Pharmacological Research 188 (2023) 106640

Contents lists available at ScienceDirect = [sspT
Pharmacological

Pharmacological Research

ELSEVIER journal homepage: www.elsevier.com/locate/yphrs

Check for

Blocking the HGF-MET pathway induces resolution of neutrophilic e
inflammation by promoting neutrophil apoptosis and efferocytosis

Franciel Batista Felix “, Julia Dias®, Juliana Priscila Vago ® Débora Gonzaga Martins “,
Vinicius Amorim Beltrami ®, Débora de Oliveira Fernandes?,

Anna Clara Paiva Menezes dos Santos ©, Celso Martins Queiroz-Junior ?,

Lirlandia Pires de Sousa‘, Flavio Almeida Amaral ¢, Frederico Marianetti Soriani ',
Mauro Martins Teixeira ¢, Vanessa Pinho ®"

& Departamento de Morfologia, Instituto de Ciencias Biologicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

b Experimental Rheumatology, Department of Rheumatology, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, the
Netherlands

¢ Departamento de Microbiologia, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

d Departamento de Andlises Clinicas e Toxicologicas, Faculdade de Farmdcia, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

€ Departamento de Bioquimica e Imunologia, Instituto de Ciéncias Biologicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

f Departamento de Genética, Ecologia e Evolugio, Instituto de Ciéncias Biolégicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

ARTICLE INFO ABSTRACT

Keywords: Inflammation resolution is an active process that involves cellular events such as apoptosis and efferocytosis,
HGF which are key steps in the restoration of tissue homeostasis. Hepatocyte growth factor (HGF) is a growth factor
MET mostly produced by mesenchymal-origin cells and has been described to act via MET receptor tyrosine kinase.
Neutrophil apoptosis

The HGF/MET axis is essential for determining the progression and severity of inflammatory and immune-
mediated disorders. Here, we investigated the effect of blocking the HGF/MET signalling pathway by PF-
04217903 on the resolution of established models of neutrophilic inflammation. In a self-resolving model of
gout induced by MSU crystals, HGF expression on periarticular tissue peaked at 12 h, the same time point that
neutrophils reach their maximal accumulation in the joints. The HGF/MET axis was activated in this model, as
demonstrated by increased levels of MET phosphorylation in neutrophils (Ly6G™" cells). In addition, the number
of neutrophils was reduced in the knee exudate after PF-04217903 treatment, an effect accompanied by
increased neutrophil apoptosis and efferocytosis and enhanced expression of Annexin Al, a key molecule for
inflammation resolution. Reduced MPO activity, IL-1p and CXCL1 levels were also observed in periarticular
tissue. Importantly, PF-04217903 reduced the histopathological score and hypernociceptive response. Similar
findings were obtained in LPS-induced neutrophilic pleurisy. In human neutrophils, the combined use of LPS and
HGF increased MET phosphorylation and provided a prosurvival signal, whereas blocking MET with PF-
04217903 induced caspase-dependent neutrophil apoptosis. Taken together, these data demonstrate that
blocking HGF/MET signalling may be a potential therapeutic strategy for inducing the resolution of neutrophilic
inflammatory responses.

Efferocytosis
Inflammation resolution
Annexin Al

1. Introduction homeostasis [1-3]. Neutrophils exhibit crucial biological functions in
the inflammatory response, contributing to the elimination of invading

Inflammation is a protective physiological response acting on the pathogens by the release of specialized granules and proinflammatory
elimination of the source of tissue perturbation (e.g., infection or molecules [4,5]. Exacerbated recruitment of neutrophils and their
injury), repairing tissue damage, and leading to the restoration of extended survival in tissues are associated with failures in inflammation
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resolution [6,7], which contribute to the maintenance of tissue inflam-
matory responses leading to several human chronic diseases [8,9],
including arthritis [10], cardiovascular diseases [11], obesity [12],
asthma [13], COVID-19 [14], and cancer [15].

The success of the self-limited neutrophilic inflammatory response
(restoring tissue homeostasis) is related to the interruption of neutrophil
influx to the inflamed site. In addition, the shutdown of intracellular
pathways implicated in cell survival leads to apoptosis of these cells and
their subsequent clearance from inflamed tissue by macrophages in a
process termed efferocytosis [16-18]. These processes are modulated by
specialized pro-resolving mediators that efficiently collaborate to
resolve inflammation, preventing cell and tissue necrosis and functional
loss of the inflamed organ [14,19]. Accordingly, defects in apoptosis and
efferocytosis potentiate the generation of several chronic inflammatory
diseases, including gout, rheumatoid arthritis, asthma, neurodegenera-
tive diseases, and atherosclerosis [20-24]. Therefore, knowledge of
neutrophil prosurvival factors may be important for the development of
therapeutic options for many neutrophilic inflammatory diseases in
which resolution is compromised.

Hepatocyte growth factor (HGF) is a growth factor originally
described as a potent mitogen for hepatocytes and mostly produced by
cells of mesenchymal origin, which binds with high affinity to its re-
ceptor MET, also called c-MET or hepatocyte growth factor receptor.
MET is a heterodimeric transmembrane tyrosine kinase receptor enco-
ded by the mesenchymal-epithelial transition factor (MET) proto-oncogene
and is mainly expressed by epithelial and endothelial cells [25-27].
When binding to HGF, MET undergoes dimerization and trans-
phosphorylation of two tyrosine residues (Y1234 and Y1235) in the
kinase domain followed by autophosphorylation of two tyrosine resi-
dues (Y1349 and Y1356) in the C-terminal region and subsequent
recruitment of cytosolic effector proteins, leading to the activation of
downstream signalling pathways involved in multiple cellular processes,
including cell survival, proliferation, cellular recruitment, differentia-
tion, tumorigenesis, and angiogenesis [28-31].

Aberrant MET activation has been found in a wide variety of solid
tumours and facilitates uncontrolled cell proliferation, survival, and
migration, resulting in highly aggressive tumours [32,33]. Moreover,
several studies have already demonstrated that the HGF/MET axis is
required for the progression and severity of different inflammatory and
immune-mediated diseases, including rheumatoid arthritis [34], osteo-
arthritis [35], multiple sclerosis [36], COVID-19 [37] and colitis [38].
Indeed, HGF and MET have been identified in immune cells and may
regulate their functions, including neutrophils, monocytes, macro-
phages, dendritic cells, and T and B lymphocytes [39-41]. Both mouse
and human neutrophils constitutively express MET at low levels [39,42]
but can be markedly upregulated by inflammatory stimuli such as
tumour necrosis factor (TNF), lipopolysaccharide (LPS), phorbol myr-
istate acetate (PMA), and formyl methionyl-leucyl-phenylalanine
(fMLP) [43,44]. In addition, the HGF/MET axis is required for neutro-
phil adhesion to endothelial cells and transmigration during inflam-
matory processes in colitis, skin rash, peritonitis, and cancer [38,42,45].

Studies have demonstrated that the development of small molecular
MET kinase inhibitors is an effective approach for modulating HGF/MET
signalling in preclinical and clinical trials for cancer therapies [46,47].
PF-04217903 is a well-known tyrosine-kinase selective inhibitor of MET
that competes with intracellular ATP and abrogates HGF-induced
phosphorylation of MET and its downstream signalling. Of interest,
PF-04217903 exhibited more than 1,000-fold selectivity for MET
compared with other MET inhibitors [48,49]. In preclinical studies,
PF-04217903 effectively blocked the survival and migration of a variety
of cancer cells [50-52]. PF-04217903 has been investigated in phase I
clinical studies in patients with papillary renal carcinoma [53]. Despite
these studies in cancer, the potential effects of PF-04217903 in regu-
lating neutrophil survival and the outcome of the inflammatory process
have not yet been investigated. Thus, we hypothesized that pharmaco-
logical inhibition of the HGF/MET axis would be effective in activating
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pro-resolving programs in vitro and in vivo to control neutrophilic
inflammation.

2. Materials and methods
2.1. Animals

Animal studies are reported in compliance with the recommenda-
tions of the law 11.794 from the National Council for Control of Animals
Experimentation — CONCEA, Brazil. All animal care and experimental
studies were approved by the Animal Ethics Council — CEUA- at Uni-
versidade Federal de Minas Gerais (UFMG), Brazil under protocol
number 235/2016 and 204/2021. Male C57Bl1/6 mice (8-10 weeks, 23
+ 2 g) were obtained from the Center of bioterism of UFMG and kept
under standard environmental conditions (12 h light-dark cycles and 24
+ 2 °C). Food and water were provided ad libitum. All animals were
randomly grouped resulting in equal number of sample sizes.

2.2. LPS-induced pleurisy model and treatment protocol

Mice received an intrapleural (i.pl.) injection of LPS (250 ng/cavity)
or phosphate-buffered saline (PBS) as described previously [54]. For
MET inhibition, PF-04217903 (AbMole Bioscience), a tyrosine-kinase
selective inhibitor of the HGF receptor MET was used [49]. Then, at 4
h after LPS challenge, the mice received 40 mg/kg of PF-04217903 in
carboxymethylcellulose (0.5% in saline) suspension or only the corre-
sponding vehicle via oral gavage as reported previously [42]. Mice were
euthanized (180 mg/kg of ketamine and 24 mg/kg of xylazine, i.p.) 4 h
after PF-04217903 treatment and pleural wash was performed with 2
mL of PBS 1X. Total cell counts were determined using Turk’s stain in a
Neubauer chamber. Differential cell counting was performed using
standard morphological criteria to identify leukocytes on
cyto-centrifuge preparations (Shandon III) stained with May--
Griinwald-Giemsa. The results are presented as the number of cells per
pleural cavity.

2.3. Monosodium urate (MSU) crystals-induced gouty arthritis model and
treatment protocol

Crystals of MSU were prepared using uric acid (Sigma-Aldrich - St.
Louis MO, United States) as previously described [21,55]. Gouty
arthritis was induced by an injection into the tibiofemoral left knee joint
of mice under anesthesia (80:15 mg/kg ketamine:xylazine; i.p., Syntec,
Sao Paulo, Brazil) with 100 pg of MSU crystals in 10 pL of sterile saline.
Control group mice were challenged with sterile saline in the right knee
joint. To assess the effects of MET inhibition on gout model, mice were
treated with PF-04217903 (40 mg/kg) via oral gavage 12 h after
MSU-challenge (at the peak of inflammation). To evaluate leukocyte
apoptosis in the knee joint, a broad-spectrum caspase inhibitor
zVAD-fmk (1 mg/kg, Tocris Bioscience, Minneapolis, MN, USA), was
given intraperitoneally 15 min before PF-04217903 injection. The dos-
ages of drugs were based on previous studies [42,56]. Of note, all
treatment protocols were performed in a blinded manner. Mice were
euthanized and the knee joint cavity was surgically exposed and washed
with PBS/bovine serum albumin (BSA) 3% (2 x5 pL) to collect the cells.
The total number of leukocytes were determined using the Neubauer
chamber after staining with Turk’s solution. The differential counts were
performed using standard morphologic criteria on a slide stained with
May-Grunwald-Giemsa. Efferocytosis was assessed in cells collected
from the knee cavity 6 h after PF-04217903 treatment by microscopy
analysis of cytospin slides (500 cells/slide were counted) and deter-
mining the proportion of cells with efferocytic morphology (macro-
phage with apoptotic cells observed in their cytoplasm). Results are
expressed as mean + SEM of the percentage of macrophages with
engulfed apoptotic neutrophil. Additionally, cells were surface-stained
for 30 min with anti-F4/80-PECy7 antibody (eBioscience). Then, cells
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were fixed for 10 min, permeabilized with permbuffer (Cytofix/Cyto-
perm Kit; BD Biosciences), and intracellularly stained with
anti-Ly6G-BV421 antibody. Stained cells were acquired using BD
FACSCanto II cell analyzer (BD Bioscience). Efferocytosis was evaluated
by mean fluorescence intensity (MFI) of neutrophils (Ly6G™") inside
macrophages (F4/80™). Periarticular tissues were collected from the
joints for evaluation of cytokines, myeloreproxidase (MPO) activity and
quantitation of mRNA expression by RT-qPCR.

2.4. Measurement of IL-1§ and CXCL1

Mice were euthanized 18 h after MSU challenge and their peri-
articular tissues were collected and homogenized (Quiagen, Bio-
tecnology Brazil Ltda, Sao Paulo, SP, Brazil) for 5 min in a protease
inhibitor solution [NaCl (0.4 M); Tween 20 (0.05% w/v); BSA (0.5% v/
v); phenylmethylsulfonyl fluoride (PMSF) (0.1 mM); benzethonium
chloride (0.1 mM); EDTA (10 mM); and aprotinin (20 IU)] in PBS. The
samples were centrifuged for 10 min at 10,000 rpm at 4 °C. The con-
centration of IL-1p and CXCL1 was measured by enzyme-linked immu-
nosorbent assay (ELISA) in the supernatants of the homogenates and
using commercially available antibodies according to the procedures
supplied by the manufacturer (R&D Systems, Minneapolis, MN, United
States).

2.5. Measurement of MPO activity

Neutrophil recruitment into the knee joint was evaluated via the
quantification of the myeloperoxidase (MPO) enzyme activity as previ-
ously described [57]. Briefly, the pellet from samples homogenized for
cytokines measurements, were homogenized with 0.05 M NaH2PO4
containing 0.5% of hexadecyltrimethyl-ammoniumbromide (HETAB,
Sigma-Aldrich). Samples were frozen 3 times in liquid nitrogen and
centrifuged 10,000 rpm, 10 min at 4 °C, to collect the supernatant for
MPO assay. The assay used 3,3’,5,5-tetramethylbenzidine (TMB,
Sigma-Aldrich Corp., St. Louis, MO, USA) and was quantified at 450 nm
in a spectrophotometer. Results are expressed as absorbance.

2.6. Evaluation of hypernociception

Mice were individually placed in acrylic cages (12 x10 x 17 cm in
height) with a wire-grid floor, in a noised controlled room, for 60 min.
After this time, exploratory behavior manifestation was abrogated, and
all mice remained quiet allowing for nociceptive response evaluation. To
identify the withdrawal threshold, an electronic von Frey algesimeter
(INSIGHT Instruments, Ribeirao Preto, SP, Brazil) was applied according
to the methods previously used [58]. In brief, using a hand-held force
transducer, fitted with a polypropylene tip (4.15 mm), the observer
applied a vertical and constant force in the central plantar surface of the
mice paw. This procedure was intended to produce an articular me-
chanical stimulus for knee flexion. The sufficient force in grams (g) to
trigger a paw withdrawal movement, the characteristic aversive
behavior to avoid the incident stress, was recorded by an electronic
component of the apparatus. The withdrawal threshold was calculated
by replicating the procedure in triplicate for each mouse (and averages
were expressed in absolute values). The nociceptive response was
observed at 18 h after MSU knee injection and conducted in a blinded
experimental condition.

2.7. Histology and immunohistochemistry

Tibiofemoral joint samples were collected and fixed in 10% (v/v)
buffered formalin (pH 7.4), decalcified for 30 days in 14% EDTA. Tissues
were included in paraffin, sectioned (5 mm) and stained with
Hematoxylin-Eosin (H&E). Then, H&E sections were examined and
scored by a pathologist in a blinded manner for the following parame-
ters: severity of synovial hyperplasia, intensity of inflammatory
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infiltrate, vascular hyperemia, and changes in tissue architecture. The
grades were summed to obtain a histopathological score (ranging from
0 to 12) as described [59]. Additionally, the sections were incubated
with anti-AnxAl (1:400; Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA), followed by a biotinylated secondary antibody, and the color
was developed wusing DAB (3,3-diaminobenzidine) (Sigma,
Sigma-Aldrich). The sections were counterstained with hematoxylin,
mounted, and examined using a Motic microscope (Carl Zeiss, Gottin-
gen, Germany).

2.8. Human neutrophil isolation and culture

Neutrophils were isolated from the peripheral blood of healthy do-
nors as described elsewhere [60]. Briefly, blood was collected into
ethylenediamine tetraacetic acid (EDTA) and was separated through a
double-density gradient using Histopaque 10,771 and 11,191 (both
Sigma-Aldrich). After polymorphonuclear cell isolation and wash,
contaminating erythrocytes were removed by hypotonic lysis. Neutro-
phil isolates were approximately 90% pure as confirmed by morpho-
logical appearance using light microscopy. Cells were resuspended at 2
x 10%/mL in RPMI-1640 medium (Sigma-Aldrich), cultured at 37 °C
with 5% CO2, and treated with PF-04217903 (30 uM) for 1 h followed
by further incubation with LPS (1 pg/mL), recombinant human HGF
(ImmunoTools, 100 ng/mL) or MSU (100 pg/mL) according to the
experimental setting. To neutrophil apoptosis analyses, zVAD-fmk (15
pM) was added 15 min prior to PF-04217903. Incubation time was
determined based on previous publications [56,60,61]. All subjects
enrolled gave their informed consent for inclusion in the study. The
study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Ethics Committee of Institutional
Review Board Project number CAAE - 32806720.0.0000.5149.

2.9. Assessment of Leukocyte apoptosis

Apoptosis was assessed morphologically, as described [60]. Briefly,
5 x 10* cells collected 8 h after LPS administration or 18 h after MSU
injection were cyto-centrifuged, fixed, and stained with May—-
Griinwald-Giemsa and counted using oil immersion microscopy (x100
objective) to determine the proportion of cells with distinctive apoptotic
morphology in a blind manner. Of note, cells were considered apoptotic
when exhibited chromatin condensation, nuclear fragmentation, and
formation of apoptotic bodies (Poon et al., 2014). At least 300 cells were
counted/slide, and results are expressed as mean + SEM of the per-
centage of cells with apoptotic morphology. Apoptosis was also evalu-
ated by flow cytometry using BD FACSCanto II cell analyzer (BD
Bioscience) and analyzed using FlowJo Software (Tree Star Inc., USA).
For this, cells were harvested 6 h after LPS administration or 15 h after
MSU injection of mice. Then, cells were surface-stained for 30 min with
the anti-LY6G antibody (BV421-BD Bioscience, San Jose, CA, USA) or
anti-F4/80 antibody (PE-Cy7-eBioscience, San Diego, CA, USA) and then
labeled with annexin-V-APC and propidium iodide (PI), as an index of
loss of nuclear membrane integrity (Annexin-V Apoptosis Detection Kit;
BD PharmingenTM; United States). For in vitro neutrophil apoptosis
analyses, human neutrophils were collected according to the experi-
mental setting, and apoptosis was evaluated biochemically (2 h after
PF-04217903 treatment) by flow cytometry or by morphological ex-
amination (6 and 12 h after PF-04217903 treatment or LPS/HGF stim-
ulation, respectively), as described above.

2.10. Mice blood cells isolation

Under anesthesia, mice were euthanized by cervical dislocation, and
blood samples were collected from the abdominal cava vein in 10%
heparin and diluted in an equal volume of PBS 0.5% BSA. Next, eryth-
rocytes were removed by hypotonic lysis. Cells were washed in PBS
0.5% BSA, counted, and resuspended according to the experimental
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Fig. 1. Time-course of HGF/MET expression in MSU-induced gout. Mice were injected with MSU crystals (100 pg/10 pL of PBS) into the tibiofemoral joint. Control
mice were injected with phosphate-buffered saline (PBS) (10 pL). Cells were harvested from articular cavity 3, 6, 12, 18, and 24 h after MSU challenge. Cells were
surface-stained with anti-Ly6G and then intracellularly stained with anti-P-MET antibody and were analyzed by flow cytometry (A). Representative dot plots of
gating strategy are presented (B) and results are expressed as the number of Ly6G™ cells/cavity (C), Ly6G™ P-MET" cells/cavity (D) and mean fluorescence intensity
(MFI) of P-MET" on positive Ly6G ™ cells (E). HGF quantification was assessed by Real-time PCR in periarticular tissue (F). Results are shown as the mean + SEM of
n = 4-5 mice in each group. Significance was calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.

settings.

2.11. Flow cytometry analysis for leukocyte populations and intracellular
levels of phospho-MET, Annexin A1, cleaved caspase-3 and Bcl-xL

Inflammatory cells harvested from the synovial cavity of mice at
different time points (3, 6, 12, 18 and 24 h after MSU challenge) or blood
cells were analyzed for MET phosphorylation (P-MET) by flow cytom-
etry. Briefly, populations of macrophages and neutrophils were surface-
stained for 30 min with anti-Ly6G antibody (BV421-BD Bioscience) or
anti-F4/80 antibody (PE-Cy7-eBioscience). After being stained for sur-
face markers, cells were fixed by incubating with 2% formaldehyde for
20 min. Then, cells were washed and permeabilized with per-
meabilization buffer (True-Phos™ Perm Buffer, BD Bioscience) for 30
min. After permeabilization, cells were intracellular-stained for 1 h with
the anti-phosphorylated-MET antibody (#3077; Cell Signaling Tech-
nology, Beverly, MA, USA, 1:200) and anti-rabbit secondary antibody
(Alexa 488-APC; BD Biosciences, 1:200). Negative controls were cells
stained only with fluorochrome-bound secondary antibodies anti-rabbit.
Stained cells were acquired using BD FACSCanto II cell analyzer (BD
Bioscience) and analyzed using FlowJo Software (Tree Star Inc., USA).
P-MET" Ly6G" neutrophil population was analyzed. In addition, the
frequency of macrophages (F4/80") and neutrophils (Ly6G™) positive

for Annexin Al (AnxAl) was verified in cells obtained from articular
lavage 6 h after PF-04217903 treatment. In vitro P-MET analysis was
performed in human neutrophils treated with PF-04217903 (30 uM) for
1 h followed by further incubation with LPS (1 pg/mL) and HGF (100
ng/mL) or MSU (300 puM) for 2 h by flow cytometry as described above.
Furthermore, human neutrophils were immunolabeling with anti-
cleaved caspase-3 (Asp175) (Clone 5A1E; #9664; Cell Signaling Tech-
nology, 1:400) and anti-B-cell lymphoma-extralarge (Bcl-xL) antibody
(Clone 54H6; #2764; Cell Signaling Technology, 1:400), and anti-rabbit
secondary antibody (Alexa 488-APC; BD Biosciences, 1:200).

2.12. Quantitation of mRNA expression by RT-qPCR

Total RNA was extracted and isolated from periarticular tissue at
different time points (3, 6, 12, 18 and 24 h after MSU-injection) using
TRIzol Reagent (Invitrogen Life Technologies Corporation- Carlsbad,
CA, USA) according to the manufacturer’s instructions. Total RNA purity
was determined using a Nanodrop 1000 spectrophotometer (Thermo
Scientific- Waltham, MA, USA). A mix containing the reserve tran-
scriptase, SuperScript III, ribonuclease recombinant inhibitor (RNAse
Out; Invitrogen Life Technologies Corporation) and dithiothreitol (DTT;
1 mM) were used for reverse transcription of 500 ng of isolated total
RNA into cDNA. The reverse transcription step was carried out in
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Fig. 2. Inhibition of the HGF/MET pathway in MSU-induced gout. Mice were injected with MSU crystals (100 pg/10 pL of PBS) into the tibiofemoral joint. Control
mice were injected with phosphate-buffered saline (PBS) (10 pL). Mice were treated with PF-04217903 (40 mg/kg) by gavage 12 h post-MSU challenge (A). Cells
were harvested from the articular cavity at 6 h post-treatment and the number of total cells (B), neutrophils (C), mononuclear cells (D), apoptotic neutrophils (E) and
efferocytosis (F) were morphologically identified in cytospin slides counting. Representative figures of apoptotic neutrophils ingested by macrophages (arrows) are
shown (G). Magnification x 100. Flow cytometry analysis was performed to assess efferocytosis in cells from the articular cavity (H). Knees were washed 18 h post-
MSU injection and cells were surface-stained with anti-F4/80 for macrophages and then intracellularly stained with anti-Ly6G for neutrophils. Results are
demonstrated as mean fluorescence intensity (MFI) of Ly6G" on positive F4/80" cells. Results are shown as the mean + SEM of n = 6 in each group. Significance was
calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.

duplicate, and the total RNA concentration was similar in every sample.
For quantitative Real-time qPCR the Power SYBR Master Mix reagent
(Invitrogen Life Technologies Corporation) and initiators pars (Inte-
grated DNA Technologies- Coralville, IA, EUA) plus cDNA were placed
into a 96-well plate in duplicate in a total reaction volume of 10 pL,
using the StepOneTM System (Applied Biosystems, Waltham, MA, EUA)
in programmed reaction: initial heating at 95°C for 10 min, following by
40 cycles at 95°C for 60 s and 48°C for 1 min. The data were analyzed
using StepOneTM System software and processed by the 2"-ACT method.
This method directly uses the CT (threshold cycle) information gener-
ated from a qPCR system to calculate relative gene expression in target
and reference samples, using a reference gene to normalize the RT-
qPCR. The following primers were used: HGF forward, 5’-
TGGTCCTGAAGGCTCAGACTS’; HGF reverse 5’-CAGGATTGCAGGTC-
GAGCAA-3’; glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
forward, 5-AGAAGACTGTGGATGGCCCC-3°, GAPDH reverse, 5’-
TGACCTTGCCCA CAGCCTT-3’. Primer and probe sequences were
checked with BLAST™ software. GAPDH was used as a reference gene
control and results were expressed as fold increase compared to the PBS-
treated control groups.

2.13. Thymocytes preparation, labeling, and apoptosis

Thymocytes were isolated from the thymus of male C57Bl/6 mice
using established protocols [62]. Briefly, thymocytes were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE, 2.5 pM, Life
Technologies). Next, CFSE-labeled thymocytes were stimulated with
staurosporine (1 pM, Sigma-Aldrich) for the induction of apoptosis for 4
h at 37 °C under light protection. The percentage of apoptosis was
performed by preparing cytospin slides and determining the proportion
of cells with apoptotic morphology and > 85% were apoptotic.

2.14. In Vivo efferocytosis assay

To investigate the direct impact of the HGF/MET pathway inhibition
on the efferocytic ability of macrophages, efferocytosis was assessed by
flow cytometry in macrophages from peritoneal exudate, as reported by
[56,63,64]. Briefly, mice received an intraperitoneal (i.p.) injection of
zymosan 0.1 mg/cavity. After 90 h, mice were treated with
PF-04217903 (40 mg/kg, via oral gavage) and 6 h later received an i.p.
injection containing apoptotic thymocytes labeled with CFSE (3 x 10°
cells/cavity). Mice were euthanized 30 min after injection of the
apoptotic thymocytes, and cells were recovered from the peritoneal
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Fig. 3. Inhibition of the HGF/MET pathway on tissue damage and hypernociceptive response triggered by MSU. Mice were injected with MSU crystals (100 pg/10 pL
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challenge (D). Results are shown as the mean + SEM of n =5 in each group. Significance was calculated using one-way ANOVA followed by Tukey’s test. The

specified p-values are shown in the figure.

cavity and incubated for labeling with anti-F4/80 antibody for 20 min.
Stained cells were acquired using BD FACSCanto II cell analyzer and
analyzed using FlowJo Software. The results of flow cytometry are
presented as the frequency of F4/80"/CFSE™ cells and MFI of apoptotic
thymocytes (CFSE™) inside macrophages (F4/80"). Efferocytosis was
also performed by morphological examination.

2.15. Statistical analysis

The data and statistical analysis complied with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis [65]. Studies were designed to generate groups of equal size,
using randomization and blinded analysis. Data were tested for
normality using the Shapiro-Wilk test, and statistical significance was
determined using GraphPad Prism 8 software (GraphPad Software Inc.,
CA, USA). All results are expressed as mean + SEM. Data were analyzed
by one-way ANOVA, followed by the Tukey’s post hoc test. When only
two groups were evaluated, Student’s t test was used. A value of p < 0.05

was considered statistically significant.
3. Results

3.1. HGF/MET is expressed in neutrophils during MSU crystal-induced
gout

Initially, we measured HGF and P-MET in an MSU-induced acute
gout model, which is a model for studies of neutrophil lifespan at sites of
inflammation [21,55,60]. MSU crystals were injected into the tibiofe-
moral joint, and synovial exudates were evaluated by flow cytometry at
3, 6,12, 18, and 24 h (Fig. 1 A). Representative dot plots for gating
strategy are shown in Fig. 1B. As expected, mice injected with MSU
displayed robust influx of leukocytes, mainly neutrophils (Ly6G™), into
the knee joint during the first 3 h and peaked at 12 h, which gradually
decreased thereafter (Fig. 1 C). P-MET expression in Ly6G™ infiltrating
cells was detectable early at 3 h and persisted up to 18 h after admin-
istration of MSU (Fig. 1D, E). Of note, Ly6G+ circulating cells from
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MSU challenge. At 6 h after treatment knees were collected for immunohistochemistry analysis for Annexin A1 (AnxA1l). Samples were quantified as the average of
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cytometry analysis was performed to assess AnxAl in cells from the articular cavity. Knees were washed 18 h post-MSU injection and cells were surface-stained with
anti-F4/80 for macrophages and anti-Ly6G for neutrophils and then intracellularly stained with anti-AnxA1 antibody. Results are expressed as the frequency and
mean fluorescence intensity (MFI) of AnxA1™ in F4/80™ (C, D) and LyG6™ cells (E, F), respectively. Results are shown as the mean + SEM of n = 4-6 in each group.
Significance was calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.

healthy mice did not express high levels of P-MET" (Fig. 1D, E), indi-
cating that elevated HGF/MET pathway activation in gout is only
exhibited by cells in the inflamed joint. Interestingly, HGF mRNA
expression levels in the joint peaked at 12 h, displaying a similar pattern
as the neutrophil accumulation kinetics during articular inflammation
(Fig. 1 F). In summary, these data indicated that the neutrophilic
HGF/MET pathway is activated during the course of MSU
crystal-induced gout.

3.2. Blocking the HGF/MET pathway promotes resolution of
inflammatory response

Considering that the HGF/MET pathway was upregulated during the
articular inflammation, we aimed to determine whether blocking MET
activation using PF-04217903, a MET tyrosine-kinase inhibitor [49],
may contribute to the cessation of inflammation by the induction of the
inflammation resolution program. Thus, mice were injected into the
tibiofemoral joint with MSU crystals and treated with PF-04217903 via
oral gavage at the peak of inflammation (12 h after MSU injection), and
6 h later, synovial exudate was collected and analysed (Fig. 2 A). The
treatment of mice with PF-04217903 had no effect on the number of
total infiltrating leukocytes (Fig. 2B), although decreased neutrophil
accumulation in the synovial cavity was observed (Fig. 2 C).
PF-04217903 treatment increased the number of mononuclear cells
(Fig. 2D) and neutrophils with apoptotic morphology (Fig. 2E). In
addition to increased apoptosis, PF-04217903 also increased the effer-
ocytosis rates of apoptotic neutrophils by macrophages (Fig. 2F-G),
which was further confirmed by flow cytometry (Fig. 2H, see supple-
mentary Fig. 1 A for gating strategy). Similar findings were obtained
when PF-04217903 was administered to LPS-induced pleurisy mice
(Supplementary Fig. 2), a self-resolving model of acute neutrophilic
inflammation [54,66].

Collectively, these results demonstrated that the pharmacological
blockade of the HGF/MET axis contributes to inflammation resolution
by enhancing neutrophil apoptosis and efferocytosis in the joint.

3.3. Blocking the HGF/MET pathway reduces tissue damage and the
hypernociceptive response triggered by MSU crystals

To further elucidate the effect of the resolution of inflammation
triggered by HGF/MET blockage on the gout model, we evaluated the
effect of PF-04217903 treatment on joint tissue damage and pain 18 h
after MSU injection. PF-04217903 reduced histopathological score, as
demonstrated by H&E staining (arrows indicate the intensity of in-
flammatory infiltrate) (Fig. 3 A) and morphometric analysis (Fig. 3B).
Details of histopathological score are shown in supplementary figure 3.

To assess the role of the HGF/MET pathway in the degree of articular
dysfunction triggered by MSU crystals, the effect of PF-04217903 on
mechanical hypernociception was analysed. Treatment with PF-
04217903 ameliorated joint dysfunction by increasing the paw with-
drawal threshold in response to mechanical stimulation in the inflamed
limb (Fig. 3 C) and concomitantly reduced periarticular IL-1p levels
(Fig. 3D), which is a key proinflammatory cytokine known to be upre-
gulated during neutrophil-dependent hypernociception [55,67].

Taken together, these findings indicate that the pharmacological
inhibition of the HGF/MET pathway by PF-04217903 improved me-
chanical hypernociception and tissue architecture in mice with gout,
accompanied by a reduction of mediators of joint inflammation.

3.4. Blocking HGF/MET axis results in increased Annexin A1 levels

Given that the Annexin Al (AnxAl) has well-known pro-resolving
actions including induction of neutrophil apoptosis and efferocytosis
[68,69], we next investigated whether AnxAl could be associated with
the resolution properties of PF-04217903 in the joint inflammation.
Interestingly, a significant increased expression of AnxAl was noted in
the periarticular tissue of mice treated with the HGF/MET axis blocker
(Fig. 4A-B). Supporting the immunohistochemistry findings, flow
cytometry analysis showed that macrophages (F4/80") and neutrophils
(Ly6G™) from the synovial cavity of PF-04217903-treated mice had
increased intracellular levels of AnxAl in comparison to cells from the
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cytospin slides counting 6 h after LPS/HGF stimulation (D). Representative figures of apoptotic neutrophils (arrows) are shown (E). Magnification x100. The
experiment is a representative of three independent experiments performed in biological triplicates and is shown as the mean + SEM, significance was calculated
using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.

vehicle group (Fig. 4 C, D, and F). Changes in the frequency of
Ly6G"AnxAl™ cells (Fig. 4E) were not observed. Supplementary Fig. 1B
display the gating strategy for these analyzes. Altogether, these results
demonstrated that HGF/MET blockage is related to increased AnxAl
expression in the joint, which may contribute to the resolution of
inflammation.

3.5. Blocking the HGF/MET axis impairs neutrophil survival by inducing
apoptosis

Next, we investigated the relevance of the HGF/MET pathway to
lifespan of human peripheral blood-derived neutrophil. Thus, human
neutrophils were cultured in the absence or presence of LPS (1 pg/mL)
and recombinant human HGF (100 ng/mL), and the percentage of
apoptotic cells was then evaluated by morphological examination at
12 h after incubation, a time point at which a significant population had
undergone spontaneous apoptosis in culture [61]. Neutrophils stimu-
lated with both LPS and HGF exhibited an extended lifespan (Fig. 5 A),
as evidenced by a lower rate of apoptosis (~30%), compared with cells
exposed to only LPS or HGF alone (~50%) and unstimulated cells
(~70%). By flow cytometry, we observed that the LPS+HGF stimulation
enhanced the phosphorylation of MET in human neutrophils after 2 h
compared with unstimulated cells (Fig. 5B) (see supplementary Fig. 4 A
for gating strategy). In agreement with the in vivo findings, P-MET was
also observed in MSU crystal-stimulated human neutrophils (Fig. 5 C).
Most importantly, PF-04217903 abrogated LPS+HGF or MSU-induced
P-MET in neutrophils (Fig. 5B, C), which was accompanied by an

increase in the number of apoptotic cells 6 h after treatment, as shown
by morphological criteria (Fig. 5D, E). Together, these findings revealed
a crucial role of HGF and MET phosphorylation in regulating neutrophil
lifespan.

3.6. Caspase-dependent neutrophil apoptosis is required for inflammation
resolution induced by PF-04217903

Because neutrophil apoptosis was associated with the blocking the
HGF/MET axis in vivo and in vitro, we next investigated whether zVAD-
fmk, a broad-spectrum caspase inhibitor, could block the effects of PF-
04217903 treatment (Fig. 6 A). Consistent with the previous data, PF-
04217903 treatment did not significantly alter the number of total
leukocytes in the synovial cavity (Fig. 6B), while a reduction in the
number of neutrophils was observed (Fig. 6 C). Mononuclear cell
numbers were not affected (Fig. 6D). In addition, a reduction in the
accumulation of neutrophils in periarticular tissue, as measured by the
myeloperoxidase (MPO) assay (Fig. 6E), was observed concomitantly
with decreasing levels of the chemokine CXCL1 (Fig. 6 F). Of note, P-
MET inhibition by PF-04217903 treatment demonstrated an increased
percentage of apoptotic neutrophils in the knee cavity, as demonstrated
by morphological analysis (Fig. 6 G) or when apoptosis was evaluated
biochemically using labelled annexin-V by flow cytometry analysis
(Fig. 6H, I). See supplementary Fig. 5 A for gating strategy. Interestingly,
PF-04217903 treatment did not induce macrophage apoptosis (Supple-
mentary Fig. 6). Most importantly, PF-04217903 effects were all pre-
vented when mice were pretreated with zVAD-fmk (Fig. 6B-I). Notably,
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Fig. 6. Inhibition of HGF/MET pathway during MSU-induced gout and effect of zZVAD-fmk. Mice were injected with MSU crystals (100 pg/10 pL of PBS) into the
tibiofemoral joint. Control mice were injected with phosphate-buffered saline (PBS) (10 pL). Mice were treated with PF-04217903 (40 mg/kg) by gavage at 12 h post-
MSU challenge. The pan-caspase inhibitor zVAD-fmk (1 mg/kg, i.p.) was given 15 min before PF-04217903 treatment (A). Cells were harvested from the articular
cavity 6 h post-treatment and the number of total cells (B), neutrophils (C) and mononuclear cells (D) were evaluated by cytospin counting. Neutrophil accumulation
on the periarticular tissue was measured by the activity of myeloperoxidase (E). CXCL1 levels were quantified by ELISA in the periarticular tissue homogenate (F).
Neutrophils with apoptotic morphology were evaluated by morphological examination in cytospin counting at 6 h after PF-04217903 treatment and expressed as
percent of neutrophil with apoptotic morphology (G). Apoptosis was biochemically determined 3 h after treatment with PF-04217903 and the median of fluorescence
intensity (MFI) of annexin-V on Ly6G" cells was determined by flow cytometry (H). Representative histogram of annexin-V on Ly6G* cells (D). Results are shown as
the mean + SEM of five mice in each group, significance was calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in

the figure.

treatment with zVAD alone did not alter neutrophil recruitment after
MSU injection.

In accordance with our in vivo data, PF-04217903-induced human
neutrophil apoptosis was abrogated by zVAD-fmk 2 h after LPS/HGF
stimulation, as showed by both the percentage (Fig. 7 A) and MFI of
annexin-V staining (Fig. 7 C). See supplementary Fig. 5B for gating
strategy. Additionally, to confirm the relevance of the HGF/MET
pathway suppression by PF-04217903 in the crosstalk between neutro-
phil survival and inflammation, flow cytometry was carried out to
determine the levels of key intracellular proteins that regulate neutro-
phil fate. Representative dot plots of gating strategy are shown in sup-
plementary Fig. 4B. We observed that suppression of P-MET by PF-
04217903 in LPS/HGF-stimulated human neutrophils increased the
cleavage of the pro-apoptotic protein caspase-3 (Fig. 7D), while Bcl-xL,
an anti-apoptotic protein associated with neutrophil survival, was
reduced (Fig. 7E). Representative dot plots and histograms are shown in
Fig. 7B and F, respectively.

Collectively, these findings support the idea that the pharmacolog-
ical inhibition of the HGF/MET pathway by PF-04217903 affects
neutrophil survival in vivo and in vitro by inducing caspase-dependent
apoptosis to resolve inflammation.

3.7. HGF/MET pathway inhibition increases the ability of macrophages to
uptake apoptotic cells

As inhibition of the HGF/MET axis resolved articular inflammation
by increasing efferocytosis in the synovial cavity, we further performed
an additional approach to investigate the direct impact of the HGF/MET
pathway inhibition on the ability of macrophages to uptake apoptotic
cells by using an in vivo efferocytosis assay. Thus, mice bearing 90 h
peritonitis triggered by zymosan (0.1 mg/cavity) received PF-04217903
(40 mg/kg, via oral gavage) and 6 h later they were injected with the
same number of CFSE-labeled apoptotic thymocytes into the peritoneal
cavity. Cells were harvested 30 min after the injection of apoptotic
thymocytes and efferocytosis was evaluated by flow cytometry and light
microscopy (Fig. 8 A). PF-04217903 induced increased efferocytosis
rates, as observed by the higher percentage of F4/80"CFSE" cells
(Fig. 8B, C) or MFI of CFSE" in macrophages (Fig. 8D, E) and the higher
percentage of macrophages that ingested apoptotic thymocytes, as
observed in cytospin slide counting (Fig. 8 F, G). Collectively, these
findings support the idea that the pharmacological blockage of the HGF/
MET pathway ameliorates macrophage ability to optimally execute
efferocytosis.

4. Discussion

A critical feature of the inflammation resolution program is the
reduction of neutrophil accumulation in inflammatory exudates, which
is regulated not only by their trafficking but also by their death and
elimination by efferocytosis. In this study, we demonstrated that the
HGF/MET pathway is an important axis involved in regulating the in-
flammatory response and potentially modulates neutrophil survival and
the course of neutrophilic inflammation induced by MSU crystals and
LPS. Moreover, we demonstrated that pharmacological inhibition of
HGF/MET activation initiates pro-resolving programs, increasing

10

neutrophil apoptosis, efferocytosis and AnxAl expression. We also
demonstrated that human neutrophils display an extended lifespan after
stimulation with LPS and HGF and that interference with the HGF/MET
pathway limited the survival of these cells. Our findings provide a novel
neutrophil survival pathway that can be regulated to turn on appro-
priate tissue resolution programs to reverse neutrophil-dominated in-
flammatory diseases (summarized in Fig. 9).

MET activation has already been described to regulate the immune
response by acting in different immune cell types [39,40], including
neutrophils [42]. MET is expressed at low levels in neutrophils under
physiological settings but can be upregulated when exposed to distinct
inflammatory stimuli, such as LPS, TNF-a, or fMLP [43,70]. There are
studies indicating an association of the HGF/MET axis with exacerbated
inflammation in several inflammatory conditions, notably rheumatoid
arthritis. HGF and MET are expressed in synovial cells and fluid from
arthritic patients and are correlated with disease severity and poor
outcome [34,71,72]. Serum HGF has been suggested as a biomarker of
joint damage severity in patients with rheumatoid arthritis [73]. Of
note, P-MET and HGF were overexpressed during MSU-induced gout in
mice. Supporting these previous reports, our studies on human neutro-
phils confirmed that HGF, LPS, or MSU stimulation results in MET
phosphorylation. Both in vitro and in vivo MET phosphorylation was
efficiently inhibited by PF-04217903. These results indicate that a
proinflammatory milieu increases HGF expression, which leads neu-
trophils to amplify MET phosphorylation.

Blockade of HGF by administration of a competitive antagonist in-
hibits bone destruction associated with decreased IL-1, IL-6, and TNF-a
levels in arthritic mice [74]. Studies also showed that MET activation
increased adhesion molecule expression, which rapidly increases
neutrophil recruitment during inflammatory processes, and that sys-
temic blockade of MET phosphorylation by PF-04217903 or MET dele-
tion abolished neutrophil trafficking and reduced the proinflammatory
environment [38,42,45]. Consistent with these reports, blocking the
neutrophilic HGF/MET axis using PF-04217903 treatment reduced
articular inflammation in MSU-induced gouty arthritis, as indicated by a
reduction in the number of neutrophils and MPO, as well as low levels of
CXCL1 and IL-1p in the knee joint. Of interest, the major discovery in our
study was that PF-04217903 not only reduces joint inflammation but
also modifies the course of inflammation by stimulating the crucial steps
of the resolution of the inflammatory response in vivo, including
neutrophil apoptosis and efferocytosis, an effect also observed in the
LPS-inflamed pleural cavity. Importantly, MET inhibition occurred after
neutrophils had migrated to the inflammatory site. These findings
indicate that the HGF/MET axis is crucial for determining neutrophil
fate in acute inflammatory experimental model settings regardless of
stimuli, representing a promising target for the control of inflammatory
responses.

Numerous reports in the literature have already shown that neutro-
phil apoptosis precedes and cooperates with efficient neutrophilic acute
inflammation resolution [6,75]. The HGF/MET axis has been reported to
provide protection from apoptosis by reducing caspase-3 activity in
some cancer cell types [76,77]. Blocking HGF/MET signalling using a
competitive inhibitor homologous to HGF can also override prosurvival
cues and redirect human fibroblast-like synoviocytes in vitro to
apoptosis. Consistently, we demonstrated that MET phosphorylation



F.B. Felix et al. Pharmacological Research 188 (2023) 106640

HGF+LPS

>
[vy)

©
g

p=0.0272 p=0.0270

A

n
o A v
’—%‘ -
0 T T
ur - -  ZVAD
PF (30 uM)
HGF + LPS (2 h)

o
?

N
?

a2
. 081

Apoptotic PMN
(% of cells Annexin V*)
S
<

Pl

Annexin V

o
o
m

—_ Z —_
. p=0.0078 p=0.0176 = 15000 p=0.0022 p=0.0271 15000 p=0.0265
z N i p=0.0488
= = A zZ - vy
% 800 2 _:‘LL =
= 2 10000+ ‘= 10000
> =2 o um < o A
.% 700 3 N Y g
A
€ . || v ® 5000 |3 = 5000
< 600 o 8 =
z §
: I s
500 : < ol ] 01 T
ur - - ZVAD ur - - ZVAD ur - - ZVAD
PF (30 uM) PF (30 uM) PF (30 uM)
HGF + LPS (2 h) HGF + LPS (2 h) HGF + LPS (2 h)
F
ojuT
[@|HGF+LPS
/\ |8|HGF+LPS+PF
o [B]HGF+LPS+PF+ZVAD
g
2
T T IAI v T
10 10 104 10
Annexin V Cleaved Caspase-3 Bel-xL

Fig. 7. Inhibition of the HGF/MET pathway on human neutrophil apoptosis and effect of zZVAD-fmk. Neutrophils were isolated from the human peripheral blood and
pre-treated with zVAD-fmk (15 pM) for 15 min followed by PF-04217903 (30 uM) for 1 h and by further incubation with LPS (1 pg/mL) and HGF (100 ng/mL) for
2 h. Flow cytometry was performed for apoptosis evaluation. The frequency of Annexin-V ™ cells (A) and representative dot plots are demonstrated (B). The median of
fluorescence intensity (MFI) of annexin-V* on positive human neutrophil are graphed in (C). Flow cytometry also was used to evaluate MFI of cleaved caspase-3" (D)
and Bcl-xL" (E). Representative histograms are shown in (F). The experiment is a representative of three independent experiments performed in biological triplicates
and is shown as the mean + SEM, significance was calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.

was associated with prolonged neutrophil survival in vitro and in vivo resolution of neutrophilic inflammation. An interesting finding is that
under an inflammatory setting, and PF-04217903 was able to induce the PF-04217903-mediated apoptosis observed in neutrophils was un-
neutrophil apoptosis, with activation of caspase-3 and inhibition of the altered in mononuclear cells. This is relevant data since mononuclear
important prosurvival protein Bcl-xL. More importantly, the blockade of cells exhibit a crucial role during the resolution process by promoting
caspases with zZVAD-fmk prevented PF-04217903-induced apoptosis and apoptotic cell clearance and secreting anti-inflammatory and/or
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mocytes ingested by macrophages (arrows) are shown (G). Magnification x100. Results are shown as the mean + SEM of n =5 in each group. Significance was
calculated using one-way ANOVA followed by Tukey’s test. The specified p-values are shown in the figure.
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Fig. 9. Schematic representation of the effect of the HGF-MET pathway
blocking by PF-04217903 on the resolution of neutrophilic inflammation. (1,2)
In inflammatory sites, recruited neutrophils induced by LPS and MSU stimuli
result in HGF overexpression and, (3) consequently, MET phosphorylation in a
paracrine- and autocrine-dependent manner. (4) Blocking MET activation (and
consequently phosphorylation) by PF-04217903 accelerate the neutrophilic
inflammation resolution by inducing (5) neutrophil apoptosis, with activation
of caspase-3 and inhibition of the prosurvival protein BclxL, which is abrogated
by zVAD-fmk treatment, a broad-spectrum caspase inhibitor. (6) PF-04217903
enhances macrophage ability to optimally remove apoptotic cells through
efferocytosis. (7) Importantly, PF-04217903-induced inflammation resolution is
associated with enhancement of Annexin Al expression on neutrophil and
macrophages, thereby, helping to successful tissue resolution.

pro-resolutive mediators [78]. Collectively, we provide strong evidence
that the HGF/MET pathway represents a powerful prosurvival signalling
pathway in neutrophils, and a therapeutic strategy targeting this axis
may interfere with the lifespan of these cells, facilitating
neutrophil-dominated inflammation resolution via apoptosis induction.

Previous studies have shown that macrophages stimulated with HGF,
LPS, and TNF exhibit high levels of MET expression and phosphorylation
[79,80]. Interestingly, the HGF/MET pathway seems to play a dual role
in macrophage functions [39]. The HGF/MET pathway can directly
contribute to the maintenance of a proinflammatory profile correlated
with disease severity in experimental autoimmune encephalomyelitis
[79] and ischaemic retinopathy [81]. However, it was also described
that HGF/MET promotes the transition of macrophages to an
anti-inflammatory  profile favouring muscle repair [82,83].
Anti-inflammatory macrophages exhibit a high capacity to remove
apoptotic neutrophils from the inflamed area (efferocytosis), a key
pro-resolving function for the efficient resolution of inflammation and
return to homeostasis [18,84]. The key point revealed here, which is
consistent with these previous reports, is that the blockage of the
HGF/MET pathway by PF-04217903 enhances the ability of macro-
phages to optimally execute efferocytosis to assure timely resolution of
inflammation. Although our study did not directly focus on the influence
of the HGF/MET pathway on macrophages, we can suggest that in the
context of efferocytosis, blocking MET phosphorylation may result in the
production of efferocytosis-related immunoregulatory molecules or
promote the phenotypic alteration of macrophages toward an
anti-inflammatory and restorative profile, which has a higher efferocytic
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capacity and proresolving actions. However, further investigation of the
effect of HGF/MET axis blocking by PF-04217903 on macrophages is
needed in the future to better understand the functionality of the
HGF/MET axis in the intimate partnership between macrophages and
the resolution of inflammation.

Joint pain is a marked debilitating symptom in gouty patients that is
associated to tissue loss of function, which is closed related to excessive
neutrophil activity It is known that loss of function is closely associated
with severe joint pain, which is a marked debilitating symptom in
arthritic patients, and this is closely related to excessive neutrophil ac-
tivity [85]. Both intense CXCL1-mediated neutrophil influx and the
production of hyperalgesic mediators, such as IL-1p, in the synovial
cavity are required for hypernociception generation [55,67]. In agree-
ment with these previous studies, we demonstrated that treatment of
arthritic mice with PF-04217903 reduced histopathological score and
pain by reducing the secretion of CXCL1 and IL-1p in the periarticular
tissue. Altogether, these data reinforce that the HGF/MET axis may be
involved in maintaining articular neutrophilic inflammatory responses,
and inhibition of this pathway by PF-04217903 could be a possible
pro-resolving strategy to prevent or reverse neutrophil-mediated tissue
damage.

Mechanistically, PF-0417903 mediated protective effects were
associated to an increased expression of the proresolving protein AnxA1l
in both macrophages and neutrophils. These findings are in line with the
known expression of AnxAl by a variety of immune cells, and the ability
to mediate, among different actions, the apoptosis and efferocytosis of
granulocytes and reduction of the overall production of inflammatory
mediators in the context of different diseases [68,69]. Of note, AnxAl
was shown to be crucial for resolution of MSU-induced inflammation in
the joint leading to a better outcome from disease [86]. Therefore, here,
we describe a novel molecular mechanism for the resolution of inflam-
mation induced by HGF/MET blockage during joint inflammation.

In summary, the current study identified the HGF/MET axis as a
powerful modulator of neutrophil fate in the inflammatory site. HGF
provides a pro-survival signal for neutrophils in vitro and blocking MET
by PF-04217903 notably induced the activation of a pro-resolution
program characterized by reduced neutrophil lifespan and enhanced
efferocytosis (summarized in Fig. 9). Altogether, the latter actions were
accompanied by successful tissue repair and decreased joint damage and
pain. Therefore, a therapeutic strategy targeting the HGF/MET axis
could be fundamental to disrupting the consolidated crosstalk between
neutrophil survival and the inflammatory response and could be an
effective pharmacological approach to control neutrophil-mediated in-
flammatory diseases.
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