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Dual-targeting CSF1R signaling attenuates
neurotoxic myeloid activation and preserves
photoreceptors in retinitis pigmentosa

Jiangmei Wu'?, Jing Zhang'?" and Bin Lin"**

Abstract

Retinitis pigmentosa (RP), a group of inherited retinal diseases characterized by progressive photoreceptor
degeneration, features prominent microglial activation and monocyte-derived macrophage infiltration. While
colony-stimulating factor 1 receptor (CSF1R) shows diverse roles in regulating microglial survival and behaviors in
various neurodegenerative diseases, its functional significance in RP pathogenesis remains unclear. In this study, we
observed upregulated CSF1R signaling specifically within disease-associated myeloid cells in the rd10 mouse model
of RP. Targeted intervention via intravitreal CSF1R neutralizing antibodies and systemic PLX5622 administration
achieved reduced myeloid proliferation and pro-inflammatory cytokine production and greater photoreceptor
survival. Notably, CSF1R potentiation using recombinant IL-34 or CSF1 exacerbated neuroinflammation and
accelerated photoreceptor degeneration. Mechanistic investigations revealed that infiltrating monocyte depletion
by clodronate liposomes significantly reduced macrophage infiltration and preserved visual function. Using
CX3CR1“ER+/R260T* /rd 10 mouse model, we observed that diphtheria toxin-mediated microglia ablation
preserved retinal function. Overall, our findings demonstrate the prominent role of CSF1R in neurotoxic myeloid
activation in the context of RP. Our results provide preclinical proof-of-concept that dual targeting of retinal and
peripheral CSF1R pathways may offer a mutation-agnostic therapeutic strategy for inherited retinal degenerations.
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Introduction

Retinitis pigmentosa (RP), a genetically heterogenous
group of inherited retinal disorders caused by mutations,
progressively degenerates photoreceptors and ultimately
leads to irreversible vision loss [1, 2]. Despite the identifi-
cation of numerous pathogenic mutations, approximately
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in both RP animal models and human trials [11, 12],
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establishing neuroinflammation as a key pathogenic con-
tributor and a promising therapeutic target in RP.

The neuropathology of RP involves coordinated activa-
tion of both resident microglia and infiltrating monocyte-
derived macrophages, forming a pathological network
driving photoreceptor degeneration [13, 14]. During RP
progression, activated myeloid cells undergo character-
istic morphological transformation from a ramified state
to an amoeboid phagocytic phenotype, accompanied by
increased phagocytic capacity and cytokine production,
such as interleukin 1 beta (IL-1p), IL-6, and tumor necro-
sis alpha (TNF-a) [9, 15], which subsequently not only
stimulate resident microglia proliferation but also recruit
circulating macrophages [9, 15-17]. The resultant expan-
sion of myeloid cells exacerbates cytokine cascades, ulti-
mately leading to neurotoxicity on photoreceptors [18].
While our previous work identified CX3CR1, COX-1
and TAK1 as modulators of microglial dynamics [8, 10,
19], emerging evidence reveals functional disparities of
resident microglia and infiltrated macrophages in retinal
degenerative diseases [9, 13, 20]. This cellular heteroge-
neity underscores an essential necessity for precise char-
acterization of distinct myeloid subpopulations to dissect
their individual contributions to RP pathogenesis.

Colony-stimulating factor 1 receptor (CSF1R), pre-
dominantly expressed on microglia and tissue macro-
phages, mediates survival and proliferation through
binding to its ligands CSF1 and IL-34 [21, 22]. In neu-
rodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis,
CSF1R overexpression correlates with microglial activa-
tion, while its pharmacological inhibition demonstrates
beneficial neuroprotective effects across multiple models
[23]. Mechanistic studies show that CSF1R blockage sup-
presses pathogenic microglia activation via downregula-
tion of lineage-determining transcription factors C/EBPa
and PU.1, effectively controlling microglial proliferation
[24, 25]. Despite these advances in central nervous sys-
tem (CNS) diseases [23, 26, 27], the therapeutic potential
of CSF1R modulation on the dual activation of resident
microglia and infiltrating macrophages and photorecep-
tor degeneration in RP remains unexplored.

In the present study, we used rd10 mouse model of RP
to perform spatiotemporal analysis of CSFIR signaling
dynamics during photoreceptor degeneration, character-
ize CSF1R-mediated regulation of myeloid proliferation,
and decipher relative contributions of microglial versus
macrophage populations to RP pathology. Through dif-
ferent combinatorial approaches including intravitreal
CSF1R neutralizing antibody, systemic PLX5622 admin-
istration and transgenic depletion mouse models, we
observe that CSF1R serves as a critical regulator of neu-
rotoxic myeloid activation. Notably, we demonstrate that
both resident microglia and infiltrating macrophages
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contribute to photoreceptor degeneration through coop-
erative mechanisms. Our results suggest targeting CSF1R
as a combinatorial mutation-agnostic therapeutic strat-
egy for RP.

Materials and methods

Animals

C57BL/6] mice (JAX:000664), rd10 mice (JAX:004297),
CX3CR1“FR/CeER mjce (JAX: 021160), CX3CR16FP/GFP
mice (JAX:005582), R26'°TPTR mice (JAX:007900) were
obtained from Jackson Laboratory. Rd10 mice were
backcrossed with CX3CRISFP/SFP mice to generate
CX3CR1F#/rd10 mice for use. CX3CR1TER/CreER 54
R26PTRIDTR mice were backcrossed with rd10 mice to
generate CX3CR1ER*/R26°TR/*/rd10 mice for use. The
genotypes were confirmed by PCR using primers listed
in Table S1. For each independent experiment, age- and
sex-matched mice were randomly assigned to different
experimental groups. All experimental procedures were
approved by the Animal Subjects Ethics Sub-committee
(ASESC) of Hong Kong Polytechnic University and con-
ducted in accordance with the Association for Research
in Vision and Ophthalmology (ARVO) statement for the
use of animals. All mice were housed in the Centralized
Animal Facilities (CAF) of the Hong Kong Polytechnic
University under a 12-hour light/ dark cycle with water
and food ad libitum.

Drug administration

To locally block CSF1R signaling, age- and sex-matched
rd10 mice received an intravitreal injection of a CSFIR
neutralizing antibody (1 pg; Ultra-LEAF™ Purified anti-
mouse CD115, Clone AFS98, #135539, Biolegend) or an
isotype control antibody (1 pg; Rat IgG) in the right eye
at P16 with a dosage reported in previous study [28]. For
intravitreal injection procedure, mice were anaesthe-
tized via intraperitoneal injection of ketamine (50 mg/
kg) and xylazine (10 mg/kg), and pupils were dilated
with 1% Tropicamide (Alcon) for 5 min. Topical anal-
gesia was provided with 0.5% proparacaine hydrochlo-
ride (Provain-POS, URSAPHARM) prior to injection.
The antibodies were delivered into the vitreous cavity
using a 32G needle fitted to Hamilton syringe, with 0.5 pl
injected at both the superior and inferior quadrants, just
posterior to the limbus of the eye. Immediately following
the injection, a topical hydrogel (Viscotears) was applied
to the ocular surface to prevent corneal dehydration and
minimize leakage from the vitreous cavity.

To systemically inhibit CSFIR signaling, rd10 mice
received daily oral gavage of PLX5622 (#28927, Cayman)
from P10 until the day of tissue collection [29]. PLX5622
was prepared by first dissolving 100 mg of compound in
100 ul of DMSO, followed by dilution in 9.9 ml of corn
oil to achieve a final concentration of 10 mg/ml. The
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suspension was mixed thoroughly to ensure uniform
distribution. Mice were weighed prior to each admin-
istration, and PLX5622 was delivered via oral gavage
using a ball-tipped gavage needle at a dose of 90 mg/kg,
as reported in previous study [30]. Control rd10 mice
received the same volume of corn oil (containing 1%
DMSO) without PLX5622, following the same adminis-
tration schedule.

To induce CSFIR activation, rd10 mice received intra-
vitreal injections of recombinant murine CSF1 (#M9170,
Merck Chemicals), recombinant murine IL-34 (#5195-
ML-010, R&D Systems), or PBS (vehicle control) in
the right eye at P18. For solution preparation, 10 pg of
recombinant murine CSF1 or IL-34 was dissolved in 10 pl
of PBS to obtain a final concentration of 1 ug/pl. Age- and
sex-matched rd10 mice were intravitreally injected with
1 pl of the prepared solution, following the same injec-
tion procedure as described above. Control rd10 mice
received an equivalent volume of PBS, administered on
the same schedule.

To deplete circulating monocytes, CX3CR1*>/*/rd10
mice were given daily intraperitoneal injection of PBS-
loaded or clodronate-loaded liposomes (C005, Liposoma)
from P15 until tissue collection in a dosage of 50 mg/kg
as suggested by supplier.

To deplete resident microglia, CX3CR1ER/*/
R26°T™**/rd10 mice first received daily intragastric
injection of tamoxifen (TAM, T5648, Sigma) from P1
to P4. TAM was dissolved in corn oil at a final concen-
tration of 5 mg/ml by incubating at 37 °C overnight,
protected from light. Prior to injection, 50 pug of TAM
per pup was loaded into a syringe. Neonatal pups were
gently restrained, and the location of the milk spot was
identified to guide proper needle placement. The injec-
tion needle was inserted perpendicular to the abdominal
skin, to a depth of approximately 2—-5 mm, ensuring entry
into the stomach. A volume of 10 pl of the TAM solution
was slowly injected, after which the needle was carefully
withdrawn. Pups were immediately returned to a warm-
ing pad and then to the home cage. To induce microglial
depletion, mice received daily intraperitoneal injections
of diphtheria toxin (DT, D0564, Sigma) from P17 to P19.
DT was dissolved in sterile PBS at a final concentration of
1 ng/pl, and a dose of 20 pg/kg body weight was adminis-
tered once daily. Mice received no TAM and DT serve as
control.

Immunostaining and confocal imaging

Mice were deeply anesthetized via intraperitoneal injec-
tion of ketamine (50 mg/kg) and xylazine (10 mg/kg) and
subsequently euthanized by cervical dislocation. After
marking a reference point denoting the superior pole, the
eyes were enucleated and immersed in 4% paraformalde-
hyde (PFA) in PBS for one hour. The spleen tissues were
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fixed in 4% PFA for 12 h. Retinas and spleen tissues were
serially sectioned at a thickness of 14 um using a cryostat.

Whole-mounted retinas and tissue sections were incu-
bated with blocking buffer (3% normal donkey serum, 1%
bovine serum albumin, and 0.1% Triton X-100 in PBS) for
one hour. Primary antibodies, including rabbit anti-Ibal
(1:500-1:1000, 019-10741, Wako), goat anti-Ibal (1:500,
ab5076, Wako), rabbit anti-CD44 (1:100, Millipore,
MABF580), rabbit anti-GFP (1:500, A11122, Invitro-
gen), rabbit anti-Ki67 (SP6) (1:100, MA5-14520, Thermo
Fisher), rabbit anti-CSFIR (1:400, 43390 S, CST), and
rabbit anti-F4/80 (1:200, 70076 S, CST), were diluted in
blocking buffer and incubated overnight to 3 days at 4 °C.
After washing with PBS, secondary antibodies, including
donkey anti-rabbit Alexa Fluor 488 (1:500, A21206, Invit-
rogen), donkey anti-goat Alexa Fluor 488 (1:500, A11055,
Invitrogen), and donkey anti-rabbit 594 (1:500, A21207,
Invitrogen), were applied to sections or whole-mount
retinas at room temperature for 2—4 h. Nuclei were coun-
terstained with DAPI (1:500, 1%, D8417, Sigma). After
washing with PBS, sections and whole-mount retinas
were mounted with Vectashield mounting medium (Vec-
tor Laboratories). Confocal images were acquired using a
Zeiss LSM 800 upright confocal microscope (Carl Zeiss).
Images were captured in the central region of the supe-
rior retina, approximately 200 um from the optic nerve
head, where outer nuclear layer (ONL) thickness, cell
proliferation and apoptosis, and myeloid activation were
subsequently measured.

Terminal deoxynucleotidyl transferase dUTP Nick end
labeling (TUNEL) assay

TUNEL assay was conducted with the In Situ Cell Death
Detection Kit, TMR red (#12156792910, Roche), as
per the manufacturer’s instructions. Subsequently, the
immunofluorescent staining was performed as described
above.

EdU cell proliferation assay

The mice received intraperitoneal injection of EAU (HY-
118411, MCE) four times at a dosage of 50 mg/kg body
weight, with a two-hour interval between each injec-
tion. Retina samples were harvested two hours after the
final EdU injection. EdQU labeling was visualized using
the Click-iT™ EAU Cell Proliferation Kit for Imaging with
Alexa Fluor™ 488 dye (C10337, Thermofisher), following
the manufacturer’s protocol. Subsequently, the immuno-
fluorescent staining was performed as described above.

Evans blue assay

CX3CR1%*/rd10 mice received intraperitoneal injec-
tion of 0.2 ml of 2% Evans blue (E2129, Sigma). Six hours
post-injection, the mice were perfused with 0.9% saline to
clear the circulation before collection of brain and retina



Wau et al. Journal of Neuroinflammation (2025) 22:193

tissues. The tissues were homogenized and incubated
with formamide (1 g tissue in 10 ml formamide, Sigma) at
55 °C for 24 h to extract the Evans blue dye. The resulting
formamide-Evans blue mixture was centrifuged, and the
absorbance of the supernatant was measured at 610 nm
using a plate reader to quantify the dye, indicating barrier
integrity.

qPCR
Total RNA was isolated from individual retinas using
Trizol reagent (#15596026, Thermo Fisher). Reverse tran-
scription (RT) was performed using 1 pug of RNA with
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher). Quantitative PCR (qPCR) was performed using
TB Green Premix Ex Taq (Tli RNase H Plus) (TaKaRa)
on a QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems) or a QuantStudio 5 Flex Real-Time PCR Sys-
tem (Applied Biosystems). Relative mRNA levels were
determined using the 2724 method with GAPDH as the
control. Primer sequences were listed in Table S1.

Electroretinogram (ERG) analysis

Mice were dark-adapted overnight and anesthetized with
a mixture of ketamine (50 mg/kg) and xylazine (10 mg/
kg). Pupils were dilated with 1% mydriacyl (Alcon)
5 min before the experiment, and the cornea was coated
with 3% hydroxypropyl cellulose lubricating gel solu-
tion (Alcon). ERG recordings were performed using the
Celeris ERG System (Diagnosys, USA). Scotopic ERGs
were recorded with increasing light intensities (0.01,
0.1, 1, and 3 cd.s/m?) to assess rod-mediated responses.
Photopic ERGs were recorded after 10 min of light adap-
tation at a background light intensity of 30 cd/m? with
light intensities of 3 and 10 cd.s/m” to assess cone-medi-
ated responses. A- and b-wave amplitudes were analyzed
using Celeris ERG software.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism 10 software. For intravitreal treatments, only the
right eye received experimental or control injections,
while the left eye remained untreated. The right eye was
used for ERG analysis, followed by qPCR or histologi-
cal assessment. Similarly, for systemic treatments (intra-
peritoneal or oral), only the right eye was collected for
analysis. As only one eye per animal was treated and ana-
lyzed, all samples were treated as independent. Accord-
ingly, statistical analysis was performed using two-tailed
unpaired Student’s -tests or one-way ANOVA with
Tukey’s post hoc test. P<0.05 was considered statisti-
cally significant. Data are presented as mean *standard
deviation (SD). The detailed p-values, effect sizes, and
confidence intervals for each figure and comparison
are provided in supplementary file 3. Experiments were
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blinded to the genotype of the animal as well as the treat-
ment of the animal.

Results
CSF1R signaling upregulation coincides with myeloid cell
proliferation in rd10 mice
To investigate CSF1R signaling in RP, we used rd10 mice,
a well-established mouse model of RP that carries a
PDE6P mutation [11, 31]. We assessed CSF1R expression
through double immunostaining of CSFIR with Ibal,
a marker labels both microglia and macrophages. We
focused on P16, P19, and P22, representing the onset to
the peak of microglial activation [8]. From P16 onward,
rd10 mice exhibited a significant increase in the num-
ber of Ibal* cells compared to age-matched C57BL/6]
mice (Fig. 1A and B), indicating myeloid cell expansion
during degeneration. We identified CSFIR exclusively
in Ibal* cells and observed an increased percentage of
CSFIR" cells in P22 rd10 mice compared to age-matched
C57BL/6] mice (Fig. 1A and B). Additionally, stronger
CSFIR immunoreactivity was observed in Ibal* cells
infiltrating from the outer plexiform layer (OPL) to the
outer nuclear layer (ONL) in P22 rd10 mice (Fig. 1A),
suggesting CSF1R upregulation in myeloid cells actively
involved in degeneration. We further examined CSF1R
signaling dynamics by qPCR. Consistent with immuno-
fluorescent findings, we observed increased gene expres-
sion of CSF1R and its ligand CSF1 in rd10 retinas at P19
and P22 compared to age-matched C57BL/6] retinas
(Fig. 1C). IL-34, another ligand for CSF1R, was upregu-
lated at P19 but downregulated at P22 in rd10 retinas
compared to age-matched C57BL/6] retinas (Fig. 1C).
PU.1 and C/EBPa, downstream transcription factors of
CSF1R signaling, were also upregulated in rd10 retinas
compared to age-matched C57BL/6] retinas (Fig. 1C).
Since CSFIR signaling is essential for microglial pro-
liferation in CNS neurodegenerative conditions [24],
we further analyzed the expression of Ki67, a prolifera-
tion marker, in rd10 mice. Retina flat mount showed that
Ki67 were nearly undetectable in Ibal* cells at P16 in
both rd10 and C57BL/6] mice. However, by P19 and P22,
approximately 40% and 60% of Ibal™ cells expressed Ki67
in rd10 retinas, respectively (Fig. 1D and E). This indi-
cates a significant increase in myeloid cell proliferation
during degeneration, which coincides with the activation
of CSF1R signaling.

CSF1R inhibition attenuates neurotoxic activation of
myeloid cells in rd10 mice

To study the role of CSFIR in myeloid cell activation,
we inhibited CSFIR via intravitreal injection of a neu-
tralizing antibody (anti-CSF1R) in rd10 mice at P16,
prior to the onset of robust proliferation. Control rd10
mice received an isotype control antibody. Following
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Fig. 1 Activation of CSF1R signaling coincides with proliferation of myeloid cells in rd10 mice. (A) Representative confocal images showing Iba1 (green)
and CSF1R (red) on the retinal sections of P16, P19, and P22 rd10 and C57BL/6J mice (central region of superior retina, approximately 200 um away
from the optic nerve head). Cell nuclei are stained with DAPI (blue). White arrows indicate CSF1R* Iba1* cells. ONL: outer nuclear layer, INL: inner nuclear
layer, GCL: ganglion cell layer. Scale bar, 20 um. (B) Quantification of Iba1* cells (n=3 mice/group, C57BL/6J versus rd10, P16, p=0.0229; P19, p=0.0026;
P22, p=0.0036). Quantification of the percentage of CSF1R" cells in Iba1* cells (n=3 mice/group, C57BL/6J versus rd10, P16, p=0.7784; P19, p=0.9313;
P22, p=0.009). (C) gPCR analysis of CSF1R signaling gene expression in rd10 and C57BL/6J retinas at P16, P19, and P22. (n=3 mice/group, CSF1R, P16,
p=0.6426; P19, p=0.0085; P22, p=0.0275.CSF1,P16,p=0.1204; P19, p=0.0492; P22, p=0.0148.1L-34, P16, p=0.6661; P19, p=0.0109; P22, p=0.0036. PU.1,
P16, p=0.0773; P19, p=0.0165; P22, p=0.001. C/EBPq, P16, p=0.0452; P19, p=0.0169; P22, p=0.0119). (D) Representative confocal images showing Iba1
(green) and Ki67 (red) on the retinal flat mounts of rd10 and C57BL/6J mice. The images were stacked images of myeloid cells located in the outer plexi-
form layer (OPL). White arrowheads indicate Ki67*Iba1* cells. Scale bar, 20 um. (E) Quantification of Iba1* cells (n=3 mice/group, C57BL/6J versus rd10,
P16,p=0.0021; P19, p<0.0001; P22, p=0.0081). Quantification of the percentage of Ki67* cells in Iba1* cells (n=3 mice/group, C57BL/6J versus rd10, P16,
p undefined; P19, p<0.0001; P22, p <0.0001). Data are presented as mean +SD and analyzed using unpaired Student's t-test for each time point (B, C, E).
*p<0.05, **p<0.01, ***p <0.001, ns: no significant difference

anti-CSFIR treatment, we observed less Ibal* cells
(~50% reduction) and almost absence of Ki67" cells in
rd10 retinas (Fig. 2A and B). Moreover, EQU incorpora-
tion demonstrated almost absence versus 30% of EdU*
cells among myeloid cells after anti-CSF1R versus isotype

control treatment in rd10 mice (Fig. 2C and D), providing
strong evidence of suppressed myeloid cell proliferation
after CSF1R inhibition. Given the crucial role of CSFIR
in microglia survival [21], we conducted TUNEL assay to
determine whether increased apoptosis also contributes
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Fig. 2 CSF1R neutralizing antibody attenuates myeloid cell proliferation in rd10 mice. (A) Representative confocal images showing Iba1 (green) and Ki67
(red) on the retinal flat mounts of P22 rd10 mice following the intravitreal injection of a CSF1R antibody or isotype control antibody. The images were
stacked images of myeloid cells located in the outer plexiform layer (OPL). Scale bar, 20 um. (B) Quantification of Iba1* cells (n=4 mice/group, p=0.0006).
Quantification of the percentage of Ki67* cells in Iba1* cells (=4 mice/group, p=0.0032). (C) Representative confocal images of retinal sections from
the central retina showing Iba1 (red) and EdU (green) on the retinal sections of P22 rd10 mice receiving CSF1R antibody or isotype control antibody. Cell
nuclei were stained with DAPI (blue). White arrowheads indicate EdU*Iba1* cells. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer.
Scale bar, 20 pm. (D) Quantification of Iba1* cells (n=4 mice/group, p=0.0003). Quantification of the percentage of EdU* cells in Iba1* cells (n=4 mice/
group, p=0.0006). (E) Representative confocal images of retinal sections from the central retina showing Iba1 (green) and TUNEL (red) on the retinal sec-
tions of rd10 mice receiving CSF1R antibody or isotype control antibody. Scale bar, 20 um. (F) Quantification of TUNEL" cells (n =4 mice/group, p=0.0055).
Quantification of double-positive TUNEL* Iba1* cells (n=4 mice/group, p=0.0074). Data are presented as mean =+ SD and analyzed using unpaired Stu-
dent’s t-test (B, D, F). **p < 0.01, ***p < 0.001
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to less Ibal™ population. We observed TUNEL label-
ling in apoptotic photoreceptors being phagocytosed by
Ibal* cells in the isotype control antibody group, whereas
no TUNEL labelling in Ibal* cell nuclei were identi-
fied in anti-CSF1R group (Fig. 2E and F), indicating that

10
stimulation strength (cd.s/m?)

0

10
stimulation strength (cd.s/m?)

CSFIR inhibition impacts proliferation rather than sur-
vival of myeloid cells in this case. Furthermore, qPCR
analysis showed that anti-CSF1R downregulated the gene
expression of CSFIR signaling including CSF1R, CSF1,
IL-34, PU.1, and C/EBPa (Fig. 3A) and pro-inflammatory
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Fig. 3 CSF1R neutralizing antibody ameliorates neuroinflammation and photoreceptor degeneration in rd10 mice. (A) gPCR analysis of CSF1R signal-
ing (CSF1R, p=0.0005; CSF1, p=0.002; IL-34, p=0.0083; PU.1, p=0.0018; C/EBPq, p=0.0024) and (B) pro-inflammatory response (IL.-13, p=0.0001; IL-6,
p=0.0002; TNF-a, p=0.0002) gene expression in rd10 mice treated with CSF1R antibody or isotype control antibody (n=4 mice/group). (C) Representa-
tive confocal images of retinal sections from the central retina showing cell nuclei (DAPI, blue) in retinal sections of rd 10 mice treated with CSF1R antibody
orisotype control antibody. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar, 20 um. (D) Quantification of the number of
nuclear rows in the ONL, representing photoreceptor survival between two groups (n=4 mice/group, p=0.0002). (E) Bar plots showing average a-wave
and B-wave amplitudes in scotopic or photopic electroretinogram (ERG) responses of rd10 mice treated with CSF1R antibody or isotype control antibody
(n=8 mice/group. Scotopic a-wave, 0.01 cd.s/m? p=0.0005; 0.1 cd.s/m? p=0.0113; 1 cd.s/m? p=0.0017; 3 cd.s/m? p=0.054. Scotopic B-wave, 0.01 cd.s/
m?, p=0.0019; 0.1 cd.s/m* p=0.1011; 1 cd.s/m? p=0.0395; 3 cd.s/m? p=0.0005. Photopic a-wave, 3 cd.s/m? p=0.0013; 10 cd.s/m? p=0.0195. Photopic
B-wave, 3 cd.s/m? p=0.0001; 10 cd.s/m? p=0.0003). Data are presented as mean+SD and analyzed using unpaired Student’s t-test (A, B, D, E). *p < 0.05,

**p<0.01, ***p <0.001, ns: no significant difference

mediators including IL-1p, IL-6, and TNF-a in rd10 mice
(Fig. 3B).

We further implemented systemic intervention tar-
geting CSF1R by administering PLX5622 via daily oral
gavage to rdl0 mice. PLX5622 is a selective CSFIR
antagonist previously shown to effectively deplete >90%
of microglia in the brain/retina following 7 days of con-
tinuous oral administration, with microglia beginning to
repopulate 7 days after treatment cessation [21, 22, 29,
32]. Therefore, our treatment began from P10 to allow
one-week period for PLX5622 to take effect before the
onset of degeneration. Similarly, we observed less Ibal*
cells (Supplementary Fig. 1A and B) and Ki67*Ibal* cells
(Supplementary Fig. 1C) in PLX5622-treated rd10 mice
than those treated with corn oil. qPCR analysis revealed
downregulated expression of CSF1R, PU.1, and C/EBPq,
and pro-inflammatory mediators IL-1f, IL-6, and TNF-a
in PLX5622-treated rd10 mice (Supplementary Fig. 1D).
Together, our data suggests that both intravitreal and sys-
temic CSFIR inhibition attenuates neurotoxic activation
of myeloid cells in rd10 mice.

CSF1R inhibition ameliorates photoreceptor degeneration

and preserves visual function in rd10 mice

To evaluate the impact of CSFIR inhibition in photore-
ceptor survival, we assessed rod survival by measuring
the thickness of ONL, which is predominantly composed
of rod photoreceptors. The regions in the superior cen-
tral retina that were located at 200 pm from the optic
nerve head were measured. We found a thicker ONL in
anti-CSF1R group compared to isotype control antibody
(13.5+0.6 rows vs. 7.0+0.5 rows, Fig. 3C and D), sug-
gesting that CSF1R inhibition substantially preserved
rod morphology. Consistently, TUNEL assay revealed
fewer apoptotic photoreceptors following anti-CSFI1R
treatment in rd10 mice (Fig. 2E and F). Furthermore, we
examined photoreceptor function by measuring electro-
retinograms (ERG). Scotopic ERG responses, recorded
under dark-adapted conditions, primarily reflect rod-
pathway function responsible for vision in dim light,
whereas photopic ERG responses, recorded under light-
adapted conditions, predominantly assess cone-pathway
function responsible for vision in bright light and color

perception [33]. We found better preserved photorecep-
tor function following anti-CSFIR treatment in rd10
mice, with higher a-wave (scotopic 0.01, 0.1,1 cd.s/m?
photopic 3, 10 cd.s/m?) and b-wave (scotopic 0.01, 1,
3 cd.s/m? photopic 3, 10 cd.s/m?) amplitudes compared
to control treatment (Fig. 3E). Similarly, PLX5622 treat-
ment in rd10 mice resulted in a significantly thicker
ONL compared to corn oil treatment (14.8+0.5 rows
vs. 7.8+ 0.5 rows, Supplementary Fig. 1E and F). We also
observed improved scotopic ERG responses, but not
photopic ERG responses in PLX5622-treated rd10 mice
(Supplementary Fig. 1G). Collectively, our findings dem-
onstrate that both intravitreal and systemic CSF1R inhi-
bition effectively preserved the morphology and function
of photoreceptors in rd10 retinas.

Exogenous CSF1 or IL-34 exacerbates neuroinflammation
and deteriorates visual function in rd10 mice

CSF1 and IL-34 bind to CSFIR to activate similar path-
ways with overlapping biological functions [34]; how-
ever, their distinct expression patterns in the retina
implicate their unique roles in retinal pathologies [35].
To investigate the involvement of CSF1 and IL-34, rd10
mice received intravitreal injections of recombinant
murine CSF1 or IL-34. We observed a moderate exac-
erbation in ONL thickness loss after recombinant IL-34
treatment, but not after recombinant CSF1R treatment,
compared to control PBS treatment (Fig. 4A and B). We
found no significant difference in the number of Ibal*
cells in rd10 mice treated with recombinant CSF1 or
IL-34 as compared to those treated with PBS (Fig. 4C
and D). However, following recombinant IL-34 treat-
ment, we observed upregulation of CSFIR, PU.1 and C/
EBPq, along with enhanced pro-inflammatory cytokines
IL-1pB, IL-6, and TNF-a compared to PBS group (Fig. 4E).
Recombinant CSF1 treatment upregulated C/EBPa
and IL-1( expression with other molecules unaffected
(Fig. 4E). We also found that either recombinant IL-34 or
CSF1 treatment in rd10 mice led to deterioration in sco-
topic and photopic ERG responses (Fig. 4F). Collectively,
these data suggest that the exogenous CSF1 or IL-34
exacerbates neuroinflammatory responses and impairs
visual function in rd10 mice, indicating CSF1 and IL-34
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combinatorially contribute to CSF1R-mediated neuro-
toxicity to photoreceptors.

Depletion of infiltrating monocyte-derived macrophages
inhibits pro-inflammatory responses and protects
photoreceptor function during RP
We delved deeper to illustrate the individual contribu-
tions from resident microglia and infiltrating macro-
phages to RP pathology through targeted depletion.
CX3CR1FP*/rd10 mice were used for myeloid cell visu-
alization and were administered clodronate liposomes
(CL) or PBS liposomes to deplete infiltrating mono-
cyte-derived macrophages. CL can be phagocytosed by
monocytes, triggering intracellular clodronate release
and subsequent cell apoptosis [36]. Because CL cannot
cross the blood-retina barrier (BRB) or blood-brain bar-
rier (BBB), it selectively depletes circulating monocytes
without affecting resident microglia [37, 38]. Since the
successful CL-induced depletion can usually be observed
48 h after intraperitoneal injection [39], CL was admin-
istered daily from P15 to ensure effective macrophage
clearance at early stage of degeneration (Fig. 5A). We
confirmed the integrity of the BRB/BBB in CL- or PBS-
treated CX3CR1%"/*/rd10 mice via Evans blue dye (Sup-
plementary Fig. 2A and B), which only penetrates the
CNS if these barriers are compromised. Spleen cryosec-
tions showed sparce Ibal*F4/80" cells in CL-treated mice
compared to PBS-treated mice (Supplementary Fig. 2C),
indicating effective macrophage depletion in the spleen.
Photoreceptor morphology analysis revealed mod-
erately preserved ONL thickness in CL-treated
CX3CR16F*/rd10 mice compared to PBS-treated mice
(4.8+0.3 rows vs. 2.8+0.3 rows, Fig. 5B and C). We
observed less GFP™ cells (~60% reduction) in CL-treated
CX3CR1%"#/rd10 mice (Fig. 5D and E). Less CD44
expression, a marker of infiltrating monocyte-derived
macrophages facilitating their trafficking at the BRB [40],
in GFP* cells verifies the depletion of infiltrating macro-
phages following CL treatment (Fig. 5D and E). Addition-
ally, the expression of CSFIR signaling genes (CSFIR,
CSF1, and C/EBPa) and pro-inflammatory mediators
(IL-1pB, IL-6, and TNF-a) was significantly reduced after
CL treatment (Fig. 5F). ERG measurements also pres-
ent improved retinal functionality in CL-treated mice
(Fig. 5G). Together, these results suggest that infiltrating
monocyte-derived macrophages partially contribute to
RP pathology network potentially via modulating CSF1R-
mediated neurotoxicity.

Depletion of resident microglia preserves photoreceptor
survival in RP

We next used the diphtheria toxin receptor (DTR) sys-
tem to conditionally deplete resident microglia [41-44].
CX3CR1-iDTR mice were crossed with rd10 mice to
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generate  CX3CR1“ER*/R26°TR*/rd10 mice, which
were given tamoxifen (TAM) from P1-P4 to induce Cre-
mediated recombination, followed by diphtheria toxin
(DT) administration from P17-P19 to deplete cells with
DTR expression (Fig. 6A). The interval between TAM
and DT administration allows the selective depletion of
microglia (slow turnover) while sparing macrophages
(rapid turnover). The control group did not receive TAM
or DT, as we have ruled out the impact of tamoxifen itself
(Supplementary Fig. 3A and B). We verified that periph-
eral CX3CR1* populations remained intact, as indicated
by comparable expression levels of Ibal and F4/80 in
spleen cryosections following microglia depletion (Sup-
plementary Fig. 3C).

We observed less GFP* Ibal* cells (~80% reduction),
retaining ramified state, in TAM/DT-treated CX3CR-
16 <ER*/R26IPTR* /rd10 mice than untreated controls
(Fig. 6B and C). qPCR analysis showed mildly damp-
ened CSFIR signaling and pro-inflammatory response,
as indicated by the decreased expression of CSFIR, C/
EBPq, and TNF-a in TAM/DT-treated CX3CR1<ER//
R26°T**/rd10 mice (Fig. 6D). Furthermore, the quantifi-
cation of the ONL thickness revealed a significant preser-
vation of photoreceptor morphology in TAM/DT-treated
CX3CR1°ER*/R26PTR*/rd10 mice than untreated con-
trols (13.3+0.9 rows vs. 4.0 + 0.6 rows, Fig. 6E and F). We
also observed significantly higher a- and b-wave ampli-
tudes following TAM/DT treatment in scotopic ERG
responses (Fig. 6G), indicating preserved photoreceptors
and visual function after microglia ablation. Collectively,
through targeted depletion, we reported cooperative con-
tribution of resident microglia and infiltrating macro-
phages in RP pathology.

Discussion

CSF1R signaling is frequently implicated in microglia-
mediated neurodegeneration, with its role in retinal
pathologies under constant debate due to conflicting
evidence across various disease contexts [28, 45-47]. In
the present study, we explored the role of CSFIR in the
context of RP. Through pharmacological and genetic
approaches, we identified CSF1R as a key regulator of
neurotoxic myeloid cell activation during RP. Both intra-
vitreal CSF1R-neutralizing antibodies and systemic
PLX5622 administration achieve neuroprotection to RP.
Importantly, our mechanistic study reveals a cooperative
contribution of resident microglia and infiltrating macro-
phages to RP degeneration. These results support CSF1R
as a promising combinatorial, mutation-agnostic thera-
peutic target for RP.

Through spatiotemporal analysis of CSF1R signaling in
rd10 mice, we identified its activation specifically in dis-
ease-associated myeloid cells actively involved in degen-
eration process. This prompted us to investigate whether
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Fig. 4 Recombinant CSF1 and IL-34 deteriorates neuroinflammation and photoreceptor function in rd10 mice. (A) Representative confocal images of
retinal sections from the central retina showing cell nuclei (DAPI, blue) in retinal sections of rd 10 mice treated with an intravitreal injection of recombinant
CSF1, IL-34, or PBS. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar, 20 um. (B) Quantification of the number of nuclear
rows in the ONL, representing photoreceptor survival among three groups (n=4 mice/group, F(2, 9)=7.929, p=0.0103; rd10+ PBS versus rd10+Re CSF1,
p=0.2569; rd10+PBS versus rd10+ Re IL.-34, p=0.0082; rd10 + Re CSF1 versus rd10+ Re IL-34, p=0.1124). (C-D) Representative confocal images and quan-
tification of Iba1-positive myeloid cells (green) located in the outer plexiform layer (OPL) on the retinal flat mounts of rd10 mice treated with recombinant
CSF1, IL-34, or PBS. Scale bar, 20 um. (n=4 mice/group, F(2, 9)=3.75, p=0.0654; rd 10+ PBS versus rd10+Re CSF1, p=0.8755; rd10+PBS versus rd 10+ Re
IL-34, p=0.0695; rd10+Re CSF1 versus rd10+Re IL-34, p=0.1479). (E) gPCR analysis of CSF1R signaling (CSF1R, PU.1, C/EBPa) and pro-inflammatory re-
sponse (IL-18, IL-6, TNF-a) gene expression in rd10 mice treated with recombinant CSF1, IL-34, or PBS (n=3 mice/group). CSF1R (F(2, 6)=19.81, p=0.0023;
rd10+PBS versus rd10+Re CSF1, p=0.0532; rd10+PBS versus rd10+Re IL.-34, p=0.0018; rd10+Re CSF1 versus rd10+Re IL-34, p=0.0389). PU.T (F(2,
6)=2341, p=0.0015; rd10+PBS versus rd10+Re CSF1, p=0.0564; rd10+PBS versus rd10+Re IL-34, p=0.0012; rd10+Re CSF1 versus rd10+Re IL-34,
p=0.0197). C/EBPa (F(2, 6)=29.07, p=0.0008; rd10+ PBS versus rd10+Re CSF1, p=0.0076; rd10+PBS versus rd10+Re IL-34, p=0.0007; rd10+Re CSF1
versus rd10+Re IL.-34, p=0.0702). IL-13 (F(2,6) =8.618,p=0.0172; rd 10+ PBS versus rd10+ Re CSF1, p=0.0429; rd 10+ PBS versus rd10+Re IL.-34,p=0.0188;
rd10+Re CSF1 versus rd10+Re IL-34, p=0.772). IL-6 (F(2, 6)=7.153, p=0.0258; rd10+PBS versus rd10+Re CSF1, p=0.102; rd10+ PBS versus rd10+Re IL-
34, p=0.0233; rd10+Re CSF1 versus rd10+Re IL-34, p=0.4916). TNF-a (F(2, 6) =25.95, p=0.0011; rd10+ PBS versus rd10+Re CSF1, p=0.0818; rd10+ PBS
versus rd10+Re 1L-34, p=0.0009, rd10+Re CSF1 versus rd10+Re IL-34, p=0.0102). (F) Bar plots showing average a-wave and B-wave amplitudes in
scotopic or photopic electroretinogram (ERG) responses of rd10 mice treated with recombinant CSF1, IL-34, or PBS (n=8 mice/group) (For the statistical
values, please refer to supplementary file 3). Data are presented as mean +SD and analyzed using One way ANOVA with Tukey's post hoc test (B, D, E, F).

*p<0.05, **p<0.01,***p<0.001, ns: no significant difference

CSF1R inhibition could have a protective effect. Com-
binatorial evidence from intravitreal anti-CSF1R treat-
ment and systemic PLX5622 administration showed that
CSFI1R inhibition reduced proliferation and activation of
myeloid cells, inhibited pro-inflammatory responses, and
effectively preserved photoreceptor survival and visual
function. Contrary to the prevalent perspective that
CSFIR inhibition primarily depletes microglia to achieve
its effects [48, 49], our study suggests that CSF1R inhibi-
tion notably restrained myeloid cell proliferation to bring
its impact in RP. This hypothesis is supported by: (1)
CSFI1R activation coincides with dramatic expansion of
myeloid cells; (2) Post CSF1R inhibition in rd10 mice, the
number of myeloid cells dropped to a level comparable to
untreated control C57BL/6] mice; (3) Downregulation of
PU.1 and C/EBPa - transcription factors pivotal for the
pro-mitogenic program [24]; (4) a decrease in EAU™ cells
and Ki67" cells; (5) Undetectable TUNEL*Iba* cells upon
CSFI1R inhibition in rd10 mice. The predominant role of
CSF1R in myeloid cell proliferation rather than depletion
could be attributed to varying pathological contexts [24,
25, 50], the robust self-renewal capability of microglia
[51], and the specific strategies employed for CSFIR inhi-
bition (intervention approach, dose-ranging, and timing)
[52].

IL-34 and CSF1 activate CSF1R in a similar fashion, but
showing distinct expression pattern depending on niche
and health/disease conditions [52-55]. In homeostatic
retinas, IL-34 is selectively expressed by retinal ganglion
cells to support the survival of microglia located in the
inner plexiform layer (IPL), thereby contributing to visual
function [35]. However, the functionality of IL-34 and
CSF1 in retinal pathologies remains unidentified. Here,
we introduced exogenous IL-34 and CSF1 into rd10 eyes
and observed escalation of pro-inflammatory responses
and impaired photoreceptor function without further
accumulation of myeloid cells. It is possible that myeloid

cells already reached their maximum proliferation capac-
ity during the peak of degeneration, which could be
restricted by factors including nutritional support, cell
cycle constraints, and other transcription regulatory ele-
ments [56-59]. Based on our data, we suspect an over-
lapping function of IL-34 and CSF1 in pro-inflammatory
cytokine production. But the unique expression dynamic
of IL-34, upregulated in the early and downregulated in
the peak stage of RP, also implicates other non-overlap-
ping roles during RP progression. To further investigate
the functional divergence between IL-34 and CSF1 in the
near future, we propose using genetic models such as IL-
34laczllacZ mice [60] or CSF1V1 mice [61], crossed with
inducible CreER lines targeting specific myeloid cell pop-
ulations, and subsequently bred onto a RP genetic back-
ground. This approach would enable precise dissection
of ligand-dependent effects on retinal degeneration and
neuroinflammation.

Our work unravels a concurrent contribution of resi-
dent microglia and infiltrating monocyte-derived mac-
rophages to RP pathology, but interesting differences
exist between the two scenarios. In the case of resident
microglia depletion, we found more than 80% preserva-
tion in ONL thickness and substantial preservation of
scotopic ERG responses. Such a strong protective effi-
cacy is likely attributed to resident microglia being the
primary responder to local stimuli and crucial recruiter
of circulating macrophages. However, despite an obvi-
ous preservation in cone morphology (data not shown),
we did not identify difference in photopic ERG responses
following microglia depletion. A similar phenomenon
was also observed after PLX5622 administration. One
possible explanation is that cones may be more depen-
dent on supportive microglia-derived factors or more
sensitive to microglial loss than rods. Systemic PLX5622
may suppress microglial proliferation and inflammatory
activation but also compromise beneficial or homeostatic
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Fig. 5 Infiltrating monocyte depletion via clodronate liposome inhibits pro-inflammatory response and protects photoreceptor functions during RP. (A)
Scheme of clodronate liposome (CL) administration and time points for observation. (B) Representative confocal images of retinal sections from the cen-
tral retina showing cell nuclei (DAPI, blue) in retinal sections of CX3CR1 G /rd10 mice treated with daily intraperitoneal injection of clodronate liposome
or PBS liposome. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar, 20 um. (C) Quantification of the number of nuclear
rows in the ONL, representing photoreceptor survival between two groups (n=6 mice/group, p=0.001). (D) Representative confocal images showing
GFP (green) and CD44 (red) on the retinal flat mounts of CX3CR1°7P+/rd10 mice treated with clodronate liposome or PBS liposome. The images were
stacked images of myeloid cells located in the outer plexiform layer (OPL). Scale bar, 20 um. (E) Quantification of GFP* cells (n=3 mice/group, p=0.0007).
Quantification of the percentage of CD44* cells in GFP* cells (n=3 mice/group, p=0.0144). (F) gPCR analysis of CSF1R signaling (CSF1R, p=0.0453; CSF1,
p=0.0005; IL-34, p=0.2607; PU.1, p=0.2323; C/EBPq, p=0.0209) and pro-inflammatory response (IL-13, p=0.0041; IL-6, p=0.0006; TNF-a, p=0.0028) gene
expression in CX3CR1°7"*/rd10 mice treated with clodronate liposome or PBS liposome (n=4 mice/group). (G) Bar plots showing average a-wave and
B-wave amplitudes in scotopic or photopic electroretinogram (ERG) responses of CX3CR1F”*/rd10 mice treated with clodronate liposome or PBS lipo-
some (n=6 mice/group, scotopic a-wave, 0.01 cd.s/m? p=0.738; 0.1 cd.s/m? p=0.2096; 1 cd.s/m? p=0.0129; 3 cd.s/m? p=0.0257. Scotopic B-wave,
0.01 cd.s/m? p=0.0479; 0.1 cd.s/m? p=0.0067; 1 cd.s/m? p=0.0128; 3 cd.s/m? p=0.008. Photopic a-wave, 3 cd.s/m? p=0.0139; 10 cd.s/m? p=0.0231.
Photopic B-wave, 3 cd.s/m? p=0.0027; 10 cd.s/m? p=0.0149). Data are presented as mean +SD and analyzed using unpaired Student’s t-test (C, E, F, G).
*p<0.05, **p<0.01,***p<0.001, ns: no significant difference
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Fig. 6 Resident microglia deletion protects photoreceptors and retinal functions during RP. (A) Scheme of tamoxifen (TAM) and diphtheria toxin (DT)
administration in CX3CR1<E¥*/R2610T"* /rd10 mice to deplete resident microglia and time points for observation. (B) Representative confocal images
showing GFP (green) and Ibal (red) on the retinal flat mounts of TAM/DT-treated or untreated CX3CR1CE+/R26P™*/rd 10 mice. The images were
stacked images located in the outer plexiform layer (OPL). Scale bar, 20 um. (C) Quantification of Iba1* cells in the OPL (n=3 mice/group, p=0.0049).
(D) gPCR analysis of CSF1R signaling (CSF1R, p=0.0082; CSF1, p=0.6057; IL-34, p=0.6802; PU.1, p=0.0608; C/EBPq, p=0.0267) and pro-inflammatory
response (IL-1B3, p=0.2504; IL.-6, p=0.7938; TNF-a, p=0.0113) gene expression in TAM/DT-treated or untreated CX3CR1CER/R26P™* /rd 10 mice (n=3
mice/group). (E) Representative confocal images of retinal sections from the central retina showing cell nuclei (DAPI, blue) in retinal sections of TAM/
DT-treated or untreated CX3CR1<*E¥*/R26°™*/rd 10 mice. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar, 20 pm.
(F) Quantification of the number of nuclear rows in the ONL, representing photoreceptor survival (n=3 mice/group, p=0.0009). (G) Bar plots showing
average a- and B-wave amplitudes in scotopic or photopic electroretinogram (ERG) responses of TAM/DT-treated or untreated CX3CR1< ¢V +/R26 10TV +/
rd10 mice (n=6 mice/group, scotopic a-wave, 0.01 cd.s/m? p=0.1844; 0.1 cd.s/m? p=0.0023; 1 cd.s/m? p<0.0001; 3 cd.s/m? p<0.0001. Scotopic B-wave,
0.01 cd.s/m? p=0.0013; 0.1 cd.s/m? p=0.0017; 1 cd.s/m? p=0.0102; 3 cd.s/m?, p=0.0032. Photopic a-wave, 3 cd.s/m?, p=0.3452; 10 cd.s/m?, p=0.4025.
Photopic B-wave, 3 cd.s/m? p=0.9885; 10 cd.s/m? p=0.14). Data are presented as mean +SD and analyzed using unpaired Student’s t-test (C, D, F, G).

*p<0.05, **p<0.01, ***p <0.001, ns: no significant difference

microglial functions, particularly those important
for cone maintenance. Indeed, Wang et al. found that
although microglia are not acutely necessary for retinal
architecture or neuron survival, their prolonged absence
can lead to photoreceptor synapse degeneration and sub-
sequent functional decline to light response [62]. Funatsu
et al. also reported that PLX5622 administration from
P21 to P31 in rd10 mice resulted in almost complete
depletion of microglia and decrease of cone density [20].
Therefore, a delicate balance exists between the beneficial
effects from less microglia-derived neurotoxicity and the
detrimental impact from compromised synaptic function
due to microglia depletion, a topic that warrants further
investigation.

In the case of infiltrating monocyte-derived macro-
phage depletion, we observed a relative mild impact in
rod protection. Instead, we observed a significant sup-
pression in pro-inflammatory cytokine expression. This
aligns with multiple studies showing that knockout of
CCL2/CCR2, crucial axis for monocyte recruitment,
resulted in mild photoreceptor degeneration and signifi-
cant decreased expression of pro-inflammatory media-
tors like NLRP3, IL-1B, MCP1 [63, 64]. Zhao et al. also
reported that infiltrating macrophages contribute less
to the phagocytic clearance of photoreceptors than resi-
dent microglia [9]. Therefore, we propose that monocyte-
derived macrophages preferentially contribute to RP
pathology via secretion of neurotoxic mediators.

We acknowledge that while CSF1R plays a significant
role in regulating myeloid cell behavior in RP, it is part of
a broader regulatory landscape. Microglial activation and
neuroinflammation are regulated by a complex network
of upstream and parallel pathways, including TREM2,
CX3CR1, TAK1, COX-1, TLR signaling [8, 10, 19, 65,
66], which may interact with or operate independently
of CSF1R. Moreover, the current study relies on pharma-
cological intervention to modulate CSFIR and employs
cell ablation strategies to infer synergy between resident
microglia and infiltrating macrophages. While these
approaches provide valuable insights, several key mech-
anistic questions remain to be resolved. Specifically: (1)

the dominant contribution of either resident microglia or
infiltrating macrophages in driving neuroinflammation
has not been clearly defined; (2) the nature of crosstalk
between these two populations—whether their effects are
additive, synergistic, parallel, or mediated through direct
or indirect communication—remains to be elucidated;
and (3) the differential impact of CSFIR signaling on
microglia versus macrophages in the degenerative retina
is not yet fully understood. To address these gaps, future
studies might incorporate strategies with greater cellular
and molecular resolution. This includes the use of more
specific markers (e.g. Tmem119, P2ryl2 for microglia;
CD45"8h, CD11b*Ly6c* for infiltrating macrophages),
high resolution approaches like single-cell RNA sequenc-
ing [13], and fate mapping techniques using transgenic
mouse models like Tmem119<"ERT2 (targeting resident
microglia) [67] and CCR2¢™ER (targeting monocytes)
[68]. These tools will be critical for deepening mechanis-
tic understanding and guiding the rational design of tar-
geted therapies for retinal degeneration.

Although we provide evidence that CSF1R inhibition
offers a valid path to mitigate RP pathology, several trans-
lational challenges must be addressed. Safety and target
specificity remain critical concerns, as CSFIR is broadly
expressed in peripheral macrophages, and systemic or
off-target inhibition may cause unintended immune sup-
pression and tissue dysfunction [69, 70]. The long-term
effects of modulating myeloid CSF1R activity also remain
unclear. Additionally, optimizing therapeutic timing, dos-
age, and delivery is essential, especially given that our
findings only implicate preventive efficacy at early stages
of degeneration and detailed pharmacokinetic data are
lacking. Demonstrating mutation-agnostic efficacy and
identifying responsive patient subgroups will require
validation in animal models [71] and patient-derived
iPSC retinal organoids with diverse genetic backgrounds
[72, 73]. Notably, the favorable outcomes of minocycline,
an antibiotic known to suppress microglial activation
and proliferation, in a recent RP clinical trial [12] rein-
force our hypothesis that targeting microglia/myeloid
pathways represents a viable, mutation-independent
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therapeutic strategy [8]. We remain confident that, upon
overcoming these translational hurdles, dual-targeting
CSF1R signaling holds strong potential for RP treatment.
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