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Summary

Resolution of acute inflammation is governed, in part, by specialized pro-resolving mediators
(SPM), including lipoxins, resolvins, protectins and maresins. Among them, resolvin D1 (RvD1)
exhibits potent pro-resolving functions via activating human resolvin D1 receptor (DRV1/GPR32).
RvD1 is a complex molecule that requires challenging organic synthesis, diminishing its potential
as a therapeutic. Therefore, we implemented a high throughput screening of small molecule
libraries and identified several chemotypes that activated recombinant DRV 1, represented by
NCGC00120943 (C1A), NCGC00135472 (C2A), pMPPF and pMPPI. These chemotypes also
elicited rapid impedance changes in cells overexpressing recombinant DRV1. With human
macrophages, they each stimulated phagocytosis of serum-treated zymosan at concentrations
comparable to RvD1, the endogenous DRV1 ligand. Additionally, macrophage phagocytosis of
live E. coli was significantly increased by these chemotypes in DRV 1-transfected macrophages,
compared to mock-transfected cells. Taken together, these chemotypes identified by unbiased
screens act as RvD1 mimetics, exhibiting pro-resolving functions via interacting with human
DRVL1.
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Chiang et al., identified synthetic molecules that activate human DRV1/GPR32 receptor using high
throughput screening (>48,000 compounds). DRV1/GPR32 and its ligand Resolvin D1 display
pro-resolving actions in inflammation. These molecules act as resolvin D1 mimetics, offering
templates to facilitate therapeutic development targeting DRV1 to promote resolution of
inflammation.
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Introduction

Acute inflammation, while protective, when uncontrolled can lead to excessive chronic
inflammation, which is recognized today as a major component of many widely occurring
diseases (Cotran et al., 1999) as well as infection (Nathan, 2012). Diseases associated with
inflammation include cardiovascular disease (Ridker et al., 2017), periodontal disease (Van
Dyke and Serhan, 2006), arthritis (Norling and Perretti, 2013), neurodegenerative diseases,
pulmonary, renal and metabolic syndrome, to name a few of the organ systems impacted by
excessive inflammation and collateral tissue damage (Perretti et al., 2015). Currently, the
treatment approaches used for controlling inflammation mostly focus on enzyme inhibitors
and receptor antagonists that can block pro-inflammatory and inflammation initiators; while
effective, these can turn immunosuppressive for most patients (Serhan, 2014, 2017). Hence,
additional approaches are needed to control unwanted excessive inflammation.

The identification of previously unknown resolution phase mediators in inflammation
demonstrated that resolution is a biosynthetically active process, and also characterized
specialized functions of these potent mediators in the control of resolution of inflammation
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(Chiang and Serhan, 2017; Serhan, 2014). For example, Resolvin D1 (RvD1; 7S,8R,17S-
trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid) is a member of the resolvin
family (Serhan et al., 2002) belonging to the new superfamily coined specialized
proresolving mediators (SPM), which are agonists targeting leukocytes and other cell types.
SPM are biosynthesized in the resolution phase with their major defining functions that: a)
limit further neutrophil recruitment, b) counterregulate pro-inflammatory mediators, enhance
macrophage phagocytosis of apoptotic leukocytes, microbes and cell debris as well as

reduce pain (Chiang and fproinflammatory leukotrienes (Fredman et al., 2014). Together
Serhan, 2017; Serhan, 2014). Thus, the SPM activate the signaling for resolution of
inflammation (Chiang and Serhan, 2017; Serhan, 2014, 2017).

The potent anti-inflammatory and pro-resolving functions of Resolvin D1 (Serhan et al.,
2002) have now been confirmed by others and extended to many preclinical disease models
including reducing ocular inflammation (Li et al., 2013; Rossi et al., 2015; Settimio et al.,
2012), protection from myocardial infarct (Gilbert et al., 2014), reducing pain (Bang et al.,
2010; Huang et al., 2011), salivary inflammation as in Sjogren’s syndrome (Leigh et al.,
2014; Odusanwo et al., 2012) and airway inflammation, tissue injury (Cox et al., 2015;
Eickmeier et al., 2013; Hsiao et al., 2014; Tang et al., 2014), pulmonary infection (Croasdell
et al., 2016) and allergic airway responses (Rogerio et al., 2012), as well as reduction of
cancer burden, tumor growth and enhancing cancer therapy in mice (Sulciner et al., 2018).
Resolvin D1 has also shown to be renal protective (Zhang et al., 2013) and reduces
inflammation in adipose tissue and obese fat (Claria et al., 2012), as well as enhances wound
healing (Tang et al., 2013).

Resolvin D1 also stimulates macrophage autophagy (Prieto et al., 2015) and has direct
actions in the adaptive immune response acting on B cells to reduce IgE production (Kim et
al., 2016) and on T cells to regulate their responses (e.g. reducing TNFa production
(Chiurchiu et al., 2016). Resolvin D1 regulates the biosynthesis of pro-inflammatory
leukotrienes (Fredman et al., 2014). Together, these findings suggest that resolvin D1 or
small molecule mimetics have therapeutic potential (Serhan, 2017). The total organic
synthesis of resolvins requires multiple steps (for example, see resolvin D4 synthesis as in
Winkler et al., 2018), as do their analog mimetics (Tang et al., 2014). To enable industry-
scale synthesis, benzo-containing resolvin D1 mimetics were prepared as a means of
reducing the number of chiral centers and steps in organic synthesis (Orr et al., 2015). These
substitutions, while proving more chemically stable, reduce potency and still require multi-
step synthesis and purification.

The receptor for RvD1 is a G protein-coupled receptor (GPCR) identified via library
screening and direct ligand binding with 3H-labeled RvD1, denoted as human DRV1/GPR32
(Krishnamoorthy et al., 2010). In order to facilitate clinical development of small molecules
that could act as resolvin D1 mimetics and potentially be unique therapeutic classes of
SPMs, we screened a diverse collection of small molecules for compounds that stimulate
activity of DRV1, the human resolvin D1 receptor.
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Results

Identification of small molecule GPR32 agonists from qHTS

A GPR32 PathHunter® p-Arrestin reporting cell line, which measures recruitment of p-
arrestin to the DRV1/GPR32 upon agonist activation and generates chemiluminescent signal,
was used for the primary high throughput screening (HTS) of DRV1/GPR32 agonists. The
assay was miniaturized to a 1536-well microplate format to enable the automated screening
of a large collection of small molecules in dose responses, known as quantitative HTS
(QHTS) (Inglese et al., 2006). To test robustness of the GPR32 PathHunter® B-Arrestin
Assay for HTS, and before proceeding to an automatic screening of a large small molecule
collection, the Library of Pharmacologically Active Compounds LOPAC®1280 (Sigma-
Aldrich) including 1280 compounds was screened in a gqHTS format (Figure 1). The library
of compounds were diluted 1:5 in 7 concentrations in interplate manner, with final
concentrations in the assay ranging from 76uM to 5nM. From the screen of the LOPAC
collection, we identified p-MPPF which, akin to its close analog p-MPPI, is a serotonin
receptor 5-HT(1A) antagonist (Kung et al., 1996; Kung et al., 1995). Following the assay
validation, a high-throughput screening (HTS) of a diversity collection of 47,065 compounds
were tested at two concentrations (76uM and 15uM) using a fully automated robotic
screening system.

Figure 1 outlines the screening strategy that was pursued to select and validate active
compounds identified from the primary HTS. Among them, 220 hits (0.46% of all screened
libraries) were selected from the primary HTS based on efficacy >60% in comparison to the
basal activity (DMSO-treated cells). These active compounds were re-tested at 7
concentrations as 3-fold serial dilutions at final assay concentrations 76uM —106nM in the
same GPR32 PathHunter® B-Arrestin Assay used for the primary HTS. In this screening, 34
compounds (15% of primary cherry-picks) confirmed their activity in a dose response
manner. The confirmed compounds were further tested in a panel of assays including GPR32
cAMP HTREF signaling assay, THP1 cytotoxicity assay, and leukotriene B receptor 1 (BLT1)
PathHunter® B-Arrestin assay as a counter assay (Figure 1). Finally, 11 hits were selected
which were active in GPR32 cAMP HTRF signaling assay, hon-cytotoxic on THP1, and
inactive in BLT1 counter assay. Structural clustering analysis showed that the active
compounds were rather diverse, with 3 large clusters (5 and more members) and a number of
small clusters (2-3 members) and singletons. Structural analysis identified two chemotypes,
represented by the hits NCGC00120943 (chemotype-1A; C1A) and NCGC00135472
(chemotype-2A; C2A) shown in Figure 2A, as attractive templates for medicinal chemistry-
based structure activity relationship studies.

For further confirmation, these compounds were re-tested at 11 concentrations in 1:3
dilutions from 57 uM to 1 nM (Figure 2B-D). pMPPF increased the signal in GPR32 p-
arrestin cells ~30% above the basal cell activity. These data were confirmed in dose-
response manner along with testing of its iodinated analog pMPPI, which increased cAMP,
but not p-arrestin activities (Fig.2B). Chemotypes 1 (Fig. 2C) and 2 (Fig. 2D) from the
screening of the diversity collection increased p-arrestin by approximately 50% over basal in
a dose response manner, and inhibited forskolin-induced cAMP signal by about 50% at
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similar potencies as those measured in the p-arrestin assay. Each agonist (chemotypes 1 and
2) activates DRV1/GPR32 with different affinities and/or efficacies in the p-arrestin and
CAMP assays (Table 1 and Fig. 2). For chemotype 1, C1A and C1B gave similar efficacies in
B-arrestin activity, and C1A showed higher affinity (ECgq 0.93 pM) than C1B (ECsq 3.79
uM) for DRV1. For cAMP activity, they have similar ECgg, and C1A exhibited higher
efficacies (—46.2 %) than C1B (-30.7 %). For chemotype 2, C2A gave higher affinities (i.e.
lower EC5p) to DRV1 than C2B in both p-arrestin and cAMP activities, as well as higher
potencies (i.e. higher efficacies) in B-arrestin activities.

These differences in efficacies and affinities could impact downstream intracellular signals
evoked by each ligand. Taken together, C1A is the more potent agonist for DRV1 in
chemotype 1 and C2A is the more potent in chemotype 2, based on both p-arrestin and
CAMP activities.

Ligand-receptor dependency for activation of human recombinant DRV1/GPR32

To further examine whether these chemotypes directly activate human DRVI/GPR32, we
carried out electrical cell substrate impedance sensing (ECIS) to monitor rapid changes in
impedance upon ligand binding to receptors (Peters and Scott, 2009). Using CHO cells
overexpressing recombinant human DRV1 (CHO-hDRV1), RvD1 (100 nM) time-
dependently reduced impedance (Fig. 3A), consistent with our previous findings
(Krishnamoorthy et al., 2012). In comparison, at 1uM, pMPPF increased and pMPPI
reduced impedance with CHO-DRV1 cells (Fig. 3B&C). Wild-type CHO cell (CHO-WT)
did not give significant impedance changes in response to pMPPF or pMPPI (Fig. 3B&C).
We next tested compounds from chemotype-1 (C1A and C1B) and chemotype-2 (C2A and
C2B). Each compound (100 nM-10 pM) dose-dependently elicited rapid changes in
impedance with CHO-DRV1 (Fig. 3D-G). Their rank order potencies were C2A > C1A >
C2B > C1B at 100 nM. These results indicate that each chemotype initiated concentration-
dependent signals with CHO cells in a DRV1-dependent manner. In addition, these results
are consistent with those obtained with g-arrestin and cAMP activities, in that C1A
(Chemotype 1) and C2A (Chemotype 2) are the more potent agonists for DRV1 in the
chemotype groups (Fig. 2 and Table 1).

Identified chemotypes enhance human macrophage phagocytosis

M phagocytosis of apoptotic cells, microbes and debris is a cellular hallmark of tissue
resolution of acute inflammation (Cotran et al., 1999). Since RvD1 enhances M®
phagocytosis of serum-treated zymosan (STZ) via human DRV1/GPR32 (Krishnamoorthy et
al., 2010), we next examined whether these compounds shared this pro-resolving action of
RvD1. We selected C2A from chemotype-2 and C1A from chemotype-1 for these studies
since they were the two most potent ligands activating recombinant human DRV1 (Figs. 2
and 3). Human M® were differentiated from peripheral blood monocytes, and phagocytosis
of fluorescent-labeled STZ carried out (see Methods). RvD1 (0.1pM-10 nM) dose-
dependently increased phagocytosis with human M® (Fig. 4A). In comparison, C2A, C1A,
pMPPF and pMPPI also enhanced phagocytosis in a dose-dependent manner (Fig. 4A&B).
At a concentration as low as 10 pM, RvD1 and pMPPF were the most efficacious, enhancing
phagocytosis by ~60%, followed by C1A and C2A, which increased phagocytosis by ~35-
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40% (Fig. 4C). pMPPI was significantly less potent than pMPPF. At a higher concentration
10 nM, these compounds were essentially equally efficacious (Fig. 4D).

Since both pMPPF and p-MPPI are known serotonin receptor 5-HT(1A) antagonists (Kung
et al., 1996; Kung et al., 1995), we tested whether 5-HT impacts macrophage phagocytosis.
At 0.1-10 nM, 5-HT did not significantly increase phagocytosis (Fig. 4E), suggesting that
the actions of pMPPF and pMPPI in stimulating phagocytosis were not mediated via 5-HT
receptors. In addition to stimulating macrophage phagocytosis, we assessed whether these
chemotypes can also promote M2 macrophage differentiation, a known pro-resolving
function of RvD1 (Titos et al., 2011). Each compound was incubated with human
macrophages for 24h, and levels of CD163, an M2 marker, determined using flow
cytometry. RvD1 (10 nM) significantly increased CD163 levels on macrophages by 25.7%
compared to cells incubated with vehicle alone (Fig 4F). In comparison, p-MPPI, p-MPPF,
C2A, C1A increased CD163 levels by 20.0%, 13.7%, 13.3%, 4.7%, respectively, albeit these
increases did not reach statistical significance. Thus, these chemotype agonists of DRV1
shared only some of the pro-resolving actions of RvD1, the endogenous DRV1 ligand,
namely stimulating macrophage phagocytosis of microbial particles (Figure 4).

Real-time monitoring of phagocytosis of live E. coli with macrophages overexpressing
DRV1/GPR32

Next, we investigated whether phagocytosis stimulated by these compounds was DRV1-
dependent. To address this, human M® were transfected with either human GPR32 or a
mock plasmid. Phagocytosis of fluorescent-labeled £. co/iwas monitored in real time using
microscopy (Fig. 5). Fluorescence-labelled live £. coliwas added to macrophages to initiate
phagocytosis and images taken every 10 min for 60 min. As early as 10 min, CZA (10 nM)
slightly increased phagocytosis in mock-transfected cells (~15% increase above vehicle
control), and this action was greatly enhanced with hGPR32 transfection, giving >70%
increase above vehicle control (Fig. 5A). C2A also gave significant increase of phagocytosis
>40% with DRV 1-transfected macrophages at 10 min (Fig. 5B), while pMPPF enhanced
phagocytosis >50% with these cells at 20-30 min (Fig. 5C). pMPP/-increased phagocytosis
in DRV1-transfected macrophages was higher than that in mock-transfected macrophages,
from 20-40 min, albeit did not reach statistical significance (Fig. 5D). For direct
comparison, RvD1 (10 nM) increased uptake of £. coli with mock-transfected M® (30-40%
increase above vehicle control), an action further enhanced with hDRV1 transfection
(>100% increase) at 20-30 min (Fig. 5E). Together, these results demonstrated that these
unique DRV1 ligands enhanced macrophage phagocytosis of live E. coli, each with different
kinetics in a DRV1-dependent manner.

Binding models of DRV1 agonists

To gain insight into the binding interactions of these identified agonists with DRV1, we
docked the three molecules pMPPF, C1A and C2A to the predicted structural model of
DRV1. An ensemble docking approach was applied to account for protein flexibility and
induced conformational changes upon ligand binding. As shown in Figure 6, The 7-TM
binding site of DRV1 consists of a number of aromatic residues such as Tyr101, Tyr117,
Phe-112, Tyr-125, His-220, Phe-272, Phe-302, which forms a highly hydrophobic pocket to
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accommodate ligand binding. RvD1 binds in this pocket in a manner that the molecule
forms an aromatic region in the middle by mimicking - stacking interactions with
surrounding residues Tyr117, Phe-112, Tyr-125, L276, Phe-272 (Fig. 6A). This is well
supported by the binding interaction of Benzo-diacetylenic-17R-RvD1-methyl ester (BDA-
RvD1) mimetic, which adopts essentially the same binding conformation as RvD1 with a
cyclized aromatic ring bound at the bottom of the pocket (Fig. 6B). This docking model also
indicate that the identified agonists bind to the orthosteric site of DRV1, sharing overlapping
binding sites with RvD1 (Fig. 6C-E). The core of methoxyphenylpiperidine group of
pMPPF is inserted into the bottom of the pocket and formed extensive hydrophobic and
aromatic stacking interactions (Fig. 6C). On the other side, the pyridine benzamide group is
pointed out to the flexible loop region forming close interactions with ECL2, and pMPPI
forms a halogen bond with Y101 (Fig. 6F). The agonists C1A and C2A showed similar
binding conformations in the hydrophobic pocket with extensive rt-r stacking interactions
and H-bonding interaction with Y117, which could contribute to the binding affinity and
activity of these agonists to the DRV1 receptor (Fig. 6D). Compared to pMPPI, C1A binds
deeper in the pocket and forms a H-bond with F221 (Fig. 6G). Therefore, computational
docking of the ligands to the predicted structural model of DRV1 suggested overlapping and
distinct interactions for each ligand in the binding pockets of this receptor.

Discussion

Resolvin D1 exhibits potent pro-resolving actions via activating human resolvin D1 receptor
(DRV1/GPR32) (Krishnamoorthy et al., 2010). By screening a large collection of small
molecules, we identified several chemotypes that activate human recombinant DRV,
namely C1A, C2A, pMPPF and pMPPI (Figs. 1 and 2). Each activated recombinant DRV1
monitored by B-arrestin activity and cCAMP release (Fig. 2). These chemotypes also elicited
rapid impedance changes with recombinant DRV1 (Fig. 3), and stimulated pro-resolving
function with human macrophages, i.e. phagocytosis, in a DRV1-dependent manner (Figs.
4&5). Docking these agonists into the structural model of DRV1 indicated that they shared
with RvD1 the hydrophobic binding pocket formed by seven-transmembrane segments (Fig.
6). These scaffolds and pharmacophores could be used to develop RvD1 mimetics that
require fewer steps in organic synthesis.

Among these compounds, some of the agonists display functional responses that are
different from RvD1 responses, e.g. the change in impedance and intracellular cAMP. It is
likely that each agonist activates DRV1 with different affinities, potencies and/or potentially
evokes different second messengers following DRV1 activation. Results in Figure 2
demonstrated that pMPPF, C1A, C1B, C2A and C2B each dose-dependently reduced
forskolin-stimulated cAMP release, suggesting that they activated DRV1 coupling to Ga;
protein. On the other hand, pMPPI increased forskolin-stimulated cAMP release suggesting
that it might activate Ga.; coupling. These results are in line with those obtained from ECIS
(Fig. 3), which monitors rapid impedance changes upon ligand activation of GPCR. This
cell-based and radiolabel-free system can quantitatively determine direct GPCR activation
and distinguish Gas, Gaj and Gaq coupling. Ga.coupling and Gag-coupling give rapid
increase and decrease of impedance, respectively, while Gag-coupling shows a transient dip
followed by increase of impedance (Peters and Scott, 2009). In CHO cells expressing DRV1,
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RvD1 and pMPPI reduced impedance, suggesting that they initiated DRV1 coupling with a
Gag protein. The other ligands pMPPF, C1A, C1B, C2A and C2B increased impedance,
suggesting that DRV1 couples with a Ga; protein upon ligand activation. The predicted
binding models indicated that pMPPI could bind to an allosteric site by forming a halogen
bond with Y101 and extensive hydrophobic interactions with ECL2. These interactions with
pMPPI may trigger conformational changes in DRV1 that are different from those triggered
by other agonists, thus leading to different G protein coupling and downstream intracellular
signals (Fig. 6F&6G). GPCRs are known to couple with different G proteins initiated by
different ligands and then transmit separate or overlapped downstream signals (Simon et al.,
1991; Cooray et al., 2013). In this context, in human macrophages RvD1 increases cCAMP, a
second messenger for Ga protein (Lee and Surh, 2013). This is in line with our earlier and
present results obtained with CHO cells expressing recombinant human DRV1
(Krishnamoorthy et al., 2012 and Fig. 3). It remains of interest whether the signals evoked
by the chemotypes (i.e. CAMP, B-arrestin, impedance) with recombinant DRV1 are also
operative in primary human cells. With human macrophages, all these compounds enhanced
phagocytosis (Fig. 4). Thus, it is possible that these compounds activate other signaling
components relevant to macrophage phagocytosis, which are not fully functional in CHO
cells.

Of interest, both pMPPF and p-MPPI are known serotonin receptor 5-HT(1A) antagonists
(Kung et al., 1996; Kung et al., 1995). We tested whether 5-HT has direct impact on
macrophage phagocytosis at the same concentration range as RvD1, and found that 5-HT did
not significantly increase macrophage phagocytosis of STZ (0.1 nM-10 nM; Fig. 4E). In
addition, with CHO cells, the pMPPF- and pMPPI-evoked impedance changes were DRV1-
dependent since they did not elicit impedance change with CHOWT cells (Fig. 3B and C).
Therefore, it is not likely that the intracellular signals evoked by either pMPPF or pMPPI
with CHO-DRV1 cells and their functions with macrophages were mediated via 5-HT
receptors. Here, pMPPF and pMPPI activated recombinant DRV1 as agonists and stimulated
phagocytosis in a DRV1-dependent manner (Figs. 3 and 5), suggesting that these synthetic
serotonin mimetics could have previously unappreciated pro-resolving actions via activating
DRV1 /n vivo. Regarding the specificities of chemotypes 1 and 2, C1A displayed activity in
only 5 out of the 636 bioassays deposited in Pubchem, and none of these 5 bioassays were
related to GPCR targets. These targets include glucose-6-phosphate dehydrogenase-6-
phosphogluconolactonase and microtubule associated protein tau. (https://
pubchem.ncbi.nlm.nih.gov/compound/16017615#section=Biological-Test-Results). C2B
was evaluated in 89 bioassays with no reported activity (https://pubchem.ncbi.nlm.nih.gov/
compound/7080311#section=Top).

Lipid mediators such as eicosanoids exhibit their potent bioactions via activating cell surface
GPCR superfamily (Shimizu, 2009; Woodward et al., 2011). Eicosanoids, including
prostaglandins, thromboxane and leukotrienes, are short-lived autocoids that are generated in
response to stimuli, act locally and then rapidly metabolized. Thus, metabolically stable
analogs were developed to either mimic or block their actions via interacting with their
respective GPCRs (Shimizu, 2009; Woodward et al., 2011). For example, lloprost, a
synthetic agonist of prostacyclin (PGI) receptor, is currently used for treatment of pulmonary
arterial hypertension (Woodward et al., 2011). Along these lines, lipoxin (LX) A4 stable
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analogs were designed to resist enzymatic inactivation and prolong their bioactions via
activating LXAy receptor (ALX) (Serhan et al., 1995; Sun et al., 2007). DHA-derived SPM
are also biosynthesized locally in response to inflammatory stimuli and subject to rapid
further metabolism via enzymatic inactivation. RvD1 is locally converted to 8-oxo-RvD1
and 17-oxo-RvD1 by 15-hydroxyprostaglandin dehydrogenase/eicosanoid oxidoreductase.
The 8-oxo0-RvD1 remained biologically active, while 17-oxo-RvD1 is inactive,
demonstrating stereo-selectivity of RvD1’s bioactions (Sun et al., 2009). Metabolically
stable analogs that resist enzymatic inactivation were designed and synthesized, e.g. benzo-
diacetylenic 17R-RvD1 methyl ester (BDA-RvD1). This analog mimetic shares defining
pro-resolving actions with RvD1, including reducing PMN infiltration /n vivo, stimulating
phagocytosis of STZ and activating recombinant DRV1 (Orr et al., 2015).

In addition to the affinities, potencies and selectivities of mimetics, the binding Kinetics is
also essential for GPCR drug development (Strasser et al., 2017). Here, each agonist
enhanced phagocytosis with different kinetics as monitored using real-time imaging
microscope (Fig. 5). It is possibly that each agonist exhibited different kineticsin ligand
binding and/or ligand residence time with DRV 1. In these context, each agonist might
interact with different amino acid residues in the binding sites (e.g. pMPPI forms a halogen
bond with Y101 and C1A binds deeper in the pocket forming H-bond with F221; see Fig 6),
which could potentially impact ligand residence time, thus leading to their different kinetics
in stimulating phagocytosis. Recently, the crystal structures of cannabinoid receptor 1 (CB1)
and leukotriene B4 receptor 1 (BLT1) were determined (Hori et al., 2018; Hua et al., 2017).
The plasticity of the binding pocket (formed by seven-transmembrane segments) of CB1
appears to be a common feature among certain class A GPCR (Hua et al., 2017). BLT1,
ALX (LXA, receptor), DRV1/GPR32, DRV2/GPR18 (RvD2 receptor) and ERV1/ChemR23
(RVEL1 receptor) (reviewed in ref. Chiang and Serhan, 2017) also belong to the class A
GPCR. In the present report, RvD1, BDA-RvD1 and the identified chemotypes appeared to
locate in a hydrophobic binding pocket of DRV1 formed by seven-transmembrane segments
(Fig. 6). Together, the crystal structures and binding models of GPCRs will provide
structural insights into ligand-receptor interactions and facilitate the design and development
of mimetics of natural ligands that are receptor-specific.

The chemotypes identified herein provide molecular templates for RvD1 mimetics to
stimulate pro-resolving functions via activating human DRV1. These specific mimetics
could provide useful tools for understanding ligand-receptor interactions for DRV1. These
may offer potentially more cost-effective synthesis to facilitate clinical development of
therapeutics that stimulate resolution pathways /n vivo. The pro-resolution Rv mimetics
could be useful to treat inflammation-related diseases and infection as well as protect from
collateral tissue injury, reduce cancer burden and resolve pain. Thus, our present results
warrant further investigations for clinical development.

Resolvin D1 (RvD1) exhibits potent pro-resolving functions in the control of resolution of
inflammation via activating human resolvin D1 receptor (DRV1/GPR32). Total organic
synthesis of RvD1 requires multiple steps that slow its potential in clinical development.
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Here, in order to facilitate clinical development of small molecules that could act as RvD1
mimetics, we employed a high throughput system to screen several libraries of small
molecules (>48,000 compounds) for their activities in stimulating DRV1. From this, we
report the identification of unique chemotypes that activate the human recombinant DRV1
and promote macrophage phagocytosis in a DRV 1-dependent manner. In addition, docking
these chemotypes into the structural model of DRV1 indicated that they shared the binding
pocket with RvD1. Thus, the structures identified herein function as RvD1 mimetics that
require fewer steps in organic synthesis. Together, they offer molecular templates to
facilitate clinical development of therapeutics that target human DRV1 and its role in the
resolution of inflammation.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to the Lead
Contact, Prof. Charles N. Serhan (cserhan@bwh.harvard.edu)

Experimental Model and Subject Details

Human primary cells

Healthy human peripheral blood mononuclear cells (PBMCs) were isolated from
deidentified leukopacks purchased from Children’s Hospital Blood Bank (Boston, MA),
Experiments were conducted in accordance with a protocol approved by Partners Human
Research Committee (Partners Human Research Committee Protocol No. 1999-P-001297).
Since the leukopacks were obtained from the Children’s Hospital Blood Bank and donors
were deidentified to ensure patient confidentiality. While sex and age of the donors are
known, the information was not available to the authors because they were deidentified and
protected. Also, the information on their involvement in previous experiments or if they
were drug or test naive are not available to the authors. Monocytes were isolated and
macrophages (M®) were differentiated by culturing freshly isolated monocytes in RPMI
media supplemented with 10% FBS and recombinant human GM-CSF for 7 days as in
(Krishnamoorthy et al., 2010). CHO GPR32 B-arrestin cell line was purchased from
DiscoverX, Chinese Hamster Ovary (CHO-K1) cells were purchased from ATCC (ATCC®
CCL-61™:; Source: female Chinese hamster). Human acute monocyte leukemia (THP-1)
cells were purchased from ATCC (ATCC® TIB-202™:; Source: one-year old male). All cells
were cultured at 37°C at 5 % CO,

Method Details

PathHunter® B-Arrestin Assay

The CHO GPR32 p-arrestin cell line (DiscoverX, #93-0321C2A) was thawed and plated in
thawing media containing F12 HAM (Invitrogen, #11765-054), 10% FBS (Invitrogen,
#10082), 1x Glutamine, and 1x Pen/Strep onto the 175-mm flask for 24 hours. Afterwards,
thawing media was replaced with growth media, which was the thawing media with
800pg/mL Geneticin (Invitrogen, #10131) and 300pg/mL Hygromycin B (Invitrogen,
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#10687). For the assay, the cells were harvested at ~80% confluent stage with Cell
Dissociation buffer (Gibco, #13151), and seeded at 2,500 cells/ 3uL/well in assay media
(PathHunter® Cell Plating Reagent, DiscoverX, #93-0563R1B) using MultiDrop Combi
dispenser (Thermo Scientific, Logan, UT) into the wells of white solid-bottom tissue
culture-treated 1536-well plates (Greiner # 789173), and allowed to attach overnight at
37°C, 95% humidity, 5% CO 5. Next, 23nL/well of compound solutions in DMSO were
added with a Pin Tool (Kalypsis, San Diego, CA) to the assay plates. As the basal control
(ECyp), 23 nL/well of DMSO was used on each plate. The cells were incubated in the
presence of compounds or vehicle for 90 minutes at 37°C, 5% CO,. Subsequently, 1.5uL/
well of PathHunter® Detection Reagent prepared per the manufacturer’s instructions was
added to the assay plates with a BioRAPTR FRD™ dispenser (Beckman Coulter, San
Francisco, CA), and cells incubated for 1 hour at ambient temperature prior to the
measurement of the luminescent signal with a ViewLux® uHTS Microplate Imager (Perkin
Elmer, Waltham, MA).

Cytotoxicity test of selected compounds

THP-1 (ATCC® TIB-202™) cells were seeded into wells of a 1536-well white solid-bottom
tissue culture-treated plate (Greiner #789173) at 5,000 cells/4puL/well using a Multidrop
Combi dispenser. The wells with media only were used as “no cells” negative control. Right
after dispensing the cells, compounds were pin-transferred into the assay plate, 23nL/well as
11-point 1:3 intraplate serial dilution, in the range of [46uM — 0.8nM] as final assay
concentration. 23nL/well of DMSO was added as vehicle control. The plates were incubated
at 37°C with 5% CO, under 95% humidity for 24 hours. Prior to adding CellTiter-Glo®
Reagent (Promega, #G7570), the plate and reagent were equilibrated to room temperature,
then 5uL/well of the reagent was added to the assay plate. The plate was quickly centrifuged
(~15 sec) and shaken for 1 minute to induce cell lysis followed by 15-minute incubation at
ambient temperature. The signal was read with ViewLux at luminescent settings with 1
second exposure. Relative luminescent units (RLU) for each well were normalized to the
median RLUs from DMSO control wells as 100% viability.

cAMP HTRF® assay

PathHunter™ CHO-K1 GPR32 B-arrestin cells were cultured and harvested for the assay
using the same protocol as described above. The cells were seeded into wells of a 1536-well
plate (Greiner #789173) at 1,800 cells/3uL/well and incubated for 20 hours at 37°C, 5%
CO». Next, cells were stimulated with 1 L/well forskolin (8 uM final concentration, ECg)
with Ro 20-1724 (100 uM final concentration) in PBS. Next, 23 nL/well of compounds
were added with a Pin Tool transfer as 1:3 serial dilutions in [57yuM —1nM] final
concentration range. For controls, one column was pinned with DMSO only (ECg) and
another with 57 uM forskolin (EC1qg). The cells were treated with compounds for 30 min at
37°C, 5% CO,, after which the cAMP HiRange HTRF® assay (Cisbio # 62AM6PEJ) was
performed. The HTRF reconstituted reagents (CAMP d2 and anti-cAMP Cryptate) were
prepared in distinct vials by dilution 1:20 in HTRF conjugate and lysis buffer (supplied with
the assay kit) and dispensed onto the assay wells separately, 1uL/well each. The plates were
incubated for 30 min at ambient temperature, and then the signal was read with an EnVision
plate reader (Perkin Elmer) with filters for excitation as 340nm, emission as 615nm and
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665nm. For normalization for any effects in the donor channel, all data were calculated as a
ratio 665/615*10,000.

Electrical Cell-Substrate Impedance Sensing System (ECIS)

Ligand-receptor interactions were determined by measuring impedance across CHO cell
monolayers using an Electrical Cell-Substrate Impedance Sensing System (ECIS; Applied
Biophysics, Troy, NY) (Peters and Scott, 2009), and carried out essentially as in
Krishnamoorthy et al. (Krishnamoorthy et al., 2010). Briefly, GPR32 or mock transfected
CHO cells were plated at 0.1x108 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).

Human leukocyte isolation and macrophage differentiation

Human peripheral blood mononuclear cells from deidentified healthy volunteers were
purchased from Children’s Hospital Blood Bank (Boston, MA) (Partners Human Research
Committee Protocol No. 1999-P-001297). Monocytes were obtained by density-gradient
Ficoll-Histopaque isolation (Krishnamoorthy et al., 2010). Macrophages (M®) were
differentiated by culturing freshly isolated monocytes in RPMI media supplemented with
10% FBS and recombinant human GM-CSF (10 ng/ml, R&D Systems) for 7 days. GM-CSF
is a well-established hemopoietic growth factors that differentiate monocyte to macrophages
(Lacey et al., 2012) and is routinely used to differentiate peripheral blood monocytes to
macrophages. To access the actions of RvD1 and chemotypes on M2 polarization, each
compound was incubated with GMCSF-differentiated macrophages at 10 nM for 24 hours.
Cells were then harvested and stained with anti-CD163 Ab (Biolegend). CD163 levels were
then determined using flow cytometry.

Macrophage phagocytosis of serum-treated zymosan (STZ)

Ma® were plated onto 96-well plates (50,000 cells/well in PBS**), and phagocytosis carried
out 24 hours later. Compounds (0.1 pM-10 nM) was incubated with M® for 15 min at 37°C,
followed by incubation with FITC-label ed zymosan particles at 10:1 ratio (zymosan: M®)
for 40 min at 37 °C. Plates were gently washed, e xtracellular fluorescence quenched by
trypan blue, and phagocytosis determined by measuring total fluorescence (Ex 493/Em 535
nm) using SpectraMax M3 plate reader (Molecular Devices, San Jose, CA).

GPR32 transfection and macrophage phagocytosis of E. coli

For overexpression of GPR32, M® (5 x 106 cells in a 10-cm petri dish) were transfected
with a mock vector or with expression vector for human GPR32 (5 ug; Origene, Rockuville,
MD) using Jet-Pei transfection reagent following manufacturer’s instructions (Polyplus-
transfection SA, Illkirch, France). For real-time imaging, M® were plated onto 8-well
chamber slides (50,000 cells/well in PBS**) 48h after transfection. Imaging was then carried
out 24h after re-plating. Chamber slides were kept in a Stage Top Incubation system for
microscopes equipped with a built-in digital gas mixer and temperature regulator (TOKAI
HIT model INUF-K14). Test compounds were added to M® (1 nM, 15 min) followed by
BacLight Green-labeled £. coli (2.5 x 108 CFU). Images were then acquired every 10 min
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for 3h (37°C) with Keyence BZ-9000 (BIOREVO) inverted fluorescence phase-contrast
microscope (40X objective) equipped with a monochrome/color switching camera using BZ-
Il Viewer software (Keyence, Itasca, IL, USA). Green fluorescence intensity was quantified
using BZ-11 Analyzer.

Homology molecular and docking

Homology model of human GPR32 was constructed using the MOE program (Molecular
Operating Environment, version 2010.10; Chemical Computing Group Inc.; Quebec,
Canada). Sequence of GPR32 was retrieved from the UniProtKB database (access code
075388). Multiple sequence alignment with the agonist-bound (active) structures of GPCRs
showed that the transmembrane domain of GPR32 (414-764) shares highest sequence
identity with the human chemokine receptor type 1 (25% in TM and 12% in loops).
Therefore, the crystal structure of CXCRL1 in the active form (PDB entry 2LNL; https://
www.resh.org/structure/2LNL) was used as a template for homology model generation.
Docking of small molecule agonists to the structural model of GPR32 was performed using
MOE dock. The flexible docking protocol was used and the docking pose was refined using
PBSA score.

Quantification and Statistical analysis

Results are represented as mean or mean+ SEM. Statistical analysis was performed using
non-parametric Mann Whitney test for 2 group comparisons and oneway analysis of
variance (ANOVA) Kruskal-Wallis test for multiple group comparisons with post-hoc
analysis using Dunn’s Multiple Comparison test (GraphPad Prism, La Jolla, CA). P<0.05
was considered to be statistically significant.

Data and Software Availability

Data will be available upon request to the Lead contact.
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Highlights:
. Identification of chemotypes activating human resolvin D1 receptor DRV1
using HTS.
. These chemotypes elicited rapid impedance changes in DRV1 overexpressing
cells.

. Macrophage phagocytosis was increased by the chemotypes in a DRV1-
depedent manner.

. Ligand-receptor docking model illustrated specific interactions.
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LOPAC (1,280 compounds) + Sytravon & NPC Libraries (47,065 compounds) were screened
using DiscoveRx PathHunter B-arrestin GPR32 CHO-K1 assay

¥

220 Agonist compounds selected
based on Max Response >60%

¥

34 of 220 were confirmed active (CRC 1, 2, 3)
agonists DiscoveRx
GPR32 PathHunter B-arrestin assay;
3 major clusters (5 and more members)
& Multiple minor clusters (2-3 members)

3 ¥

26 confirmed compounds
were selective to GPR32 vs
LTB4R using DiscoveRx
PathHunter B-arrestin assay

27 hits were non-cytotoxic 18 compounds inhibited forskolin-induced
(CRC 4) cAMP signaling in GPR32 DiscoveRx
in THP-1 cells PathHunter cell line
A

N ¥ 7

were analyzed for chemically attractive, non-promiscuous

Representatives of 3 major clusters
& 4 singletons from minor clusters

chemical structures

v

Figure 1. Compound identification and validation flow chart.
Depicted is the funnel of the assays, filtering, and analyses performed for identification of

the most prominent chemotypes of clusters and singletons selected for further studies.
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Figure 2. Identification of unique chemotypes via screening of a diverse collection of small
molecules.

(A) Chemical structures of known DRV1 ligands and the most promising agonists identified
from the screening. (B-D) B-arrestin (solid dots) and cAMP (clear dots) profiling of the most
potent representatives: (B) Initial hit pMPPF and its close analog pMPPI, (C) Chemotypes 1
and (D) Chemotypes 2. Both assays were performed in CHO-GPR32 cell line. Cellular basal
activity (0%) in B-arrestin assay is vehicle stimulation (DMSO, 0.57%), 100% activity is a
2-fold signal increase above the basal activity. CAMP assay was performed in the presence
of forskolin stimulation (8 uM). The 0% activity corresponds to stimulation with forskolin
alone, while vehicle stimulation (DMSO, 0.57%) relates to —100%. p-arrestin and CAMP
assays were performed two separate times in triplicates (average of 6, with SD).
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Figure 3. ECIS monitoring of ligand-receptor interaction in CHO-DRV1/GPR32 cells.
CHO-DRV1 (A-G) or CHO-WT (B, C) cells were incubated with test compounds or vehicle

alone at indicated concentrations. Impedance changes across cell monolayers were recorded
every 4 seconds for 10 min. Results are representative tracings from 3 independent

experiments.
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Figure 4. RvD1 and mimetics promote human macrophage phagocytosis of serum-treated
zymosan (ST2Z).

(A-E) Macrophages (50,000 cells/well in 96-well plates) were incubated with RvD1,
mimetics or vehicle control at indicated concentrations for 15 min (37°C, pH 7.45), followed
by addition of FITC-STZ at 10:1 ratio (STZ:macrophage) to initiate phagocytosis. Results
are dose responses analyzed by curve fitting (A,B); comparisons of RvD1 and mimetics at
10 pM (C) and 10 nM (D); comparisons of RvD1 and 5-HT (E). Results are percent
increases of phagocytosis above vehicle; mean+SEM from triplicates of 3—4 separate
donors. (C) *P<0.05, vs RvD1; #P<0.05, vs vehicle. (E) *P<0.05, RvD1 vs vehicle control;
#P<0.05, RvD1 vs 5-HT. (F) CD163 expression on human macrophages; mean+SEM from 3
separate donors. *P<0.05, RvD1 vs vehicle control.
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Figure. 5. Phagocytosis of live E. coli with macrophages overexpressing DRV1/GPR32: Real-time
monitoring.

Human M® were transfected with human DRV1 plasmid or mock. M® were plated onto 8-
well chamber slides (100,000 cells/well in PBS**) 48h after transfection. Imaging was then
carried out 24h after re-plating. M® were incubated with test compounds (10 nM) or vehicle
control for 15 min at 37°C, followed by addition of BacLight Green-labeled E. coli (E. coli:
macrophage 50:1) to initiate phagocytosis. Fluorescent images were then recorded every 10
min for 60 min. Three separate experiments were carried out. In each experiment, 4 fields
(40X) per condition (per well) were recorded. (A-E) (Left) Results are mean fluorescence of
4 fields/well from one representative experiment. (Right) % increase in phagocytosis above
vehicle control in mock or GPR32 transfected M® at 10-60 min; mean+SEM from 3
separate donors. *P<0.05, vs Mock.
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(A) RvD1 (B) BDA-RvD1

Figure 6. The predicted binding model of DRV1 with selected agonists.
(A-D) Ligands including RvD1(blue), BDA-RvD1 (green), MPPF (cyan), NCGC00120943

(magenta)/NCGC00135472 (violet) were docked into the structural model of GPR32. (E)
Overlay of predicted binding model of GPR32 with selected agonists RvD1 (blue), BDA-
RvD1 (green), pMPPF (cyan), C1A (magenta), C2A (violet). The transmembrane domain of
GPR32 is shown in ribbon (grey). Ligand and key residues surrounding the hydrophobic
pocket (in surface) are shown in sticks. (F-G) Comparison of binding interactions of pMPPI
(cyan; F) and C1A (magenta; G). The loop ECL2 is shown in red color (only showed in part
in C1A binding model for clarity). Key residues interacting with ligand are shown in sticks
and H-bond and halogen-bond interactions with ligand are shown in dashes.
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Table 1.

Beta-arrestin and cAMP profiling of selected lead compounds

ECso, UM Efficacy, %

C1A [NCGC00120943]

B-arrestin 0.93 47.0
cAMP 0.38 -46.2
C1B [NCGC00120919]

B-arrestin 3.79 43.0
cAMP 0.32 -30.7
C2A [NCGC00135472]

B-arrestin 0.37 60.8
cAMP 0.05 -29
C2B [NCGC00134314]

B-arrestin 1.17 46.6
cAMP 0.19 -32.6
pMPPF

B-arrestin 1.16 20.5
cAMP n/a n/a
pMPPI

B-arrestin nfa nla
cAMP 25 244

Both B-arrestin and CAMP assays were performed in CHO-GPR32 cell line. In B-arrestin assay, cellular basal activity (0%) is vehicle stimulation
(DMSO, 0.57%; 100% activity is a 2-fold signal increase above the basal activity. CAMP assay was performed in the presence of forskolin
stimulation (8 uM). Forskolin alone was taken as 0%, while vehicle alone (DMSO, 0.57%) was taken as —100%. EC5(: half maximal effective

concentration. Efficacy: the highest activity of each compound expressed as % increase or decrease of forskolin stimulation. The numbers are mean
values from two separate experiments in triplicates (average of 6 determinations) for both p-arrestin and CAMP assays.

Full chemical names: C1A: chemotype-1A; NCGC00120943 [3-methoxy-N-(5-morpholin-4-ylsulfonyl-1,3,4-thiadiazol-2-yl)benzamide]
C1B: chemotype-1B; NCGC00120919 [3-bromo-N-(5-morpholin-4-ylsulfonyl-1,3,4-thiadiazol-2-yl)benzamide]

C2A: chemotype-2A; NCGC00135472 [3,4-difluoro-N-[3-(3-methylimidazo[1,2-a]pyrimidin-2-yl)phenyl]benzamide]

C2B: chemotype-2B; NCGC00134314 [3-methoxy-N-[3-(3-methylimidazo[1,2-a]pyrimidin-2-yl)phenyl]benzamide]

p-MPPF: 4-Fluoro-N-{2-[4-(2-methoxyphenyl)-1-piperazinyllethyl}-N-(2-pyridinyl)benzamide

p-MPPI: 4-iodo-N-{2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl}-N-(2-pyridinyl)benzamide
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