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Patricia R Souza'!, Mary E Walker!, Nicolas J Goulding', Jesmond Dalli!-2, Mauro Perretti'-?
and Lucy V Norling"*",

'The William Harvey Research Institute, Barts and The London School of Medicine and Dentistry,
Queen Mary University of London, Charterhouse Square, London EC1M 6BQ, United Kingdom.

2Centre for Inflammation and Therapeutic Innovation, Queen Mary University of London, UK.

* Correspondence:

Dr. Lucy V. Norling, Centre for Biochemical Pharmacology, The William Harvey Research Institute,
Barts and The London School of Medicine and Dentistry, Charterhouse Square, London ECIM 6BQ,
United Kingdom

l.v.norling@qgmul.ac.uk

Keywords: GPR40, neutrophil, resolvins, bacteria, resolution, lipoxins. (Min.5-Max. 8)

Abstract

G-protein-coupled receptor 40 (GPR40) is known to play a role in the regulation of fatty acids,
insulin secretion and inflammation. However, the function of this receptor in human neutrophils, one
of the first leukocytes to arrive at the site of infection, remains to be fully elucidated. In the present
study, we demonstrate that GPR40 is upregulated on activated human neutrophils and investigated
the functional effects upon treatment with a selective agonist; GW9508. Interestingly, GPR40
expression was up-regulated after neutrophil stimulation with platelet-activating factor (PAF, 10nM)
or leukotriene B4 (LTB4, 10nM) suggesting potential regulatory roles for this receptor during
inflammation. Indeed, GW9508 (1 and 10uM) increased neutrophil chemotaxis in response to the
chemokine IL-8 (30ng/ml) and enhanced phagocytosis of E. coli by approximately 50% when tested
at 0.1 and 1uM. These results were translated in vivo whereby administration of GW9508 (10mg/kg,
1.p.) during E. coli infections resulted in elevated peritoneal leukocyte infiltration with a higher
phagocytic capacity. Importantly, GW9508 administration also modulated the lipid mediator profile,
with increased levels of the pro-resolving mediators resolvin D3 and lipoxins. In conclusion, GPR40
is expressed by activated neutrophils and plays an important host protective role to aid clearance of
bacterial infections.

1. Introduction

GPRA40 (also known as free fatty acid receptor 1, FFARI), is a member of the G-protein coupled
receptor (GPCR) family. Many agonists have been discovered to bind and activate GPR40 such as
medium- and long-chain fatty acids, including omega-3 docosahexaenoic acid (DHA) (Briscoe et al.,
2003) as well as 17,18-epoxyeicosatetraenoic acid (17,18-EpETE), a bioactive lipid mediator derived
from eicosapentaenoic acid (EPA) (Nagatake et al., 2018). GPR40 is highly expressed in pancreatic
beta cells, where it is involved in the regulation of insulin secretion (Itoh et al., 2003). Indeed, due to
its pivotal role in insulin regulation a number of synthetic agonists have been developed such as
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Fasiglifam (TAK-875) and GW9508, which exert beneficial effects in diabetes (Burant et al.,
2012;0u et al., 2013). Importantly, there is evidence that GPR40 also plays a role in regulating the
inflammatory response, for example by counteracting inflammasome activation and limiting contact
hypersensitivity (Yan et al., 2013;Nagatake et al., 2018). However, the functional role of GPR40 in
the context of the innate immune response to infection and whether it plays a role in the resolution of
inflammation remains to be fully elucidated.

In the present study, we demonstrate that GPR40 expression is up-regulated on human neutrophils
under inflammatory settings. Using in vitro assays, we demonstrated that GW9508-stimulation
induces calcium mobilization, increases neutrophil chemotaxis towards IL-8 and enhances bacterial
phagocytosis. In an acute model of E. coli infection, GW9508 improved clearance of E. coli by
peritoneal leukocytes and reprogrammed the lipid mediator expression towards a more pro-resolution
profile. Our work identified a previously unknown role of GPR40 in enhancing neutrophil responses,
which is important for maintaining host defence against pathogens.

2. Materials and Methods

Blood collection: Volunteers gave written consent in accordance with a Queen Mary Research Ethics
Committee (QMREC 2014:61). Venous peripheral blood was collected from healthy volunteers into
sodium citrate (3.2%), and neutrophils were isolated using dextran sedimentation followed by
gradient centrifugation.

Collection of exudated human neutrophils: A model of acute neurogenic inflammation was
performed to collect activated human neutrophils from the oral cavity according to a protocol
approved by the Queen Mary Research Ethics Committee (QMREC2010/17). Volunteers were asked
to rinse the buccal cavity three times with 20ml of 0.9% saline for 30 seconds, followed by a 10%
Tabasco® solution (20ml for 30 seconds). The volunteers were nil by mouth for the following two
hours, prior to rinsing the buccal cavity again three times with 20ml of 0.9% saline (Speight et al.,
2010). Mouthwash samples were collected, passed through a 70um strainer and centrifuged at 300g
for 10 mins at room temperature. Cells were washed with 50ml of DPBS™", passed through a 40pum
strainer to remove epithelial cells and centrifuged at 300g for 10 mins at room temperature. The
supernatant was discarded and the cells were gently re-suspended for further analysis.

Flow cytometry: Neutrophils were stimulated with vehicle (0.1% ethanol), TNF-a (10ng/ml), IL-8
(10ng/ml), PAF (10nM) or LTB4 (10nM) for 10 min at 37°C prior to analysis of GPR40 expression.
Cells were fixed and permeabilized according to manufacturer’s instructions (eBioscience), then
incubated with anti-GPR40 (0.181pg/ml, clone EP4632; Abcam) for 30 mins on ice, washed 3 times
and a goat anti-rabbit secondary antibody (AlexaFluor 488, Life Technologies) was added for 45
mins on ice. GPR40 expression was recorded as MFI units in the FL1 channel of a BD FACSCalibur
or in the B530/30 channel of a BD LSR Fortessa.

ImageStream analysis: Cells were incubated with APC-anti-CD11b (clone ICRF44; eBioscience)
and PE-Cy5-anti-CD62L (clone DREGS56; eBioscience) for 45 min at 4° C in DPBS containing
0.02% BSA. After staining, red blood cells were lysed using Whole Blood Lysing Reagent Kit,
according to the manufacturer’s instructions. Staining was then assessed using ImageStream X MK2
and analysis was performed using IDEAS® (Image Data Exploration and Analysis Software, Version
6.0).

This is a provisional file, not the final typeset article
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Intracellular calcium mobilization: Human neutrophils were incubated with 2 uM Fura 2-AM
(Molecular Probes, Paisley, U.K.) in HBSS without Ca?* (Sigma-Aldrich) at 37°C for 45 min in the
dark then washed three times with HBSS. HBSS containing 0.185g/L CaCl, was then added before
stimulation with GW9508 (0 -10 uM) or Ionomycin (1 uM). Mobilization of intracellular calcium
was measured for 70 s after treatment by recording the ratio of fluorescence emission at 510 nm after
sequential excitation at 340 and 380 nm using the NOVOstar microplate reader (BMG LABTECH,
Aylesbury, U.K.). The results are expressed as percentage of the positive control (ionomycin) or as
delta of time zero.

Chemotaxis assay: Human neutrophils were stimulated with GW9508 (0.1 -10uM) or vehicle for 10
mins at 37°C. Chemotaxis was performed using 3-pum pore size ChemoTx™ 96 well plates (Neuro
Probe Inc, Gaithersburg, USA) (Frevert et al., 1998) for 90 min. Briefly, migrated cells were
collected from the bottom chamber and incubated with PrestoBlue® (Invitrogen Ltd. Paisley, UK)
and compared with a standard curve constructed with known cell numbers. Plates were read after 4h
in a fluorescence spectrophotometer at EX560-EM590 nm.

Phagocytosis assay: Human neutrophils were stimulated with GW9508 (0.1 - 10uM) for 10 mins at
37°C in RPMI containing 0.1% FBS. After treatment, BODIPY (576/589)-labelled E. coli (1mg/ml)
was added for 30 mins at 37°C, 5% CO- and then neutrophils were washed three times with cold
DPBS to remove bacteria that had not been phagocytosed. Phagocytosis levels were determined
using a fluorescence plate reader and are expressed as fluorescence intensity or as the percentage of
the positive control.

Apoptosis: Human neutrophils were stimulated with GW9508 (10uM) or vehicle and incubated at
37°C in a 5% CO; incubator. After 2, 8, 18 and 24 hours of incubation, neutrophils were loaded in
cytospin chambers, fixed in methanol and stained with H&E. 200 cells per slide were counted with
x100 objective. In another set of experiments, apoptosis was assessed by flow cytometry with the
Dead Cell Apoptosis Kit according to manufacturer’s instructions. Briefly, after 18h incubation,
neutrophils (1x10°) were washed twice and resuspended in 1X binding buffer, followed by the
addition of Annexin V FITC and PI for 15 mins at room temperature in the dark. Samples were
analysed within 1 hour and AnxV binding and PI staining was recorded as MFI units in the B530/30
and YG610/20 channels respectively, using a BD LSR Fortessa.

Animals: Male C57BL/6 mice (8 weeks old) were procured from Charles River (Kent, UK).
Experiments strictly adhered to UK Home Office regulations (Scientific Procedures Act, 1986) and
Laboratory Animal Science Association (LASA) Guidelines. All animals were provided with
standard laboratory diet and water ad libitum and kept on a 12h light/dark cycle.

Peritonitis: £. coli (serotype O6:K2:H1) were cultured in LB broth and harvested at mid-log phase
(OD600 ~0.5, 5x108CFU/ml) and washed in sterile saline before inoculation into the mouse
peritoneum. Mice were given live E. coli (1x10°) i.p. and treated with GW9508 (10mg/kg 100ul, i.p.)
or vehicle 1h later. After 12 h, mice were euthanized and peritoneal exudates and blood were
collected. Leukocyte infiltration to the peritoneum was assessed using Ly6G PE (clone 1AS,
eBioscience) for neutrophils, Ly6C eFluor450 (clone HK1.4, eBioscience) for monocytes and F4/80
BV650 (clone: BMS, eBioscience) for macrophages. Phagocytosis of E.coli was determined
following cell permeabilization and staining with FITC-conjugated E.coli antibody (GeneTex).

Targeted lipid mediator profiling: All samples for LC-MS-MS-based profiling were extracted
using solid-phase extraction columns (Dalli et al., 2018). 3 ml of peritoneal exudate were placed in
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ice-cold methanol containing deuterated internal standards, representing each region in the
chromatographic analysis (500 pg each). Samples were kept at -20°C for 45 min to allow protein
precipitation. Supernatants were subjected to solid phase extraction, methyl formate fraction
collected, brought to dryness and suspended in phase (methanol/water, 1:1, vol/vol) for injection on a
Shimadzu LC-20AD HPLC and a Shimadzu SIL-20AC autoinjector, paired with a QTrap 5500
(Sciex). An Agilent Poroshell 120 EC-C18 column (100 mm x 4.6 mm x 2.7 um) was kept at 50°C
and mediators eluted using a mobile phase consisting of methanolwater-acetic acid of 20:80:0.01
(vol/vol/vol) that was ramped to 50:50:0.01 (vol/vol/vol) over 0.5 min and then to 80:20:0.01
(vol/vol/vol) from 2 min 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 flow rate was maintained at 0.5 ml/min. The QTrap 5500 was operated using a multiple
reaction monitoring method. Each LM was identified using established criteria including matching
retention time to synthetic and authentic materials and at least 6 diagnostic ions (Dalli et al., 2018).

Statistical analysis: Results are presented as mean + SEM. Differences between groups were
assessed using GraphPad Prism 7 (GraphPad Software, La Jolla, USA) and 1-way ANOVA with post
hoc Dunnett’s or Student’s t-test. The criterion for statistical significance was p < 0.05. Partial least
squares-discrimination analysis (PLS-DA) and principal component analysis (PCA) (Janes, 2006)
were performed using SIMCA 14.1 software 6 (Umetrics, Umea, Sweden) following mean centering
and unit variance scaling of LM levels. PLS-DA is based on a linear multivariate model that
identifies variables that contribute to class separation of observations (peritoneal exudates) on the
basis of their variables (LM levels). During classification, observations were projected onto their
respective class model. The score plot illustrates the systematic clusters among the observations
(closer plots presenting higher similarity in the data matrix). Loading plot interpretation identified the
variables with the best discriminatory power (Variable Importance in Projection greater than 1) that
were associated with the distinct intervals and contributed to the tight clusters observed in the Score
plot.

3. Results

GPR40 expression is upregulated on activated human neutrophils.

We first assessed whether GPR40 was expressed by human neutrophils and whether it could be
differentially modulated following cell activation. To mimic inflammatory settings, neutrophils were
stimulated with TNF-a, IL-8, PAF or LTB4 for 10 mins and GPR40 levels were analysed by flow
cytometry. GPR40 was moderately increased by TNF-a (10ng/ml) and IL-8 (10ng/ml) when
compared to vehicle (0.1% ethanol) treated cells (Figure 1A). Whereas PAF (10nM) and LTB4
(10nM) stimulation significantly increased GPR40 levels (Figure 1A). GPR40 expression was also
visualized by imaging flow cytometry, which demonstrated localisation throughout the cell in resting
neutrophils characterised by low CD11b and high L-selectin surface levels (Figure 1Error!
Reference source not found.B).

It is well known that neutrophil recruitment to the site of inflammation results in the activation of
these adhesion molecules. The sensing of chemokines, and the physical contact with endothelial cells
promotes a change in neutrophil phenotype, with substantial alterations in cellular composition, due
to release of secretory vesicles and granules (Borregaard et al., 2007). Thus, a model of acute
neurogenic inflammation was performed to collect activated human neutrophils from the oral cavity.
As expected, neutrophils freshly isolated from whole blood exhibited basal expression levels of
CD11b, whereas significantly higher levels were detected on extravasated neutrophils, promoted by
tabasco mouth wash (Figure 1Error! Reference source not found.C). Conversely, blood neutrophils
expressed high levels of L-selectin that was shed during recruitment (Figure 1Error! Reference

This is a provisional file, not the final typeset article
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source not found.D). Interestingly, GPR40 expression was significantly higher on exudate
neutrophils when compared to neutrophils isolated from peripheral blood of the same individual,
further confirming that activated neutrophils express higher GPR40 levels (Figure 1Error!
Reference source not found.E).

Next, it was essential to demonstrate that GPR40 was functional on human neutrophils, thus
GW9508, a selective GPR40 agonist, was tested. Previous studies investigating GPR40 signalling in
pancreatic islet cells have eluded that this GPCR is coupled to the a subunit of the Gq family of G
proteins, leading to PLC activation, hydrolysis of inositol lipids and increased intracellular calcium
levels (Hardy et al., 2005). Therefore, we measured the intracellular calcium flux in human
neutrophils treated with a concentration range (0.1-10uM) of GW9508, or ionomycin as a positive
control. At all concentrations tested, GW9508 promoted an intracellular calcium flux that was
significantly greater than the vehicle control (Figure 1F-G).

GWO9508 enhances neutrophil functionality.

Since GPR40 was upregulated on activated neutrophils and GW9508 treatment induced intracellular
signalling, we next investigated the functional significance of the GPR40-GW9508 axis on
neutrophil reactivity. Thus, the effects of GW9508 on neutrophil chemotaxis in response to the
chemokine IL-8 were assessed. Isolated human neutrophils were incubated with vehicle (0.1%
ethanol) or pre-incubated with GW9508 (0.1, 1 and 10uM) for 10 min, and the migratory response to
IL-8 tested. Incubation of neutrophils with GW9508 enhanced the chemotactic response compared
with vehicle alone. This effect was concentration-dependent, with the highest concentration of 10uM
evoking an 80% increase in cell migration compared with IL-8 alone (Figure 2A).

One of the major functions of neutrophils is to safely and efficiently clear bacteria and cellular debris,
to help bring the tissue back to homeostasis, a key step in the resolution of inflammation. Thus, we
next investigated whether GW9508 could alter the phagocytic ability of neutrophils. Phagocytosis
was determined after incubation for 90min with fluorescently labelled Escherichia coli. Neutrophils
treated with GW9508 had an increased phagocytic capacity, as determined by the amount of
intracellular E. coli. Indeed, 0.1uM GW9508 increased neutrophil phagocytosis by approximately
50% when compared to vehicle. The optimal concentration of GW9508 was 1uM, leading to
enhanced phagocytosis of 60% over vehicle treatment (Figure 2B).

After neutrophils have killed pathogens and cleared debris it is essential that they undergo apoptosis,
a process of controlled cell death necessary for their safe removal from an inflammatory site. Cell
death by necrosis, on the other hand can cause tissue damage by release of harmful substances such
as reactive oxygen species and proteases following rupture of the cell membrane. Therefore, the
effects of GW9508 on neutrophil cell death were determined by measuring annexin V binding and
propidium iodide (PI) staining after culturing overnight in RPMI containing 0.1% FBS (18h).
Surprisingly, GW9508 decreased the number of apoptotic cells (Figure 2C) and enhanced neutrophil
survival (Figure 2D). Importantly, GW9508 did not induce cellular necrosis as determined by the
percentage of AnxVPI" cells (Figure 2E), with representative flow cytometry plots shown in Figure
2F. We therefore performed a full time-course of neutrophil apoptosis to determine whether GW9508
would prolong the lifespan of neutrophils (Figure 2G). GW9508 prevented neutrophil apoptosis as
early as 2h after stimulation, an effect that was observed up to 18h after treatment (Figure 2G). Yet
almost 100% of neutrophils were apoptotic by 24h, with or without treatment, suggesting that the
effects of GW9508 are temporal. GW9508 treatment had no significant impact on the clearance of
apoptotic PMN via the process of efferocytosis (data not shown).
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GWI508 enhances leukocyte recruitment and bacterial clearance in vivo.

Next, we questioned whether the chemotactic and phagocytic properties of GW9508 visualized in
vitro would remain in vivo. Mice were inoculated with live E.coli (10°) i.p. to induce peritonitis,
followed by GW9508 (10mg/kg/mouse) or vehicle control (0.1%PBS) 1h later, and mice were
sacrificed after 12h at peak neutrophil infiltration (Chiang et al., 2012). Peritoneal exudates of
GWO9508 treated mice contained an increased number of total leukocytes (Figure 3A), more
specifically neutrophils and monocytes, compared to vehicle-treated mice (Figure 3B, C).
Macrophage numbers were not significantly altered at this time point (Figure 3D). Importantly,
GW9508-treatment led to increased numbers of E.coli positive neutrophils and monocytes (Figure
3E, F) compared to vehicle-treated mice, indicating enhanced containment and clearance of bacteria.

GWI508 stimulates pro-resolving lipid mediators during peritonitis.

Given the host protective actions of GW9508 during E.coli infection, we next determined whether
this response was associated with a pro-resolving signature by assessing the lipid mediator profile of
the peritoneal exudates. Lipid mediators (LM) were identified and quantified by using liquid
chromatography-tandem mass spectrometry-based LM profiling. The identity of lipid mediators was
ascertained in accordance with published criteria, that included matching retention times to authentic
or synthetic standards and identification of at least 6 diagnostic ions in the tandem mass spectrometry
(MS-MS) fragmentation spectrum (Dalli et al., 2018). In these inflammatory exudates we identified
mediators from all four essential fatty acid metabolomes, including D-series resolvins and lipoxins
(Supplementary Table 1). Of note, the concentrations of these mediators were within their described
bioactive ranges (Dalli et al., 2015). Multivariate analysis of peritoneal exudate LM profiles,
demonstrated two distinct clusters representing LM profiles obtained from vehicle- and GW9508-
treated mice (Figure 4A, B). GW9508 treatment was associated with significantly increased levels of
RvD3 and AA-derived lipoxins (Figure 4C, D). In addition, there was a 2-fold increase in the lipoxin
pathway marker 5S,15S-diHETE (Figure 4E), a 3-fold increase in the levels of RvE1 and increased
levels of RvVE3 (Figure 4 F, G) in peritoneal exudates from GW9508-treated mice compared to
vehicle control.

4. Discussion

Our data herein substantiates an important role for GPR40 in the host inflammatory response to
curtail and contain bacterial infection. We made the novel observation that GPR40 is upregulated on
human neutrophils upon activation with a variety of pro-inflammatory substances and following
extravasation into the oral cavity in response to an inflammatory challenge. We utilised the well
characterised GPR40 synthetic agonist GW9508 to elucidate the downstream actions of GPR40
stimulation in human neutrophils. We found that GW9508 could enhance chemotaxis and
temporarily prolong neutrophil lifespan, which we believe may be a mechanism to aid the timely
clearance of bacteria. When tested in a self-limited infection model, GW9508 accelerated the
resolution of E. coli infection by increasing leukocyte recruitment, phagocytic clearance of bacteria
and stimulating certain pro-resolving lipid mediators.

Neutrophils and their armamentarium contribute to initiation, development and resolution of the
inflammatory response (Jones et al., 2016). Thus, control of when, where and how neutrophils act
must be tightly regulated to maintain a healthy immune system. Neutrophil effector functions are
regulated via a vast variety of receptors, some of which are contained in intracellular granules that
can be rapidly mobilised to the cell surface upon neutrophil activation (Borregaard et al., 2007).
Indeed, the phenotype of extravasated neutrophils is known to be significantly modulated compared
with those circulating within the vasculature (Kolaczkowska and Kubes, 2013). In the oral cavity, it
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has been reported that neutrophils elicited following capsaicin challenge are primed to produce
significantly more reactive oxygen species (ROS) than resident neutrophils prior to challenge or
peripheral blood neutrophils from the same donor (Speight et al., 2010). We report here that
neutrophils migrating into the oral cavity in response to capsaicin have an activated phenotype with
high levels of CD11b, minimal L-selectin levels and significantly higher levels of GPR40. This
finding corroborates our in vitro experiments whereby the pro-inflammatory lipid mediators PAF and
LTB; upregulated GPR40 expression on isolated peripheral blood neutrophils. It is worth noting that
elevated levels of GPR40 are also detected on renal epithelial cells in models of kidney fibrosis
including unilateral ureteral obstruction, ischemic injury, and adenine-induced nephropathy, where it
is deemed protective (Gagnon et al., 2018), thus suggesting that this receptor may be upregulated
within inflammatory settings to assist, we propose, in resolution and tissue-reparative mechanisms.
Notably, other pro-resolving receptors such as ChemR23 and FPR2/ALX are elevated on the cell
surface of PMN following activation with inflammogens such as TNF-a and IL-8 (Cash et al., 2013)
(Norling et al., 2012) as well as recruitment to human blisters (Morris et al., 2010), further supporting
the concept that pro-resolving receptors can be rapidly mobilised to the cell membrane to counter
regulate inflammation.

G-protein coupled receptors are promiscuous both in terms of agonist activation as well as interaction
with binding partners (Inoue et al., 2019). It is well known that GPR40 can be activated by various
medium and long chain free fatty acids, often producing opposing actions (Briscoe et al., 2003). In
this work, we focused on the use of GW9508, a synthetic agonist proven to be beneficial in diabetes,
to elucidate whether the GPR40 pathway would be protective in the context of bacterial infection.
Rapid recruitment of neutrophils and efficient chemotaxis to sites of infection are essential preludes
to neutrophil function and clearance of bacteria. Intriguingly, GW9508 treatment can induce IL-8
release from bovine neutrophils (Mena et al., 2016). This chemokine is a powerful attractant for both
neutrophils and monocytes and may explain why higher numbers of these leukocytes are recruited to
the peritoneal cavity following GW9508 administration (Figure 3) in a feed-forward mechanism.

Depending on the agonist and environmental conditions, GPR40 signalling can either induce or
protect from cellular apoptosis. Similarly to our findings with human neutrophils (Figure 2),
GWO9508 attenuated apoptosis of human renal epithelial cells in an injury model. The mechanism
behind these protective actions included inhibition of reactive oxygen species (ROS) generation, pro-
apoptotic proteins and nuclear factor-xB (NF-«kB) activation (Ma et al., 2014). Further studies are
required to elucidate the mechanism by which GW9508 delays the spontaneous apoptosis of human
neutrophils.

Bacterial peritonitis caused by Escherichia coli infection is a clinically important problem with a
high mortality rate (Ross et al., 2018). If infection is not contained and eliminated by phagocytes it
can rapidly progress leading to excessive inflammation, epithelial and endothelial barrier
dysfunction, immune suppression and multiple-organ failure that can be deadly. Thus, timely
clearance of bacteria is essential. Importantly, we found that administration of GW9508 could
enhance phagocytic clearance of E.coli from the peritoneum. Interestingly, another GPR40 agonist
has been documented to prevent bacterial dissemination by inhibiting epithelial barrier impairment
induced by the periodontopathic bacterium Porphyromonas gingivalis. This endogenous agonist is a
bioactive metabolite generated by probiotic microorganisms during the process of fatty acid
metabolism known as 10-hydroxy-cis-12-octadecenoic acid (HY A), which signals via GPR40 on
gingival epithelial cells to exert its beneficial actions (Yamada et al., 2018). We have previously
reported that alpha-2-macroglobulin loaded microparticles enhance host responses to infection by
promoting neutrophil recruitment and clearance of bacteria whilst stimulating pro-resolving pathways
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(Dalli et al., 2014), thus promoting a swift resolution of bacterial sepsis. Using a human blister model
to investigate inflammation-resolution, Morris et al., reported that two types of responders exist,
those with immediate leukocyte accumulation followed by early resolution and those with delayed
resolution. Timely resolution of cantharidin-induced skin blisters was due at least in part to
endogenous levels of 15epi-LXA4 and its receptor ALX/FPR2 expression (Morris et al., 2010). We
therefore deem the enhanced leukocyte recruitment observed with GW9508 treatment in E.coli
peritonitis to be a protective response to prevent the unwanted spread of bacteria.

One of the mechanisms by which the GPR40 agonist GW9508 aided bacterial clearance was via
regulation of specific specialized pro-resolving lipid mediators. These mediators derived from
omega-3 and omega-6 fatty acids are known to stimulate phagocyte functions to control bacterial
infections and accelerate the host immune response to infection (Chiang et al., 2012) (Padovan and
Norling, 2020). Whilst we found that specific lipid mediators were elevated in response to the
GPR40 agonist: these were RvD3, lipoxins, RvE1 and RvE3 (Figure 4). Notably, RvD3, lipoxins and
RVE1 are effective in enhancing the clearance of Escherichia coli infection (Norris et al., 2018),
bacterial pneumonia (Sekheri et al., 2020), and resolution of UV-killed E.coli in human blisters
(Motwani et al., 2018). Systematic analysis of pro-resolving lipid mediator profiles in septic patients
with acute respiratory distress syndrome (ARDS) indicated that the amount of circulating 10S,17S-
diHDHA (PDX) at day 3 was a better predictor of ARDS development than the APACHE II score
(Dalli et al., 2017), further supporting the role of SPM in regulating host responses during infections.

Together, our study indicates receptor-mediated actions of GW9508, with direct regulation of
neutrophil function to enhance clearance of E.coli. We propose that GPR40 activation could be
beneficial in infection not only through regulation of neutrophil responses but also through exquisite
regulation of lipid mediators. Whether these effects are restricted to GW9508 and agonists which
may behave in a similar fashion remains to be elucidated. In any case, uncovering new therapeutics
that aid in the timely resolution of infection is imperative to prevent bacterial dissemination that
could lead to unwanted organ damage and life-threatening conditions, and GPR40 could be explored
to enable this long-term objective.

Figure legends

Figure 1: GPR40 expression and agonist activation in human neutrophils.

A) Neutrophils isolated from healthy volunteers were stimulated with vehicle (0.1% ethanol), TNF-a
(10ng/ml), IL-8 (10ng/ml), PAF (10nM) or LTB4 (10nM) for 10 min at 37°C, and GPR40 expression
monitored by flow cytometry. Results are mean + SEM, n=4 * p<0.05 and ** p<0.01 vs. vehicle
control using one-way ANOVA, followed by Dunnett’s post-test. B) Representative images of
GPR40 expression in unstimulated neutrophils (CD11b°*CD62L") by Imagestream™ (60x). C-E)
Neutrophils were isolated from the peripheral blood and from the buccal cavity after mouth wash
with Tabasco™ from healthy individuals and expression of C) CD11b, D) L-selectin and E) GPR40
was monitored by flow cytometry, representative histograms are shown inset. Results are mean +
SEM, n=4. * p<0.05, **p<0.01 compared to peripheral blood using a paired T-test. F-G) Isolated
neutrophils were incubated with Fura 2-AM and treated with vehicle control, ionomycin (positive
control) or GW9508 (0.1, 1 and 10uM), and calcium flux was monitored over time. G) Intracellular
calcium flux expressed as a percentage of the maximal response induced by ionomycin. Results are
expressed as mean = SEM from four independent experiments. ** p <0.01 and *** p <0.001
compared to vehicle (0.1% ethanol); 1-way ANOVA, followed by Bonferroni post-test.
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Figure 2: GW9508 enhances human neutrophil survival and function.

A) Human neutrophils were isolated from healthy volunteers and treated with GW9508 (0.1-10uM)
or vehicle (0.1% ethanol) for 10min at 37°C and chemotaxis to IL-8 (30ng/ml, 1h) was assessed.
Results are expressed as mean £ SEM from four independent experiments. B) GW9508 treated
neutrophils were incubated with BODIPY-labelled E. coli (30 mins, 37°C) and phagocytosis was
assessed by fluorescence. Results are expressed as percent increase above vehicle, mean = SEM from
five independent experiments. C) Human neutrophils were treated with GW9508 (10uM), and were
cultured overnight to allow spontaneous apoptosis. After 18 hours, annexin V binding and PI staining
was assessed by flow cytometry for quantification of C) apoptotic (AnxV*PI") D) live (AnxVPI") and
E) necrotic (AnxVPI") cells. Results are expressed as mean + SEM from three independent
experiments. *p<0.05 compared to Veh; Unpaired T-test. (H) A time-course of neutrophil apoptosis
was performed by assessing nuclear condensation by light microscopy following H&E staining.
Results are expressed as mean £ SEM from three independent experiments. **p<0.01 compared to
Veh; 2-way ANOVA, followed by Bonferroni post-test.

Figure 3: GW9508 increases leukocyte recruitment and bacterial clearance. Mice were
administered GW9508 (10mg/kg/mouse) or vehicle (PBS) and 1h later inoculated with E. coli. (10°
1.p.). Peritoneal exudates were collected after 12h and A) total leukocyte recruitment, B) neutrophils,
C) monocytes and D) macrophages were enumerated. Phagocytic clearance of E.coli was quantified
by flow cytometry by assessing the number of positive E) neutrophils and F) monocytes. Results are
expressed as mean + SEM, n=6 mice per group. *p<0.05, **p<0.01 compared to vehicle using an
unpaired t-test.

Figure 4: GW9508 induces SPM production in E. coli infected mice

Mice were administered GW9508 (10mg/kg/mouse) or vehicle (PBS) and 1h later inoculated with E.
coli. (10° i.p.). Peritoneal exudates were collected after 12h and lipid mediators were identified and
quantified by using liquid chromatography tandem mass spectrometry (LC-MS/MS) lipid mediator
profiling and exudate lipid mediator concentrations were assessed using A,B) Partial least squares
discriminant analysis A) 2-dimensional (2D) score plot of the distinct LM-SPM profiles identified in
the different treatment groups, B) corresponding 2D loading plot. Grey ellipse in the score plots
denotes 95% confidence regions. Green and blue ellipses represent LM with a variable in importance
score >1; n=5-6 mice per group. (C) RvD3, D) AA-derived lipoxins, E) 5S,15S-diHETE, F) RvE1
and G) RvE3 concentrations identified and quantified in vehicle and GW9508 treated mice. Results
are expressed as pg/mL and indicate the mean £ SEM, n=5-6 mice per group, *p<0.05 vs. vehicle
using an unpaired t-test.

Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Author Contributions

PRS designed and performed in vitro and in vivo experiments and wrote the manuscript. MEW
performed lipid mediator profiling analysis and contributed to the manuscript. NJG designed human
mouthwash model. JD designed in vivo experiments and contributed to the manuscript. MP
coordinated the project and wrote the manuscript. LVN coordinated the project, performed in vitro
experiments and wrote the manuscript.



430

431
432
433
434
435
436
437
438
439
440
441
442

443

444

Enhanced neutrophil responses by GW9508.

Funding

This work was funded by the Brazilian program Science Without Borders 238277/2012-7 to PRS and
MP. LVN is supported by a Versus Arthritis Senior Fellowship (22235) and Barts Charity project
grant (MGUO0443). MP and LVN acknowledge the support of the William Harvey Research
Foundation. JD is supported by a Sir Henry Dale Fellowship jointly funded by the Wellcome Trust
and the Royal Society (107613/Z/15/Z) and by European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (grant no:677542). We also
acknowledge funding for the ImageStream platform; Wellcome Trust Infrastructure Grant
101604/Z/13/Z. This work forms part of the research themes contributing to the translational research
portfolio of Barts and the London Cardiovascular Biomedical Research Unit, which is supported and
funded by the National Institutes of Health Research.

Acknowledgments

We thank Miss Prasheetha Thedchanamoorthy for assistance with the mouth wash experiments.

10
This is a provisional file, not the final typeset article



445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

Enhanced neutrophil responses by GW9508.

References

Borregaard, N., Sorensen, O.E., and Theilgaard-Monch, K. (2007). Neutrophil granules: a library of
innate immunity proteins. Trends Immunol 28, 340-345.

Briscoe, C.P., Tadayyon, M., Andrews, J.L., Benson, W.G., Chambers, J.K., Eilert, M.M., Ellis, C.,
Elshourbagy, N.A., Goetz, A.S., Minnick, D.T., Murdock, P.R., Sauls, H.R., Jr., Shabon, U.,
Spinage, L.D., Strum, J.C., Szekeres, P.G., Tan, K.B., Way, J.M., Ignar, D.M., Wilson, S.,
and Muir, A.L. (2003). The orphan G protein-coupled receptor GPR40 is activated by medium
and long chain fatty acids. J Biol Chem 278, 11303-11311.

Cash, J.L., Bena, S., Headland, S.E., Mcarthur, S., Brancaleone, V., and Perretti, M. (2013).
Chemerinl5 inhibits neutrophil-mediated vascular inflammation and myocardial ischemia-
reperfusion injury through ChemR23. EMBO Rep 14, 999-1007.

Chiang, N., Fredman, G., Backhed, F., Oh, S.F., Vickery, T., Schmidt, B.A., and Serhan, C.N.
(2012). Infection regulates pro-resolving mediators that lower antibiotic requirements. Nature
484, 524-528.

Dalli, J., Chiang, N., and Serhan, C.N. (2015). Elucidation of novel 13-series resolvins that increase
with atorvastatin and clear infections. Nat Med 21, 1071-1075.

Dalli, J., Colas, R.A., Quintana, C., Barragan-Bradford, D., Hurwitz, S., Levy, B.D., Choi, A.M.,
Serhan, C.N., and Baron, R.M. (2017). Human Sepsis Eicosanoid and Proresolving Lipid
Mediator Temporal Profiles: Correlations With Survival and Clinical Outcomes. Crit Care
Med 45, 58-68.

Dalli, J., Colas, R.A., Walker, M.E., and Serhan, C.N. (2018). Lipid Mediator Metabolomics Via LC-
MS/MS Profiling and Analysis. Methods Mol Biol 1730, 59-72.

Dalli, J., Norling, L.V., Montero-Melendez, T., Federici Canova, D., Lashin, H., Pavlov, A.M.,
Sukhorukov, G.B., Hinds, C.J., and Perretti, M. (2014). Microparticle alpha-2-macroglobulin
enhances pro-resolving responses and promotes survival in sepsis. EMBO Mol Med 6, 27-42.

Gagnon, L., Leduc, M., Thibodeau, J.F., Zhang, M.Z., Grouix, B., Sarra-Bournet, F., Gagnon, W.,
Hince, K., Tremblay, M., Geerts, L., Kennedy, C.R.J., Hebert, R.L., Gutsol, A., Holterman,
C.E., Kamto, E., Gervais, L., Ouboudinar, J., Richard, J., Felton, A., Laverdure, A., Simard,
J.C., Letourneau, S., Cloutier, M.P., Leblond, F.A., Abbott, S.D., Penney, C., Duceppe, J.S.,
Zacharie, B., Dupuis, J., Calderone, A., Nguyen, Q.T., Harris, R.C., and Laurin, P. (2018). A
Newly Discovered Antifibrotic Pathway Regulated by Two Fatty Acid Receptors: GPR40 and
GPR84. Am J Pathol 188, 1132-1148.

Hardy, S., St-Onge, G.G., Joly, E., Langelier, Y., and Prentki, M. (2005). Oleate promotes the
proliferation of breast cancer cells via the G protein-coupled receptor GPR40. J Biol Chem
280, 13285-13291.

Inoue, A., Raimondi, F., Kadji, F.M.N., Singh, G., Kishi, T., Uwamizu, A., Ono, Y., Shinjo, Y.,
Ishida, S., Arang, N., Kawakami, K., Gutkind, J.S., Aoki, J., and Russell, R.B. (2019).
[lluminating G-Protein-Coupling Selectivity of GPCRs. Cell 177, 1933-1947 €1925.

Jones, H.R., Robb, C.T., Perretti, M., and Rossi, A.G. (2016). The role of neutrophils in
inflammation resolution. Semin Immunol 28, 137-145.

Kolaczkowska, E., and Kubes, P. (2013). Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol 13, 159-175.

Ma, S.K., Joo, S.Y., Choi, H.I., Bae, E.H., Nam, K.I., Lee, J., and Kim, S.W. (2014). Activation of
G-protein-coupled receptor 40 attenuates the cisplatin-induced apoptosis of human renal
proximal tubule epithelial cells. Int J Mol Med 34, 1117-1123.

Mena, S.J., Manosalva, C., Carretta, M.D., Teuber, S., Olmo, 1., Burgos, R.A., and Hidalgo, M.A.
(2016). Differential free fatty acid receptor-1 (FFAR1/GPR40) signalling is associated with

11



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

Enhanced neutrophil responses by GW9508.

gene expression or gelatinase granule release in bovine neutrophils. Innate Immun 22, 479-
489.

Morris, T., Stables, M., Colville-Nash, P., Newson, J., Bellingan, G., De Souza, P.M., and Gilroy,
D.W. (2010). Dichotomy in duration and severity of acute inflammatory responses in humans
arising from differentially expressed proresolution pathways. Proc Natl Acad Sci U S 4 107,
8842-8847.

Motwani, M.P., Colas, R.A., George, M.J., Flint, J.D., Dalli, J., Richard-Loendt, A., De Maeyer,
R.P., Serhan, C.N., and Gilroy, D.W. (2018). Pro-resolving mediators promote resolution in a
human skin model of UV-killed Escherichia coli-driven acute inflammation. JCI Insight 3.

Norling, L.V., Dalli, J., Flower, R.J., Serhan, C.N., and Perretti, M. (2012). Resolvin D1 limits
polymorphonuclear leukocyte recruitment to inflammatory loci: receptor-dependent actions.
Arterioscler Thromb Vasc Biol 32, 1970-1978.

Norris, P.C., Arnardottir, H., Sanger, J.M., Fichtner, D., Keyes, G.S., and Serhan, C.N. (2018).
Resolvin D3 multi-level proresolving actions are host protective during infection.
Prostaglandins Leukot Essent Fatty Acids 138, 81-89.

Padovan, M.G., and Norling, L.V. (2020). Pro-resolving lipid mediators in sepsis and critical illness.
Curr Opin Clin Nutr Metab Care 23, 76-81.

Ross, J.T., Matthay, M.A., and Harris, H.W. (2018). Secondary peritonitis: principles of diagnosis
and intervention. BMJ 361, k1407.

Sekheri, M., El Kebir, D., Edner, N., and Filep, J.G. (2020). 15-Epi-LXA4 and 17-epi-RvD1 restore
TLR9-mediated impaired neutrophil phagocytosis and accelerate resolution of lung
inflammation. Proc Natl Acad Sci US A 117, 7971-7980.

Speight, A., Munford, T., Anyiam, O., and Goulding, N.J. (2010). Human neutrophils (PMN)
migrating across the gingival crevice during acute tabasco challenge are fully activated, in:
Proceedings of the British Pharmacological Society), 8, 124P.

Yamada, M., Takahashi, N., Matsuda, Y., Sato, K., Yokoji, M., Sulijaya, B., Maekawa, T., Ushiki,
T., Mikami, Y., Hayatsu, M., Mizutani, Y., Kishino, S., Ogawa, J., Arita, M., Tabeta, K.,
Maeda, T., and Yamazaki, K. (2018). A bacterial metabolite ameliorates periodontal
pathogen-induced gingival epithelial barrier disruption via GPR40 signaling. Sci Rep 8, 9008.

12
This is a provisional file, not the final typeset article



Figure 1

A B
$ 180
< 150- o+ LJVven
< T COTNF
S 120+ B -8
§ 90 4 =PAF
S LTB
X 60- 4
S 301
r
o 0
C D
= 15000 1 = 15000 1
= * .
C

C 9 i
210000 1 L. | g 10000
o T o
& 2
3 5000 A 5000 1
< X
a Q
(m)
(@) 0 - ®) 0

i 1.57 —e— lonomycin
. 1.27 —— Vehicle
3 0.9 e GW9508 0.1uM
3 U8 —+ GW9508 1.0uM
& 0.10- ..,,..--..-nA!‘!hdll;uglllul!!!nlllln_mlm:qmi‘ = GW9508 10uM
© V. T TR e
S 0.05{| il gRANI

0.00 s

-0.05

50 100 150 200

Time (seconds)

GPRA40 expression (MFI)

®

L-Selectin

L-Selectin

L-Selectin

)\

GPR40
1 Isotype

[ Blood
B Mouth Wash

0 0.1 1
GW9508 (uM)

10



Figure 2

N N
o ()]
1 1

Chemotaxis (# cells x10%) >
o
o

o
1

0 01 1 10
GW9508 (uM)

m
o

T

Necrotic cells (%)

Veh GW9508

F

B C
%\250- A100-
> 200 - 2 god 1o .
R g9
© 150 - S 50
| o
& 100 1 S 40+
@] (o}
2 g
8 50+ £ 204
o
0-
0 01 1 10 Veh GW9508
GW9508 (uM)
Necrotip Late apoptotic Necrotip Late apoptotic

0.032

577

0.087

6.43

Live
306

Early apop
62.8

Veh

GW9508

O

)

N
o
)
*

Live cells (%

®

Apoptotic cells (%)

an
o
)

w
o
1

N
o
1

T

[N
o
1

Veh GW9508

1251
100+

% ¥

751

501
/' O Veh

25{§ -m-GW9508

-r _r r _Tr
2 8 18 24
Time (hours)



Figure 3

<

(01X) siiydosneN

Hooll_.n

(@]

o
o _T_.mv_mu

T
© < N o

(901x) sebeydosoepy

151
0
5

(901 X) serhoona| [ej0 1

@)

N

W. 5 O n o
AN ~— — o
A@vamo;oocos_

f T
10 S 0 o
- o

w (g01x) seykoouow ,jjod g

W  (g01X) sjiydonnau yjoo '3

GW9508

Veh

GW9508

Veh



Figure 4
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