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Abstract

The tyrosine kinase inhibitor, Nintedanib (NTD), has been approved for the treatment of
idiopathic pulmonary fibrosis (IPF). In cell-free systems, NTD was recently shown to inhibit
kinase activity of the human recombinant colony-stimulating factor 1 (CSF1) receptor
(CSF1R) which mediates major functions of pulmonary macrophages. In the present study,
we have investigated the effects of NTD on the phenotype of human monocyte-derived
macrophages controlled by CSF1 in order to identify its anti-inflammatory properties via
CSF1R inhibition. NTD (0.01 to 1 uM) prevented the CSF1-induced phosphorylation of
CSF1R and activation of the downstream signaling pathways. NTD, like the CSF1R inhibitor
GW2580, significantly decreased the adhesion of macrophages and production of the
chemokine ligand (CCL) 2. NTD also altered the polarization of macrophages to classical M1
and alternative M2a macrophages. It reduced the secretion of several pro-inflammatory
and/or pro-fibrotic cytokines (IL-1pB, IL-8, IL-10 and CXCL13) by M1 macrophages but did not
prevent the expression of M1 markers. While NTD (50-200 nM) partially blocked the
synthesis of M2a markers (CD11b, CD200R, CD206, and CD209), it did not reduce
synthesis of the M2a pro-fibrotic cytokines CCL22 and PDGF-BB, and increased CCL18
release when used at its highest concentration (1 uM). The effects of NTD on macrophage
polarization only was partially mimicked by GW2580, suggesting that the drug inhibits other
molecules in addition to CSF1R. In conclusion, NTD alters the CSF1-controlled phenotype of
human macrophages mainly by blocking the activation of CSF1R that thus constitutes a new

molecular target of NTD, at least in vitro.

Keywords: Nintedanib, idiopathic pulmonary fibrosis, inflammation, macrophages, CSF1R,

polarization



1. Introduction

The anti-fibrotic drug nintedanib (NTD) has been approved for the management of idiopathic
pulmonary fibrosis (IPF) [1]. It reduces the annual decrease in forced vital capacity and acute
exacerbations in patients suffering from this progressive, irreversible lung disease [2]. This
tyrosine kinase inhibitor blocks the ATP-binding sites within the kinase domains of vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and platelet-derived
growth factor (PDGF) receptors [3]. It also inhibits the PDGF, VEGF or bFGF-dependent
proliferation of fibroblasts isolated from the lungs of IPF patients [4,5].

In addition, several studies have shown that NTD prevents the development of
inflammatory processes during fibrosis in murine models of lung, liver, renal and skin fibrosis
[4,6-8]. It reduces the infiltration of lymphocytes and neutrophils induced by silica or
bleomycin in lungs [4] and it decreases the infiltration of macrophages induced by unilateral
ureteral obstruction in kidney [7]. Moreover, NTD markedly prevents the expression of major
pro-inflammatory and pro-fibrotic cytokines, such as tumor necrosis factor-a (TNF-a),
interleukin-(IL-)1B3, IL-6 or chemokine ligand (CCL) 2 (CCL2), in fibrotic liver, lung and
kidneys.

A recent screening of a wide range of kinases in cell-free systems demonstrated that low
concentrations (ICso = 5 + 2 nM) of NTD inhibit the kinase activity of human recombinant
colony-stimulating factor 1 (CSF1) receptor (CSF1R) [9]. This receptor, activated by CSF1
(also called macrophage colony-stimulating factor) and IL-34, is mainly expressed in myeloid
cells [10]. The CSF1R/CSF1 complex plays major roles in innate immunity and bone
remodeling by osteoclasts, but it also possesses an oncogenic potential due to its aberrant
expression in several human tumors cells [11]. Overall, CSF1 is a main hematopoietic
growth factor for cells of the monocyte lineage. M-CSF bound to CSF1R activates several
intracellular signal pathways, such as phosphatyidylinositol 3-kinase (PI3K), inducing the
differentiation of monocytes into mature macrophages and promoting their adhesion,

spreading and motility [10]. CSF1 also stimulates the production of the chemokine CCL2 by
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macrophages, which contributes significantly to lung fibrosis [12]. The capacity of NTD to
inhibit CSF1R activation and downstream signals in vitro has never been investigated
although CSF1-activated macrophages are important in pulmonary inflammation and fibrosis
[12,13]. Indeed, the pulmonary tissues of CSF17 and CCL2" mice have less macrophage
infiltration, collagen deposition and fibrosis in response to bleomycin than do those of wild-
type mice [12]. The accumulation of lung macrophages and subsequent pulmonary fibrosis
suffered by mice after thorax irradiation is blocked by inhibiting CSF1R [13]. These
pulmonary macrophages may differentiate from circulating monocytes that infiltrate the lungs
in response to pro-fibrotic stimuli [14]. In fact, the genetic deletion of monocyte-derived
macrophages or the depletion of circulating monocytes by liposomal clodronate potently
reduces the number of alveolar macrophages and the development of lung fibrosis in
different murine models [15,16]. In humans, the bronchoalveolar lavage fluids of patients with
IPF contain higher concentrations of CSF1 and CCL2 than do those of healthy controls [12].
CSF1 specifically stimulates the production of the CD163 marker in human monocyte-
derived macrophages [17], and above-normal numbers of CD163-positive macrophages
have been detected in fibrotic areas of the lungs of IPF and irradiated patients [12,13].
Altogether, these results suggest that NTD may exert anti-inflammatory and anti-fibrotic
effects in the lungs by altering the phenotype of human CSF1-dependent macrophages
through CSF1R inhibition.

We have investigated this relationship to obtain a clearer picture of the anti-inflammatory
effects of the drug on human macrophages. To this goal, we exposed primary cultures of
human monocyte-derived macrophages, differentiated with CSF1, to nanomolar
concentrations of NTD that were in the range of the blood plasma drug concentrations
measured in patients with IPF after a steady-state standard dosing of two times 150 mg per
day [18]. In these patients, the highest NTD blood concentrations were about 70 nM. Our
results demonstrate that NTD (10-1000 nM) inhibited the phosphorylation of CSF1R and the

downstream signaling pathways induced by CSF1 in human macrophages. At 200-1000 nM,

4



NTD reduced the adhesion of CSF1 macrophages, without inducing cytotoxicity, and
repressed the expression of CCL2. In addition, NTD (200-1000 nM) altered the polarization
of human macrophages by decreasing the production of pro-fibrotic cytokines and the

membrane expression of markers in M1 and M2a macrophages, respectively.



2. Materials and Methods
2.1. Chemicals and reagents

NTD [BIBF-1120, methyl (32)-3-[({4-[N-methyl-2-(4-methylpiperazin-1-
yl)acetamido]phenyl}amino)(phenyl)methylidene]-2-oxo-2,3-dihydro-1H-indole-6-carboxylate
ethane sulfonate salt] was provided by Boehringer Ingelheim Pharma GmbH (Biberach,
Germany). CSF1 was purchased from Miltenyi Biotec (Paris, France). Lipopolysaccharide
(LPS) (Escherichia coli O55:B5), the PI3K inhibitor LY294002, and GW2580, an ATP-
competitive inhibitor of CSF1R, were from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Interferon-y (IFN), IL-4 and IL-13 were obtained from PeproTech (Neuilly-sur-seine, France).
Crystalline silica (DQ12, 100 pg/ml) was from DMT GMBH, Germany. Primary antibodies
(Ab) against phospho-CSF1R (Tyr723), CSF1R, phospho-AKT (Ser473), AKT, phospho-
p44/42 extracellular regulated kinases (ERK) (Thr202/Tyr204), ERK, and GAPDH were from

Cell Signaling Technology (Ozyme, Montigny-le-Bretonneux, France).

2.2 Cell culture and treatments

Human macrophages were differentiated from peripheral human blood monocytes. Each
donor gave his/her written consent for the use of blood samples for research (Etablissement
Francais du Sang). Briefly, peripheral blood mononuclear cells from healthy donors were first
isolated by a Ficoll (reference CMSMSLO1, Eurobio, Les Ulis, France) gradient
centrifugation, and then monocytes were selected by a 2 h adhesion step. These cells were
cultured for 6-7 days in RPMI 1640 medium GlutaMAX (Gibco, Life technologies), containing
10 % heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 20 IU/mL penicillin,
20 pg/mL streptomycin and 50 ng/ml CSF1 to obtain mature MO macrophages [19]. These
MO macrophages were cultured in complete RPMI-1640 medium with or without 10 ng/ml
CSF1. They were polarized by culturing them for 24 h in RPMI medium containing 5% FBS,
10 ng/ml CSF1 and appropriate cytokines, as follows: incubation with 20 ng/ml LPS + 20

ng/ml IFN polarized them into classical M1 macrophages while incubation with 20 ng/ml IL-4



+ 20 ng/ml IL-13 resulted in alternative M2a macrophages [20]. For each biological endpoint
assessed in the present study, all biological replicates were performed with macrophages
differentiated from blood monocytes collected from different donors. Overall, we isolated
peripheral blood monocytes from 36 different donors.

For treatments, the MO macrophages were incubated with NTD (0.1 to 1 uM) for 2 h and
then stimulated with CSF1 or polarized to M1 or M2a macrophages. In some experiments,
MO macrophages were first treated with LPS/IFN for 4 h and then cultured with 100 pg/ml
silica for 16 h to induce IL-1( secretion and inflammasome activity. NTD remained in the
culture medium during polarization. A 1 mM stock solution of NTD was prepared by

dissolving it in water at 50°C.

2.3 Cell viability

Cell viability was measured by flow cytometry using the FITC Annexin-V Apoptosis
Detection Kit | (BD Biosciences, Le Pont de Claix, France) according to the manufacturer’s
instructions. Briefly, adherent and floating cells were harvested and centrifuged at 600 g for 5
min at room temperature. Macrophages were detached with Accutase™ (Biolegends,
London, UK), washed with cold PBS and suspended in binding buffer (PBS, 2 % FBS). Cells
(100,000) were placed in a flow cytometer tube and incubated with FITC Annexin-V (A5) and
propidium iodide (PI) for 15 min. Stained cells were analyzed in an LSR Il cytometer with
FACSDiva software (BD Biosciences, Le Pont de Claix, France). Viable cells were defined as

A5- and Pl-negative cells.

2.4 Cell adhesion

Cell adhesion was determined by measuring the number of adherent cells using the
CyQuant® GR Dyes, which generate intense fluorescence when bound to DNA
(ThermoFisher Scientific, France). Briefly, macrophages (10,000 cells/cm?) were placed in
96-well culture plates, treated (or not) with NTD for 2 h, and cultured for up to 72 h with or
without CSF1. The cells were then washed to eliminate floating cells and incubated with the
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CyQuant® GR Dyes for 1 h at room temperature. The number of adherent cells was directly
proportional to the level of intracellular DNA and consequently to fluorescence intensity of the
DNA-bound dye. Cell fluorescence was quantified on a POLARstar® Omega microplate
reader (BMG Labtech, France), using excitation at 485 nm and emission at 530 nm. Each

experiment was repeated three times and each result is the mean of the three replicates.

2.5 Western blotting

Treated cells were lysed with a RIPA buffer containing 150 mM NaCl, 50 mM Tris-HCL,
0.1 % SDS, 1 % Triton X-100, 0.5 % Na deoxycholate, 50 mM sodium fluoride (NaF), 5 mM
EDTA, 0.5 mM dithiothreitol, a protease inhibitor cocktail (Roche Diagnostic, Meylan, France)
and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Whole cell lysates were
centrifuged at 13000 rpm for 5 min and the supernatants collected and heated at 95°C for 5
min to denature proteins. These lysates were placed onto 4 % stacking gels and separated
by SDS electrophoresis (8 % or 10 % gels). The separated proteins were transferred to
nitrocellulose membranes by electroblotting overnight (30 V at 4°C) and free binding sites
were blocked by incubation in Tris-buffered saline containing 0.1 % Tween 20 and 4 %
bovine serum albumin. The blocked membranes were incubated overnight at 4°C with the
appropriate primary Abs (1/1000), then with horseradish peroxidase-conjugated secondary
Abs (1/2000), and the visualised bands analysed by densitometry (Image Lab™ Software for
total protein normalization; BioRad, Marnes-la-Coquette, France). The clone and reference of

all Abs used for Western blot analysis are summarized in the Table S1.

2.6 Flow cytometry

Macrophage phenotypes were analysed by direct immunofluorescence using flow cytometry.
Washed, detached cells were stained with Fixable Viability Stain 450 (BD Biosciences, Le
Pont de Claix, France) for 10 min at room temperature to measure viability. Non-specific Ab
binding sites on cells were blocked by incubating them in PBS containing 2 % FBS and FcR

blocking reagent (reference 130-059-901, Miltenyi Biotec SAS, Paris, France) for 10 min at
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room temperature. Cells were next incubated with a specific Ab or its isotypic control for 20
min at 4 °C, washed in PBS and collected by centrifugation (2500 rpm for 5 min). Ab binding
was analyzed in an LSR Il cytometer and FACSDiva software. The M0, M1 and M2a
macrophage phenotypes were characterized using three Ab panels. MO panel: FITC anti-
CD14, PE anti-CD206 and APC anti-CD71; M1 panel: FITC anti-CD86, PE anti-CDA40,
PeCya7 anti-CD80 and APC anti-CD83; M2a panel: APC anti-CD200R, PE anti-CD206,
BB515 anti-CD11b and PEVio770 anti-CD209. The clone and reference of these Abs are
summarized in the Table S2. Results are expressed as the ratio of median fluorescence

intensity (MFI) calculated as: MFI (test Ab) / MFI (isotype control Ab).

2.7 Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells with the Trizol reagent (Thermo Fisher Scientific,
France) and was submitted to reverse transcription using the High Capacity cDNA Reverse
Transcription kit from Applied Biosystems (Thermo Fisher Scientific, France). Quantitative
PCR were performed with the fluorescent dye SYBR Green methodology and a CFX384
real-time PCR system (BioRad) [21]. Primers for gene expression analysis were purchased
from Sigma-Aldrich. The specificity of gene amplification was checked at the end of PCR by
analyzing amplification curves using the comparative cycle threshold method (CFX
Manager™ Software). This software automatically sets the fluorescence baseline for each
well and computes the optimal quantification cycle (Cq) with a multivariate, nonlinear
regression model. These mean Cq values were used to normalize the steady-state target

mRNA concentrations to those of the 18S ribosomal protein by the 2(-AACq) method.

2.8 Quantification of cytokines

The amounts of human IL-1B, IL-8, IL-10, CXCL13, PDGF-BB, CCL18, and CCL22
secreted into the medium of macrophage cultures were measured by ELISA (enzyme-linked
immunosorbent assay) using appropriate Duoset ELISA development system kits (R&D

Systems Europe, Lille, France).



2.9 Statistic analysis

The Gaussian distribution of values was first verified using D'Agostino & Pearson and
Kolmogrov-Smirnov tests. Since values followed a normal distribution, the results were
presented as mean xstandard deviation (SD) of the indicated numbers of independent
experiments. Significant differences were assessed using a Student t-test when only two
variables were studied in a same experiment or ANOVA followed by the multi-range Dunett's
ttest when an experiment involved more than two variables. A paired Student t-test or a
repeated ANOVA was used when the matching was effective. Differences between means

were considered significant if p < 0.05.
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3. Results

3.1 Influence of NTD on CSF1R-dependent signaling pathways in human MO macrophages
We first measured the kinetics of CSF1-dependent CSF1R phosphorylation in human MO
macrophages. The levels of phosphor-CSF1R was maximal after incubation for 1 min and
then progressively decreased during 1 h (Fig. 1A). The binding of CSF1 to its receptor
activates the PI3K and mitogen-activated protein kinase (MAPK) pathways, to ultimately
trigger the phosphorylation of the serine/threonine kinases AKT (PI3K) and p42/p44 ERK
(MAPK). Indeed, incubation with CSF1 for 1 to 5 min increased the phosphorylation of AKT
and p42/p44 ERK in MO macrophages. We used the PI3K inhibitor LY294002 and the
CSF1R antagonist GW2580 to confirm the role of CSF1R in the phosphorylation of AKT and
ERK. LY294002 totally blocked AKT phosphorylation but had no effect on the
phosphorylation of CSF1R or p42/p44 ERK in macrophages incubated with CSF1 for 5 min
(Fig. 1B). In contrast, GW2580 not only prevented the phosphorylation of CSF1R but also
that of AKT and p42/p44 ERK. NTD inhibited, in a concentration-dependent manner, the
phosphorylation of CSF1R in stimulated macrophages (Fig. 1C). NTD (10 nM) significantly
decreased (approximately 50 %) the levels of phosphorylated CSF1R, while higher NTD
concentrations (> 200 nM) almost totally inhibited CSF1R phosphorylation in MO
macrophages. The drug also reduced the phosphorylation of AKT and p42/p44 ERK, but this
effect was only significant for concentrations > 100 nM (AKT) or 200 nM (ERK). Fig. S1

shows uncropped images of the original Western blots.

3.2. NTD and adhesion of human MO macrophages

We then determined cellular consequences of inhibiting the CSF1R-dependent signaling
pathways in MO macrophages. Human MO macrophages cultured for 72 h with 50 ng/ml
CSF1 remained spindle-shaped, adhered firmly and did not proliferate. Phase contrast
microscopy shows that the number of adherent macrophages after culture without CSF1 for
72 h was much lower (Fig. 2A). Similarly, NTD caused the cells to round up and seemed to

reduce adhesion in a concentration-dependent manner (Fig. 2A). We verified these effects by
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staining the nuclei of adherent macrophages and measuring cell fluorescence. Those
cultured without CSF1 for 72 h (CTR) or containing CSF1 plus GW2580 or LY294002, had
significantly fewer adherent macrophages (Figure 2B, left panel). NTD also caused a
concentration-dependent reduction in macrophage adhesion (Fig. 2B, right panel). Its effect
was detectable at 50 nM and became significant at concentrations > 200 nM. NTD (200 nM)
reduced the number of adhering macrophages by 47.8 %. We next determined whether the
cells became detached due to cytotoxicity by analyzing the viability of floating and adherent
cells cultured for 72 h under the same experimental conditions. The percentage of viable
cells cultured in the absence (CTR) or presence of CSF1 (“0”) remained similar, when
measured by flow cytometry using A5 and PI labelling (Figure 2C, left panel). NTD (10 to 200
nM) was not cytotoxic, but 1 uM NTD slightly (14.5 %) reduced cell viability (Fig. 2C, left
panel). Similarly, neither GW2580 nor LY294002 significantly modified the percentage of
viable macrophages (Fig. 2C, right panel). Thus, blocking CSF1R kinase activity promoted

the detachment of MO macrophages but did not affect their viability.

3.3. Effect of NTD on MO marker production and CCL2 gene induction

Human MO macrophages bear the monocyte marker and TLR4 co-receptor CD14, but its
expression is lower than that on human monocytes (Fig. 3A). As expected, the expression of
the transferrin receptor CD71 and the mannose receptor CD206 are higher on MO
macrophages than on monocytes (Fig. 3A) [8,22]. The gating strategy and representative
graphs are presented on the Figure S2A. The membrane expression of these MO markers on
cells cultured for 24 h in the absence of CSF1 (CTR) or with CSF1 in the presence of
increasing concentrations of NTD were unchanged (Fig. 3B). Similarly, treating cells with
CSF1 in the presence of GW2580 or LY294002 had no effect on their CD14, CD71 and
CD206 membrane expression (data not shown). In contrast, MO macrophages stimulated
with CSF1 for 24 h significantly increased both CCL2 mRNA and protein levels (Fig. 3C).

Blocking the CSF1R receptor with GW2580 and the PISK/AKT pathway with LY294002
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greatly reduced CCL2 gene expression (Fig. 3C). NTD, like GW2580 and LY294002,

significantly blocked the production of both CCL2 mRNA and protein (Fig. 3D).

3.4. Influence of NTD on M1 and M2a markers

Human MO macrophages can be polarized to form classical “pro-inflammatory” M1
macrophages or alternative “pro-fibrotic’” M2a macrophages, depending on their
microenvironment [20]. We first checked the induction of membrane markers by culturing
macrophages for 24 h with CSF1+LPS/INF (M1) or CSF1+IL-4/IL-13 (M2a). CD80, CD86,
CD40 and CD83 were specifically induced in M1 macrophages whereas CD11b, CD200R,
CD206 and CD209 were selectively increased in M2a macrophages (Figure 4A). The gating
strategy and representative graphs are presented on the Figure S2B-C. GW2580 had no
effect on M1 or M2a markers (data not shown), indicating that inhibiting CSF1R does not
interfere with the intracellular process controling M1 and M2a polarization. We did not
assess the effects of LY294002 as it inhibits the PI3K pathway induced by CSF1 and/or
LPS/IFN. NTD did not modify the LPS/IFN-induced production of M1 markers but it did
reduce the membrane concentrations of M2a markers (Fig. 4B). NTD (> 200 nM) significantly
blocked the IL-4/IL-13-induced synthesis of CD11b, CD206 and CD209, indicating that NTD

probably affects M2a polarization via a mechanism that is independent of CSF1R inhibition.

3.5 Influence of NTD on the synthesis of cytokines in M1 and M2a macrophages

We then investigated the influence of NTD on the synthesis of several specific M1 and
M2a macrophage pro-inflammatory and/or pro-fibrotic genes. Inhibiting CSF1R with GW2850
did not prevent the induction of IL-13, IL-8 and IL-10 mRNA and increased by 50 % the
CXCL13 mRNA levels (Fig. 5A). However, GW2580 significantly reduced the IL-13 and IL-8
secreted into the culture medium, without changing IL-10 or CXCL13 production (Fig. 5B).
NTD (> 200 nM), like GW2580, did not inhibit the induction of IL-13 and IL-8 mRNA but it did
significantly reduce IL-13 and IL-8 secretion (Fig. 5C and 5D). In contrast, unlike GW2850,

NTD blocked, in a concentration-dependent manner, any increase in both mRNA and protein
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encoded by the IL-10 and CXCL13 genes. Consequently, this indicates that NTD does not
alter IL-10 or CXCL13 gene expression by inhibiting CSF1R but rather by interacting with
other targets.

Polarizing M2a macrophages with IL-4/IL-13 increased the expression of the CCL18,
CCL22 and PDGF-BB genes; but its influence on mRNA or protein production was gene-
dependent (Fig. 6A and 6B). IL-4/IL-13 significantly increased the concentrations of CCL18
mRNA and protein; they also increased CCL22 mRNA levels without significantly enhancing
CCL22 secretion. Conversely, IL-4/IL-13 did not increase PDGF-BB mRNA levels, while
significantly enhancing PDGF-BB release from macrophages. GW2580 significantly
increased CCL18 gene expression in M2a macrophages (Fig. 6A and 6B) and enhanced the
production of CCL22 and PDGF-BB mRNAs but not secretion of the encoded proteins.
Similarly, increasing concentrations of NTD enhanced CCL18 gene expression and protein
secretion, resulting in significant effects at 1 uM concentrations (Fig. 6C and 6D).
Nevertheless, the effects of NTD on CCL22 and PDGF-BB gene expression were not

significant.
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4. Discussion

We find that NTD markedly alters the phenotype of human macrophages, mainly by inhibiting
the activation of CSF1R and modulating other molecular targets. It blocked the
phosphorylation of CSF1R and the subsequent activation of the PISK/AKT and MAPK/ERK
signaling pathways induced by CSF1 in a concentration-dependent manner. The binding of
CSF1 to its receptor leads to the dimerization of CSF1R and the rapid autophosphorylation of
several tyrosine residues, including tyrosine 723 (Tyr-721 in the mouse). The PI3K/AKT
pathway is activated in mouse macrophages following the interaction of the p85 regulatory
subunit of PIBK with the phosphorylated tyrosine 721 [23], whereas the binding of the Grb2
adaptor protein to phosphorylated tyrosine residues in CSF1R is thought to trigger ERK
activation [10]. We found that 10 nM NTD reduces CSF1R phosphorylation by over 50 %, in
agreement with the recent demonstration that NTD inhibits the kinase activity of recombinant
human CSF1R protein (ICs0: 5 + 2 nM) [9]. However, 10 nM NTD did not prevent the
phosphorylation of AKT or ERK. The amount of phosphorylated AKT and ERK were only
significantly decreased in macrophages treated with NTD concentrations above 100 nM.
Since 10 nM NTD partially blocks CSF1R phosphorylation in CSF1-stimulated macrophages,
the CSF1R activity detected in macrophages treated with 10 nM NTD is probably still
sufficient to allow the binding of both p85-PI3K and Grb2, and thus to fully activate AKT (p85-
PI3K) and ERK (Grb2). This evidence that CSF1R is a new molecular target of NTD should
be taken into account when investigating effects of the drug on myeloid or tumor cells
bearing this receptor.

The inhibition of CSF1R phosphorylation by NTD also influences the function of human
macrophages. It markedly reduced cell adhesion and triggered macrophage rounding without
being cytotoxic. These effects were concentration-dependent and significant at NTD
concentrations above 200 nM. We obtained evidence suggesting that NTD decreases cell
adhesion by preventing the activation of the CSF1R-dependent PI3K pathway. First, culturing
macrophages in the absence of CSF1 or in the presence of the CSF1R inhibitor, GW2580,
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mimicked the effect of NTD on macrophage adhesion and morphology. Second, the PI3K
inhibitor LY294002, like NTD, strongly inhibited the adhesion of human macrophages. And
third, actin cytoskeleton remodeling, which controls cell adhesion and motility in mouse
macrophages, is tightly regulated by the PI3K-dependent activation of paxillin, a major
protein in macrophage focal complexes [24]. However, inhibiting CSF1R activity with NTD or
GW2580 did not alter cell viability, suggesting that survival pathways induced by CSF1 during
monocyte differentiation are not controlled by this receptor in mature macrophages. Similarly,
NTD and GW2580 did not decrease the membrane expression of CD71 and CD206, two MO
markers absent from monocytes. The levels of CD71 and CD206 were unchanged and are
thus independent of CSF1R activity in mature macrophages.

NTD, like GW2580, blocked any increases in CCL2 mRNA or protein, in agreement with
the findings of Baran et al (2007), who reported that CSF1 induced CCL2 gene expression in
mouse bone marrow- and human monocyte-derived macrophages [12]. CCL2 plays a major
role in murine lung fibrosis especially by promoting monocyte and phagocyte recruitment
[12]. In their study, Bara et al (2007) demonstrated that CCL2”7 mice treated with bleomycin
had less cell infiltration in pulmonary tissue, interstitial lung thickening and collagen
deposition in lungs than wild-type mice. Moreover, they found that bronchoalveolar lavages
of patients with IPF contain increased CCL2 concentrations, suggesting that this chemokine
is involved in the development of lung fibrosis in humans. Finally, we found that LY294002
almost totally prevented the increase in CCL2 mRNA, indicating that the CSF1R-dependent
expression of the CCL2 gene is positively regulated by the PISK pathway in human
macrophages.

Blocking CSF1R with NTD or GW2580 altered the cytokine profiles in M1 and M2a
macrophages differently. They did not prevent the induction of M1 markers, but they
significantly reduced the secretion of IL-13 and IL-8 by M1 macrophages. As neither NTD nor
GW2580 impaired IL-1B or IL-8 mRNA production, they probably interfere with protein

synthesis. It is generally accepted that the maturation of IL-13 in macrophage is controlled
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mainly post-translationally, by the NOD-like receptor pyrin domain 3 (NLRP3) inflammasome,
a cytoplasmic protein complex [25]. IL-13 gene induction by LPS results in pro-IL-1B, which is
cleaved to give its mature form by the cysteine protease caspase-1. This protease is the
effector molecule of the inflammasome that also contains the sensor protein NLRP3 and the
adaptor ASC [25]. Gaidt et al. (2016) recently reported that a caspase 8-dependent signaling
system mediates the assembly of the NLRP3 inflammasome in human monocytes stimulated
with LPS [26]. The differentiation of human monocytes induced by CSF1 also requires
activation of caspase-8, which is essential for cell survival [27]. The fact that NTD and
GW2580 specifically decreased the secretion of IL-1f suggests that stimulating CSF1R with
CSF1 favors the assembly of the NLRP3 inflammasome, which was induced with silica in our
study (Fig. 5D), perhaps by re-activating caspase 8 and triggering a caspase-8-dependent
signaling pathway upstream of NLRP3. Yet, no evidence of caspase-8 function in CSF1-
induced macrophages is reported. How NTD or GW2580 interferes with IL-8 production is
also elusive, as the process controlling IL-8 maturation is poorly understood. Nevertheless,
treating rheumatoid arthritis synovial explants with an anti-human CSF1R monoclonal
antibody greatly reduces the CSF1-induced release of IL-8 [28]. Hence, CSF1R may well
play a positive role in the regulation of IL-8 production, at least in vitro.

While NTD and GW2580 seemed to have no effect on the secretion of CCL22 and PDGF-
BB by M2a macrophages, they did increase the release of CCL18 from human macrophages
polarized with IL-4/IL-13. They also significantly enhanced CCL18 mRNA production,
suggesting that activating CSF1R probably blocks transcription of the CCL18 gene by
altering a signaling pathway induced by IL-4/IL-13. Thus, CSF1 not only promotes adhesion,
it also increases or represses the expression of genes that help define the overall phenotype
of mature macrophages.

Besides inhibiting CSF1R activation, NTD also appeared to alter the polarization of MO
macrophages by interacting with other molecular targets. Specifically, NTD prevented the

expression of the IL-10 and CXCL13 genes in M1 macrophages, whereas GW2580 had no
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significant effect. It may be possible that NTD prevented the production of these cytokines by
blocking the Bruton’s tyrosine kinase (Btk). Indeed, LPS rapidly activates Btk in murine and
human macrophages, and inhibiting Btk with the selective inhibitor, lbrutinib, markedly
reduces the increases in IL-10 and CXCL13 mRNAs induced by LPS [29,30]. However, it is
not clear whether Btk stimulates the CXCL13 gene directly, since macrophage treatment with
an Ab neutralizing IL-10 significantly reduces CXC13 production [31]. In cell-free systems,
NTD also inhibits the kinase activity of the human recombinant Btk protein (ICso: 34 nM) [9].
Studies on human macrophages stimulated with LPS are thus needed to determine whether
Btk is a new molecular target of NTD. Finally, 200 nM NTD significantly reduced the
increases in the M2a markers CD11b, CD206 and CD209 independently of CSF1R inhibition.
NTD concentrations as low as 50 nM significantly reduced the membrane expression of
CD206 induced by IL-4/IL-13. It can be noted that Huang et al. (2017) previously reported
that NTD partially prevents the expression of CD206 in human M2 macrophages, however
without investigating the role of CSF1R [8]. NTD may prevent M2a polarization independently
of Btk, since ibrutinib does not seem to alter signaling induced by IL-4 [32]. NTD might
reduce the expression of M2a markers by inhibiting the Src kinase Hck that mediates the
CD206 gene activity induced by IL-13 in human monocytes [33]. NTD inhibit several Src
kinases [9,34], but its effect on Hck kinase activity remains to be demonstrated. Altogether,
our results strongly suggest that NTD likely altered the phenotype and the polarization of
human macrophages, not only by inhibiting CSF1R activity, but also by repressing other
kinases that remain to be characterized.

More generally, our results demonstrate that, in vitro, NTD exerts anti-inflammatory effects
by blocking the expression of the IL-1[3, IL-8, IL-10, CCL2 and CXCL13 genes that contribute
to lung fibrosis [35-37]. Therefore, these results support recent findings concerning the anti-
inflammatory properties of NTD in murine models of fibrosis [4,6-8]. However, the clinical
relevance of these effects should be further investigated since NTD alters macrophage
functions in vitro at concentrations higher than those measured in patients with IPF after
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standard dosing [18]. Indeed, NTD significantly altered the phenotype of macrophages only
when it was used at concentrations above 200 nM, whereas the highest blood concentrations
measured in patients with IPF are about 70 nM. Future clinical trials may assess the immuno-
modulatory properties of NTD by measuring blood concentrations of various cytokines before

and after treatment.

5. Conclusion
NTD inhibits the activation of CSF1R, which is therefore a new molecular target of the
drug. NTD has anti-inflammatory effects on human macrophages, mainly due to CSF1R

inhibition, but also from interactions with other as-yet unidentified targets.
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Legends

Figure 1. NTD inhibits CSF1-induced CSF1R phosphorylation and downstream signaling
pathways in human monocyte-derived macrophages. Macrophages were washed and left
untreated (CTR, 0) (A-C), incubated with 10 uM LY294002 (LY) (B), 10 upM GW2580 (GW)
(B) or NTD at 10-1000 nM (C), and then stimulated with 50 ng/ml CSF1. Cells were then
lysed and analyzed by Western blotting. (A, C): right panel, the levels on phospho (p)-CSF-
1R, p-AKT and p-ERK were measured by densitometry. The results are means + SD of 5 (A)
and 8 (C) independent experiments. (B): blots are representative of 4 independent

experiments. * p< 0.05, ** p< 0.01, *** p<0.001 versus “0”.

Figure 2. NTD decreases the CSF1-dependent adhesion of macrophages. After washing,
monocyte-derived macrophages (CTR, 0 h) were: left untreated (CTR, 0), incubated with 10
uM GW2580, 10 uM LY294002 or NTD at 10-1000 nM, and then cultured without (CTR, 72 h)
or with 50 pug/ml CSF1 for 72 h. (A): Phase contrast microscopy (representative of 5
independent experiments) x40. (B): cell adhesion quantified using the Cyquant GR dyes. (C):
cell viability measured by flow cytometry - apoptotic (annexin-V, A5) and/or necrotic
(propidium iodide, PI) cells. Viable cells were defined as A5- and Pl-negative macrophages.
The results are means + SD of 4 independent experiments. * p<0.05, ** p<0.01, *** p<0.001

versus “0”.

Figure 3. Effect of NTD on membrane expression of MO markers and CCL2 expression.
Fresh peripheral blood monocytes (Mono) and monocyte-derived macrophages at day 6
(MO) (A), MO macrophages untreated (CTR, 0) or incubated with NTD and then cultured in
the absence (CTR) or presence of CSF1 for 24 h (B), were analyzed by flow cytometry to
measure membrane expression of the CD14, CD71 and CD206 markers. In (C), MO
macrophages were left untreated (CTR, 0) or incubated with 10 uM GW2580 (GW), 10 uM
LY294002 (LY) or NTD at 10-1000 nM, and then cultured without (CTR) or with CSF1 for 24
h. CCL2 mRNA levels were measured by quantitative RT-PCR and normalized to

endogenous ribosomal 18S RNA levels. Data are expressed relative to mRNA levels found in
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cells stimulated with CSF1 (“0”), arbitrarily set at 1. CCL2 in the culture media was quantified
by ELISA. The results are means + SD of 4 (A, B, C) and 6 (D) independent experiments. *

p<0.05, ** p<0.01, *** p<0.001 versus “Mono” (A) and versus “0” (C, D).

Figure 4. NTD reduces expression of M2a macrophage membrane markers. MO
macrophages were untreated (A, B) or incubated with NTD at 50-1000 nM (B) and then
polarized into classical M1 (LPS/INF) or alternative M2a (IL-4/IL-13) macrophages for 24 h.
Membrane expression of the M1 and M2a markers was analyzed by flow cytometry. Results
are the means + SD of 6 (A) and 4 (B) independent experiments. *p < 0.05, ** p<0.01, ***p <

0.001 versus “M1” (A, top panel), M2a (A, bottom panel) or “0” (B).

Figure 5. Influence of NTD on the induction of pro-inflammatory and pro-fibrotic genes in M1
macrophages. Macrophages were untreated (MO, 0), treated with 10 upM GW2580 (GW) or
NTD at 50-1000 nM, and then left unstimulated (MO) or polarized to M1 macrophages by
incubation with LPS/IFN (L/1) for 24 h. IL-1(3 secretion was measured in cells stimulated with
LPS/IFN (L/1) for 4 h and then with LPS/IFN + 100 pg/ml crystalline silica (L/I/Si) for 16 h.
mRNA levels were determined by quantitative RT-PCR and normalized to endogenous
ribosomal 18S RNA levels. Data are expressed relative to mRNA levels found in LPS/IFN-
stimulated cells (“0”) (A, C), arbitrarily set at 1. IL-13, IL-8, IL-10 and CXCL13 in culture
media were quantified by ELISA. Results are expressed as means + SD of 4 (A, B), 6 (C)

and 5 to 8 (D) independent experiments. *p < 0.05, ** p<0.01, ***p < 0.001 versus “0”".

Figure 6. Effects of NTD on CCL18, CCL22 and PDGF-BB expression in M2a macrophages.
Macrophages were untreated (MO, 0), incubated with 10 pM GW2580 (GW), or NTD at 50-
1000 nM, and then left unstimulated (MO0) or polarized to M2a macrophages by incubation
with IL-4/IL-13 (IL4/IL13) for 24 h. mRNA levels were determined by quantitative RT-PCR and
normalized to endogenous ribosomal 18S RNA levels. Data are expressed relative to mRNA
levels found in IL4/IL13-stimulated cells (“0”) (A, C), arbitrarily set at 1. The CCL18, CCL22

and PDGF-BB in culture media were quantified by ELISA. Results are expressed as means +
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SD of 4 (A, B), 5 (C) and 4 to 7 (D) independent experiments. *p < 0.05, ** p<0.01, ***p <

0.001 versus “0”.
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