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Abstract

Background: Platelet factor 4 (PF4/CXCL4) is a chemokine with reported anti-angiogenic and immunomodulatory properties; how-
ever, the role of PF4 in neovascular age-related macular degeneration (nAMD) remains unclear. Thus, this study aimed to evaluate the
therapeutic potential of PF4 in experimental models of ocular pathological neovascularization and explored the underlying mechanisms.
Methods: PF4 expression was assessed in a laser-induced choroidal neovascularization (CNV) mouse model using quantitative real-
time PCR (qRT-PCR), enzyme-linked immunosorbent assay (ELISA), and immunofluorescence. Recombinant PF4 was administered
intravitreally in laser-induced CNV mice and very low-density lipoprotein receptor knockout (V1dlr/") mice, a model of spontaneous
retinal neovascularization with retinal angiomatous proliferation (RAP)-like lesions. Pathological neovascularization and vascular leak-
age were quantified by fundus fluorescein angiography and choroidal/retinal flat-mount analyses. Immunofluorescence, qRT-PCR, and
RNA sequencing were employed to evaluate inflammatory responses. Moreover, the effects of PF4 on vascular endothelial growth
factor (VEGF)-induced proliferation, migration, and tube formation of human retinal microvascular endothelial cells were examined in
vitro, and VEGF-mediated signaling was analyzed by Western blotting. Ocular safety was assessed by optical coherence tomography
(OCT), electroretinography (ERG), hematoxylin and eosin (H&E) staining, and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. Results: Intravitreal PF4 significantly reduced pathological neovascularization and vascular leakage in both
models and attenuated intraocular inflammation, as indicated by decreased expression of proinflammatory cytokines and reduced mi-
croglial/macrophage recruitment. PF4 inhibited VEGF-induced endothelial cell proliferation, migration, and tube formation in vitro.
Mechanistically, PF4 downregulated VEGF expression in CNV lesions in vivo and suppressed VEGF-induced activation of vascular
endothelial growth factor receptor 2 (VEGFR2) and downstream extracellular signal-regulated kinase (ERK), protein kinase B (AKT),
and signal transducer and activator of transcription 3 (STAT3) signaling in vivo and in vitro. PF4 administration was well tolerated, with
no detectable adverse effects on retinal structure or function. Conclusions: PF4 effectively inhibits ocular pathological neovasculariza-
tion and inflammation by modulating the VEGF/VEGFR2 signaling pathway. These findings support PF4 as a promising therapeutic
candidate for nAMD and warrant further investigation.
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1. Introduction

Age-related macular degeneration (AMD) is a leading
cause of irreversible vision loss in the elderly worldwide
[1]. It primarily manifests in two forms: the more preva-
lent dry (atrophic) type and the less common but visually
more devastating wet (neovascular) form [2]. Neovascular
AMD (nAMD) is characterized by pathological neovascu-
larization; these aberrant vessels are prone to leakage, hem-

orrhage, and eventual fibrotic scarring, leading to rapid and
severe central vision loss [3].

The pathogenesis of nAMD involves a complex inter-
play of genetic risk factors, pro-angiogenic signaling, and
chronic inflammation [4]. While several growth factors, in-
cluding FGF-2 and PDGF, contribute to this process [5],
vascular endothelial growth factor (VEGF) is established
as the principal driver, promoting endothelial cell prolifer-
ation, migration, and vascular permeability [6]. Concur-
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rently, innate immune activation, microglia/macrophages
recruitment, and the release of inflammatory cytokines
such as IL-13, IL-6, and TNF-« foster a pro-angiogenic
microenvironment that sustains and amplifies neovascular
growth [7-9]. Collectively, these observations underscore
that effective nAMD management likely requires therapeu-
tic strategies that address both angiogenesis and inflamma-
tion.

Current first-line therapy for nAMD relies on repeated
intravitreal injections of anti-VEGF agents, which have rev-
olutionized patient outcomes by effectively regressing neo-
vascularization and reducing exudation [10,11]. However,
significant limitations remain, including incomplete or non-
responsiveness in a subset of patients, the development of
tachyphylaxis with repeated dosing, a substantial treatment
burden, and the cumulative risks of endophthalmitis, ge-
ographic atrophy and fibrosis [12,13]. Moreover, conven-
tional anti- VEGF monotherapy does not adequately address
the inflammatory component of the disease, highlighting
the need for novel agents with broader mechanisms of ac-
tion [14].

Platelet factor 4 (PF4 or CXCL4), a cationic
chemokine abundantly released from activated platelets, is
a multifaceted regulator of vascular biology and immune
homeostasis [15]. While PF4 is well- established for its po-
tent heparin-neutralizing capacity, which localizes coagu-
lation at injury sites, it also exhibits robust anti-angiogenic
activity [16,17]. This function is particularly evident in
its inhibition of the VEGF-vascular endothelial growth
factor receptor 2 (VEGFR2) signaling axis—the principal
driver of angiogenesis [18]. Beyond these vascular func-
tions, emerging evidence underscores PF4’s role as an im-
munomodulator. PF4 has been shown to attenuate neuroin-
flammation, notably by reducing inflammatory factor ex-
pression in the hippocampi of aged mice and in glaucoma-
tous eyes, likely through direct or indirect regulation of mi-
croglia/macrophages activity [ 19,20]. However, its specific
expression, functional role, and therapeutic potential in the
context of nAMD have remained largely unexplored.

In the current study, we hypothesized that PF4
serves as a regulator capable of concurrently suppress-
ing pathological angiogenesis and mitigating intraocular
inflammation—a dual mechanism that could offer a strate-
gic advantage through a more comprehensive therapeutic
approach. Accordingly, this study was designed to sys-
tematically evaluate the therapeutic efficacy and underly-
ing molecular mechanisms of PF4 in experimental models
of nAMD, focusing on its effects on pathological neovascu-
larization, intraocular inflammation, VEGF signaling, and
intraocular safety.

2. Materials and Methods
2.1 Animals

Male C57BL/6J mice (6—8 weeks old) were obtained
from Beijing Vital River Laboratory Animal Technology

(Beijing, China). Vidir knockout (Vidlr-/") mice were gen-
erated via CRISPR/Cas9-mediated deletion of exons 2—11
of the Vidlr 207 transcript. The mice were maintained
under a 12-h light/dark cycle in a specific-pathogen-free
(SPF) facility at Tianjin Medical University. All procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Tianjin Medical University (No.
TMUaMEC 2024030) and conformed to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Re-
search. For euthanasia, mice were deeply anesthetized with
1.25% tribromoethanol (Avertin; Nanjing Aibei Biotech-
nology, Nanjing, China) administered intraperitoneally at
a dose of 0.2 mL/10 g body weight, followed by cervical
dislocation in accordance with the approved ethical guide-
lines.

2.2 Laser-Induced CNV Model

The laser-induced choroidal neovascularization
(CNV) model was established in C57BL/6] mice (68
weeks old) as previously described [21]. Briefly, mice were
anesthetized, pupils were dilated with 1% tropicamide, and
four laser spots (532 nm, 100 mW, 0.15 s, 100 um spot
size) were applied around the optic disc using a 532-nm
photocoagulation system (OcuLight GL, Iridex, Mountain
View, CA, USA). Formation of a cavitation bubble was
taken as confirmation of Bruch’s membrane rupture. Eyes
with retinal hemorrhage were excluded.

2.3 Intravitreal Injection

For intravitreal injections, the mice were anesthetized
with 2%-3% isoflurane in oxygen at a flow rate of 0.5
L/min, and maintained under anesthesia for the duration
of the injection procedure (approximately 5-10 min), and
pupils were dilated with 1% tropicamide (Singi Pharmaceu-
tical, Shenyang, Liaoning, China). A scleral entry site was
created with a 30-gauge needle, and a 34-gauge Hamilton
syringe was introduced into the vitreous cavity behind the
limbus. Mice were randomly assigned to receive 1 pL re-
combinant human PF4 (0.3 pg/uL in 2% BSA/PBS; R&D
Systems, Minneapolis, MN, USA) [22] or vehicle. Top-
ical 0.5% levofloxacin (Singi Pharmaceutical, Shenyang,
Liaoning, China) was applied before and after injection.
Eyes with injection-related hemorrhage or lens injury were
excluded from analysis.

2.4 Fundus Fluorescein Angiography (FFA)

FFA was performed at designated time points after
laser using a Micron IV retinal imaging system (Phoenix
Research Labs, Pleasanton, CA, USA). Mice were anes-
thetized and pupils dilated with 1% tropicamide. Fluores-
cein sodium (10%, 100 pL) was injected intraperitoneally,
and fundus images were acquired later. Leakage area for
each CNV lesion was measured in ImageJ (version 1.53t,
National Institutes of Health, Bethesda, MD, USA) by out-
lining the hyperfluorescent region surrounding the laser
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spot as described [21]. The mean leakage area per mouse
was calculated for statistical analysis.

2.5 Immunofluorescence of RPE-Choroid Flat-Mounts

For RPE—choroid flat mounts, mice were euthanized
and eyes were enucleated and fixed in 4% paraformalde-
hyde for 1 h. Posterior eyecups were dissected, per-
meabilized in 1% Triton X-100, and blocked in 3%
BSA/0.3% Triton X-100 in PBS. Tissues were incubated
with anti-CD31 and anti-Ibal primary antibodies, fol-
lowed by fluorophore-conjugated secondary antibodies,
and flat-mounted. Z-stack images of each laser lesion
were acquired using a confocal microscope (LSM 800; Carl
Zeiss, Oberkochen, Germany). CD31-positive neovascular
volume and Ibal-positive microglia/macrophages volume
were quantified using Imaris software (version 9.0.1, Bit-
plane AG, Zurich, Switzerland), and the mean value per
mouse was used for analysis. The entire procedure was per-
formed essentially as previously described [23]. Sources of
antibodies are listed in Table 1.

Table 1. Sources of antibodies used for immunofluorescence.

Antibody Cat. No. Company Dilution Ratio
anti PF4 21157-1-AP  Proteintech 1:200
anti CD31 MAB1398Z Millipore 1:150
anti Ibal 019-19741 Wako 1:200
anti VEGFA  81323-2-RR  Proteintech 1:200

PF4, platelet factor 4; CD31, cluster of differentiation 31;
Ibal, ionized calcium-binding adapter molecule 1; VEGFA,
vascular endothelial growth factor A.

2.6 Immunofluorescence of Retinal Sections

For retinal cryosections, eyes were fixed in 4%
paraformaldehyde, cryoprotected in 30% sucrose, embed-
ded in Optical Coherence Tomography (OCT) (Sakura
Finetek, Torrance, CA, USA), and sectioned at 20 um. Sec-
tions containing laser lesions were permeabilized, blocked
in 3% BSA containing 0.3% Triton X-100, and incubated
overnight at 4 °C with primary antibodies against CD31,
Ibal, vascular endothelial growth factor A (VEGFA), and
PF4, followed by the application of fluorophore-conjugated
secondary antibodies and DAPI. Sections were imaged by
confocal microscopy. Sources of antibodies are listed in
Table 1.

2.7 TUNEL Assay

Apoptosis was assessed in retinal sections using a
One-step TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling) Apoptosis Assay Kit (Cat# C1086,
Beyotime Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. Briefly, cryosections were
equilibrated, permeabilized, and incubated with TUNEL re-
action mixture, followed by DAPI counterstaining. Images
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were acquired using a confocal microscope (LSM 800; Carl
Zeiss, Oberkochen, Germany).

2.8 Cell Culture

Human retinal microvascular endothelial cells
(HRMECs; Procell Life Science & Technology, Wuhan,
China) were cultured in endothelial cell medium (ECM;
ScienCell Research Laboratories, Carlsbad, CA, USA)
supplemented with 5% fetal bovine serum (FBS), 1%
endothelial cell growth supplement (ECGS), and 1%
penicillin/streptomycin. Cells were maintained at 37 °C in
a humidified 5% COq incubator, and passages 3—6 were
used for the experiments. The HRMECs were validated by
short tandem repeat (STR) profiling and tested negative for
mycoplasma contamination by the supplier.

2.9 Cell Viability Assay (CCK-8)

HRMEC viability in response to PF4 and VEGF was
assessed using a CCK-8 assay (NCM Biotech, Suzhou,
China). Cells were treated with PF4 (0.25, 1, or 4 pg/mL)
for 24 h in the presence or absence of VEGF (50 ng/mL).
CCK-8 reagent was added for 60 min at 37 °C, and ab-
sorbance at 450 nm was measured. Data were normalized to
vehicle-treated or VEGF (Sino Biological, Beijing, China)
+ vehicle controls, as indicated, to identify a non-toxic, ef-
fective PF4 concentration for subsequent functional assays.

2.10 Proliferation Assay

HRMEC proliferation was evaluated using a 5-
ethynyl-2’-deoxyuridine (EdU) incorporation assay (Bey-
oClick™ EdU Cell Proliferation Kit; Cat# C0071S, Bey-
otime Biotechnology, Shanghai, China). Based on CCK-8
assays showing that 1 pg/mL PF4 was the minimum
concentration that significantly inhibited VEGF-induced
HRMEC proliferation without reducing basal viability, this
dose was used in subsequent in vitro assays. HRMECs were
pretreated with PF4 (1 pg/mL) for 1 h and then stimulated
with VEGF (50 ng/mL) for 24 h before EAU labeling and
detection.

2.11 Migration Assay

Cell migration was assessed using a scratch wound as-
say. HRMEC monolayers in 12-well plates were scratched
with a 200-pL pipette tip and washed to remove debris.
Cells were pretreated with PF4 (1 pg/mL) for 1 h and then
stimulated with VEGF (50 ng/mL). Images were acquired
at 0 and 12 h, and wound closure was quantified in Imagel.

2.12 Tube Formation Assay

For tube formation, HRMECs were seeded onto
growth factor-reduced Matrigel in 96-well plates. Cells
were pretreated with PF4 (1 pg/mL) for 1 h and then ex-
posed to VEGF (50 ng/mL). After 6 h, capillary-like net-
works were imaged, and total tube length and branch points
were quantified using the Angiogenesis Analyzer plugin in
Imagel.
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Table 2. Primer sequences used in the experiment.

Gene Forward Reverse

Gapdh  TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
Vegfa GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT
Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

111D CTTTCCCGTGGACCTTCCA

116 TAGTCCTTCCTACCCCAATTTCC
ATGGCAGACGATGATCCCTAC

Nfkb1

CTCGGAGCCTGTAGTGCAGTT
TTGGTCCTTAGCCACTCCTTC
CGGAATCGAAATCCCCTCTGTT

Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Vegfa, vascular endothelial growth
factor A; Tnf, tumor necrosis factor; ///b, interleukin-1 beta; //6, interleukin-6; Nfkbl,

nuclear factor kappa-B subunit 1.

2.13 Enzyme-Linked Immunosorbent Assay (ELISA)

PF4 levels in retina—choroid complexes were deter-
mined using a commercial ELISA kit (Cat# ML037257,
Shanghai Enzyme-linked Biotechnology, Shanghai,
China). Tissues were homogenized in PBS and cen-
trifuged, and supernatants were processed according to
the manufacturer’s protocol. Absorbance at 450 nm was
recorded, and PF4 concentrations were calculated from a
standard curve and normalized to total protein.

2.14 Western Blot Analysis

Protein was extracted from HRMECs or retina—
choroid complexes using RIPA buffer with protease and
phosphatase inhibitors. Protein concentrations were deter-
mined by BCA assay. Equal amounts of protein were sepa-
rated by SDS-PAGE and transferred to PVDF membranes,
blocked with 5% non-fat milk, and incubated overnight at
4 °C with primary antibodies against phospho-ERK (Cat#
9101S), total ERK (Cat# 9102S), phospho-AKT (Cat#
2965T), total AKT (Cat# 4691T), phospho-STAT3 (Cat#
4113T), total STAT3 (Cat# 4904T), VEGFR2 (Cat# 9698),
(all 1:1000; Cell Signaling Technology, Danvers, MA,
USA), B-actin (Cat# 4967L, 1:5000; Cell Signaling Tech-
nology, Danvers, MA, USA), and VEGFA (1:1000; Cat#
66828-1-1g, Proteintech, Wuhan, China). After incubation
with HRP-conjugated secondary antibodies, signals were
visualized by enhanced chemiluminescence and quantified
in ImagelJ. All procedures were performed essentially as
previously reported [24].

2.15 Quantitative Real-Time PCR

Total RNA from retina—choroid complexes was iso-
lated using a commercial RNA extraction kit (Cat#
ACO0101, Sparkjade, Jinan, Shandong, China) and reverse-
transcribed using Hifair III 1st Strand cDNA Synthesis
SuperMix (Cat# 11141ES10, Yeasen, Shanghai, China).
qPCR was performed with Hieff® qPCR SYBR Green
Master Mix (Low Rox Plus) (Cat# 11202ES60, Yeasen,
Shanghai, China) on a LightCycler 480 II system (Roche
Diagnostics, Basel, Switzerland). The relative mRNA ex-
pression levels of target genes were normalized to the inter-
nal control Gapdh and quantified using the 2~24¢ method.
The primer sequences are listed in Table 2.

2.16 RNA Sequencing and Bioinformatic Analysis

For transcriptomic analysis, retina—choroid com-
plexes were collected from uninjured controls, laser-injured
mice receiving vehicle, and laser-injured mice receiving
PF4 (n=3 per group) at day 7 after laser. Tissues were snap-
frozen in liquid nitrogen and stored at —80 °C. RNA ex-
traction, library preparation, sequencing, and bioinformatic
analysis were performed by Majorbio (Shanghai, China).

2.17 OCT

Spectral-domain OCT (Micron IV, Phoenix Research
Labs) was used to assess retinal structure at designated time
points after intravitreal injection. Mice were anesthetized
and pupils dilated. Circular volume scans centered on the
optic disc were obtained, and retinal thickness was mea-
sured on ImageJ by masked graders.

2.18 Electroretinography (ERG)

Full-field ERGs were recorded using a Celeris D430
system (Diagnosys, Lowell, MA, USA) as described [25].
Mice were dark-adapted overnight, anesthetized under dim
red light, and pupils dilated with tropicamide. Corneal elec-
trodes with integrated stimulators were placed on lubricated
corneas, and scotopic responses were elicited at 0.01, 0.1,
and 1 cd-s/m?. a- and b-wave amplitudes were analyzed.

2.19 Retinal Toxicity Evaluation

To evaluate the potential retinal toxicity of PF4,
C57BL/6] mice received a single intravitreal injection of
PF4 (0.3 pg in 1 uL) or vehicle (PBS) on day 0. At day 7
post-injection, the mice were subjected to a series of safety
assessments. First, fundus imaging and OCT were per-
formed to examine the gross morphology and retinal thick-
ness. Subsequently, retinal function was assessed using
ERG as described in the previous section. Following func-
tional testing, the mice were euthanized, and the eyes were
harvested for histological analysis, including hematoxylin
and eosin (H&E) staining to evaluate structural integrity
and a TUNEL assay to detect cell apoptosis.
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Fig. 1. PF4 expression after laser application. (A) P/4 mRNA levels in the laser lesions of adult mice (6—8 weeks old) at the indicated

time points after laser injury, measured by quantitative real-time PCR (qQRT-PCR). n = 7 eyes (from 4 mice) per group. (B) PF4 protein

levels, measured by ELISA. n=4 eyes (from 3 mice) per group. (C) Representative immunofluorescence images of PF4 (green) and CD31

(red) in cross-sections of the retinas from Normal control and laser-induced CNV mice at day 7 post-injury; nuclei are counterstained

with DAPI (blue). Scale bar =20 um. Data are shown as mean &= SEM. ns p > 0.05. Two-tailed Student’s z-test was used for comparison

between two groups (A and B). PF4, platelet factor 4; ELISA, enzyme-linked immunosorbent assay; CNV, choroidal neovascularization;
DAPI, 4°,6-diamidino-2-phenylindole; SEM, standard error of the mean.

2.20 Statistical Analysis

Data were analyzed using GraphPad Prism version 10
(GraphPad Software, San Diego, CA, USA). All results are
expressed as mean =+ standard error of the mean (SEM). For
comparisons between two groups, an unpaired two-tailed
Student’s t-test was performed. For comparisons among
multiple groups, one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used. A p value of
less than 0.05 was considered statistically significant.
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3. Results
3.1 PF4 Expression in Laser-Induced CNV

To define PF4 expression in mouse CNV, we mea-
sured PF4 expression in a laser-induced CNV mouse
model (Fig. 1A-C). Quantitative real-time PCR (qRT-
PCR) showed that Pf4 mRNA levels were not significantly
changed at day 7 after laser injury in posterior segment tis-
sues compared with Normal control (i.e., untreated healthy
mice) (Fig. 1A). Consistently, ELISA detected no signifi-
cant difference in PF4 protein levels in posterior eye lysates
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Fig. 2. PF4 administration attenuates vascular leakage and choroidal neovascularization in a laser-induced mouse model of
CNWV. (A) Schematic of the laser injury, intravitreal injection, and analysis schedule. (B) Representative longitudinal paired FFA images
showing vascular leakage in the same eyes at days 3 and 7 after laser injury in vehicle- and PF4-treated mice. (C) Quantification of
leakage area at days 3 and 7 is shown in (B). n = 30 lesions from 5 mice per group. (D) Representative confocal images of RPE—choroid
flat mounts at day 7 after laser injury from vehicle- and PF4-treated mice, stained for CD31 (green) to visualize CNV lesions. Scale bar
=50 pm. (E) Quantification of CNV volume shown in (D), assessed as CD31-positive fluorescence volume. n = 32 lesions from 5 mice
per group. (F) Representative retinal sections stained with H&E from Normal, vehicle-treated, and PF4-treated mice. Scale bar =50 um.
Data are shown as mean + SEM. **p < 0.01. Two-tailed Student’s ¢-test was used for comparison between two groups. FFA, fundus
fluorescein angiography; RPE, retinal pigment epithelium; H&E, hematoxylin and eosin. Fig. 2A was created using Adobe Illustrator
2025.
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Fig. 3. PF4 administration attenuates vascular leakage retinal neovascularization in Vldlr/- mice. (A) Representative confocal
images of retinal flat mounts from wild-type (WT), vehicle-treated V1dlr/-, and PF4-treated V1dlr/~ mice following CD31 (red) im-
munostaining. Whole-mount views, magnified regions (zoomed in), images from the RPE side, and corresponding three-dimensional
(3D) reconstructions illustrating abnormal vascular growth are shown. Scale bar = 500 pm (whole mount), 167 pm (zoomed in), 50 um
(RPE side), and 50 pm (3D). (B,C) Quantifications of the lesion number and lesion area are shown in (A). n = 6 eyes (from 3 mice)
per group. (D) Adult V1dIr/~ mice received intravitreal injections of the indicated treatments (Vehicle or PF4) and were analyzed on
day 7. Representative FFA images show vascular leakage at baseline (day 0, pre-injection) and at day 7 post-injection in Vehicle-treated
VIdlr/~ and PF4-treated V1dlr/~ mice, compared with age-matched healthy WT controls. (The two WT images are biological replicates
from independent mice, demonstrating the consistent absence of vascular leakage in healthy retinas.) (E) Quantification of leakage area
post-treatment is shown in (D). n = 6 eyes (from 3 mice) per group. Data are shown as mean + SEM. *p < 0.05, **p < 0.01. Two-tailed

Student’s ¢-test was used for comparison between two groups. V1dlr/-, very low-density lipoprotein receptor knockout.

at day 7 post-laser (Fig. 1B). Immunofluorescence further 3.2 PF4 Inhibits Pathological Neovascularization in

revealed only weak PF4 signals in both Normal and laser- ~ Multiple Mouse Models

injured eyes, without an apparent increase within laser le-

sions (Fig. 1C). To investigate the role of PF4 in pathological neo-
vascularization, we initially utilized a laser-induced mouse
model of CNV. Six-week-old mice underwent laser in-
duction, followed by intravitreal injection of PF4 protein
(Fig. 2A). We first assessed the hallmark feature of CNV,
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vascular leakage, by FFA on day 3 post-laser. FFA im-
ages demonstrated that dye leakage was markedly reduced
in PF4-treated mice at days 3 and 7 after laser injury
(Fig. 2B). Quantitative analysis further confirmed this ro-
bust inhibitory effect, showing a significant reduction in
leakage area in the PF4-treated group at both time points
(Fig. 2C). We then evaluated the extent of neovascular-
ization by performing CD31 immunofluorescence staining
on RPE—choroid flat mounts at day 7 post-laser. Repre-
sentative confocal images revealed that CNV lesions were
noticeably smaller in PF4-treated mice than in Vehicle
(i.e., mice injected with the carrier solution without PF4)
(Fig. 2D). Quantification of CNV volume corroborated
these findings, demonstrating a significant decrease in le-
sion volume in the PF4-treated group (Fig. 2E). To validate
these results histologically, we performed H&E staining on
retinal cross-sections. H&E images showed a clear reduc-
tion of CNV lesions in PF4-treated eyes (Fig. 2F).

To further evaluate the protective role of PF4, we
employed the VIdlr/~ mouse model, which recapitulates
key features of human neovascular retinal diseases [26].
VIdlr/~ mice develop pathological retinal neovasculariza-
tion (PRNV) from postnatal day 11 (P11), accompanied by
progressive retinal ischemia, breakdown of the outer blood—
retinal barrier, and functional decline. This pathology stems
from impaired RPE lipid transport, resulting in HIF-driven
upregulation of proangiogenic factors such as VEGF, mir-
roring the pathogenesis of proliferative diabetic retinopathy
and nAMD [27].

We intravitreally injected PF4 or vehicle into V1dlr/~
mice at P11 and analyzed retinal angiogenesis at P18. CD31
immunostaining of retinal flat mounts revealed marked re-
duction in neovascular lesions in PF4-treated eyes com-
pared with Vehicle, with higher-magnification and three-
dimensional (3D)-reconstructed images further demon-
strating attenuated aberrant vascular growth (Fig. 3A).
Quantitative analysis confirmed that PF4 significantly de-
creased both the number and area of neovascular lesions
(Fig. 3B,C). Similarly, in adult V1dlr/~ mice, PF4 injec-
tion reduced vascular leakage, as evaluated by FFA at base-
line (i.e., the pre-injection time point, day 0) and 7 days
post-injection (Fig. 3D). Quantification showed a signifi-
cant improvement in vascular leakage following PF4 treat-
ment (Fig. 3E).

3.3 PF4 Suppresses Intraocular Inflammation Induced by
Laser Injury

Because inflammation contributes to CNV, we exam-
ined whether PF4 modulates laser-induced inflammatory
responses. Compared with vehicle, PF4 significantly re-
duced mRNA levels of Il1b, 116, Tnf, and Nfkbl in pos-
terior segment retinal tissues at day 7 post-laser injury
(Fig. 4A). We next assessed microglia/macrophages recruit-
ment at lesion sites. Immunostaining showed fewer Ibal™
microglia/macrophages with reduced aggregation in PF4-

treated eyes (Fig. 4B), and quantitative analysis confirmed
reduced Ibal™ microglia/macrophages volume within le-
sions (Fig. 4C).

To comprehensively characterize PF4-mediated tran-
scriptomic changes, we performed bulk RNA sequenc-
ing of retina—choroid complexes from Normal, vehicle-
treated, and PF4-treated mice. Hierarchical clustering
of differentially expressed genes (DEGs) across the three
groups revealed clearly segregated expression profiles
(Fig. 4D). Vehicle-treated samples displayed a pronounced
proinflammatory signature, whereas PF4-treated samples
formed a distinct cluster whose expression pattern par-
tially shifted toward that of Normal controls, suggest-
ing that PF4 counteracts injury-induced inflammatory re-
programming. Differential expression analysis between
the Vehicle and PF4 groups showed that PF4 induced
widespread transcriptional remodeling (Fig. 4E). PF4 sig-
nificantly downregulated a broad set of inflammation-
related genes, including chemokines, cytokines, adhesion
molecules, and genes associated with leukocyte traffick-
ing and microglia/macrophages activation, while genes in-
volved in tissue homeostasis were relatively preserved.
We interrogated the biological processes associated with
PF4-regulated genes using GO enrichment analysis. PF4-
downregulated DEGs were predominantly enriched in
terms related to innate immune responses, cytokine produc-
tion, regulation of inflammatory responses, and responses
to external stimuli (Fig. 4F), indicating broad suppression
of inflammatory activation programs. We then examined
pathway changes using KEGG enrichment analysis, which
revealed that PF4 strongly inhibited signaling cascades im-
plicated in retinal inflammation and leukocyte recruitment,
including the NF-xB and JAK—STAT signaling pathways,
chemokine signaling, cell adhesion molecule pathways,
leukocyte transendothelial migration, and immune-related
pathways (Fig. 4G).

3.4 PF4 Downregulates VEGF Expression in CNV Lesions

Given that inflammatory mediators can induce
VEGFA expression [28—-33], we tested whether PF4 affects
VEGFA levels in laser-induced CNV. Compared with the
Normal control group, laser photocoagulation markedly
increased VEGFA protein expression in the RPE—choroid
complex, whereas PF4 treatment significantly attenuated
this upregulation (Fig. 5A,B). Consistent with the western
blot results, immunofluorescence staining of sections
through the laser lesions revealed strong immunoreactivity
of VEGFA around CD31-positive neovessels in the ve-
hicle group, which was markedly reduced in PF4-treated
eyes (Fig. 5C). These findings suggest that PF4 may
inhibit CNV formation at least in part by suppressing
inflammation-driven upregulation of VEGFA.
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Fig. 4. PF4 suppresses intraocular inflammation induced by laser injury. (A) Relative mRNA expression of Il1b, 116, Tnf, and
Nfkb1 in the posterior segment 7 days after laser photocoagulation in vehicle- and PF4-treated eyes. (B) Representative confocal images
of laser lesions from vehicle- and PF4-treated retinas immunostained for Ibal (red) and CD31 (green), with nuclei counterstained with
DAPI (blue). Scale bar = 50 um. (C) Quantification of Ibal ™ microglia/macrophages volume within the laser lesions shown in (B). n =
32 lesions (from 5 eyes) per group. (D) Heatmap of differentially expressed genes in retina—choroid complexes from Normal, vehicle-
treated, and PF4-treated mice. (E) Volcano plot of differentially expressed genes in PF4-treated versus vehicle-treated groups. (F) GO
enrichment analysis of differentially expressed genes between PF4- and vehicle-treated groups. (G) KEGG pathway enrichment analysis
of differentially expressed genes between PF4- and vehicle-treated groups. n = 3 eyes (from 3 mice) per group for RNA sequencing.
Data are shown as mean = SEM. *p < 0.05, **p < 0.01. Two-tailed Student’s ¢-test was used for comparison between two groups. I11b,
interleukin-1 beta; 116, interleukin-6; Tnf, tumor necrosis factor; Nfkb1, nuclear factor kappa-B subunit 1; GO, Gene Ontology; KEGG,

Kyoto Encyclopedia of Genes and Genomes.
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Fig. 5. PF4 attenuates VEGFA expression in laser-induced CNYV lesions. (A) Representative immunoblot of VEGFA expression in
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of VEGFA protein levels normalized to S-actin and expressed as fold change relative to the sham group. n = 4 eyes (from 4 mice) per

group. (C) Representative confocal images of posterior segment from laser-injured eyes treated with vehicle or PF4, showing VEGFA

(green), CD31-positive vascular endothelium (red), and nuclei (DAPI, blue), scale bar =20 pm. Data are shown as mean &= SEM. *p <

0.05, **p < 0.01. One-way ANOVA was used for the comparison of multiple groups. ANOVA, analysis of variance.

3.5 PF4 Inhibits VEGF-Induced Angiogenesis In Vitro

In addition to suppressing inflammation-driven upreg-
ulation of VEGFA in vivo, we sought to investigate whether
PF4 could counteract VEGF-induced angiogenic responses
in endothelial cells in vitro. We initially investigated the
impact of this factor on key angiogenic processes in vitro
using HRMECs—a type of vascular endothelial cell that
highly expresses VEGFR2 and is highly sensitive to VEGF
stimulation [34-37].

The results showed that the number of proliferat-
ing HRMECs was markedly reduced in the PF4-pretreated
group compared with the group stimulated with VEGF
alone (Fig. 6A). Quantitative analysis further revealed a sig-
nificant decrease in the percentage of EdU-positive cells

10

(Fig. 6B). We next assessed cell migration capacity using a
scratch wound-healing assay, which revealed that PF4 pre-
treatment significantly suppressed VEGF-stimulated mi-
gration of HRMECs (Fig. 6C). The scratch closure rate was
significantly lower in the PF4-treated group than in the con-
trol group (Fig. 6D). Furthermore, we examined the effect
of PF4 on the ability of HRMECs to form capillary-like
tubular structures, a critical step in the angiogenesis pro-
cess. The results demonstrated that PF4 pretreatment dis-
rupted VEGF-driven tube formation in HRMEC:s (Fig. 6E).
The number of branch points was reduced in the PF4-treated
group compared with the VEGF control group (Fig. 6F).
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Fig. 6. PF4 inhibits VEGF-induced proliferation, migration, and tube formation of human retinal microvascular endothelial cells.
(A) Representative EdU staining of HRMEC:s after PF4 pretreatment and VEGF stimulation, stained for EAU (green) and DAPI (blue).
Scale bar = 50 um. (B) Quantification of EdU-positive cells as a percentage of total cells in (A). n = 5 per group. (C) Representative
images of HRMEC migration in a scratch-wound assay at 0 and 12 hours after PF4 pretreatment and VEGF stimulation. Scale bar = 50
um. (D) Quantification of gap closure in (C). n = 5 per group. (E) Representative images of tube formation by HRMECsS following PF4
pretreatment and VEGF stimulation. Scale bar = 100 um. (F) Quantification of branch points in (E). n = 5 per group. Data are shown as
mean £ SEM. *p < 0.05, **p < 0.01, ns p > 0.05. One-way ANOVA was used for the comparison of multiple groups. VEGF, vascular

endothelial growth factor; HRMECs, human retinal microvascular endothelial cells.
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Fig. 7. PF4 attenuates VEGF/VEGFR2-driven ERK, AKT, and STAT3 signaling in vivo and in vitro. (A) Representative im-
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RPE—choroid-sclera complex tissue from sham (no laser), laser-injured + vehicle, and laser-injured + PF4—treated mice. 3-Actin served
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as fold change relative to control. n =4 eyes (from 4 mice) per group. (C) Representative immunoblots of phosphorylated and total
AKT (p-AKT, t-AKT), ERK, and STAT3 in HRMECs stimulated with VEGF in the presence or absence of PF4. (D) Quantification of
p-AKT/t-AKT, p-ERK/t-ERK, and p-STAT3/t-STAT3 in (C), expressed as fold change relative to unstimulated cells. n = 3 per group.
Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ns p > 0.05. One-way ANOVA was used for the comparison of multiple
groups. VEGFR2, vascular endothelial growth factor receptor 2; ERK, extracellular signal-regulated kinase; AKT, protein kinase B;

STAT3, signal transducer and activator of transcription 3.

3.6 PF4 Attenuates VEGF-Driven VEGF-R2, model, PF4 administration markedly reduced VEGFR2 ex-
ERK/AKT/STAT3 Signaling In Vivo and In Vitro pression, as well as the phosphorylation of ERK and STAT3
in choroidal tissue (Fig. 7A,B), indicating that PF4 atten-
uates VEGF/VEGFR2-related signal transduction in vivo.
Consistent with these findings, PF4 significantly inhibited
VEGF-induced phosphorylation of AKT, ERK, and STAT3

To elucidate the molecular basis underlying these anti-
angiogenic effects of PF4, we next examined whether PF4
modulates VEGF/VEGFR2 signaling and its key down-
stream pathways [38,39]. In the laser-induced CNV mouse
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in cultured HRMECs (Fig. 7C,D), further supporting its di-
rect suppression of VEGF/VEGFR2-driven pro-angiogenic
signaling.

3.7 Intravitreal PF4 Administration Exhibits a High
Retinal Safety Profile

We next evaluated the retinal safety of intraocular PF4
administration in mice at day 7 post-injection. OCT imag-
ing showed that retinal morphology and thickness were pre-
served following intraocular injection of either vehicle or
PF4 (Fig. 8A,B). Consistently, ERG revealed no signifi-
cant reduction in a-wave amplitudes (originating primarily
from photoreceptor rods and cones) or b-wave amplitudes
(reflecting inner retinal activity, mainly Miiller and bipo-
lar cells) in PF4-treated eyes compared with vehicle-treated
controls (Fig. 8C,D). Histological examination further con-
firmed the structural integrity of the retina (Fig. 8E), and
TUNEL staining demonstrated an absence of appreciable
cell death (Fig. 8F). Taken together, these data indicate that
a single intraocular administration of PF4 (0.3 pg/eye) was
well tolerated and exhibited a favorable retinal safety pro-
file in mice.

4. Discussion

In this study, we evaluated the therapeutic potential
of PF4 in experimental animal models of nAMD. Our re-
sults demonstrated that intravitreal PF4 injection signifi-
cantly reduced vascular leakage and CNV lesion size in
the laser-induced mouse CNV model. These findings were
further supported by results obtained in VIdlr/~ mice, in
which retinal neovascularization was suppressed. In par-
allel with the in vivo studies, we showed that PF4 inhibited
VEGF-induced proliferation, migration, and tube formation
in HRMECs, indicating a consistent anti-angiogenic effect
across experimental systems.

A key finding from our work is the absence of signif-
icant upregulation of endogenous Pf4 mRNA or protein in
laser-induced CNV lesions at the time point the specimens
were collected (Fig. | A—C), which provides critical context
for subsequent experiments. Despite PF4’s established anti-
angiogenic and immunomodulatory properties in systemic
models [38,39] (e.g., tumor angiogenesis, atherosclerosis),
the lack of a reported response to laser injury in the retina
suggests a “therapeutic gap” in the ocular inflammatory-
angiogenic cascade. This observation justifies the use of ex-
ogenous PF4 supplementation, as endogenous levels are in-
sufficient to counteract pathological neovascularization or
inflammation. Notably, weak PF4 immunoreactivity in in-
jured eyes (Fig. 1C) further supports the need for targeted
delivery.

Building on this rationale, we validated PF4’s anti-
angiogenic efficacy across two distinct mouse models of
neovascular retinal disease: laser-induced CNV (mimick-
ing nAMD) and VIdlr/~ mice (recapitulating retinal is-
chemia and PRNV, as seen in retinopathy of prematu-
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rity or diabetic retinopathy) [40,41]. In the laser-induced
CNV model, PF4 significantly reduced vascular leakage
(FFA; Fig. 2B,C) and CNV lesions, as shown by CD31
and H&E staining (Fig. 2D—F), demonstrating attenuation
of both functional and structural hallmarks of pathologi-
cal angiogenesis. In VIdIr/~ mice, PF4 similarly reduced
neovascular lesion number and area (P18; Fig. 3A—C) and
vascular leakage (adult mice; Fig. 3D,E). Although the
VI1dIr/~ model is primarily driven by metabolic fuel short-
ages, its pathological progression involves secondary in-
flammatory cell infiltration. The consistent efficacy of PF4
across both laser-induced (acute/inflammatory) and V1dlr/~
(chronic/metabolic) models suggests potential utility across
diverse pathological contexts [42]. These cross-model re-
sults are particularly impactful, as they confirm PF4’s ef-
ficacy in the inhibition of retinal angiogenesis regardless
of the initial trigger (laser-induced choroidal ischemia vs.
developmental retinal ischemia in V1dlr/~ mice). This ver-
satility suggests that PF4 may act on pathways common to
pathological angiogenesis, warranting further investigation
across multiple neovascular retinal diseases. Importantly,
the concordance between functional (FFA) and structural
(immunostaining and H&E) outcomes strengthens the con-
clusion that PF4 suppresses neovessel formation and vascu-
lar leakage, rather than merely masking functional deficits.

Our results demonstrate that PF4 suppresses laser-
induced inflammation at both molecular and cellular levels:
(1) reduced mRNA expression of proinflammatory medi-
ators (I11b, 116, Tnf, and Nfkbl; Fig. 4A); (2) decreased
recruitment of activated Ibal™ microglia/macrophages to
lesion sites (Fig. 4B,C); and (3) broad transcriptional re-
modeling of inflammation-related pathways (RNA-seq;
Fig. 4D-G). Bulk RNA-seq analysis further reveals that
PF4 inhibits injury-induced inflammatory reprogramming:
PF4-treated samples cluster closer to uninjured controls
(Fig. 4D) and downregulate genes involved in innate im-
munity, cytokine production, and leukocyte trafficking
(GO enrichment; Fig. 4F). KEGG pathway analysis iden-
tifies key suppressed signaling cascades, including NF-
kB, JAK-STAT, VEGF, PI3/AKT, and chemokine signal-
ing (Fig. 4G)—pathways known to promote both inflam-
mation and angiogenesis in the retina. These findings in-
dicate that PF4’s anti-angiogenic effects are partially me-
diated by its anti-inflammatory properties, addressing a
critical “upstream” driver of PRNV. The reduction in mi-
croglia/macrophage activation is particularly notable, as ac-
tivated microglia/macrophages are producers of VEGF and
proinflammatory cytokines in CNV lesions, making them
a key therapeutic target. Clinical studies have shown that
combining anti-VEGF with anti-inflammatory therapy can
improve outcomes in nAMD [43,44], supporting the poten-
tial translational relevance of PF4’s dual mechanism.

Given the central role of VEGF in ocular neovascular-
ization, we further investigated whether PF4 targets VEGF-
driven pathways, uncovering a dual mechanism of action.
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In laser-induced CNV, PF4 significantly attenuated laser-
induced VEGF upregulation (western blot and immunoflu-
orescence; Fig. SA—C), likely via suppression of inflamma-
tion (since IL-13, IL-6, and NF-xB are known VEGF in-
ducers). Beyond reducing VEGF expression, PF4 directly
inhibits VEGF-mediated angiogenic responses in vitro:
pretreatment of HRMECs (vascular endothelial cells highly
sensitive to VEGF) with PF4 suppressed VEGF-induced
proliferation (EdU assay; Fig. 6A,B), migration (scratch
assay; Fig. 6C,D), and tube formation (Fig. 6E,F)—three
critical steps in angiogenesis. Mechanistically, PF4 at-
tenuates canonical VEGF downstream signaling: in vivo
(laser-induced CNV), PF4 reduced VEGFR2 expression
and phosphorylation of ERK and STAT3 (Fig. 7A,B); in
vitro (HRMECs), PF4 suppressed the phosphorylation of
ERK, AKT, and STAT3 (Fig. 7C,D). Regarding the bio-
chemical interaction with the VEGF axis, the observed sup-
pression by PF4 likely involves a tripartite inhibitory mech-
anism: direct sequestration, competitive interference, and
receptor-mediated signaling antagonism. First, the highly
cationic surface of PF4 enables it to physically sequester
the anionic heparin-binding domain of VEGF-A, forming
inactive complexes that effectively reduce its bioavailabil-
ity [45]. Second, PF4 exerts competitive interference by
occupying heparan sulfate (HS) proteoglycan binding sites
on the endothelial cell surface; since these HS sites are es-
sential co-receptors for stabilizing the VEGF-VEGFR?2 in-
teraction, their blockage significantly impairs receptor ac-
tivation [45]. Finally, beyond ligand-level interference,
PF4 directly targets endothelial cells via its cognate re-
ceptor, CXCR3-B, triggering downstream anti-proliferative
signaling that functionally counteracts the VEGF-induced
angiogenic cascade [46]. This multi-layered antagonism—
neutralizing the ligand, blocking co-receptor access, and ac-
tivating inhibitory receptors—explains the robust suppres-
sion of angiogenesis observed in our study [46]. Together,
these data support a dual mechanism for PF4: (1) indirect
inhibition via suppression of inflammation-driven VEGF
upregulation; and (2) direct inhibition of VEGF-induced
signaling and endothelial cell function. This dual action
may offer therapeutic benefits that complement those of
single-target agents such as anti-VEGF antibodies, though
direct comparative studies are needed. For clinical appli-
cability, ocular safety is paramount—intravitreal therapies
must not damage retinal structure and function, and our re-
sults demonstrate that intravitreal PF4 administration (0.3
ug/eye) is well tolerated. Specifically, (1) OCT imaging
showed well -preserved retinal morphology and thickness
(Fig. 8A,B); (2) ERG revealed no significant changes in
a-wave (photoreceptor function) or b-wave (inner retinal
function) amplitudes (Fig. 8C,D); (3) histological exami-
nation confirmed retinal structural integrity (Fig. 8E); and
(4) TUNEL staining showed no detectable cell apoptosis
(Fig. 8F). This retinal toxicity profile, combined with its
efficacy in preclinical models, suggests that PF4 may be a

&% IMR Press

promising candidate for translation to human trials. Future
studies are needed to define its long-term safety, optimize
delivery, and determine its potential synergy with existing
anti-VEGF treatments in clinically relevant settings.

5. Limitations

This study provides a preclinical proof-of-concept val-
idating the therapeutic potential of PF4 for CN'V. However,
several limitations should be acknowledged when interpret-
ing our findings, and addressing these gaps will be essential
to advance PF4 from a therapeutic concept to a viable drug
candidate.

First, while the laser-induced CNV model is a stan-
dard for testing anti-angiogenic therapies, it is fundamen-
tally a wound-healing model triggered by acute thermal in-
jury, which differs from the chronic, multifactorial process
of human age-related macular degeneration (AMD). Sec-
ond, due to technical constraints in sampling the minute
vitreous volume in mice, a precise intraocular pharmacoki-
netic (PK) profile for exogenous PF4 was not established.
Future studies in larger animal models, such as rabbits, are
required to accurately map its clearance dynamics. Fur-
thermore, while our 7-day assessments demonstrated a fa-
vorable retinal safety profile, the long-term effects and po-
tential immunogenicity (e.g., anti-drug antibodies) of re-
peated dosing must be rigorously evaluated in future trans-
lational studies. Third, although we frame PF4 as a poten-
tial complementary agent to existing anti-VEGF therapies,
this study did not include direct head-to-head comparisons
or combination studies with anti-VEGF agents. Such stud-
ies will be essential to establish its relative efficacy and po-
tential synergistic benefits. Finally, although we charac-
terized the tissue-level localization of PF4, its precise sub-
cellular trafficking following intravitreal injection requires
further investigation. Addressing these gaps in future stud-
ies will be essential for translating PF4 toward clinical ap-
plication.

6. Conclusions

In conclusion, intravitreal PF4 markedly reduced neo-
vascular lesion formation and vascular leakage in the laser-
induced CNV model, while attenuating retinal inflamma-
tory responses, decreasing VEGFA and total VEGFR2 ex-
pression, and suppressing ERK/STAT3 activation, with
good structural and functional tolerability in the eye. In ad-
dition, PF4 reduced PRNV in VIdIr/~ mice, providing com-
plementary in vivo support for its anti-angiogenic activity.
Invitro, PF4 inhibited VEGF-induced angiogenic behaviors
of HRMEC:s (proliferation, migration, and tube formation)
and reduced VEGF-triggered AKT/ERK/STAT3 phospho-
rylation. Together, these findings demonstrate that PF4 ex-
erts both anti-angiogenic and anti-inflammatory effects in
preclinical models, supporting further investigation of PF4
for the treatment of nAMD and related neovascular retinal
diseases.
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