downl oaded: 8.6.2021

.org/10. 7892/ boris. 136320 |

https://doi

source:

Journal Pre-proof

Effect of Inhibition of Colony Stimulating Factor 1 Receptor on Choroidal
Neovascularization in Mice

Petra Schwarzer, Despina Kokona, Andreas Ebneter, Martin S. Zinkernagel

PII: S0002-9440(19)30848-X
DOI: https://doi.org/10.1016/j.ajpath.2019.10.011
Reference: AJPA 3253

To appearin:  The American Journal of Pathology

Received Date: 11 December 2018
Revised Date: 9 July 2019
Accepted Date: 21 October 2019

Please cite this article as: Schwarzer P, Kokona D, Ebneter A, Zinkernagel MS, Effect of Inhibition of
Colony Stimulating Factor 1 Receptor on Choroidal Neovascularization in Mice, The American Journal of
Pathology (2019), doi: https://doi.org/10.1016/j.ajpath.2019.10.011.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

Copyright © 2019 Published by Elsevier Inc. on behalf of the American Society for Investigative
Pathology.


https://doi.org/10.1016/j.ajpath.2019.10.011
https://doi.org/10.1016/j.ajpath.2019.10.011

Effect of Inhibition of Colony Stimulating Factor 1 Receptor on Choroidal

Neovascularization in Mice

Petra Schwarzer MD, Despina Kokona PhD, Andreas Ebneter, MD, PhDMartin S.

Zinkernagel, MD, PhD

Department of Ophthalmology and Department of Dipant of Clinical Research,

Inselspital, Bern University Hospital, Universit{yBern, Switzerland

Short title: Effect of CSF-1R inhibition on CNV in Mice

Number of text pages: 34; Number of tables: 1; Neinds figures: 4

Footnote: P.S. and D.K. contributed equally to this work.

Funding: Supported by Swiss RetinAward 2017 from the SwisseoRetinal Group

(SVRG) and Bayer AG to P.S.

Corresponding author:

Martin S. Zinkernagel MD, PhD

Dept. Ophthalmology, Inselspital, Universitat B&010 Bern, Switzerland, Tel: +41 (0) 31
632 95 65, FAX: +41 (0) 31 382 01 14

martin.zinkernagel@insel.ch

Disclosures: PLX5622 chow was provided by Plexxikon Inc., Béeke CA, under a
Materials Transfer Agreement. The sponsor or fupdirganizations had no role in the design
or conduct of the experiments. The authors alore@sponsible for the content and writing

of this letter. P.S. and D.K. received grant supfram Bayer. A.E. received honoraria from
1



Bayer for lectures and non-financial support fronlegan and Novartis. M.S.Z. received
financial support from Allergan, Bayer, HeidelbeEngineering, Novartis, and equity

Novartis.



Abstract

Neovascular age-related macular degeneration isobrtbe leading causes of blindness.
Microglia and macrophages play critical role in aidal neovascularization (CNV) and may
therefore be potential targets to modulate theadiseourse. This study evaluated the effect of
the colony stimulating factor-1 receptor (CSF-1R)ibitor PLX5622 on experimental laser-
induced CNV. A 98% reduction of retinal microgliells was observed in the retina one week
after initiation of PLX5622 treatment, preventingcamulation of macrophages within the
laser site and leading to a reduction of leukocyt@hin the choroid after CNV induction.
Mice treated with PLX5622 had a significantly fastkecrease of the CNV lesion size as
revealed byin vivo imaging and immunohistochemistry from day 3 to ddycompared to
untreated mice. Several inflammatory modulatorghsas CCL9, granulocyte-macrophage
colony-stimulating factor, ssoluble tumor necro$ator receptor-1, interleukinel and
matrix metallopeptidase-2 were elevated in the eeqitase of the disease when microglia
were ablated with PLX5622, whereas other cytokifexs interferony, interleukin-4, and
interleukin-10) were reduced. Our results suggkat CSF-1R inhibition may be a novel

therapeutic target in patients with neovascularratpged macular degeneration.



I ntroduction

The main feature of choroidal neovascularizatiotNY{ is new abnormal blood
vessels emerging from the choroid and growing thinoBruch’s membrane and sometimes
the retinal pigment epithelium (RPE). CNV is obselvduring neovascular age-related
macular degeneration (AMD) and can lead to visisslin patients suffering from AMP?
Although the particular pathogenesis of AMD remaim&nown, there are several previous
studies showing the involvement of the innate imensgstem in the development of the

diseasé™.

Microglia, residing in the retina, are dynamic illants of the extracellular
environmenf located mainly in the ganglion cell layer, theenmuclear layer, and the outer
plexiform and nuclear layers. They can become neactpon injury and acquire migration
and proliferation capabilities.Several studies have suggested that along withierss
microglia, infiltrating macrophages may also playpraminent role in the pathogenesis of
AMD.® In AMD, microglia/macrophages have been foundhi@ sub-retinal space, where
they are associated with drusen accumulation and.&Nh experimental laser-induced CNV
microglia/macrophages depletion, using clodronguesbmes, resulted in reduced CNV size
13.14and other studies have shown that the CNV arsigfisficantly reduced in mice knocked
out for the C-C chemokine receptor type 2 (CCR2)cracial component mediating
macrophage infiltratioh> CCR2 as well as the CX3C chemokine receptor 1 (CXB are
considered important factors for recruitment of mabages to areas of inflammation and for
the trafficking and the cellular migration of migt@ into the sub-retinal spatgThere is

increasing evidence for their role in AMD developrhas lower expression of CX3CR1 has

been observed in patients with AMD.

The involvement of microglia/macrophages in CNVfusther supported by studies

showing that reduction of immune cells’ reactiMity intravitreal injections of polysialic acid
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leads to reduced vascular leakage in a laser-indGe¢v mouse modéi” *® Moreover, loss
of interferong and transforming growth factor beta (T@JFsignaling in retinal microglia has
been implicated in increased microglia reactivityl @xacerbated CNV lesions in miég,*

supporting a role of microglia cytokine signalimgthe course of CNV.

Microglia depletion has been proven useful for itheestigation of their involvement
in several central nervous system (CNS) diseasadfpan$™ #* and it has been recently
shown that brain microglia can be effectively ehated by colony stimulating factor-1
receptor (CSF-1R) inhibitioff' 2* This was also observed in the retina, where mizaglls
were eliminated by 92% to 97% in mice kept on a @8Finhibitor—supplied diet for one
weelk> ?° while immune cells in the spleen were not affécadter one to three weeks of
PLX5622 treatmerft’ 2° However, PLX5622-dependent reduction of antigees@nting cells
and Ly6C°" monocytes in the blood and the bone marrow haee beported® *° Cessation
of CSF-1R inhibitor resulted in repopulation ofinat microglia from the remaining resident
microglia pool in a CX3CR1 dependent mantter? However, more recent studies using
bone marrow chimera mice suggest that monocyte<elémacrophages repopulate the retina,
following cessation of PLX5622 treatment, whereytredopt a ramified microglia-like
morphology®® Here, the CSF-1R inhibitor PLX5622 was used duth whole duration of
the experiments to gain insight in the role ofnatimicroglia/macrophages on the course of

experimental laser-induced CNV.

Materialsand Methods

Animals

This study was approved by the local Animal Eth@@mmmittee (Veterinardienst des

Kantons Bern: BE 136/16) and conformed to the ARM@tement for the Use of Animals in



Ophthalmic and Vision Research. Female mice wesz,ubased on the observation that
female mice are more prone to CNV formatiénC57BL/6J mice (Charles River
Laboratories, Sulzfeld, Germany) and MacGreen (BBNTg(Csflr-EGFP)1Humefr)
heterozygous female mice (6 to 8 weeks old) wergleyed.

Mice hadad libitum access to PLX5622-containing chow (1200 partsyhéion [ppm]
formulated in AIN-76A standard rodent diet; Reskalliets, Inc., New Brunswick, NJ) or
AIN-76A standard rodent diet (control chow). Animakere housed, in groups of 2 to 5,
under temperature and humidity-controlled condgiamindividually ventilated cages with a
12-hour light/12-hour dark cycle. Before laser tne@nt or imaging, mice were anesthetized
with 1 mg/kg medetomidine (Dormitor 1 mg/mL; Prove®, Lyssach, Switzerland) and 80
mg/kg ketamine (Ketalar 50mg/mL; Parke-Davis, ZuyricSwitzerland) as previously
described? . At the end of the intervention, medetomidine \@asagonized by injection of
2.25 mg/kg atipamezol (Antisedan 5mg/mL; Provet ABgfore and one week after the
initiation of the PLX5622 diet, as well as at d&s7, and 14 after laser treatment, mouse
retinas were examined using confocal laser scannmghthalmoscopy, fundus
autofluorescence, and fluorescein angiography @leatg Spectralis HRA 2; Heidelberg
Engineering GmbH, Heidelberg, Germany). Groups afemwere euthanized with GO
inhalation at days 3 and 7 after laser treatmedtthair retinas and choroid-RPE complexes
were prepared for fluorescence-based flow cytom@eACS) or retina and choroid-RPE

whole mounts and histology. All experiments wengeiged at least once.

Laser-induced Choroidal Neovascularization

Mice were anesthetized and laser coagulation weerpged using a 532-nm argon
laser (Visulas 532s; Carl Zeiss Meditec AG, Obehiar; Germany) with a slit-lamp adapter
(Iridex Corporation, Mountain View, CA) mounted arslit-lamp (BM900; Haag-Streit AG,
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Koeniz, Switzerland). Pupil dilation was achieveithviropicamide 0.5%/phenylephrine 2.5%
eyedrops (Hospital Pharmacy, Inselspital, Bern t&#liand). Hydroxypropyl methylcellulose

20 mg/mL (Methocel 2%; OmniVision AG, Neuhausen,t3erland) was applied on the eyes
to keep them hydrated. A 2-mm fundus lens (Oculatruments, Inc., Bellevue, WA) was

used for fundus visualization during the laser mjailon. Three spots per eye were applied
around the optic nerve, avoiding the large vesgelpum size, 300mW intensity, 100ms
duration) and both eyes were lasered per mousduRupf Bruch's membrane was indicated
by bubble formation directly after laser applicatidcesions with obvious hemorrhage were
excluded from analysis. Bridging between laser spedis avoided by positioning the laser

sites with sufficient distance.

Fundus Autofluorescence Imaging

Mice were anesthetized and their pupils were dilais described above. To avoid
drying of the cornea with resulting impairment ofage quality, hydroxypropyl
methylcellulose 20 mg/mL (Methocel 2%; OmniVisiorGANeuhausen, Switzerland) was
applied on each eye. Retinal images were acquisedguan ultra-widefield 102° lens
(Heidelberg Engineering GmbH, Heidelberg, Germarg$, described previousi§. In
MacGreen mice, GFP-positive cells (microglia/mabtiagpes) could be visualized as

hyperfluorescent spots in the autofluorescence @ésag

Fluorescein Angiography

After induction of anesthesia and pupil dilatioregsabove) 50 pL of 0.01%
fluorescein [Faure; Novartis, Switzerland; in 1xopphate buffered saline (PBS)] was
administered subcutaneously and images were adqugieg the HRA system angiography
(Heidelberg Spectralis HRA 2; Heidelberg Enginegi@®mbH, Heidelberg, Germany) with a
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noncontact ultra-widefield 102° lens (Heidelbergyiaeering GmbH, Heidelberg, Germany).
Images were taken during the first 90 seconds. @M was marked and measured using the
caliper function in the Heidelberg software by thimded assessors (DK and PS) (Heidelberg

Engineering GmbH, Heidelberg, Germany).

| mmunohistochemistry Studies

For immunohistochemical studies, mouse eyes wetatexl for preparation of retinal
and choroid-RPE whole mounts. Eyes were fixed inp&¥aformaldehyde solution (PFA, pH
7.4) for 10 minutes, the anterior segments wereovexth (cornea and lens), and the posterior
segment was incubated for another 50 minutes in. l&Anas were mechanically detached
from the choroid-RPE complex and both tissues vestensively washed in 1x PBS, 0.5%
TritonX-100 (Sigma-Aldrich, St. Louis, MO) and pessed according to Ebneter, Kokdha
Isolectin GS-1B4 from Griffonia simplicifolia (Alex Fluor 647 conjugate; 1:100; Thermo
Fisher Scientific, Waltham, MA), a rabbit polycldnantibody against ionized calcium-
binding adapter molecule 1 (Iba-1; 1:500; ; WakaePGhemical Industries Ltd., Osaka,
Japan) and a chicken polyclonal antibody againd® @F300; Abcam, Cambridge, UK) were
used for labeling of blood vessels and microgliaphages. The secondary antibodies goat
anti-rabbit IgG H+L (Alexa Fluor 594 conjugate; Q@ Thermo Fisher Scientific, Waltham,
MA) was used for the visualization of Iba-1 stagieind goat polyclonal antibody to chicken
IgY H+L (FICH; 1:200; Abcam, Cambridge, UK) for wvalization of GFP staining.

Another group of mice was euthanized at days 3 aftér CNV induction and their
eyes were fixed in 4% PFA (pH 7.4) overnight atCl Eyes were routinely embedded in
paraffin and 5um paraffin sections were cut running through thécaperve head. The slides
were de-paraffinized and blocked with 10% NGS fom3n prior to incubation with a rabbit

polyclonal antibody against Iba-1 (see above) agétrat 4 °C. The slides were washed in 1x



PBS and incubated with a secondary biotinylated got-rabbit IgG antibody (1:250; Vector
Laboratories, Burlingame, CA), for 30 min in rooemiperature, followed by three washes
with 1x PBS and incubation with an HRP-streptawdimjugate (1:1000; Vector
Laboratories, Burlingame, CA) for 60 min at roonrmperature. The signal was visualized
using the NOVA red substrate kit (Vector Laboraeyi Burlingame, CA) according to

manufacturer’s instructions.

Microscopy

For retinal or choroid-RPE whole mounts, microsce@s performed on equipment
provided by the Microscopy Imaging Center (MIC),iusity of Bern, Switzerland. Retinal
and choroid-RPE flat mounts were examined usingreerted Zeiss LSM 710 fluorescence
confocal microscope (Carl Zeiss Meditec AG, Jenern@ny). Z-stacks of 100 to 116n
with 5 um intervals were obtained. Eye sections were exagnimder a fluorescence Nikon
Eclipse 80i microscope (Nikon, Tokyo, Japan). Coralv X6 (Corel Corporation, Ottawa,

ON, Canada) was used for figure preparation.

Flow cytometry

Retinas and choroid-RPE complexes from MacGreene miere used for flow
cytometry analysis at days 3 and 7 after the lapplication. The eyes were collected in PBS
(pH 7.4), the anterior segment was removed, theaetas mechanically detached from the
choroid-RPE complex and both tissues were usefidwrcytometry. Retinas or choroid-RPE
of each individual mouse were analyzed as one sarnipsues were processed according to
Ebneter, Kokond'. Retinas were stained with fluorescent-labelletibadies against CD45-
APC/Cy7 (30-F11, 1:400), CD11b-APC (M1/70, 1:208hd MHC-II-Pacific blue (major
histocompatibility complex class-Il, AF6-120.1, @@). Choroid-RPE samples were stained
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with fluorescent-labelled antibodies against CDARE (M1/70, 1:200), CD11c-APC/Cy7
(N418, 1:200), Ly6G-PerCP/Cy5.5 (1A8, 1:200), LyB@Hiant Violet 405 (HK1.4, 1:100),
NK-1.1-PE/Dazzle 594 (PK146, 1:200), CD3-PE/Daza® (17A2, 1:200), and CD19-
PE/Dazzle 594 (6D5, 1:200). Zombie Red Fixable WigbKit (1:800; Biolegend, San
Diego, CA) staining was used for detection of deatls, according to manufacturer’s
instructions. Samples were incubated for 20 minutiés an Fc blocker (1:200; Biolegend,
San Diego, CA) followed by incubation with the flescent-labelled antibodies for 20 more
minutes at 4 °C in the dark. Each experiment wpsated at least once.
An LSR Il Cytometer System with the BD FACSDiva tsagire V4.1 (BD

Biosciences, Allschwil, Switzerland) was used fatadacquisition. The flow cytometry data
were analyzed with the Flowjo Single Cell AnalySisftware V10 (TreeStar, Ashland, OR).

All antibodies were purchased from Biolegend (Sagb, CA).

Protein extraction

In total, 34 C57BL/6J mice were used for proteitra&stion and analysis of cytokine
and chemokine levels. Control or PLX5622-fed miceravlasered as mentioned above one
week after the initiation of the PLX5622 diet anteins were extracted from the posterior
part of the eyes at day 3 and 7 post CNV. Ten naiice were used as naive controls and four
eyecups were pooled as one sample. Briefly, theupgewere homogenized in 2QQ of
lysis buffer [1x lysis buffer provided with the kit mM NaVO,, protease inhibitor cocktail
(cOmplete ULTRA Tablets, EDTA-free; Roche, BaseH)[ and homogenized using a
Precellys 24 tissue homogenizer (Bertin Instrumédvitsntigny-le-Bretonneux, France). After
centrifugation for 10 min at 13000 rpm at 4 °C, thgernatant was collected and Bradford

assay was used for the determination of total pratentent.
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Mouse inflammation antibody array-membranes

Mouse inflammation antibody array-membranes (ab&938bcam, Cambridge, UK)
were processed according to manufacturer's ingtngt Briefly, the membranes were
incubated for 2 hours in blocking buffer (providedh the kit) and incubated with 5Q@) of
total protein, overnight at 4 °C. Membranes werslvea (wash buffer provided with the kit)
and incubated with biotin-conjugated anti-cytokiisceemokines (provided with the kit) in
blocking buffer, overnight at 4 °C, and incubatedhwlx HRP-conjugated streptavidin
(provided with the kit), for 2 hours at room temgere. Chemiluminescence was detected
using detection buffers (provided with the kit) amd~usion Pulse Imaging System (Witec
AG, Luzern, Switzerland). Densitometry analysis vp@sformed using the “Protein Array
Analyzer” function of the ImageJ2 softwaréttfs://imagej.net/Imagel2; last accessed
December 11, 2018¥. The signal was normalized between different memésausing the
positive control spots. Spots with abnormally highckground were excluded from the

analysis. The experiment was repeated once.

Statistical Analysis

The sample size was estimated in the GPower 3tivaef® based on a power of 0.8
(80%) and a significance level of 0.05 (5%). Thandiardized difference (SMD) of each
experimental group was estimated based on preveiudies and pilot experiments.
D Agostino-Pearson omnibus test or Kolmogorov-Smirtest were used to test the normal
distribution of different data sets. Repeated messwne-way ANOVA was used for the
analysis of the CNV course with or without PLX56@2@atment. To compare the CNV area
between PLX5622-treated and non-treated mice, argirone-way ANOVA was used
followed by Tukey's post hoc analysis. Statistigaflignificant differences of the flow

cytometry data were determined using one-way ANOMAowed by Tukey's post hoc
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analysis for normally distributed data and KrusWédllis test followed by Dunn’s multiple
comparison test for the data that did not followmnal distribution. Kruskal-Wallis test
followed by Dunn's multiple comparison test wasduser the comparison of the array
membrane data. All data are expressed as meandasthdeviation (SD).

P-values less than 0.05 were considered statisticidjnificant. GraphPad Prism 5.0

software (GraphPad Software, Inc., San Diego, CA9 used for the statistical analysis.

Results

Effect of CSF-1R inhibition in the time cour se of laser-induced CNV

Inhibition of the CSF-1R with PLX5622 for 7 daysqerto CNV induction (Fig. 1A)
led to a striking reduction of GFP positive celfs the retinas of mice (Fig. 1B). Laser
application resulted in comparable CNV areas betwieX5622 treated and untreated mice
three days after the CNV induction (Fig. 1C). Hoeewthe area of CNV was decreased at
later time points in the CNV group (Fig. 1C), whesehe presence of PLX5622 resulted in an
accelerated involution of CNV area over time (FA§.). The leakage area of CNVs on the
fluorescein angiographs substantiated this findkig. 1D; ***P < 0.001, repeated measures
one way ANOVA with Tukey's post hoc analysis). Mover, at day 14, there was a
statistically significant decrease in CNV size dtenfed with PLX5622 compared to control-

fed mice (***P < 0.001, ordinary one way ANOVA with Tukey’'s postdhanalysis).

In the choroid-RPE complex, CNV areas were idesdifusing isolectin GS-1B4
staining (Fig. 2A). Iba-1 positive cells represagtimicroglia/macrophages accumulated
around the lesion sites in the choroid-RPE andaétivhole mounts of control mice (Fig.
2A). In the PLX5622 group, lba-1 positive cells, sh@robably representing macrophages,
were present in CNV areas of the choroid-RPE buewadsent from the neurosensory retina

(Fig. 2A). In the choroid-RPE as well as in theavuttina, Iba-1 positive cells’ morphology
12



suggested a reactive phenotype, whereas in the retiea most of the Iba-1 positive cells
had a ramified morphology (Fig. 2B). Iba-1 positsals were also detected in eye sections
around the lasered area of CNV-subjected mice lagid numbers were greatly reduced in the
presence of PLX5622 (Fig. 2C). In the choroid-RPRInplex of MacGreen CNV-subjected
mice the majority of CSF-1R-GFP positive cells weoelocalized with Iba-1, whereas a few

cells (arrows) were Iba-1 negative (Fig. 2D).
Quantification of microglia/macrophageswith flow cytometry

Flow cytometry was performed at days 3 and 7 @d$V in the retina of control and
PLX5622-treated CNV-subjected mice (Fig. 3A). Thellx were gated as shown in
Supplementary Figure 1A. CNV induced accumulatidnC®45°“CD115 microglia and
CD45"CD115 macrophagé® in the retina, whereas PLX5622 reduced their nusieig.
3A). Quantification of different cell populationsvwealed that the number of microglia and
macrophages was elevated 3 and 7 days post CNV3Big™** P < 0.001, ordinary one way
ANOVA with Tukey’s post hoc analysis). In mice fedth PLX5622 microglia cells were
diminished by approximately 98.5% compared to cdr@NV mice at day 3 and day 7 post
CNV (Fig. 3B; **P < 0.001, ordinary one way ANOVA with Tukey’s posatchanalysis).
Similarly, PLX5622 led to a reduction of macrophadey 47.7% and 76.3%, respectively,
compared to control at days 3 and 7 post CNV indodfig. 3B; ***P < 0.001, ordinary one
way ANOVA with Tukey's post hoc analysis). No sséitally significant difference was
observed in CSF-1R expression in different celesyfor different treatments and time points
(Fig. 3C). Increased MHC-II expression in both magira and macrophages was observed at
day 3 post CNV (Fig. 3C; **P < 0.001, Kruskal-Wallis test followed by Dunn's ttipile
comparison test). In mice fed with PLX5622 MHC-Ikpeession in microglia and
macrophages was virtually absent (Fig. 3C).

Quantification of immune cell population in the choroid-RPE with flow cytometry
13



Flow cytometry was performed at days 3 and 7 pd$¥ @ the choroid-RPE of control and
PLX5622-treated mice. The cells were gated as shiow8upplementary Figure 1B. The
number of CD11¢t cells, the majority of which most probably repmsedendritic cell¥,
leukocytes (CD11WCD11¢°9*? and neutrophils (CD11by6G")** were elevated in the
choroid-RPE during the acute phase of CNV (Fig. #A< 0.05, **P < 0,01, **P < 0.001,
ordinary one-way ANOVA with Tukey’s post hoc anasyfor CD11¢ cells and leukocytes,
Kruskal-Wallis test followed by Dunn’s multiple cparison test for neutrophils), whereas
PLX5622 led to a reduction of CD11cells and leukocyte numbers below control (naive)
levels (Fig. 4A). Interestingly, although there was difference between the naive and the
CNV-subjected tissues in the total number of L{¥Gy6C°""9SSC-H" cells, representing
non-classical patrolling monocytes/macrophdfeshe presence of PLX5622 led to a
reduction of these cell numbers below control (eplevels (Fig. 4B; **P < 0.001, ordinary
one way ANOVA with Tukey's post hoc analysis). Glaal inflammatory
monocyte/macrophages (Ly8% Ly6C")*® on the other hand, were increased at day 3 after
CNV and this was prevented by PLX5622 (Fig. 4B; P*< 0.001, ordinary one way
ANOVA with Tukey’s post hoc analysis). The expressiof CSF-1R by patrolling and
inflammatory monocytes, expressed as a percentbds/66"™? Ly6C°""*? SSC-H" and

Ly6G™? Ly6C" cells, respectively, was not altered between fifferdnt groups (Fig. 4C,

respectively).
Cytokinelevelsduring the course of CNV

The protein levels of several inflammatory modulateuch as chemokines (CCL3,
CCL9), growth factors (IGFBP-3, IGFBP-5, GM-CSF)embers of the TNF superfamily
(CD30L, sTNFRI), inflammatory cytokines (interfergn IFN-y; interleukin-Li, IL-1a;
inteleukin-12 p70, IL-12 p70), anti-inflammatorytoines (interleukin-13, IL-13), matrix
metalloproteinases (MMP-2, MMP-3), Fc gamma reaap(bc-gamma RIIB), and adhesion
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molecules (VCAM-1) were elevated at the acute pluddbe disease (Table 1) 3 days after
laser application. During the later phase (day st of the inflammatory modulators
returned to control levels except for an elevatbthe protein levels of bFGF, GM-CSF, and
VCAM-1. In the presence of PLX5622, protein levelseveral targets were elevated (Table
1), in agreement with previous studfésuggesting that PLX5622 actions are not mediated

by a general reduction of the overall inflammatargponse.

Discussion

Accumulation of microglia/macrophages in the subegtspace of CNV lesions and
expression of inflammatory cytokines have both biegplicated in the formation of CNY:
12,45 %6 However, the role of microglia/macrophages in Chételopment is not clear yet,
since contradictory roles of these cells have breported. Previous studies have shown that
macrophage depletion can lead to a reduction of Fp&duction and CNV lesion size in
mice® *whereas other studies reported that lack of thRZ@ceptor and its ligand CCL2
in mice leads to spontaneous CNV development &fraonths of agé.Moreover, microglia
accumulation has been observed in AMD lesions ihZZCX3CR1 deficient mice but not in
control mice?’ whereas several additional studies reported #sitlent microglia actively
contribute to CNV developmerit. *® “*Microglia/macrophage involvement in CNV is further
supported by studies showing that reduction of aglta and macrophages reactivity by

polysialic acid or translocator protein 18 kDa (T3P ligands leads to reduced

neurodegeneration and less vascular leakage inar@duise modet’ %31

Here, we show that CSF-1R inhibition with PLX56Z&ads to faster involution of
CNV, as revealed byn vivo imaging and immunohistochemical studies in retiaab
choroid-RPE whole mounts (Figure 1 and 2). PLX56#&iently depletes retinal microglia

as early as one week of treatment (Figs. 1, 2,3ndhe flow cytometry data showed that
15



PLX5622 reduced the total number of CH@®D11E cells in the retina, most probably
representing invading monocyte-derived macrophages perivascular macrophages, and
largely prevented MHC-II expression by microgliadaBD458"'CD11b cells (Figure 3C). of
the effect of PLX5622 was not observed on CSF-1jitession by microglia or macrophages
(Fig. 3C). Recent studies by Paschalis et al sugdethat ocular injury could trigger
infiltration of peripheral monocytes into the retjrwhere they adopt a ramified morphology
similar to resting microglia and express low levefsCSF-1R** °? However, this was not

observed in the present study.

Flow cytometry analysis was also performed in thercid-RPE complex of CNV
subjected mice fed with control or PLX5622 chowe3é data revealed increased numbers of
CD11¢ cells, leukocytes, and neutrophils after CNV (F49,. which is in agreement with
previous studie3” >* CD11¢ dendritic cells have been previously reportedlay @ role in
CNV development. Specifically, they have been fotmdaccumulate in the CNV lesions,
peaking in numbers between day 2 and 4 after iaseiced CNV in micé* Moreover,
intravenous injection of dendritic cells leadsheit accumulation into the CNV lesions where
they are associated with increased CNV 3fz@ur data are consistent with these findings.
Moreover, inhibition of the CSF-1R with PLX5622 didt only deplete retinal microglia but
it also affected the number of CDZ1cells and leukocytes found in the choroid-RPE by
reducing their numbers below naive levels, whilelid not have any effect on neutrophil
numbers (Fig. 4A). Previous studies have shown @&f-1R signaling is vital for dendritic
cells differentiation, and dendritic cells are dimshed in the spleen and peritoneum of CSF-
1R deficient mic€> Moreover, CSF-1R depletion has been recently shtawnegatively

regulate the dendritic cell pool size in adult miite

Further analysis of leukocyte subsets showed arease of inflammatory classical
monocytes/macrophages (Ly&&Ly6C™ 3 days post CNV, which was prevented by
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PLX5622. However, the population of patrolling ncdassical monocytes/macrophages in the
choroid-RPE, identified as Ly8&ILy6C°""*YSSC-H", was not affected by laser-induced
CNV, but PLX5622 reduced their number below naéxesls, while the remaining cells were
still positive for CSF-1R expression (Fig. 4B). $hsuggests that PLX5622 leads to a
reduction of resident choroidal macrophage numbatsprevents the recruitment of Ly8C
inflammatory monocytes/macrophages into the afteeeea. Indeed, by using neutralizing
antibodies against CSF-1R or its ligand CSF-1ag been previously shown that blocking of
CSF-1R signaling can lead to depletion of L{&@onocytes in the blood, while it only has
modest effects in Ly6Cmonocytes in the bone marréW?°® Thus, the beneficial effects of
PLX5622 may be attributed at least partially to taduced numbers of peripheral immune
cells, which along with retinal microglia could d¢ohute to the extracellular matrix

remodeling that trigger the formation of new blo@dsels.

To further investigate the effect of PLX5622 in theurse of CNV, a panel of
cytokines/chemokines were analyzed in CNV-subjectece fed with PLX5622 or normal
food, using a semi-quantitative assay (the arraynbmane data are openly available in
OSF|Data repository - Open Science Framework psitbst.io; reference number: y5n7h).
Elevated levels of several cytokines/chemokinesewleund in the CNV-subjected eyes,
while some of them were elevated even more in teegnce of PLX5622 (Table 1). Among
the highest up-regulated cytokines were CX3CL1, MRIFGF, and VCAM-1, whereas
others, such as IL-6, TNi-and MCP-1 were not changed compared to naive. i68CL1
signaling is a key modulator of macrophage recreithinto the injured tissu®s®* and it has
been shown to reduce microglial activation and sgbent neurotoxicit§? °* MMP-2 on the
other hand has been reported to play a promingmindCNV formation, since reduced CNV

is observed in mice deficient for MMP%2°® MMPs can proteolytically cleave several
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chemokines, leading to their inactivation or thaeyation of antagonistic derivatives, which

cannot promote chemotaxis.

No differences were detected in the levels of viascendothelial growth factor
(VEGF) between the experimental groups 3 and 7 ddiey CNV induction. VEGF is
considered the major pro-angiogenic factor in th#ained retind>’® and it has been
suggested that interaction between VEGF and otteeapgiogenic factors, such as bFGF, is
required for the angiogenic actions of VEGHMHere, an up-regulation of bFGF was observed
in the presence or absence of PLX5622, but nordiffees were observed in VEGF protein
levels between naive and CNV mice in the presemcabsence of PLX5622. Most likely,

these differences could be observed in earlier pomets after the CNV induction.

In the presence of PLX5622, the pro-inflammatoryltLwas also elevated at day 3
after CNV laser-induction and it was significantigduced at day 7. Up-regulation of the
adhesion molecule VCAM-1 was also observed in dudys and this up-regulation was
greater in the presence of PLX5622. VCAM-1 medidtes adhesion of monocyte-derived
macrophages to vascular endothelial cells and asex protein levels of VCAM-1 have been
reported in the retinal vasculature during CNV iiced’ However, increased infiltration of
monocyte-derived macrophages into the injured aetitas not observed in the presence of

PLX5622.

Additionally, significantly elevated levels of STRF were found during the disease
course of CNV in the presence of PLX5622. After TdNbBinds to its membrane receptors,
TNFRI and TNFRII, the receptors are cleaved torteeluble forms (STNFRI/STNFRII) by
metalloproteinase¥. The level of surface expression of TNFRI and iulle form was
found to be an important factor in regulating TiNRediated effects® " and the receptor
cleavage acts as an important mechanism for thepresgion of TNFe—mediated

inflammation’® The levels of the anti-inflammatory cytokines ILahd IL-10 were also
18



elevated in the PLX5622 group, and this was accompaby down-regulation of IFN-
levels. Indeed, IL-10 has been previously repottethhibit the production of IFN?® and to
mediate a suppressive effect on CNV developrefrt. addition, IL-4 has been shown to
antagonize IFN—induced activities in macrophag®3® The expression of insulin-like
growth factor-binding proteins (IGFBP-3, IGFBP-BddGFBP-6) was also increased in the
presence of PLX5622. IGFBPs bind with high activaynsulin growth factor (IGF) and thus
limit the free form of IGF in the circulation®*®® thereby acting as angiogenesis
suppressors’® In keeping with this IGF signaling has been pregbso play a role in

diabetic retinopathy and retinal neovascularizatiwnere it has been shown to lead to

increased VEGF levefg83

Because of complex cytokine interactions that metyaatagonistically, the apparent
increase of the inflammatory cytokines after PLXB6@hich is in keeping with previously
published studié§ may ultimately lead to a more angiostatic/antiiagenic phenotype and
thus inhibits CNV progression. In addition, it hasen previously reported that CSF-1 can
increase the release of VEGF from monocytes andIFSkhibition can lead to lower levels
of VEGF?® ** Thus, blockade of the receptor may affect the agejiesis mediated by CSF-
1R-expressing cells. Moreover, physical contaciveet immune cells, such as perivascular
macrophages, and endothelial cells may be regdoedhe progression of CNMn vitro
studies have shown that direct contact between oybe® and endothelial cells can increase
endothelial cell proliferatioff **' °* Hence, reduction of retinal microglia and atteiaraof
perivascular macrophages could result in decreasédthelial cell proliferation and therefore

regression of CNV lesions.

Our data are in agreement with previous studieshi#nge shown elevation of cytokine
and chemokine levels in the retinas of CNV-subgcieice, as well as infiltration of
monocyte-derived macrophages into the retina ehrting the course of CN¥* % Apart
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from microglia and monocyte-derived macrophaged; Rélls and vascular endothelial cells
are also known to produce cytokines during CNV inefi’ Moreover, activated Miiller cells

could also be a source of cytokines during CNV.d8asn the PLX5622 depletion data,
immune cells are likely not the main producers ytbkines during the course of our CNV

model, yet they play an important role in CNV preggion.

In summary, the present study highlights the imgodrtole of innate immunity in the
course of CNV in mice. Inhibition of the CSF-1R hhbsneficial effects against CNV
progression but whether these effects are mediaieddepletion of microglia and/or
macrophages in the retina, by patrolling monocytethe choroid or by the prevention of
leukocyte influx needs to be further investigat&édditionally, a more detailed analysis of the
cytokine and chemokine levels after PLX5622 treanoeuld provide valuable data towards

specific biological effects of PLX5622 in retinathology.
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Figurelegends

Figure 1. Effect of colony stimulating factor-1 receptor (CSF-1R) inhibition on choroidal
neovascularization. A: Experimental setuB: Representative autofluorescence images of a
MacGreen mouse retina before (PLX5622 d-7, n = 8enand 7 days after the start of
PLX5622 diet (PLX5622 dO, n = 3). GFP positive rogira cells are drastically diminished in
the retina after 7 days of PLX5622 di€l: Representative fluorescein angiographs of
choroidal neovascularization (CNV)-subjected eyedifferent time points in control or
PLX5622-fed mice.D: CNV area measurements in fluorescein angiographsomirol or
PLX5622-fed mice. CNV area was gradually decreasambntrol (CNV) and PLX5622-fed
mice. **P < 0.001, repeated measures one way ANOVA followgdTbkey's post hoc
analysis; n> 14 eyes per group. Statistically significant rechre of the lesion size was
observed in the presence of PLX5622 at day 14 coedpto the control. **P < 0.001,
ordinary one way ANOVA followed by Tukey’'s post haoalysis; n> 14 eyes per group.

Individual CNV lesions are plotted in the graph.

Figure 2. Ex vivo evaluation of microglia and accumulation of monocyte-derived
macrophages in the laser site. A: Isolectin and Iba-1 staining in the choroid-RPEoleh
mounts and Iba-1 staining in retinal whole mourtsdays post choroidal neovascularization
(CNV) in control (n> 6 mice per group) and PLX5622-fed mice. lba-1-{pasicells
accumulate at the laser site in the choroid-RPEiarttie retina of control CNV-subjected
mice. In PLX5622-fed mice Iba-1—positive cells detected in the choroid-RPE but not in
the retinal whole mounts. The numbers indicatehiee different laser spots and the asterisks
indicate the optic nerve head. Scale bars: %00; magnification: 10xB: Higher

magnification of Iba-1 staining in control-fed misabjected to CNV, 14 days after the laser
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application. In the choroid-RPE and the outer eetiba-1—positive cells accumulated around
the laser site and their morphology is charactdriag increased soma size and retracted
processes. In the inner retina a ramified morphplesy observed. Scale bars: 2@@n;
magnification: 40x.C: Representative photomicrographs of Iba-1—posite#s in retinal
sections of control (& 3 mice per time point) or PLX5622-fed £n3 mice per time point)
CNV-subjected mice. Iba-1-positive cells accumulate the outer retinal and the choroid-
RPE in the CNV eyes (first and second panel). Inenfed with PLX5622, Iba-1—positive
cells also accumulated in the outer retina and ateRPE; however, they were fewer in
number and were almost absent 7 days after CN\fd(tand fourth panel). IPL, inner
plexiform layer; ONL, outer nuclear layer. Scalerdba200 um; magnification: 20x.D:
Representative photomicrographs of Iba-1 and CSIGER positive cells in retinal sections
of control or PLX5622-fed mice 14 days after CNVX(18 mice per treatment). Most of the
CSF-1R-GFP positive cells are co-localized with-1banhile a few of them are Iba-1 negative

(arrows). Scale bars: 1@@n; magnification: 40x.

Figure 3. Flow cytometry analysis of microglia/macrophagesgpudation in the retina of
choroidal neovascularization (CNV)-subjected mige Representative flow cytometry plots
at different time points post CNV in control and X8622-fed animals. Microglia were
identified as CD48" CD118 and macrophages as CO46D116. B: Quantification of
microglia (upper panel; CD#8 CD116) and macrophages (lower panel; CB45D118) in

the retina, 3 and 7 days post CNV, in the presen@bsence of PLX5622. Elevated number
of microglia and macrophages is observed 3 andyg gast CNV (n> 5 mice per group).
PLX5622 reduces the number of microglia and maagph in the retina (r 5 mice per
group). C: Quantification of CSF-1Ror MHC-II" microglia (first and second graph) and
CSF-1R or MHC-II" macrophages (third and fourth graph), expressedpscentage of the
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total number of microglia or macrophages, respebttiNo statistically significant difference
was observed in the number of CSF-1Ricroglia and macrophages in the presence or
absence of PLX5622. MHC-limicroglia and macrophages were detected in thearet the
early course of CNV (day 3), yet this increase waisstatistically significant compared to the
naive tissue. PLX5622 reduces the expression of MIHE these cells **P < 0.001, one-
way ANOVA followed by Tukey’'s post hoc analysis Kruskal-Wallis test followed by

Dunn’s multiple comparison testzrb per group).

Figure 4. Quantification of immune cell population in theochid-RPE using flow cytometry
analysisA: The numbers of CD11cells (first graph) in the choroid-RPE is elevaBedays
after choroidal neovascularization (CNV) and resuto control levels at day 7 post CNV.
PLX5622 reduces CD11aell numbers below control levels. Leukocyte nursbgecond
graph) peak at day 3 after CNV and their numbezg@duced in the presence of PLX5622. A
slight increase in neutrophil numbers is detectedlays post CNV (third graph)B:
Leukocytes were further gated based on the exmressf Ly6G and Ly6C. Ly6e5°
Ly6C°"*¢ SSC-HY cells are reduced in the presence of PLX5622 widl@ifferences are
observed between the naive and CNV subjected sisffurst graph). On the other hand,
Ly6G™9 Ly6C™ inflammatory monocytes/macrophages are increasedy8 post CNV and
decreased thereafter (second graph) and this plarms prevented by PLX562€: No
difference is observed in the expression of colstyulating factor-1 receptor (CSF-1R) by
Ly6G™9 Ly6C°""9 SSC-HP™ (first graph) or Ly6G™? Ly6C" monocytes/macrophages
(second graph)etween different treatmentsP? %< 0.05, **P < 0.01, *P < 0.001, ordinary
one way ANOVA with Tukey’s post hoc analysis or Kkal-Wallis test followed by Dunn’s

multiple comparison test;n5 for each treatment.
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Table 1. Effect of laser-induced CNV on cytokine/chemokine levels in the C57BL/6J

mouse eyecups in the presence or absence of PL X5622.

Day 3 Day 7
Factors CNV CNV+PLX5622 CNV CNV+PL X5622
Chemokines
CCL3 1.60 1.11 0.85° 0.55
CCL9 1.58" 2.36 17 1.26 2627111
CX3CL1 1.34 4.59 1.39 3.75
CXCL2 1.19 1.46° 1.08 1.397
CXCL13 1.34 2.127 1.06 1.46
CXCL16 1.29 2.38711 1.11 2.457111
Growth factors
bFGF 1.67 2.06 2127 3.00°"
IGFBP-3 1.33 1.8371M 1.08 1.7
IGFBP-5 1.45 241711 1.12 1.92°711
IGFBP-6 1.13 2.80' 1.32 1.84
GM-CSF 1.68 2.89° 11 1.66 1.917+
M-CSF 1.12 1.33 1.15 1.02
TNF superfamily
CD30 1.21 2.03 1.09 1.54
CD30 L 1.43 1.40 1.09 0.92
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Fas ligand 0.79

STNFRI 1.53

Pro-Inflammatory cytokines

IFN-g 1.70
IL-1o 1.34
IL-12 p70 1.48
TCA-3 1.20
TIMP-1a 1.23

Anti-inflammatory cytokines

IL-4 1.06
IL-10 1.40
IL-13 1.45

Tissue remodeling
MMP-2 1.86"

MMP-3 1.59

Fc-gamma receptors

Fc gammaRIIB  2.19

Adhesion molecules

Kk

VCAM-1 1.54

1.75

2587

0.54™
23177

Fhx

1.76
1.86""

1.59

2.73"
3.13

1.35

5.077

1.85

0.437

2.847T

0.85

0.86"

1.14
1.12
1.09
0.95

0.93

0.89
1.53

1.08

0.84

1.13

1.45

1.57"

0.93

2357

0.46
1_66‘*TTIII
1.50
1.7377

1.41¢t

2.75"
2.00f

0.84

5.627T

2.2

0.89

3.4771
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Semi-quantitative analysis of inflammatory mediatqrotein levels in the retina-choroid-
RPE complex, 3 and 7 days after CNV, in the pres@mabsence of PLX5622. All data are

normalized to naive tissues.

"P<0.05 P<0.01,” P<0.001 compared to naive.

TP < 0.05, tP<0.01, TP < 0.001 compared to CNV.

1P < 0.05, 1P < 0.01, 3P < 0.001 compared to the same treatment at day 3.

Only targets with statistically significant differees are shown in the table. Targets that were
examined but did not show statistically significaiifferences included IL-6, TNE VEGF,

MCP-1, G-CSF, and CCL5 among others.
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