PMN activation, potentially to prevent damage resulting from 670 
excess activation of PMNs (Figures 5C, 6). Thus, HCA3 may be especially important for 671 
balancing the response of innate immune cells at the site of a bacterial infection. HCA3 tones 672 
down pro-inflammatory IL-1β secretion and ROS production, but increases anti-inflammatory 673 
IL-10 secretion from macrophages (Figures 4A, 4B, 6). This is a potential mechanism to prevent 674 
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excessive damage of surrounding tissue and/or to help resolve the inflammation by reducing 675 
the recruitment of further immune cells through lowering cytokine release [36]. Cellular 676 
metabolism is tightly linked to macrophage function and the activity of various metabolic 677 
pathways is linked to pro- or anti-inflammatory signaling [37]. From an immunometabolic 678 
point, HCA3 activation caused a decrease in glycolytic activity but increase in oxidative 679 
phosphorylation (Figures 4D). This kind of metabolic phenotype is rather associated with anti-680 
inflammatory responses, while pro-inflammation is usually accompanied by strong dependence 681 
on glycolysis (reviewed in [16]). LAB-derived metabolites, like e.g. D-PLA activating HCA3, 682 
are also known to exhibit anti-bacterial and anti-fungal properties rendering the presence of 683 
pathogenic microbes in LAB-fermented food, like Sauerkraut, less likely [38,39]. In this 684 
scenario, it appears reasonable to speculate that HCA3 activated by D-PLA induces a 685 
hyporesponsiveness in neutrophils and macrophages, preventing excessive cytokine release and 686 
therefore inflammation.  687 
 688 

 689 
Figure 6: GPR84 and HCA3 regulate innate immune cell functions.  690 
THP-1-M1 macrophages and primary human neutrophils express both, GPR84 and HCA3. HCA3 is exclusively 691 
coupled to Gαi/o. Activation of HCA3 results in decreased IL-1β but increased IL-10 secretion. Less ROS are 692 
produced and macrophage metabolism shifts to a less glycolytic phenotype in presence of HCA3 agonists. GPR84 693 
is coupled to Gαi/o and Gα15 in THP-1-M1 macrophages. Activation of GPR84 causes Gα15-dependent ERK 694 
activation and increases intracellular Ca2+ and IP3 levels. NFκB activation, TNFα secretion and formation of ROS 695 
are increased upon stimulation of GPR84. GPR84 agonists cause neutrophil activation and enhanced phagocytosis, 696 
which is inhibited in presence of HCA3 agonists (created with BioRender.com). 697 
 698 
5. Conclusions 699 

In conclusion, we provide new insights into the molecular regulation of innate immune cells by 700 
HCA3 and GPR84 (Figure 6). We propose that both receptors can serve as new targets to tackle 701 
chronic inflammation. Our discovery of Gα15 as a crucial mediator of GPR84-induced pro-702 
inflammatory signaling provides a key step towards a better assessment of the potential of 703 
GPR84 as drug target. Future studies shall focus on this aspect to determine potency and 704 
efficacy of GPR84-targeting ligands.  705 
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