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In�ammation is a vital and normally protective 

response to defend the host against infection 

and injury. When excessive, acute in�ammation 

can progress to chronic in�ammation, scarring, 

and �brosis (Cotran et al., 1999; Nathan, 2012; 

Tabas and Glass, 2013; Deutschman and Tracey, 

2014). Acute in�ammatory responses are ideally 

self-limited, leading to catabasis and complete 

resolution. With the structure elucidation of 

endogenous antiin�ammatory and pro-resolving 

mediators and their functional characterization, 

it is becoming apparent that resolution of  

in�ammation is an active biosynthetic process 

with specialized mediators that govern the key 

steps in resolution. Resolution of self-limited 

in�ammation is governed by lipid mediator 

(LM) class switching from production of proin-

�ammatory prostaglandins and leukotrienes in 

the initiation phase to biosynthesis of antiin-

�ammatory and pro-resolving local mediators, 

such as lipoxins (LXs) in the resolution phase 

(Serhan, 2014). More recently, new families of 

resolution-phase mediators have been identi-

�ed, and their structures have been elucidated, 

including eicosapentaenoic acid (EPA)–derived 

E-series resolvins (Rv) and docosahexaenoic 

acid (DHA)-derived D-series Rvs, protectins, 

and maresins (Serhan, 2014). Together with the 

LXs, they are agonists of resolution and consti-

tute a genus of potent endogenous mediators 

termed the specialized pro-resolving media-

tors (SPMs).

Eicosanoids exhibit their actions by cell sur-

face receptors, which belong to the G protein–

coupled receptor (GPCR) superfamily (Shimizu, 

2009). SPMs also interact with cell-surface GPCR 

on leukocytes to limit further PMN in�ltration 

and stimulate phagocyte resolution programs 

(Serhan and Chiang, 2013). For example, LXA4 
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Endogenous mechanisms that orchestrate resolution of acute in�ammation are essential in 

host defense and the return to homeostasis. Resolvin (Rv)D2 is a potent immunoresolvent 

biosynthesized during active resolution that stereoselectively stimulates resolution of acute 

in�ammation. Here, using an unbiased G protein–coupled receptor--arrestin–based 

screening and functional sensing systems, we identi�ed a receptor for RvD2, namely GPR18, 

that is expressed on human leukocytes, including polymorphonuclear neutrophils (PMN), 

monocytes, and macrophages (M). In human M, RvD2-stimulated intracellular cyclic 

AMP was dependent on GPR18. RvD2-stimulated phagocytosis of Escherichia coli and 

apoptotic PMN (efferocytosis) were enhanced with GPR18 overexpression and signi�cantly 

reduced by shRNA knockdown. Speci�c binding of RvD2 to recombinant GPR18 was con-

�rmed using a synthetic 3H-labeled-RvD2. Scatchard analysis gave a Kd of 10 nM consis-

tent with RvD2 bioactive concentration range. In both E. coli and Staphylococcus aureus 
infections, RvD2 limited PMN in�ltration, enhanced phagocyte clearance of bacteria, and 

accelerated resolution. These actions were lost in GPR18-de�cient mice. During PMN-

mediated second organ injury, RvD2’s protective actions were also signi�cantly diminished 

in GPR18-de�cient mice. Together, these results provide evidence for a novel RvD2–GPR18 

resolution axis that stimulates human and mouse phagocyte functions to control bacterial 

infections and promote organ protection.
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that was equivalent to [positive signals  baseline/baseline in 

the absence of ligand]; see Materials and methods), namely 

GPR18, GPR26, and GPR30 (Fig. 1 A). RvD2 did not acti-

vate GPR32, a human receptor for RvD1 (Krishnamoorthy 

et al., 2010), or GPR31, a recently reported receptor for 12S- 

hydroxy-eicosatetraenoic acid, which is a product of 12-LOX 

and arachidonic acid (Fig. 1 A; Guo et al., 2011). We further 

evaluated human GPR18, GPR26, and GPR30 using this  

-arrestin–based ligand receptor interaction system. RvD2 

(1013–108 M) signi�cantly increased chemiluminescence 

signals (RLU) with GPR18-expressing cells compared with 

vehicle controls in a dose-dependent manner with EC50 values 

of 2.0 × 1013 M (Fig. 1 B). In contrast, RvD2 (1013–108 

M) did not increase chemiluminescence in cells overexpress-

ing either GPR26 or GPR30. RvD1 and RvD3 at equimolar 

concentrations (1014–108 M) did not activate GPR18 (Fig. 1 C).  

These results suggested that RvD2 selectively activated 

human GPR18. Because RvD2 exerts potent actions with 

leukocytes (Spite et al., 2009; Serhan, 2014), we assessed 

GPR18 expression on human leukocytes using �ow cytome-

try. GPR18 was expressed in human peripheral blood PMN; 

anti-GPR18 IgG gave 4.1 ± 1.7 and 3.7 ± 2.3 fold increases 

of MFI in whole blood PMN and isolated PMN, respectively, 

compared with the nonimmune IgG control. Peripheral blood 

monocytes and monocyte-di�erentiated M also expressed 

GPR18 (Fig. 1 D).

RvD2 activates human recombinant GPR18:  
ligand–receptor dependency
To examine ligand–receptor interactions, we performed elec-

trical cell substrate impedance sensing (ECIS), monitoring 

changes in impedance upon ligand binding to receptors  

(Peters and Scott, 2009). In this system, RvD2 (1–100 nM) 

dose-dependently elicited rapid changes in impedance, with 

CHO cells overexpressing recombinant human GPR18 

(CHO-hGPR18; Fig. 2 A). Because N-arachidonyl glycine 

(NAGly) was recently identi�ed as a ligand for GPR18 

(Kohno et al., 2006), we compared these ligands and found 

that equimolar concentrations of NAGly and RvD2 both 

elicited impedance changes activating CHO-hGPR18 (Fig. 2 B). 

RvD2-initiated changes in impedance were signi�cantly 

reduced when cells were incubated with anti-hGPR18 an-

tibody before addition of RvD2 (Fig. 2 C; 15.0 ± 1.7 Ω 

with anti-GPR18 IgG vs. 30.5 ± 4.3 Ω with nonimmune 

IgG). To test whether GPR18 activation by RvD2 is medi-

ated via G proteins in CHO cells, we incubated CHO-

hGPR18 cells with either cholera toxin (CTX) or pertussis 

toxin (PTX) before RvD2 addition. PTX did not change 

RvD2-initiated impedance changes, suggesting that with 

RvD2, GPR18 did not couple to Gi-like proteins in CHO-

hGPR18 cells. CTX markedly inhibited RvD2-initiated 

impedance changes (Fig. 2 D; 7.0 ± 3.5 Ω with RvD2 plus 

CTX vs. 16.3 ± 3.5 Ω with RvD2 alone), suggesting that 

RvD2 triggered GPR18 coupling to Gs-like proteins in 

CHO-hGPR18 cells.

and RvD1 each directly activate lipoxin A4 receptor (ALX) 

and GPR32, denoted DRV1. RvE1 also activates two sepa-

rate receptors—ChemR23/ERV1 to stimulate macrophage 

(M) phagocytosis and BLT1 to limit and redirect polymor-

phonuclear neutrophil (PMN) signals (El Kebir et al., 2012; 

Serhan and Chiang, 2013).

RvD2 was identi�ed and isolated from murine self- 

resolving exudates during the resolution phase of self-limited 

acute in�ammation in vivo (Serhan et al., 2002). In human leu-

kocytes, the precursor DHA is converted via 17-lipoxygenation 

to 17S-hydro(peroxy)-DHA, an intermediate that is enzy-

matically transformed by 5-lipoxygenase (LOX) to a unique 

7(8)epoxide-containing intermediate, followed by enzy-

matic hydrolysis to form RvD2. The complete structure  

and stereochemistry of RvD2 is 7S,16R,17S-trihydroxy-

4Z,8E,10Z,12E,14E,19Z-DHA (Spite et al., 2009). RvD2 is 

produced during human M e�erocytosis, e.g., engulfment 

of apoptotic PMN (Dalli and Serhan, 2012), in human adipose 

tissue (Clària et al., 2013) and peripheral blood from healthy 

donors (Mas et al., 2012), as well as in pulmonary tuberculosis 

patients (Frediani et al., 2014). In addition, RvD2 levels were 

increased in healthy donors with n-3 supplementation (Colas 

et al., 2014). In animal models of diseases, RvD2 stereoselec-

tively reduces excessive PMN tra�cking to in�ammatory 

loci, stimulates PMN phagocytosis of Escherichia coli, and con-

trols polymicrobial sepsis (Spite et al., 2009). Using a micro-

�uidic chamber able to monitor single cells, RvD2 restores 

chemotactic response of PMN, and improves survival after 

a second septic insult post-burn in rats (Bohr et al., 2013; 

Kurihara et al., 2013). In addition, RvD2 reduces in�am-

matory pain (Park et al., 2011) and in�ammation in experi-

mental colitis and �bromyalgia (Bento et al., 2011; Klein  

et al., 2014). Together, these results indicate potent roles for 

RvD2 in regulating resolution of bacterial infections and 

sterile in�ammation.

Herein, we present evidence for a speci�c cell surface 

GPCR for RvD2, namely GPR18. RvD2 activates recombi-

nant human GPR18 in a receptor- and ligand-dependent 

manner. Using radiolabeled RvD2 ([10,11-3H]-7S,16R,17S-

trihydroxy-4Z,8E,10Z,12E,14E,19Z-DHA), we obtained 

evidence for direct binding of RvD2 to recombinant GPR18 

with a Kd value within the bioactive concentration range of 

RvD2. We investigated GPR18’s contribution to RvD2 pro-

resolving actions in stimulating phagocytosis of microbes and 

apoptotic PMN, accelerating resolution of bacterial infec-

tions, and organ protection with overexpression or knockdown  

of GPR18.

RESULTS
RvD2 receptor candidates and GPCR screening
To identify receptors for RvD2, we used an unbiased GPCR-

-arrestin–coupled custom commercial screening system to 

monitor RvD2–receptor interactions (Krishnamoorthy et al., 

2010). Among 77 orphan human GPCRs, three receptors 

gave the strongest signals increasing chemiluminescence in 

response to 10 nM of RvD2 (normalized as 100% in the heatmap 
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M phagocytosis of apoptotic cells, microbes, and debris 

is a cellular hallmark of tissue resolution of acute in�amma-

tion (Cotran et al., 1999). Because RvD2 enhances M 

phagocytosis of serum-treated zymosan (STZ), as well as live 

E. coli (Spite et al., 2009), we next examined whether this 

action was dependent on GPR18. Human M were di�er-

entiated from peripheral blood monocytes (see Materials and 

methods) and transfected with either human GPR18 or a 

GPR18 mediates signals and actions of RvD2 in human M
Given that RvD2 activation of GPR18 in CHO cells is likely 

mediated via a Gs-like protein, we next determined whether 

RvD2 regulates cAMP, a second messenger downstream of 

Gs, in human M (Rossi et al., 1998). RvD2 at 10–100 nM 

signi�cantly increased cAMP with human M. This action 

was diminished when M were transfected with shRNA tar-

geting GPR18 (Fig. 3 A).

Figure 1. Identi�cation of RvD2 receptor 
candidates. (A) A panel of orphan GPCRs was 

screened using -arrestin PathHunter GPCR 

system in the presence of 10 nM of RvD2 or 

vehicle control (0.1% ethanol). Results were 

expressed as a heatmap. The receptors that 

gave highest chemiluminescence signal in 

response to RvD2 (see Materials and methods 

for the screening methodology) were taken as 

100% in the heatmap (indicated by arrows). 

(B) Receptor speci�city. Ligand (RvD2)–receptor 

interaction was monitored using a -arrestin 

system overexpressing GPR18 (circle), 

GPR26 (square), or GPR30 (triangle). Results 

are mean ± SEM from 3 independent experi-

ments and 4 replicates each experiment.  
##, P < 0.01 versus GPR18 (one-way ANOVA 

with Tukey’s Multiple Comparison test). *, P < 

0.05; **, P < 0.01, RvD2 versus vehicle controls 

(unpaired Student’s t test). RLU, relative lumi-

nescence units. (C) Ligand speci�city. RvD2 

(circle), RvD1, or RvD3 (square) interaction 

with GPR18 were monitored using -arrestin 

system overexpressing GPR18. Results are 

from 3 (RvD2) or 2 (RVD1 and RvD3) indepen-

dent experiments and 4 replicates each ex-

periment. *, P < 0.05; **, P < 0.01 RvD2 versus 

vehicle controls (unpaired Student’s t test). 

(D) GPR18 expression. Human whole blood 

(50 µl), isolated PMN (106 cells), or GM-

CSF–differentiated M (106 cells) were  

incubated with rabbit anti-GPR18 IgG or  

nonimmune rabbit IgG (1:50 dilutions,  

30 min), followed by PE-anti-rabbit IgG  

(1:200 dilutions, 30 min). GPR18 expression 

was monitored by �ow cytometry. Results are 

representative of 4 independent experiments 

using 4 separate healthy donors. Results with 

whole blood and isolated PMN were obtained 

from the same donor.
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increased human M phagocytosis of FITC-zymosan in 

mock-transfected M, and this action was further enhanced 

with hGPR18 overexpression (Fig. 3 C; 40% increase 

above vehicle in M-hGPR18 vs. 15–20% increase in M-

mock; 1 h). hGPR18 overexpression also led to increased 

phagocytosis of E. coli in response to RvD2 (e.g., 1 nM 

RvD2 produced a 40% increase with M-hGPR18 vs. 

15% with M-mock). In comparison, RvD2-mediated 

(10 pM–10 nM) e�erocytosis of apoptotic PMN was also in-

creased with hGPR18 overexpression compared with mock 

transfected M (Fig. 3 C). In separate sets of experiments, 

knockdown of endogenous M GPR18 using shRNA sig-

ni�cantly abolished RvD2-stimulated phagocytosis of STZ, 

E. coli, and apoptotic PMN (Fig. 3 D). Together, these results 

demonstrated that human GPR18 contributed to RvD2’s 

mock plasmid. Phagocytosis of �uorescently labeled E. coli 

was monitored in real-time using microscopy (Fig. 3 B). 

RvD2 (1 nM) increased uptake of E. coli with mock- 

transfected M (15% increase above vehicle control; 1 h),  

an action that was further enhanced with hGPR18 transfec-

tion (>40% increase at 1 h and 30% increase at 2 h with  

1 nM RvD2).

To further investigate the role of GPR18 in RvD2-

stimulated phagocytosis with human M, we transfected M 

with hGPR18 (overexpression) or speci�c shRNA targeting 

hGPR18 (knockdown). Overexpression and knockdown of 

hGPR18 were veri�ed by �ow cytometry (Fig. 3, C and D, 

insets). Phagocytosis of �uorescently labeled STZ, E. coli, and 

apoptotic PMN were performed and �uorescence was moni-

tored using a �uorescence plate reader. RvD2 (0.01–1 nM) 

Figure 2. RvD2-dependent activation of GPR18.  
(A) Dose response. CHO-GPR18 cells were incubated with 

RvD2 (1–100 nM) or vehicle alone (control). Impedance 

changes across CHO cell monolayers were continuously 

recorded in real-time for 10 min (inset). Representative 

histograms of GPR18 expression. (B) Ligand speci�city. 

Tracings were CHO-GPR18 cells incubated with RvD2 or 

NAGly (100 nM each; chemical structures depicted on 

the right). Time 0 denotes the addition of compounds.  

(C) CHO-GPR18 cells were incubated with anti-GPR18 Ab 

(1:50) or nonimmune rabbit IgG for 30 min, followed by 

addition of 100 nM RvD2. (D) CHO-GPR18 cells were 

treated with CTX (1 µg/ml, 2 h) or PTX (1 µg/ml, 16 h) 

followed by addition of 100 nM RvD2. Results are ex-

pressed as (A and B) changes in impedance (Ω); mean of 

4 separate tracings from 4 independent experiments or 

(C and D) percentage of changes in impedances. RvD2-

initiated impedance changes were taken as 100%; mean ± 

SEM from 4 separate tracings from 4 independent ex-

periments; **, P < 0.01; ***, P < 0.001 versus RvD2 plus 

nonimmune IgG (C) or RvD2 alone (D) using one-way 

ANOVA with Tukey’s multiple comparison test.
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Figure 3. Human GPR18-mediated RvD2 actions in M phagocytosis. (A) Human GPR18 was knocked down with GPR18 shRNA in human 

M. M (0.4 × 106 cells) were incubated with indicated concentrations of RvD2 for 2 min (37°C), and cAMP was measured. Results are mean ± SEM 

of four separate experiments and duplicates in each experiment. *, P < 0.05 obtained with unpaired Student’s t test for GPR18 shRNA (solid red line) 

versus control scrambled shRNA (dashed blue line) transfected M. (B) Human M were transfected with human GPR18 (circle) or mock (square) 

plasmids; 72 h later, M were plated onto chamber (0.1 × 106 cells/well) incubated with RvD2 at 109 M (blue) or vehicle control (white) for 15 min 

at 37°C, followed by addition of BacLight Green-labeled E. coli to initiate phagocytosis. Fluorescent images were then recorded every 10 min for 

180 min. (top inset) Percent increase in phagocytosis by RvD2 in mock (white) or GPR18 (blue) transfected M. (bottom) Representative �uorescent 

images at 180 min. Bars, 50 µm. Three separate experiments were performed. In each experiment, 4 �elds (20×) per condition (per well) were re-

corded. Results are mean �uorescence of four �elds/well from one representative experiment. (C and D) Human GPR18 was overexpressed (C) or 
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Collectively, these results indicated that, in acute peritonitis, 

RvD2 limited PMN in�ltration and enhanced e�erocytosis in 

a GPR18-dependent manner.

3H-RvD2–speci�c binding
Because GPR18 mediated RvD2’s potent pro-resolving ac-

tions in vitro and in vivo, we next determined whether RvD2 

directly binds to recombinant human GPR18 using radiola-

beled ligand binding. To this end, we prepared tritium-labeled 

[10,11-3H]-RvD2 methyl ester (ME) by catalytic hydrogena-

tion of synthetic precursor 10,11-acetylenic RvD2-ME (Fig. 5). 

After hydrogenation with tritium, [3H]-RvD2-ME was ob-

tained and its integrity was con�rmed after HPLC isolation. 

Fig. 5 (A and B) shows the chromatographic tracing of 

[10,11-3H]-RvD2-ME that coeluted with authentic syn-

thetic RvD2-ME standard, and matched radioactivity peak. 

RvD2 has a tetraene structure with characteristic UV bands 

of absorbance at max 301 nm with shoulders at 280 and 315 nm 

(insets, Fig. 5, A and B). The quali�ed [3H]-RvD2-ME was 

then used for saturation binding with recombinant hGPR18 

expressed in CHO cells in the absence or presence of 10 μM 

unlabeled RvD2-ME. Speci�c binding was obtained and 

Scatchard plot analysis produced a Kd of 9.6 ± 0.9 nM 

(Fig. 5 C). This value is within the bioactive range of RvD2 

(Fig. 3). To test whether RvD2-ME can displace [3H]-RvD2-

ME binding, CHO-hGPR18 cells were incubated with 

[3H]-RvD2-ME for 60 min, followed by addition of unla-

beled RvD2-ME, which time-dependently displaced [3H]-

RvD2-ME binding to CHO-hGPR18 (Fig. 5 D).

To determine the ligand speci�city, competition binding 

was performed. RvD2 and RvD2-ME gave similar a�nities 

to CHO-GPR18 with IC50 100 nM (Fig. 5 E). [3H]-

RvD2-ME did not give signi�cant speci�c binding with 

CHO-WT (Fig. 5 E, inset). NAGly also competed for [3H]-

RvD2-ME binding, with, essentially, equipotency at 100 nM. 

In contrast, select SPMs, including RvD1, RvD3, maresin 1 

(MaR1), and protectin D1 (PD1) did not signi�cantly com-

pete for [3H]-RvD2-ME–speci�c binding (Fig. 5 F). Collec-

tively, these results indicated high a�nity and speci�c binding 

of RvD2 with recombinant human GPR18.

GPR18-de�cient mice display impaired resolution  
of infections and diminished responses with RvD2
To determine the GPR18-dependent in vivo actions of RvD2, 

we prepared GPR18-de�cient mice (GPR18 knockout; 

GPR18-KO) by insertion of a bGeo/Puro gene into the coding 

pro-resolving actions in stimulating M ingestion of yeast 

zymosan particles, live E. coli, and apoptotic human PMN.

We next examined whether RvD2 can regulate M man-

nose receptor CD206 and CD163, which are phagocytic re-

ceptors and markers of the antiin�ammatory and e�erocytic 

M2 phenotype (Plüddemann et al., 2011; Zizzo et al., 2012). 

With human M, RvD2 (0.1–10 nM; 24 h) dose-dependently 

increased expression of CD206 and CD163 was monitored 

by �ow cytometry (Fig. 3 F). M overexpressing GPR18 in-

creased CD163 expression in response to RvD2 when com-

pared with mock-transfected M (Fig. 3 E). These results 

suggested that these phagocytic receptors CD163 and CD206 

(Plüddemann et al., 2011) contribute to RvD2-enhanced 

M phagocytosis. In addition, RvD2 (0.1–10 nM; 24 h) up-

regulated GPR18 expression (Fig. 3 E). Together, these results 

suggest a positive feed-forward ampli�cation mechanism for 

RvD2 actions in promoting M phagocytosis.

RvD2–GPR18 interaction in vivo reduces exudate  
PMN and stimulates efferocytosis
We examined whether overexpression of human GPR18 can 

enhance RvD2’s action in vivo using a self-limited murine 

peritonitis. We collected naive peritoneal M and transfected 

them ex vivo with either GPR18 or mock plasmids. Perito-

nitis was initiated, transfected M were injected with or 

without RvD2 (10 ng/mouse, i.p.) at peak of in�ammation as 

monitored by maximal PMN in�ltration (12 h after zymosan 

administration), and exudates collected at 24 h (Fig. 4 A). Ad-

ministration of RvD2 (10 ng) alone at 12 h signi�cantly re-

duced PMN numbers at 24 h (Fig. 4 B; 8.6 ± 0.5 × 106 vs. 

11.0 ± 0.6 × 106 PMN with zymosan alone). GPR18- 

transfected M further enhanced this RvD2 action (5.1 ± 0.7 ×  

106 PMN). In vivo e�erocytosis was evaluated using Ly-6G+ 

M in exudates. Low-dose RvD2 (10 ng) alone did not 

increase e�erocytosis, whereas administration of RvD2 and 

mock-transfected M gave signi�cantly higher Ly-6G+ M 

(Fig. 4 C; 339 ± 54 vs. 194 ± 31 Ly-6G+M). Moreover, 

administration of RvD2 and GPR18-tranfected M further 

enhanced e�erocytosis (545 ± 74 Ly-6G+ M).

In a second set of experiments, we collected peritoneal 

resident M and knocked down endogenous mouse GPR18 

using targeted shRNA (Fig. 4 D). RvD2 (20 ng/mouse, i.p.) 

signi�cantly reduced PMN numbers (>50%) and increased 

e�erocytosis (>60%) in mice given control shRNA-transfected 

M. In contrast, RvD2’s actions were abolished in mice that 

received GPR18 shRNA-transfected M (Fig. 4, E and F). 

knocked down with shRNA (D) in human M and veri�ed by �ow cytometry (insets). M were incubated with RvD2 (1013 to 108 M) or vehicle 

control for 15 min, followed by addition of FITC-zymosan, BacLight Green-labeled E. coli, or CFDA-labeled apoptotic PMN to initiate phagocytosis. 

Results are percent increases of phagocytosis above vehicle. (C) Mean ± SEM from 5 or (D) mean ± SEM from 3 independent experiments with sepa-

rate donors and triplicates in each experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001, obtained with unpaired Student’s t test for GPR18 overexpression (solid 

blue lines) versus mock transfection (dashed red lines) in C and GPR18 shRNA (solid red lines) versus control scrambled shRNA (dashed blue lines) in D.  

(E and F) GPR18, CD206, and CD163 expression. (E) Human M (0.5 × 106 cells) or (F) human M overexpressing GPR18 (GPR18-OE) or mock plasmids 

were incubated with vehicle or RvD2 (0.1, 1, or 10 nM) for 24 h. GPR18, CD206, and CD163 were monitored using �ow cytometry. Results are percent 

increase above vehicle; mean ± SEM from 3 independent experiments with 3 separate donors. #, P < 0.05; ##, P < 0.01 RvD2 versus vehicle; *, P < 0.05, 

GPR18 overexpression versus mock transfection using unpaired Student’s t test.
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pro�led using multiple reaction monitoring and identi�ed by 

direct comparison with synthetic and authentic standards 

using matching criteria including retention time, characteris-

tic fragmentation patterns, and at least six diagnostic ions 

(Colas et al., 2014). Select SPM, including RvD2, RvD5, and 

PD1, were present in infectious exudates collected from WT 

mice at 24 h, and their levels were signi�cantly reduced in 

GPR18-KO mice (Fig. 6 F). The representative MS-MS spec-

tra of RvD2 and PD1 used for their identi�cation are shown 

in Fig. 6 G. GPR18-KO gave increased amounts of TXB2, 

and there were no statistically signi�cant di�erences in LTB4 

and PGE2 between WT and GPR18-KO mice. Together, these 

results indicated a delayed-resolution phenotype with GPR18 

KO mice in E. coli infection with heightened PMN in�ltra-

tion, reduced SPM, impaired e�erocytosis, and E. coli inges-

tion by phagocytes.

We next assessed whether RvD2 was protective in E. coli 

infections and if this action was GPR18-dependent. In WT 

mice, 100 ng RvD2 administered at 12 h (peak of in�amma-

tion) after E. coli inoculation lowered PMN numbers by 

60% (1.9 ± 0.3 vs. 5.0 ± 0.6 × 106 PMN with E. coli alone; 

P < 0.001) at 24 h, giving a shortened Ri of 6 h compared 

with vehicle control with Ri 12 h (Fig. 7 A). This action of 

region of mouse gpr18. Targeted deletion of gpr18 was con-

�rmed by genotyping using PCR (Fig. 6 A). These mice were 

born without apparent pathological phenotypes. Using 

GPR18-KO mice and their WT littermates, we investigated 

whether GPR18 played a role in controlling E. coli infections, 

a common and urgent health concern worldwide (Mead et al., 

1999). Here, we performed a self-resolving E. coli (105 CFU) 

peritoneal infection. In WT littermates, PMN in�ltration into 

peritoneum reached maximum at 12 h, followed by a decline, 

giving a resolution interval (Ri) of 12 h (Fig. 6 B). In com-

parison, GPR18-KO mice gave signi�cantly higher PMN at 

24 h (6.9 ± 0.6 vs. 5.0 ± 0.6 × 106 PMN in WT mice), leading 

to a delayed resolution of infection with Ri 18 h. These KO 

mice gave impaired e�erocytosis with signi�cantly lower Ly-

6G+ M at 12 h after E. coli inoculation (Fig. 6 C). Phagocyte 

ingestion of E. coli was also determined at 24 h, and signi�-

cantly fewer intracellular E. coli were found in GPR18 KO in 

both exudate PMN and monocytes/M, compared with WT 

littermates (Fig. 6 D). There were no statistical di�erences in 

exudate PMN apoptosis (percentage of Annexin V+ PMN) 

between WT and GPR18-KO mice at 24 h (Fig. 6 E). We 

performed mass spectrometry (MS)–based metabololipidomics 

focusing on local acting lipid mediators (LM). Each LM was 

Figure 4. RvD2 in vivo actions were en-
hanced by overexpression and reduced by 
knockdown of GPR18. (A–C) Naive perito-

neal M were collected and transfected  

ex vivo (106 cells) with either GPR18 (5 µg) or 

mock plasmids for 48 h. Zymosan (1 mg) was 

injected into peritoneum to initiate peritonitis. 

12 h later, transfected M (1.5 × 105/mouse) 

and/or RvD2 (10 ng) was injected i.p.  

(A) Timeline. (B) PMN numbers (Ly6G+ 

CD11b+) and (C) efferocytosis (Ly6G+ F4/80+) 

were determined using �ow cytometry. Re-

sults are expressed as mean ± SEM from 2 

independent experiments and 6 mice/group.  

*, P < 0.05; **, P < 0.01; ***, P < 0.001, versus 

zymosan (zym) alone. #, P < 0.05, ##, P < 0.01, 

versus zym+veh+RvD2 (one-way ANOVA with 

Dunnett’s multiple comparison test). §, P < 

0.05, versus zym+M-mock+RvD2 (unpaired 

Student’s t test). (D–F) Naive peritoneal M 

(106 cells) were transfected ex vivo with either 

GPR18 shRNA (5 µg) or control-scrambled 

shRNA. Zymosan (1 mg) was injected to initi-

ate peritonitis. 12 h later, transfected M  

(2 × 105/mouse) and/or RvD2 (20 ng) was 

injected i.p. In�ammatory exudates were col-

lected at 24 h. (D) Timeline. (E) PMN numbers 

(Ly6G+CD11b+) and (F) efferocytosis 

(Ly6G+F4/80+) were determined using �ow 

cytometry. Results are expressed as mean ± 

SEM from 2 independent experiments and  

6 mice/group. *, P < 0.05; **, P < 0.01, ob-

tained with unpaired Student’s t test for vehicle 

versus RvD2 in M + control shRNA group.
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PMN in�ltration (12 h) versus at the onset of in�ammation 

(T0) during E. coli infection.

We examined E. coli phagocytosis with mouse peripheral 

blood ex vivo and demonstrated the diminished response to 

RvD2 in GPR18 KO mice when compared with WT litter-

mates (Fig. 7 F). We next investigated phagocytosis with iso-

lated naive peritoneal M collected from GPR18-KO and 

WT mice. RvD2 gave dose-dependent increases in phagocy-

tosis of STZ with WT M but not KO M (Fig. 7 G). 

These results indicated that in GPR18-KO mice, phagocyte 

responses to RvD2 were lost in both isolated and whole 

blood phagocytes.

To assess the role of RvD2 and GPR18 in Gram-positive 

bacterial infections, we performed Staphylococcus aureus–

initiated infections in murine dorsal skin pouches using 

GPR18 KO and WT littermates. S. aureus is an emerging 

RvD2 was diminished in GPR18-KO mice, where RvD2 ad-

ministration did not signi�cantly alter PMN numbers (Fig. 7,  

B and C). RvD2 signi�cantly enhanced e�erocytosis and 

PMN apoptosis in WT mice by 120 and 70%, respectively 

(Fig. 7, D and E). These actions of RvD2 were diminished  

in GPR18-KO mice, pointing to the contribution of GPR18 

to RvD2’s protective actions in E. coli infection. In com-

parison, when RvD2 was given at the onset of infection  

(100 ng/mouse i.p., together with E. coli), it signi�cantly 

lowered the numbers of exudate PMN at 12 h (0.74 ± 0.18 

vs. 1.50 ± 0.29 × 106 PMN with E. coli alone; P = 0.04). At 

this time point, there were no statistically signi�cant di�er-

ences in the percentage of apoptotic PMN (19.4 ± 4.3% 

with E. coli plus RvD2 vs. 13.5 ± 3.6% Annexin V+ PMN 

with E. coli alone; P = 0.16). These results suggest di�eren-

tial actions of RvD2 in vivo when it’s given at the peak of 

Figure 5. [3H]-RvD2 isolation and spe-
ci�c binding with human recombinant 
GPR18. (A and B) [10,113H]-RvD2-ME char-

acterization and isolation. (A) HPLC chromato-

graphs of [10,113H]-RvD2-ME and unlabeled 

RvD2-ME co-injection. (B) Chromatographic 

and radioactive tracing; [10,113H]-RvD2-ME 

(solid line) and radioactivity (dashed line). 

(insets) Structure and online UV spectra of 

RvD2-ME and [10,113H]-RvD2-ME. Results are 

representative of 5 separate experiments.  

(C–F) CHO cells were transfected with human 

GPR18. (C) Saturation binding. GPR18- 

transfected CHO cells (0.5 × 106 cells in 100 µl 

PBS2+) were incubated with [3H]-RvD2-ME at 

indicated concentrations in the presence or 

absence of 10 µM unlabeled RvD2-ME for  

60 min at 4°C. Bound and unbound radioligands 

were separated by �ltration, and speci�c 

binding was determined. Results are represen-

tative of 4 independent experiments and 2 

replicates in each experiment. (D) Displace-

ment binding. CHO-GPR18 cells (0.5 × 106 

cells) were incubated with 3 nM of [3H]-RvD2-

ME. 1 h later, 1 µM of unlabeled RvD2-ME 

(square) was added to displace radioligand 

binding (denoted by an arrow). Radioactivity 

was determined at indicated time points. 

Results are representative of 3 independent 

experiments and 2–3 replicates in each ex-

periment. (E) Competition binding. CHO-

GPR18 cells (0.5 × 106 cells) were incubated 

with 3 nM of [3H]-RvD2-ME in the presence 

or absence of increasing concentrations of 

unlabeled RvD2-ME (circle) or RvD2 (square) 

for 60 min at 4°C. (inset) Speci�c [3H]- 

RvD2-ME (3 nM) binding on CHO-GPR18 and 

CHO-WT cells in the absence or presence of  

1 µM of RvD2-ME. (F) Ligand speci�city.  

CHO-GPR18 cells (0.5 × 106 cells) were incubated with 3 nM of [3H]-RvD2-ME in the absence or presence of 100 nM of RvD2-ME, RvD2, NAGly, RvD1, 

RvD3, MaR1, or PD1 for 60 min at 4°C. (E and F) Results are mean ± SEM from 4 (RvD2-ME, RvD2, NAGly, RvD1) or 2 (RvD3, MaR1, PD1) independent 

experiments and 2 replicates in each experiment; *, P < 0.05, compared with incubations with cells and [3H]-RvD2-ME in the absence of competing unla-

beled compound (one-way ANOVA with Tukey’s multiple comparison test).
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PMN with S. aureus alone; P < 0.05) at 4 h in WT mice 

(Fig. 7, H and I). These actions of RvD2 were abolished in 

GPR18 KO mice. Thus, these results demonstrated that the 

endogenous mouse GPR18 contributed to pro-resolving 

actions of RvD2 in infections, i.e., accelerating resolution of 

infection by enhancing e�erocytosis and phagocyte clear-

ance of bacteria.

cause of various skin infections, and a high percentage of 

hospital-acquired infections are caused by antibiotic-resistant 

S. aureus (World Health Organization, 2014). RvD2  

(200 ng) administered via intrapouch injection together 

with S. aureus signi�cantly reduced 50% bacterial titers 

(729 ± 144 vs. 1417 ± 234 CFU with S. aureus alone; P < 

0.05) and PMN numbers (0.15 ± 0.07 vs. 0.33 ± 0.16 × 106 

Figure 6. Targeted deletion of mouse gpr18 delays resolution of E. coli infection. (A) Targeted deletion of mouse gpr18 (NM_182806) was con-

structed by insertion of bGeo/Puro gene into the coding region of gpr18 (left). Mice tails were collected, genomic DNA was isolated, and PCR was per-

formed using primers speci�c for KO construct (right). (B–G) GPR18-de�cient mice (white) and WT littermates (black) were inoculated with E. coli (105 

CFU) by i.p. injection, and peritoneal exudates were collected at indicated time points. (B) PMN numbers were determined, and resolution indices were 

calculated (see Materials and methods). WT (black) and GPR18-KO (white). (C) In vivo efferocytosis (F4/80+Ly-6G+), (D) intracellular E. coli levels in PMN 

(Ly-6G+ CD11b+ E. coli+) or monocytes (Ly-6G CD11b+ E. coli+), and (E) PMN apoptosis (Ly-6G+Annexin V+) were monitored by �ow cytometry. MFI, mean 

�uorescence intensity. (F) D-series resolvins, protectins, and prostanoids in 24 h infectious exudates. (G) Representative MS/MS spectra of RvD2 and PD1. 

(B–F) Results are expressed as mean ± SEM from 2 independent experiments and 6–7 mice/group. *, P < 0.05; **, P < 0.01, obtained with unpaired Stu-

dent’s t test for GPR18-KO versus WT.
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Figure 7. RvD2-dependent protection is diminished with GPR18 
de�ciency in mice. (A–E) E. coli peritonitis; GPR18-de�cient mice and 

WT littermates were inoculated with E. coli (105 CFU). 100 ng RvD2 was 

given by i.p. injection 12 h after E. coli inoculation, and peritoneal exu-

dates collected at indicated time points. (A–C) PMN numbers were deter-

mined and resolution indices were calculated. E. coli alone (white), E. coli 

plus RvD2 (black). Results are expressed as mean ± SEM from 2 indepen-

dent experiments with 4–5 mice/group (for 4-, 12-, and 48-h time points), 

or 3 independent experiments with 7–8 mice/group (for 24-h time point). 

*, P < 0.05; ***, P < 0.001, using unpaired Student’s t test for RvD2 versus 

vehicle group at 24 h. (D) In vivo efferocytosis (F4/80+Ly-6G+) and (E) 

PMN apoptosis (Ly-6G+Annexin V+) were monitored by �ow cytometry. 

Results are expressed as mean ± SEM from 2 independent experiments 

and 5 mice/group; *, P < 0.05; ***, P < 0.001, using unpaired Student’s  

t test for RvD2 versus vehicle group at 24 h. (F) Mouse peripheral blood 

was collected from WT (circle) and GPR18 KO (square) mice, incubated 

with RvD2 (109–106 M) or vehicle for 15 min, followed by addition of 

BacLight Green-labeled E. coli for 2 h. RBCs were lysed, and �uorescence 

 

associated with phagocytes monitored by �ow cytometry. Results are 

expressed as mean ± SEM from 2 independent experiments, 4 mice/group. 

*, P < 0.05, using unpaired Student’s t test for WT versus GPR18-KO. 

(G) Peritoneal M were collected from naive WT (circle) and GPR18 KO 

(square) mice and incubated with RvD2 (1013– 108 M) or vehicle for 

15 min, followed by addition of FITC-zymosan to initiate phagocytosis. Re-

sults are mean ± SEM from 2 independent experiments, 4 mice/group and 

4 replicates for each experimental condition. *, P < 0.05; **, P < 0.01 using 

unpaired Student’s t test for WT versus GPR18-KO. (H and I) S. aureus skin 

infection. Murine dorsal pouches were raised in GPR18-KO mice and WT 

littermates for 6 d. Live S. aureus (105 CFU) was given together with RvD2 

(200 ng) or vehicle by intra-pouch injection, and pouch exudates were 

collected at 4 h. (H) Bacterial counts (CFU/ml) and (I) exudate PMN num-

bers were determined. Results are expressed as mean ± SEM from 2 inde-

pendent experiments and 6–8 mice/group. *, P < 0.05, using unpaired 

Student’s t test for RvD2+S. aureus versus S. aureus alone.

PMN-mediated second organ injury initiated by ischemia–
reperfusion (I/R): GPR18 and ligand dependency in vivo
To investigate contribution of GPR18 in sterile injury (i.e., 

injury from within) and in�ammation, we assessed I/R- 

initiated lung injury. Surgically based clamping procedures 

are well known to lead to aberrant PMN activation via stasis 

and vessel occlusion that gives rise to second organ injury that 

contributes to longer hospitalization (Eltzschig and Eckle, 

2011). Here, we used a hind limb I/R (tourniquet occlusion) 

model of second organ lung injury, an established murine 

model of operating room surgical insults in humans (Chiang 

et al., 1999). Ischemia (1 h) followed by reperfusion (2 h) 

initiated second organ lung injury and PMN in�ltration into 

the lungs in both WT vs. KO mice as illustrated by H&E 

staining (Fig. 8 A). PMN in�ltration was quanti�ed by mea-

suring MPO levels, which had no statistically signi�cant dif-

ferences between WT and GPR18-KO mice (0.41 ± 0.02 

vs. 0.40 ± 0.01 ng MPO/mg tissue; P = 0.76; Fig. 8 B). In 

WT mice, RvD2 administration (100 ng i.v./mouse) pro-

tected WT mice from second organ re�ow injury (Fig. 8 A) 

and signi�cantly lowered PMN in�ltration (0.33 ± 0.02 vs. 

0.41 ± 0.02 ng MPO/mg tissue; P < 0.05; Fig. 8 B). In con-

trast, in GPR18 KO mice there were no statistically signi�cant 

differences in MPO values between RvD2 and vehicle-

treated mice (0.38 ± 0.02 vs. 0.40 ± 0.01 ng MPO/mg tis-

sue; P = 0.41; Fig. 8 B), indicating that RvD2-mediated 

organ protection was diminished in GPR18-KO mice. In 

comparison, RvD1, which was not a ligand for recombinant 

GPR18 (Figs. 1 C and 5 F), exerted organ protection in both 

GPR18 KO and WT mice (Fig. 8, A and B). These results 

indicated that specific RvD2–GPR18 interactions in vivo 

controlled PMN-mediated remote organ injury as illustrated 

herein with hind-limb occlusion-initiated re�ow lung injury.

DISCUSSION
During self-limited in�ammation and active resolution, pre-

cursor essential polyunsaturated fatty acids (e.g., AA, EPA, 

DHA) are converted by exudate leukocytes to several chem-

ically and functionally distinct families of SPM that act  

on speci�c target cell types to evoke potent stereoselective  
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pro-resolving actions, e.g., limiting PMN and stimulating 

M functions (Spite et al., 2009; Serhan, 2014; Fig. 3).

NAGly was shown earlier to activate GPR18-transfected 

cells, suggesting that NAGly is a ligand for GPR18 (Kohno  

et al., 2006). In this study, we con�rmed that NAGly activated 

recombinant GPR18 using the ECIS system (Fig. 2 B). In ad-

dition, NAGly enhances PMN apoptosis in murine peritoni-

tis, and NAGly treatment of HEK-GPR18 cells increases the 

production of the pro-resolving mediator LXA4, suggesting  

a role for NAGly-GPR18 in promoting resolution of acute 

in�ammation via SPM production (Burstein et al., 2011).

In I/R-initiated sterile injury, PMN in�ltration to the 

lungs was not statistically signi�cantly di�erent between WT 

and GPR18-KO mice 2 h after reperfusion (Fig. 8 B). In com-

parison, in S. aureus skin infection, GPR18-KO did not have 

impaired ability to clear bacteria or heightened PMN in�ltra-

tion 4 h after initiation of infection (Fig. 7, H and I). These re-

sults suggest that in the acute phase of infection and sterile lung 

injury, it is possible that endogenous RvD2 was not produced 

and/or did not play an essential protective role at these initial 

time intervals. Nevertheless, exogenous administration of RvD2 

in WT mice rendered marked protection, which was lost in 

GPR18-KO mice. RvD1’s protection in I/R-initiated acute 

lung injury was not diminished in these KO mice (Fig. 8 and 

vide infra). Of note, in E. coli infection, GPR18-KO mice 

showed characteristics of resolution de�cit, including height-

ened PMN in�ltration, impaired e�erocytosis, and reduced  

actions (Serhan, 2014). The de�ning pro-resolving actions of 

SPM include limiting further PMN in�ltration, stimulating 

M phagocytosis, and e�erocytosis contributing to short-

ened resolution intervals. In this study, we performed un-

biased screening for functional RvD2 GPCRs and identi�ed 

GPR18. To further assess this candidate receptor, we prepared 

synthetic labeled RvD2 and demonstrated direct evidence for 

speci�c and stereoselective binding with recombinant GPR18. 

We also obtained functional evidence for RvD2–GPR18  

interactions with isolated cells and in GPR18-de�cient mice 

that we prepared for these studies.

GPR18 gene is localized to human chromosome 13q32, 

encoding an open reading frame (ORF) of 993 bp. Human 

GPR18 ORFs is highly conserved with canine and mouse 

orthologues, sharing 89% and 83% nucleotide identity, 

respectively (Gantz et al., 1997; Samuelson et al., 1996). The 

GPR18 gene is abundantly expressed in testis and spleen, as 

well as several other tissues associated with endocrine and im-

munological/hematologic functions (Gantz et al., 1997). The 

pattern of expression is consistent with information obtained 

from BioGPS (http://biogps.org) showing that GPR18 is 

highly expressed in testis and immune systems, including bone 

marrow, lymph nodes, and tonsil. Within immune cells, the 

highest expression was found with leukocytes. Along these 

lines, our results demonstrated GPR18 expression in periph-

eral blood PMNs and monocytes, as well as in monocyte- 

derived M (Fig. 1 D). These are target cell types for RvD2’s 

Figure 8. I/R injury. RvD2 decreases PMN-mediated 

lung injury in WT but not GPR18-de�cient mice. 

Mice were subjected to hind limb ischemia (60 min). 

RvD1, 100 ng RvD2, or vehicle control (0.1% ethanol 

in saline) was then administered i.v., followed by 

reperfusion (2 h). Mice were sacri�ced and lung was 

collected. (A) Lung tissue histology. Hematoxylin  

and eosin (H&E) staining of I/R lungs. Bars, 50 µm.  

(B) Lung PMN in�ltration was quanti�ed by myelo-

peroxidase (MPO). Results are MPO values (nano-

gram/milligram lung tissue); mean ± SEM from 2 

independent experiments and 5–7 mice/group. *, P < 

0.05; **, P < 0.01, treatment (RvD1 or RvD2) versus 

I/R alone in WT group. #, P < 0.05 versus I/R alone; 

&, P < 0.05 versus RvD2 in GPR18-KO group using 

one-way ANOVA with Tukey’s multiple comparison 

post-test.
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stimulates human and mouse phagocyte clearance of mi-

crobes and limits excessive PMN in�ltration in vivo, suggest 

a potential evolutionarily conserved role for GPR18 and 

RvD2 in regulating phagocyte responses to protect the host 

during infections.

Results of the present experiments provide direct evidence 

to support GPR18 as a GPCR mediating pro-resolving ac-

tions of RvD2 with human and mouse phagocytes. More-

over, they illustrate a novel endogenous resolution mechanism 

with the RvD2–GPR18 axis regulating bacterial infections 

and intrinsic organ protection.

MATERIALS AND METHODS

GPCR screening. A panel of 77 orphan GPCRs was screened using the 

PathHunter -arrestin enzyme fragment complementation (EFC) technol-

ogy with -galactosidase (Discoverx). In this system, -galactosidase was 

split into two inactive fragments, enzyme acceptor and enzyme donor. Pro-

Link-tagged proteins were then generated; in this panel, an enzyme acceptor 

was fused to -arrestin and an enzyme donor was fused to the orphan 

GPCRs. Activation of GPCR recruited -arrestin to the receptor, bringing 

two inactive fragments in close proximity and restoring -galactosidase ac-

tivity, which was monitored via chemiluminescent signals using PathHunter 

detection reagents (Discoverx). Custom GPCR screening was performed 

with RvD2 10 nM or vehicle control (0.1% ethanol) using the agonist for-

mat; RvD2 was incubated with cells expressing the orphan panel of GPCRs 

at 37°C for 90 min. Negative controls measured potential constitutive activ-

ity in the absence of ligand. This custom screening was performed in dupli-

cate and mean chemiluminescence was used for analysis as follows. For 

agonist format, the percentage of activity was calculated using the following 

formula: percent activity = 100% × (mean RLU of test sample – mean RLU 

of vehicle control)/(mean RLU of vehicle control). RLU, relative lumines-

cence units.

GPCR–-arrestin system. Ligand–receptor interactions were monitored 

using the Beta Arrestin PathHunter eXpress system (Discoverx) and per-

formed essentially as in Krishnamoorthy et al. (2010), with CHO cells stably 

overexpressing recombinant human GPR18, GPR26, or GPR30 receptors. 

In brief, cells were plated in 96-well plates 48 h before experiments. Test 

compounds were incubated with cells for 1 h at 37°C, and receptor activa-

tion was determined by measuring chemiluminescence using the PathHunter 

detection kit (Discoverx).

ECIS system. Ligand–receptor interactions were determined by mea-

suring impedance across CHO cell monolayers using an ECIS system (Ap-

plied Biophysics; Peters and Scott, 2009), and performed essentially as in  

Krishnamoorthy et al. (2010). In brief, select GPCR or mock-transfected 

CHO cells were plated at 105 per well of an 8-well ECIS array (8W10E+). 

Test compounds were added to the chambers in serum-free medium, and 

real-time impedance changes were monitored (0–10 min, 37°C). For antibody 

incubations, anti-GPR18 Ab (Imgenex) or nonimmune rabbit IgG was in-

cubated with cells in the ECIS chambers at 1:50 dilutions for 30 min before 

addition of compounds. For CTX and PTX treatment, CTX (1 µg/ml, 2 h) or 

PTX (1 µg/ml, 24 h) were incubated with CHO-GPR18, and cells were 

washed with HAM F-12 serum-free media, followed by addition of RvD2.

Human leukocyte isolation and M di�erentiation. Human periph-

eral blood was drawn from healthy volunteers, who denied taking medica-

tions at least 2 wk before donation, by venipuncture in a heparinized syringe 

(Partners Human Research Committee Protocol No. 1999-P-001297). 

PMN and monocytes were isolated (Krishnamoorthy et al., 2010). M were 

di�erentiated by culturing freshly isolated monocytes in RPMI media sup-

plemented with 10% FBS and recombinant human GM-CSF (10 ng/ml; 

R&D Systems) for 7 d.

E. coli ingestion by phagocytes in the resolution phase, i.e., 

12–24 h (Fig. 6, B–D), suggesting a critical role for endoge-

nous RvD2, the GPR18 ligand in controlling in�ammation 

and infection in the resolution phase. Along these lines, RvD2 

and other SPMs, including RvD5 and PD1, were present in  

24 h infectious exudates and signi�cantly higher in WT mice 

compared with GPR18-KO (Fig. 6 F). Together, these results 

pointed to a positive-feedback loop initiated by endogenous 

RvD2–GPR18 interactions, leading to further increases of 

select SPMs and enhanced phagocyte pro-resolving functions 

during bacterial infection.

It is customary to treat infections with antibiotics that di-

rectly target bacteria. The present results with RvD2–GPR18 

axis, together with our earlier �ndings with RvD1, RvD5, 

and PD1 in bacterial infections (Chiang et al., 2012), under-

score a potential new option, namely directly treating the host 

via stimulating innate host responses with SPM to enhance 

phagocytosis and killing of microbes, and to accelerate resolu-

tion of infections. Thus, these �ndings support the potential 

for host-directed SPM treatments together with traditional 

antibiotic therapy. In this regard, SPM are immunoresolvents, 

and not immunosuppressive at the bioactive range demon-

strated in the present study (picomolar to nanomolar in vitro 

and nanogram doses in vivo in mice). These �ndings may add 

new opportunities for host-directed therapy in treating infec-

tions, a concept that is also supported by recent results with 

viral infections of H5N1 in�uenza and with Mycobacterium  

tuberculosis infections (Baillie and Digard, 2013; Morita et al., 

2013; Mayer-Barber et al., 2014).

With synthetic 3H-RvD2, we report speci�c binding of 
3H-RvD2 to recombinant GPR18, with a Kd 10 nM 

(Fig. 5 C). This value is commensurate with RvD2 bioactions. 

For example, in human M, RvD2 at 10 nM increases cAMP 

and stimulated phagocytosis of STZ, E. coli, and apoptotic 

PMN in a GPR18-dependent manner (Fig. 3). By compari-

son, RvD1–ALX receptor interactions in M also activate 

cAMP intracellular signaling (Lee and Surh, 2013). Other 

SPMs, including RvD1, did not compete for 3H-RvD2 

binding to GPR18 (Fig. 5 F). This is consistent with the 

�ndings in GPR18 KO mice, where RvD1 retains its organ 

protective actions in hind limb I/R-initiated and PMN- 

mediated second organ re�ow injury in the lungs, while the 

response with RvD2 is lost in the GPR18-KO mice (Fig. 8). 

These results lend support for speci�c RvD2–GPR18 inter-

actions in recombinant systems and in vivo.

Recently, GPR18 was found to be abundantly expressed 

in mouse intestinal intraepithelial lymphocytes (IELs; Wang 

et al., 2014). In cat�sh, GPR18 is protective in Aeromonas  

hydrophila infection. Transfection of GPR18 in cat�sh gill cells 

o�ers signi�cant protection against A. hydrophila (Pridgeon 

and Klesius, 2013). The ligands activating GPR18 were not 

investigated. Along these lines, several species of �sh, includ-

ing rainbow trout and Atlantic salmon, produce endogenous 

SPM, including RvD2 (Rowley, 1991; Sharp et al., 1992; 

Hong et al., 2005; Raatz et al., 2011). These earlier �ndings, 

together with our present results that the RvD2–GPR18 axis 
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Integrity of the radioligand was con�rmed and isolated using RP-UV-HPLC 

(1100 Series; Agilent Technologies) using an Eclipse Plus C18 column 

(100 mm × 4.6 mm × 1.8 µm; Agilent Technologies) coupled with a DAD 

(G1315B; Agilent Technologies). A gradient of methanol/water of 55:45 

(vol/vol) was ramped to 63:37 (vol/vol) over 22 min and then to 98:2 (vol/

vol) for the next 8 min. The �ow rate was maintained at 0.5 ml/min.

[3H]-RvD2-ME binding was performed with CHO cells transfected 

with GPR18. Cells were suspended in Dulbecco’s phosphate bu�ered saline 

with CaCl2 and MgCl2 (DPBS2+). For saturation binding, cells (0.5 × 106 

cells/0.1 ml) were incubated with 0.1–20 nM of [3H]-RvD2-ME, speci�c 

activity 80 Ci/mmol in the presence or absence of 10 µM of unlabeled 

RvD2-ME for 60 min at 4°C. For competition binding, cells (0.5 × 106 

cells/0.1 ml) were incubated with 3 nM of [3H]-RvD2-ME in the absence 

or presence of increasing concentrations of unlabeled RvD2 (1 nM–10 µM) 

or related compounds for 60 min at 4°C. RvD1 and RvD2 were purchased 

from Cayman Chemicals. RvD3, MaR1, and PD1 were prepared by total 

organic synthesis and complete stereochemistries were determined (Serhan 

and Petasis, 2011) for National Institutes of Health Program Project (P01-

GM095467, CNS). The bound and unbound radioligands were separated by 

�ltration through Whatman GF/C glass micro�ber �lters (Thermo Fisher 

Scienti�c). Filters were washed 2 times with 5 ml ice-cold DPBS. The radio-

activity retained on the �lter was determined using a scintillation counter 

(Beckman Coulter). Nonspeci�c binding was determined in the presence of 

10 µM of unlabeled RvD2.

GPR18-de�cient mice. Targeted deletion of mouse gpr18 (NM_182806) 

was constructed by Lexicon Pharmaceuticals. A bGeo/Puro gene was in-

serted into the coding region of gpr18 (see Fig. 6 A for target strategy). Gpr18- 

de�cient lines were created by injecting 129/Sleeves cells into C57BL/6 

blastocysts. Resulting mice were then bred with B6129FI hybrids to main-

tain a 129/SvEv-C57B/6 mixed background. Mouse tails (1 cm) were col-

lected, genomic DNA isolated and knockdown of gpr18 was validated by 

PCR using oligonucleotide primers: forward, 5-GAGGAAATTGCATC-

GCATTGTCT-3; and reverse, 5-GACCTTGGGCTTCAGCTTAGA-3, 

which amplify a DNA fragment of 280 bps.

Microbial-initiated peritonitis. Mice were anesthetized with iso�urane, 

and experiments were performed with male GPR18-de�cient mice or WT 

littermates (8–10 wk old). In brief, mice were anesthetized, 100 ng RvD2 or 

vehicle controls was injected into the peritoneal cavity together with live  

E. coli (105 CFU). At designated points, mice were euthanized (overdose of 

iso�urane) and peritoneal exudate was collected by ravaging with 5 ml PBS. 

Aliquots of exudate cells were incubated with anti–mouse CD16/32 block-

ing antibody (0.5 µg/0.5 × 106 cells, 5 min), and then incubated (20 min, 

4°C) with individual or a combination of �uorescently labeled antibodies 

including anti–mouse CD14 (clone rmC5-3) for mononuclear cells and 

anti–mouse F4/80 antibody (clone BM8) for M or anti–mouse Ly6G 

(clone RB6-8C5) for PMN, to determine leukocyte sub-types by �ow cy-

tometry (FACS Canto II). Antibodies were purchased from BD and eBiosci-

ence. Intracellular E. coli levels were determined using a FITC-conjugated 

anti-E. coli antibody (GTX40856; Genetics). Cells were incubated with anti-

mouse CD16/32 blocking antibody and labeled with FITC-conjugated 

anti–mouse F4/80 Ab for 20 min at 4°C, followed by permeabilization (Cy-

to�x/Cytoperm solution kit; BD). Next, permeabilized cells were labeled 

with PE-conjugated anti–mouse Ly6G antibody and F4/80+Ly-6G+ M 

population was determined by �ow cytometry.

Mouse phagocyte phagocytosis. For peritoneal M phagocytosis, resi-

dent peritoneal M were collected from naive WT and GPR18 KO mice 

and plated onto 96-well plates (50,000 cells/well). RvD2 (0.1 pM–10 nM) 

was incubated with M for 15 min at 37°C, followed by incubation with 

FITC-labeled zymosan particles at 10:1 ratio (zymosan: M) for 60 min at 

37°C. Plates were gently washed, extracellular �uorescence was quenched 

by Trypan blue, and phagocytosis was determined by measuring total �uor-

escence (Ex 493/Em535 nm) using a �uorescent plate reader (Molecular 

Receptor expression. Human peripheral blood, isolated PMN, CHO cells 

or M were incubated with rabbit anti-human GPR18 or rabbit nonim-

mune IgG (1:50 Imgenex) for 30 min, followed by PE-donkey anti–rabbit 

IgG (1:200) for 20 min. Flow cytometry was performed using FACSCantoII 

(BD). CD163 and CD206 expression on M were monitored by �ow cy-

tometry using PE-conjugated anti–human CD163 IgG and APC-conjugated 

anti–human CD206 IgG (R&D Systems).

GPR18 transfection, phagocytosis, and cAMP. For overexpression of 

GPR18, M (5 × 106 cells in a 10-cm Petri dish) were transfected with a 

mock vector or with expression vector for human GPR18 (5 µg; Origene) 

using Jet-Pei transfection reagent following manufacturer’s instruction 

(Polyplus-Transfection SA). For knockdown of GPR18, M (5 × 106 cells) 

were transfected with shRNA plasmids for GPR18 (QIAGEN) or with 

negative scrambled controls (5 µg) using Jet-Pei transfection reagent. For 

real-time imaging, M were plated onto 8-well chamber slides (50,000 

cells/well in PBS2+) 48 h after transfection. Imaging was then performed  

24 h after replating. Chamber slides were kept in a Stage Top Incubation 

system for microscopes equipped with a built-in digital gas mixer and tem-

perature regulator (TOKAI HIT model INUF-K14). RvD2 was added to 

M (1 nM, 15 min) followed by BacLight Green-labeled E. coli (2.5 × 106 

CFU). Images were then acquired every 10 min for 3 h (37°C) with Key-

ence BZ-9000 (BIOREVO) inverted �uorescence phase-contrast micro-

scope (20X objective) equipped with a monochrome/color switching camera 

using BZ-II Viewer software (Keyence). Green �uorescence intensity was 

quanti�ed using BZ-II Analyzer. For dose–response studies, M were plated 

onto 96-well plates (50,000 cells/well in PBS2+), and phagocytosis was per-

formed 24 h after replating. RvD2 (0.1 pM-10 nM) was incubated with M 

for 15 min at 37°C, followed by incubation with FITC-labeled zymosan 

particles at 10:1 ratio (zymosan: M), CFDA-labeled apoptotic PMN at 5:1 

ratios or �uorescent-labeled E. coli (BacLight Green; Molecular Probes) at 

50:1 ratio for 60 min at 37°C. Plates were gently washed, extracellular �uor-

escence was quenched by Trypan blue, and phagocytosis was determined by 

measuring total �uorescence (Ex 493/Em535 nm) using SpectraMax M3 

plate reader (Molecular Probes).

For cAMP measurements, GPR18 shRNA or control scrambled shRNA-

transfected human M (0.4 × 106 cells) were incubated with the RvD2  

(1–100 nM) for 2 min (37°C). After the incubation, 50 µl of 5% Triton-X 

100 was added to stop incubations and cells were homogenized. cAMP levels 

were measured by ELISA following manufacturer’s instruction (Elite cAMP 

ELISA Assay kit; eEnzyme).

Murine zymosan-initiated peritonitis, overexpression, and knock-

down of GPR18. Mice were anesthetized with iso�urane and experiments 

performed with male FVB mice (6–8 wk old; Charles River Labs; laboratory 

diet containing essential fatty acids from supplier) in accordance with the 

Harvard Medical Area Standing Committee on Animals (protocol no. 

02570). For overexpression of GPR18, peritoneal M (2 × 106 cells) were 

collected and transfected with either GPR18 (5 µg) or mock plasmids for  

3 d. For knockdown experiments, shRNA plasmids for mouse GPR18 (5 µg; 

Origene) or with negative scrambled controls using Jet-Pei transfection  

reagent following manufacturer’s instruction (Polyplus-transfection SA).  

Zymosan (1 mg) was injected i.p. to initiate peritonitis. 12 h later, trans-

fected M (2.0 × 105 cells) and/or RvD2 were injected i.p. In�ammatory 

exudates were collected at 24 h (see timeline). Total leukocytes were enu-

merated and PMN (Ly6G+) and e�erocytosis (Ly6G+F4/80+ representing 

M with ingested PMN) were determined using �ow cytometry with 

FACSCantoII (BD).

Preparation of [3H]-RvD2-ME and radioligand binding. Synthetic 

precursor 10,11-acetylenic RvD2-ME was prepared by total organic synthe-

sis (purchased as a custom order from Cayman Chemicals), and custom triti-

ation was performed with S. Gupta (American Radiolabeled Chemicals, St. 

Louis, MO) by catalytic hydrogenation to give tritiated [10,11-3H]-RvD2-ME 

(ME of [10,11-3H]-7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-DHA). 
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Probes). For phagocytosis in whole blood, heparinized peripheral blood  

(50 µl) of WT and KO mice was incubated with BacLight Green–labeled  

E. coli (2 × 107 CFU) at 37°C for 60 min. RBCs were then lysed, and  

�uorescence associated with PMNs and monocytes were monitored by  

�ow cytometry.

Murine dorsal skin pouches. Pouches were raised for 6 d (Wynyard and 

Willoughby, 2003). Mice were given RvD2 (200 ng) or vehicle control with 

live S. aureus (serotype [b]c1; 105 CFU) by intra-pouch injection. 4 h later, 

mice were euthanized, intra-pouch exudates were collected, and leukocyte 

counts were determined. For bacterial titers, aliquots of lavage were used for 

serial dilution, plated onto LB agar plates, and cultured overnight at 37°C.

I/R induced second organ re�ow injury. Bilateral hind limb ischemia 

was initiated using tourniquets placed on each hind limb. Mice were sub-

jected to ischemia for 60 min, followed by tail vein injection of 100 ng 

RvD2, and then tourniquets were removed to initiate reperfusion for 2 h. At 

this interval, mice were euthanized, and lungs were harvested and stored at 

80° C or in 10% (vol/vol) bu�ered formalin for histology assessment by 

the Histology Core of Boston Children’s Hospital. PMN in�ltrations into 

lungs were quanti�ed using increments of lung myeloperoxidase (MPO). In 

brief, the frozen lungs were homogenized and centrifuged, and tissue levels 

of MPO were determined with ELISA (R&D Systems).

LM metabololipidomics. All samples for LC-MS/MS analysis were ex-

tracted using SPE columns. In brief, two volumes of methanol with deute-

rium-labeled internal standards (d4-PGE2, d4-LTB4, d5-LXA4, and d5-RvD2; 

500 pg. each) were added to the lavages to facilitate quanti�cation of sample 

recovery. Samples were kept at 20°C for 45 min to allow protein pre-

cipitation. Samples were then placed into an automated extraction system 

(RapidTrace; Biotage) and products extracted as follows. Solid-phase C18 car-

tridges were equilibrated with 3 ml of methanol and 6 ml of H2O. 9 ml H2O 

(pH 3.5, HCl) were then added to the samples, and the acidi�ed solutions 

were rapidly loaded onto the conditioned C18 columns that were washed 

with 4 ml of H2O to neutralize the acid. Next, 5 ml hexane was added, and 

products were eluted with 9 ml of methyl formate. Products were brought to 

dryness using the automated evaporation system (TurboVap LV; Biotage) and 

immediately suspended in methanol-water (50:50 vol/vol) for LC-MS/MS 

automated injections. The LC-MS/MS system consisted of a QTrap 5500 

(ABSciex) equipped with a Shimadzu LC-20AD HPLC and a Shimadzu SIL-

20AC autoinjector (Shimadzu Corp.). An Agilent Poroshell 120 EC-C18 

column (100 mm × 4.6 mm × 2.7 µm) was kept at 50°C and LM were eluted 

with a mobile phase consisting of methanol–water–acetic acid (50:50:0.01, 

vol/vol/vol) that was ramped to 80:20:0.01 (vol/vol/vol) from 2 to 11 min, 

maintained till 14.5 min, and then rapidly ramped to 98:2:0.01 (vol/vol/vol) 

for the next 0.1 min. This was subsequently maintained at 98:2:0.01 (vol/vol/

vol) for 5.4 min, and the �ow rate was maintained at 0.5 ml/min. To monitor 

and quantify the levels of targeted LM, a multiple reaction monitoring (MRM) 

method was devised with signature ion fragments for each molecule. Identi�-

cation was conducted using published criteria (Dalli and Serhan, 2012) using 

retention times and at least six diagnostic ions. Calibration curves were ob-

tained using synthetic and authentic LM mixtures, including d4-LTB4, d5-

LXA4, d4-PGE2, d5-RvD2, RvD1, RvD2, RvD5, PD1, MaR1, RvE1, RvE2, 

LXA4, LXB4, PGE2, PGD2, PGF2, TXB2, and LTB4 at 1.56, 3.12, 6.25, 12.5, 

25, 50, 100 and 200 pg. Linear calibration curves for each were obtained with 

r2 values of 0.98–0.99. Quanti�cation was performed based on peak area of 

the MRM transition and the linear calibration curve obtained with authentic 

standard for each compound.

Statistical analysis. Results are expressed as mean ± SEM. Statistical analy-

sis were performed using nonparametric tests including Student’s t test for 

two-group comparisons and one-way analysis of variance (ANOVA) for 

multiple group comparisons with post-hoc analysis using Tukey’s or Dun-

nett’s Multiple Comparison test (Prism; GraphPad). P < 0.05 was considered 
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