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Abstract: Retinopathy of prematurity (ROP) has a dual-phase disease pathology; in phase 1, hyperoxia-
induced vaso-obliteration occurs in the retinal vasculature due to increased oxidative stress (OS) and
inflammation, followed by phase 2, where hypoxia increases the overproduction of growth factors,
inducing retinal neovascularization. Toll-like receptor 2 and -4 (TLR2 and TLR4) overactivation,
hyper-inflammation, macrophages, and neutrophil infiltration contribute to the developing ROP.
AVR-121 and AVR-123 are novel classes of small-molecule dual inhibitors of TLR2/4 tested in a
human leukemia monocytic cell line (THP-1) and cord-blood-derived mononuclear cells (CBMCs).
Both compounds inhibited TLR2/4 signaling-related inflammatory cytokines in THP-1 cells and
inhibited VEGF-induced neovascularization in human retinal endothelial cells (HRECs), which are
hallmarks of ROP. In an oxygen-induced retinopathy (OIR) murine model, the intraperitoneal injec-
tion of AVR-123 in the hyperoxia phase (P7–P12) or a nanosuspension eyedrop of AVR-123 in the
hypoxic phase (P12–P17) significantly reduced vaso-obliteration, angiogenesis, and inflammatory
cytokine profiles while not inhibiting the necessary growth factor VEGF in the juvenile mouse eyes.
The results are consistent with our hypothesis that targeting the dual TLR2/4 pathway will reduce
inflammation, angiogenesis, and vaso-obliteration in vitro and in vivo and reduce cytotoxic immune
cells. AVR-123 has the potential to be developed as a therapy for ROP.

Keywords: TLR2; TLR4; retinopathy of prematurity; anti-inflammatory; anti-angiogenic; cytotoxic
immune cells; prevention; treatment

1. Introduction

Retinopathy of prematurity (ROP) is a neurovascular disease propagated by abnormal
retinal vascularization, primarily in preterm infants [1]. ROP affects 30–50% of preterm
infants (<30 weeks gestational age, (GA) with a birth weight (BW) < 1500 g) [2]. ROP is
one of the leading and preventable causes of childhood vision loss worldwide, affecting
approximately 50,000 infants a year with irreversible vision impairment [3,4]. ROP has a
profound financial impact on families, depending on the severity of the disease; current
estimates per child are projected to range from USD 30,000 to 224,295 annually, including
examination, treatment, and care [5]. ROP also leads to late sequelae in adolescence and
adulthood by causing refractive changes, cataracts, glaucoma, tractional and exudative
retinal detachment, and hemorrhage [6]. These late-stage conditions add to the overall cost
of treating the disease and affect the entire life span of those born prematurely with ROP.

ROP is a multifactorial disease with short gestational periods and can only be de-
tected at 30–32 weeks of GA, at which point the disease has already progressed. Induced
hyperoxia/hypoxia for preterm infants due to mechanical ventilation used for underde-
veloped lungs is the leading cause of ROP development [7]. Human retinal vasculature
development usually occurs between the 16th and the 40th week of gestation. Because of
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this defined timeline, preterm infants born <30 weeks GA have an incomplete peripheral
avascular zone and incomplete retinal vasculature development [8]. ROP is the result of the
disruption of retinal vasculature development in a biphasic modality: hyperoxic Phase-1
(Ph1) ROP, which presents retinal microvascular degradation or vaso-obliteration, and
hypoxic Phase-2 (Ph2), which results in retinal ischemia triggering an overabundance of
vascular endothelial growth factor (VEGF) and insulin growth factor-1 (IGF-1), leading to
abnormal intravitreal neovasculature [9]. These phases are shown in Scheme 1.

Cells 2024, 13, x FOR PEER REVIEW 2 of 20 
 

 

ROP is a multifactorial disease with short gestational periods and can only be 
detected at 30–32 weeks of GA, at which point the disease has already progressed. 
Induced hyperoxia/hypoxia for preterm infants due to mechanical ventilation used for 
underdeveloped lungs is the leading cause of ROP development [7]. Human retinal 
vasculature development usually occurs between the 16th and the 40th week of gestation. 
Because of this defined timeline, preterm infants born <30 weeks GA have an incomplete 
peripheral avascular zone and incomplete retinal vasculature development [8]. ROP is the 
result of the disruption of retinal vasculature development in a biphasic modality: 
hyperoxic Phase-1 (Ph1) ROP, which presents retinal microvascular degradation or vaso-
obliteration, and hypoxic Phase-2 (Ph2), which results in retinal ischemia triggering an 
overabundance of vascular endothelial growth factor (VEGF) and insulin growth factor-1 
(IGF-1), leading to abnormal intravitreal neovasculature [9]. These phases are shown in 
Scheme 1. 

 
Scheme 1. AVR-123 inhibits both TLR 2 and 4 stimulations, potentially preventing the development 
of ROP in premature eyes. TLR 2/4 is responsible for signaling the production of inflammatory 
cytokines such as TNF-α, IL-1β, IL-6 and iNOS. These cytokines produce Ph-1 effects in ROP (vaso-
obliteration) and further drive HIF-1α, which increases VEGF and IGF-1, leading to Ph2 ROP. AVR-
123 inhibits TLR 2/4 and controls the hyperactivation of the innate immune response, preventing 
vaso-obliteration and modulating downstream signaling to allow a normalized VEGF response, 
inhibiting IGF-1 and abnormal neovascularization. 

The intravitreal injection of an anti-VEGF antibody is the only approved therapy for 
treating ROP and is a Ph2-only treatment after ROP diagnosis. However, anti-VEGF 
antibodies such as Avastin and Lucentis show moderate success, with high recurrence 
rates and late-stage reactivations that require surgical or laser interventions. [10,11]. 
Additionally, the intravitreal route of dosing produces side effects such as eye-floaters, 
vision deficits, retinal detachment, blindness, and possibly death due to thromboembolic 
events caused by VEGF-induced increase in nitric oxide in the patient’s plasma [12–14]. 
In late-stage ROP, repetitive surgical treatment is needed once retinal detachment occurs 
[15–17]. Furthermore, ROP reactivation is prevalent after treatment with anti-VEGF drugs; 
therefore, meticulous arrangements for ongoing eye examinations after anti-VEGF 
therapy are critical in identifying and managing cicatricial ROP and possible retinal 
detachment with vision loss. Although VEGF and laser therapy for ROP treatment have 
succeeded in helping individuals, they each have unique risks and, most importantly, do 
not prevent or treat the condition directly; rather, they alleviate the symptoms. 

A hyperoxia environment caused by a mechanical ventilator and an underdeveloped 
immune system in premature infants are major driving forces in the development of Phase 
1 and Phase 2 ROP. Due to the imbalance in a neonate’s immune system, they are more 
susceptible to abnormal growth and pathological retinal angiogenesis than a term infant 
[18–20]. In the last ten years, multiple studies have identified neonatal inflammation as a 
critical modulator in the development and progression of ROP [21,22]. Dendritic cells 
(DCs) are reduced in neonatal peripheral blood, impairing T helper cells (Th1 and Th2) in 
combination with IL-10, leaving DC in a state of immaturity [23,24]. The cytokines 

Scheme 1. AVR-123 inhibits both TLR 2 and 4 stimulations, potentially preventing the development
of ROP in premature eyes. TLR 2/4 is responsible for signaling the production of inflammatory
cytokines such as TNF-α, IL-1β, IL-6 and iNOS. These cytokines produce Ph-1 effects in ROP (vaso-
obliteration) and further drive HIF-1α, which increases VEGF and IGF-1, leading to Ph2 ROP. AVR-123
inhibits TLR 2/4 and controls the hyperactivation of the innate immune response, preventing vaso-
obliteration and modulating downstream signaling to allow a normalized VEGF response, inhibiting
IGF-1 and abnormal neovascularization.

The intravitreal injection of an anti-VEGF antibody is the only approved therapy
for treating ROP and is a Ph2-only treatment after ROP diagnosis. However, anti-VEGF
antibodies such as Avastin and Lucentis show moderate success, with high recurrence rates
and late-stage reactivations that require surgical or laser interventions [10,11]. Additionally,
the intravitreal route of dosing produces side effects such as eye-floaters, vision deficits,
retinal detachment, blindness, and possibly death due to thromboembolic events caused
by VEGF-induced increase in nitric oxide in the patient’s plasma [12–14]. In late-stage
ROP, repetitive surgical treatment is needed once retinal detachment occurs [15–17]. Fur-
thermore, ROP reactivation is prevalent after treatment with anti-VEGF drugs; therefore,
meticulous arrangements for ongoing eye examinations after anti-VEGF therapy are critical
in identifying and managing cicatricial ROP and possible retinal detachment with vision
loss. Although VEGF and laser therapy for ROP treatment have succeeded in helping
individuals, they each have unique risks and, most importantly, do not prevent or treat the
condition directly; rather, they alleviate the symptoms.

A hyperoxia environment caused by a mechanical ventilator and an underdeveloped
immune system in premature infants are major driving forces in the development of
Phase 1 and Phase 2 ROP. Due to the imbalance in a neonate’s immune system, they are
more susceptible to abnormal growth and pathological retinal angiogenesis than a term
infant [18–20]. In the last ten years, multiple studies have identified neonatal inflammation
as a critical modulator in the development and progression of ROP [21,22]. Dendritic cells
(DCs) are reduced in neonatal peripheral blood, impairing T helper cells (Th1 and Th2)
in combination with IL-10, leaving DC in a state of immaturity [23,24]. The cytokines
interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and
angiogenic mediators like insulin growth factors are directly related to ROP. Neonate
monocytes producing these cytokines have reduced capabilities regarding adhesion and
infiltration into inflamed tissues, as in ROP [25]. TLR2 and TLR4 stimulation in neonate
monocytes can facilitate a robust IL-6, TNF-α, and interleukin-10 (IL-10) response. However,
unlike the adult counterpart, neonatal whole blood has a reduced response to stimulation
by the TLR4 agonist LPS compared to stimulation by the TLR2 agonist peptidoglycan [26].
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Neutrophils, which provide the first line of defense, are significantly impaired in neonates
regarding their adhesion capabilities and impairment in making neutrophil extracellular
traps (NETs) [27,28]. The neonatal immune imbalance suggests inhibiting the ROP-inducing
cytokines IL-6, TNF-α, and IL-1β and immunomodulating neonatal immune cell types for
an ROP-preventative treatment.

Systemic immune inflammation cascades, and the infiltration of activated macrophages
in retinal blood circulation leads to the activation of TLR2 and TLR4 signaling in the ocular
environment. The activation of TLR in resident macrophages/microglia, retinal pigment
epithelial (RPE) cells, and endothelial cells perturbs the normal development of retinal
vasculature and function in premature eyes, leading to ROP. We hypothesized that de-
creased inflammation leads to decreased cellular dysfunction and appropriate growth factor
production, reducing vaso-obliteration and neovascularization. Altogether, the composite
outcome would be a reduction in the degree of retinopathy in the eyes.

We designed and synthesized two first-in-class novel compounds, AVR-121 and AVR-
123. These synthetic chitin derivatives possess two molecules of N-acetyl glucosamine
joined by a hydrophobic linker, as shown in Figure 1. The genesis of these analogs was based
on modifying the chemical structure of chitohexaose, which was previously shown to be a
potent TLR4 inhibitor with anti-inflammatory activities in a systemic endotoxemia mouse
model [29]. The physicochemical properties and preliminary receptor-ligand docking study
are shown in Supplemental Table S1 and Figure S1.
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Figure 1. Chemical structures of AVR-121 and AVR-123.

In the present study, we demonstrate the role of compounds AVR-121 and AVR-123
in modulating TLR2- and TLR4-mediated immune responses in human blood-derived
mononuclear cells and the anti-angiogenic effect in retinal endothelial cells in vitro and in
a murine model of OIR in vivo. We also developed a poly co-lactic glycolic acid (PLGA)-
encapsulated nanosuspension formulation of AVR-123 with a sustained drug release profile.
AVR-123 as a solution and a nanosuspension form were evaluated in the mouse OIR
model by either systemic or eyedrop dosing, respectively, and retinal vaso-obliteration and
angiogenesis were assessed. The changes in cytokines and growth factors were evaluated
in the mouse retina, and the immune cell changes were determined in the mouse spleen to
understand the immunomodulatory activity of AVR-123.
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2. Materials and Methods
2.1. Chemicals, Reagents, Media, and ELISA Kits

The synthesis and structural characterization of compounds AVR-121 and AVR-123
and the PLGA-encapsulated AVR-123 were conducted in the laboratory of AyuVis Re-
search Inc. (Fort Worth, TX, USA), following the in-house procedures [30]. Endotoxin-free
phosphate-buffered saline (PBS) was purchased from Sigma-Aldrich Inc., St. Louis, MO,
USA. RPMI-1640 medium (Cat# 11875093) was purchased from GIBCO, Waltham, MA,
USA, and fetal bovine serum (FBS, Cat# S12340H) was purchased from BioTechne, Min-
neapolis, MN, USA. Endothelial cell growth supplement medium (Cat #39-059-9) was
purchased from R&D Systems, Minneapolis, MN, USA. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) proliferation assay reagent (Cat # G3580) was
purchased from Promega, Madison, WI, USA. Phorbol myristyl acetate (PMA) (Cat# P1585,
Sigma, St. Louis, MO, USA), LPS (Cat # tlrl-smlps, InvivoGen, San Diego, CA, USA),
PAM3CSK4 (Cat# 4633, Tocris, Bristol, UK), TAK-242 (Cat# A3850-10, APExBIO, Houston,
TX, USA), Alexa Fluor 594-conjugated isolectin GS-IB4 (Cat # I21413 Invitrogen, Waltham,
MA, USA), and VEGF (Cat # 100-20-10UG, ThermoFischer, Waltham, MA, USA) were
purchased. The following ELISA kits were purchased from Raybiotech, Peach Corners, GA,
USA: Cat # ELH-TNF-a, tumor necrosis factor-alpha (TNF-α); Cat # ELH-IL1b, interleukin-1
beta (IL-1β); Cat # ELH-IL6, interleukin-6 (IL-6); Cat # ELH-TLR2, TLR2; and Cat # ELH-
TLR4, TLR4. For in vitro angiogenesis assay, the Tube Formation kit (Cat#3470-096-K) was
purchased from BioTechne, Minneapolis, MN, USA.

2.2. Formulations of AVR-121 and AVR-123

AVR-123 was reconstituted in 0.9% sterile normal saline for cell assay and mouse
efficacy studies to provide a final dose concentration. For cell studies, the doses were 1, 10,
and 100 µM, prepared freshly. For animal studies, 10 mg/kg as a colorless solution was
injected with IP (30 µL) daily from P7 to P12. The PLGA nanoparticles encapsulated with
AVR-123 were resuspended in deionized sterile water to create a nanosuspension with a
final dose concentration of 0.11 mg/kg/eyedrop (5 µL).

2.3. Animals

Female pregnant C57BL/6 J mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA) and were maintained in a breeding colony at the University of North
Texas Health Science Center (Fort Worth, TX, USA) Animal Care Facilities with Animal
Welfare Assurance No. D16-00417 (A3711-01). Animal procedures were performed ac-
cording to the NIH Guidelines for the Care and Use of Laboratory Animals. They were
approved by the Institutional Animal Care and Use Committee (IACUC) of UNTHSC, TX,
USA (Protocol no. 2020-0002). Neonatal mouse pups (both males and females) born from
female pregnant mice were used for the OIR study.

2.4. Cell Proliferation Assay

Human peripheral blood mononuclear cells (hPBMCs) (Cat # 70025.3, STEMCELL
Technologies, Cambridge, MA, USA) were cultured at cell density (1 × 105) in RPMI-1640
medium and FBS in 5% CO2 at 37 ◦C. Cells were dosed with either AVR-121 or AVR-123
in ascending concentrations (0.1 µM, 1.0 µM, 10 µM, and 100 µM) and incubated for 24 h.
Human retinal microvascular endothelial cells (HRECs) (Cat# ACBRI 181, Cell Systems,
Kirkland, WA, USA) were cultured and treated with 100 mM of either AVR-121 or AVR-123
and incubated for 24 h. An MTT cell viability/proliferation assay was performed, and
absorbance was read at 490 nm on a Cytation5 (Gen5 3.12, BioTek Instruments, Winooski,
VT, USA). The percentage of viable cells was calculated from the change in absorbance in
the AVR-compound-treated cells compared to untreated control cells. N = 4, * p < 0.05,
** p < 0.001. One-way ANOVA. GraphPad Prism 10.0.
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2.5. Cytokines, TLR2 and TLR4 Protein Quantification Using ELISA

THP-1 leukemia cells (Cat# TIB-202, ATCC, Manassas, VA, USA) were cultured in
24-well plates at the cell density 1 × 105 in RPMI-1640 medium and FBS and stimulated
with PMA (200 ng/mL) for 24 h in 5% CO2 at 37 ◦C. Cells were treated with PBS and
different drug concentrations, as follows: AVR-121 (10 µM and 100 µM), AVR-123 (10 µM
and 100 µM), LPS (25 ng/mL), and PAM3CSK4 (50 ng/mL). Supernatants were used for
assessing the concentrations of TNF-α and IL-1β, and cell lysates were used to quantify
TLR2 and TLR4 protein concentrations via ELISA assay. The plates were read using a
BioTek Synergy plate reader. N = 4, * p < 0.05, ** p < 0.001. We used one-way ANOVA, with
GraphPad Prism 10.0.

Human cord blood mononuclear cells (CBMCs) were purchased from Cat# CBMNC015C,
CGT Global, Folsom, CA, USA. They were cultured at the cell density 3 × 106 in 6-well plates
in RPMI-1640 medium and FBS for 24 h in 5% CO2 at 37 ◦C. Cells were treated with either
AVR-123 (100 µM), LPS (50 ng/mL), or TAK-242 (1 µM). Cytokine analysis was performed for
TNF-α, IL-1β, and IL-6 via ELISA assay and read on a BioTek Synergy plate reader. N = 3,
* p < 0.05, ** p < 0.001. We used one-way ANOVA, with GraphPad Prism 10.0.

2.6. In Vitro Tube Formation Assay

An in vitro angiogenesis assay tube formation (Cultrex) kit was utilized per manu-
facturer recommendations. Briefly, 60,000 human retinal microvascular endothelial cells
(HRECs) (Cat# ACBRI 181, Cell Systems, Kirkland, WA, USA) were seeded in fresh endothe-
lial cell growth medium supplemented with endothelial cell growth supplement (ECGM)
(R&D Systems #39-059-9) overnight. BME solution (provided in the kit) without phenol
red was prepared on ice and incubated at 37 ◦C for 1 h to gel. HRECs were incubated with
Calcein AM solution for 30 min before harvesting. Cells were removed with Accutase,
washed with PBS, and seeded in aliquots for dosing on BME gel. Cell suspension aliquots
(~60,000 cells) were placed in ECGM containing the following: no drug + ECGM, VEGF
(100 ng/mL) + ECGM as control, VEGF + AVR-121 (100 µM) + ECGM, and VEGF + AVR-
123 (100 µM) + ECGM. Cells were incubated in drug solutions for between 4 and 8 h in 5%
CO2 at 37 ◦C and visualized via epi-fluorescence microscopy. N = 4.

2.7. In Vitro Cell Migration Assay

In total, 30,000 HRECs/well were seeded into 12-well tissue culture plates and were
growth-arrested by incubating in a serum-free medium overnight for 24 h. Using a
200 µL pipette tip, a 0.5 mm gap was made in each well, and images were captured using a
phase contrast microscope. Cells were then co-treated with VEGF (100 ng/mL), and the
test compounds AVR-121 or AVR-123 were combined. All groups were refreshed with treat-
ment reagents every 12 h. The wounds were visualized directly through a light microscope
at 0 h and 24 h, and photomicrographs were acquired. A representative photomicrograph
is shown at the magnification of 4×.

2.8. Murine Oxygen-Induced Retinopathy Study

C57BL6/J mouse pups (males and females) were subjected to hyperoxia (75%) in a
hyperoxia chamber (BioSpherix Pro-Ox Model 110, Parish, NY, USA) at P7–P12 and then
transferred back to a normal oxygen atmosphere. In experiment number one, P7–P12 mice
(n = 3) were injected via intraperitoneal injection (IP) with AVR-123 (10 mg/kg) once daily
for 5 days. In experiment number two, P12–P17 mice (n = 5) were treated with AVR-123
nanosuspension eyedrops (1%) and 10 mg/kg IPs once daily for 5 days. Blank nanoparticles
were instilled as nanosuspension eyedrops in control mouse eyes subjected to hyperoxia.
Mice were sacrificed on P18 in both experiments. For the qPCR experiment to assess the
mRNA changes from the retina, n = 3 mouse pups were used.
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2.9. Lectin Staining and Flat Mount in Murine Retinas

C57BL6/J mouse eyeballs were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences, Hartfield, PA, USA) for 15 min. Anterior segments were removed, and eye-
cups were post-fixed with 4% paraformaldehyde for 24 h. Retinas were dissected and
permeabilized overnight with 0.3% Triton X-100 (Sigma) in PBS with overnight staining
with Alexa Fluor 594-conjugated isolectin GS-IB4 (5 µg/mL). Retinas were flattened on
microscope slides with four incisions from the ora serrata to the equator. The flat mounts
were observed by epi-fluorescent microscopy (Olympus Life Sciences, Center Valley, PA,
USA). Retinal neovascularization was measured in Adobe Photoshop, 7.0 and the degree
of vaso-obliteration was quantified using Image J 1.54f software (NIH). n = 3–5 retina.

2.10. qPCR Analysis of Mouse Retinas

Mouse retinas from the control and treated groups were collected on day 18 from
experiment 2 (eyedrop dosing). The mRNA levels for IL-1β, IL-6, IL-10, TNF-α, iNOS,
VEGF, TGFβ2, and IGF-1 were measured by qPCR, and data were normalized to the β-actin
control. n = 3. The primers used are listed in Table 1 below.

Table 1. List of primers used.

Gene Forward Sequence Reverse Sequence

IL-1β GCACTACAGGCTCCGAGATGAAC TTGTCGTTGCTTGGTTCTCCTTGT

IL-6 CAACGATGATGCACTTGCAGA TGTGACTCCAGCTTATCTCTTGG

IL-10 TGCTAACCGACTCCTTAATGCAGGAC CCTTGATTTCTGGGCCATGCTTCTC

VEGF ATCATGCGGATCAAACCTCACC GGCTTTGTTCTGTCTTTCTTTGGTC

TGF-β2 GCCCCTGCTGTACCTTCGT TGCCATCAATACCTGCAAATCTC

IGF-1 CAGTTCGTGTGTGGACCAAG GAGTCTTGGGCATGTCAGTG

TNFα 5′-GCCTCTTCTCATTCCTGCTTG-3 5′-CTGATGAGAGGGAGGCCATT-3

iNOS 5′-GTTCTCAGCCCAACAATACAAGA-3′ 5′-GTGGACGGGTCGATGTCAC

β-actin GGACTCCTATGTGGGTGACG CTTCTCCATGTCGTCCCAGT

2.11. Flow Analysis

Mouse spleen cells collected on day 18 were pre-incubated with FcBlock 1 µg/106 cells
before staining with the following fluorescent conjugate cell antibodies at specified con-
centrations in the dark at room temperature, as shown in Table 2. Two-color parameter
flow cell staining was performed on all samples. Single-cell staining was performed to set
the compensation compared to no-stain cells. Data were acquired using the Cytek Aurora
4-laser flow cytometer (Cytek, Fremont, CA, USA) and analyzed using FlowJo V 10.8.1.

Table 2. List of antibodies used.

Antibody Dilution Catalog No. Vendor

CD80-FITC 1:200 Cat# 557226 BD Biosciences, San Jose, CA, USA

CD86-FITC 1:200 Cat# 555658 BD Biosciences, San Jose, CA, USA

MHC II-APC-Cy7 1:400 Cat# 56-5321-80 eBioscience, Waltham, MA, USA

CD4-PE-Cy7 1:200 Cat# 100526 Biolegend, San Diego, CA, USA

CD8-PE-Cy7 1:200 Cat# 100758 Biolegend, San Diego, CA, USA

B220-FITC 1:50 Cat# 553088 BD Biosciences, San Jose, CA, USA

CD3-PE 1:200 Cat# 555275 eBiosceince, Waltham, MA, USA

F4/80-APC 1:200 Cat# 50-112-9524 eBiosceince, Waltham, MA, USA
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Table 2. Cont.

Antibody Dilution Catalog No. Vendor

LY6G-PE-Texas Red 1:400 Cat# 50-112-4886 eBioscience, Waltham, MA, USA

CD11b-FITC 1:200 Cat# 562793 BD Biosciences, San Jose, CA, USA

CD11c-FITC 1:100 Cat# 561355 BD Biosciences, San Jose, CA, USA

2.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 10.2.1; Tukey’s
(two-way ANOVA) and Dunn’s multiple comparison test (one-way ANOVA) or the Mann–
Whitney test (t-test) was used. All data presented are the mean ± standard error of the mean
(SEM) from at least three biological replicates and two technical replicates per treatment
group. Values of p < 0.05 were considered statistically significant. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

3. Results
3.1. AVR-121 and AVR-123 Are Not Cytotoxic to Human Peripheral Blood Mononuclear Cells and
Human Retinal Endothelial Cells (HRECs)

Our first aim was to establish that AVR-121 and AVR-123 are not cytotoxic to human
peripheral blood mononuclear cells (hPBMCs), as these cell types are a primary responder
to innate immune insults triggered by microbial or hyperoxic oxidative stress (OS) insults.
As shown in Figure 2A,B, we performed an MTT cell viability assay with a range of
concentrations (1 µM, 10 µM, and 100 µM) for both AVR-121 and AVR-123 treated for 24 h.
Next, we tested 100 µM of either AVR-121 or AVR-123 on HRECs.
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Figure 2. Cell viability assay. (A) In hPBMCs after 24 h of AVR-121 and AVR-123 treatment (Promega),
both compounds showed no cytotoxicity up to 100 µM concentration, and the percentage of viable
cells was comparable to control cells. At 1.0 µM concentration, increased cell proliferation or metabolic
activity was observed, but this was not statistically significant (ns). (B) No cytotoxicity was observed
in HRECs, N = 3–4.
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After 24 h, we observed no significant change in the percentage of cell viability after
treatment with either AVR-121 or AVR-123 compared to the control group in both hPBMCs
and HRECs at all treated doses.

3.2. Treatment of AVR-121 and AVR-123 Inhibited Inflammatory Cytokines Via Toll-Like
Receptor-2 and -4 Inhibition In Vitro

Next, we performed in vitro studies using THP-1 human monocytic cells to determine
the TLR2 and TLR4 inhibitory activities of the compounds AVR-121 and AVR-123 and their
regulation of inflammatory cytokine production. Using a known TLR2 agonist, PAM3CSK4
(Figure 3A,B), and TLR4 agonist, LPS (Figure 3C–E), we demonstrated that both AVR-121
and AVR-123 at 10 and 100 µM doses significantly reduced TLR2 protein in activated THP-1
cells in a dose-dependent manner compared to the control and reduced the Pam3CSK4-
induced TNF-α concentration. Similarly, both compounds dose-dependently reduced the
TLR4 protein concentration beginning at 1 µM concentration (Figure 3C) and significantly
reduced LPS-induced IL-1β and TNF-α, as shown in Figure 3D,E. In addition, we used
human cord blood mononuclear cells (CBMCs), as shown in Figure 3F–H, to demonstrate
that treatment with 100 µM of AVR-123 significantly reduces the LPS-induced inflammatory
cytokines TNF-α, IL-1β, and IL-6, and the anti-inflammatory activity is comparable to a
commercial TLR4 inhibitor, TAK-242.
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3.3. AVR-123 Inhibits VEGF-Induced Vascular Tube and Microcapillary Formation 

Figure 3. Receptor inhibition and cytokine assays. Briefly, compounds AVR-121 and AVR-123 (1, 10,
and 100 µM) were dosed with PMA (200 ng/mL)-activated THP-1 cells and were incubated for 48 h.
(A,C) TLR2 and TLR4 protein levels in cell lysate were probed via ELISA. (B,D,E) Activated THP-1
cells were treated with either LPS or PAM3CSK4 or in combination with AVR-121 and AVR-123 for
48 h, and cytokines TNF-α and IL-1β were assessed in the supernatant via ELISA. (F–H) CBMCs
were treated with AVR-123 (100 µM), LPS, and TAK-242 (TAK) for 24 h and assessed for cytokines
IL-6, IL-1β, and TNF-α in the cell supernatant via ELISA. N = 3, data are presented as mean ± SEM,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. One-way ANOVA, Graph Pad Prism.

3.3. AVR-123 Inhibits VEGF-Induced Vascular Tube and Microcapillary Formation

Human retinal endothelial cells (HRECs) were used to demonstrate the effect of
AVR-123 on neovascularization in an in situ model (Figure 4). TLR2 signaling in the
retina is associated with neovascularization in mice, as reported using a TLR2 knock-out
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model [31]. Inflammation contributes to the activation of angiogenesis and is partially
mediated through the TLR2/VEGF retinal signaling pathway. As shown in Figure 4A,
we anticipated that inhibiting TLR2 signaling would reduce angiogenesis and new tube
formation. VEGF treatment on HRECs showed an almost 4-fold increase in branches and
closed vascular structures, indicating increased vasculogenesis and angiogenesis. However,
after treatment with either the compound AVR-121 or the compound AVR-123 (100 µM)
to the VEGF-treated cells, the number of branches and closed structures was significantly
reduced. AVR-123 was found to be more potent (~2-fold) than AVR-121 in this assay and,
therefore, was selected to be tested further in the in vivo model.
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Figure 4. Evaluation of anti-angiogenic activity in human retinal endothelial cells (HRECs) following
Matrigel tube formation assay. (A) Micrograph images showing new tube formation after Calcein-AM
labeling of the cells 6 h post-treatment. Scale bar = 1000 µm (B) The number of closed structures or
new tubes increased in VEGF-treated cells, and VEGF+AVR-121 or AVR-123 treatment significantly
reduced them. (C) Branched microcapillaries increased after VEGF treatment and decreased after
AVR-121 and AVR-123 treatment. N = 4–6, * p < 0.5, ** p < 0.05, one-way ANOVA.

3.4. AVR-123 Inhibits VEGF-Induced Endothelial Cell Migration

During pathogenic angiogenesis, as in the ROP, the neovascular growth leads the
microcapillaries to migrate, breach the RPE tight junction, and travel to the retina and
vitreous. Using the micropipette-induced in vitro scratch assay in HRECs to determine the
% for cell migration and wound closure, we demonstrated that, while VEGF (100 ng/mL)
induced significant cell migration and scratch gap (wound) closure after 24 h, as shown in
the bar graph (Figure 5), VEGF+AVR-123 (100 µM) reduced the cell migration. AVR-121 or
AVR-123 alone had no significant effect on cell migration or wound closure.
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3.5. Formulation Development for AVR-123 
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through the cornea to the scleral route to reach the posterior segment of the eye, we 
developed a nanosuspension formulation for topical ocular eyedrop dosing. Following 
our previously published protocol, [32–34]. AVR-123 was encapsulated in an FDA-
approved biodegradable polymer poly-(lactic-co-glycolic) acid (PLGA) and polyvinyl 
alcohol (PVA). The size of the nanoparticle was found to be <400 nm, with an 
encapsulation efficacy of 57%. The compound AVR-123 slowly releases in PBS7.4 from the 
nanoparticle with a burst release of 20–25% over 12–24 h and a cumulative release of ~50% 
of AVR-123 at 37 °C at 30 days, as shown in Figure 6. Our previous publications 
demonstrated that small molecules with similar physicochemical properties to AVR-123, 
when encapsulated in this PLGA vehicle, were bioavailable to the vitreous humor (VH), 
retina, choroid, and optic nerve after single-eyedrop dosing in mouse and rat eyes [32]. 

Figure 5. Evaluation of cell migration and wound closure activity in human retinal endothelial cells
(HRECs) following scratch formation assay. Cells were seeded and allowed to attach to tissue culture
plates. For the cell migration study, micropipette tips were used to make scratch lines on wells, and
images were taken to measure the distances of gaps. Cells were treated with either VEGF (100 ng/mL)
or 100 µM of AVR-121, AVR-123, or a combination of both and incubated for 24 h. Cell migration
was imaged and analyzed to assess the final distances of gaps via ImageJ, and EC migration was
calculated as % of control. N = 4, ** p < 0.01. One-way ANOVA. Scale bar = 1000 µm. ns: not
significant.

3.5. Formulation Development for AVR-123

To avoid invasive intravitreal injection and facilitate the passive diffusion of the drug
through the cornea to the scleral route to reach the posterior segment of the eye, we
developed a nanosuspension formulation for topical ocular eyedrop dosing. Following our
previously published protocol, [32–34]. AVR-123 was encapsulated in an FDA-approved
biodegradable polymer poly-(lactic-co-glycolic) acid (PLGA) and polyvinyl alcohol (PVA).
The size of the nanoparticle was found to be <400 nm, with an encapsulation efficacy
of 57%. The compound AVR-123 slowly releases in PBS7.4 from the nanoparticle with
a burst release of 20–25% over 12–24 h and a cumulative release of ~50% of AVR-123 at
37 ◦C at 30 days, as shown in Figure 6. Our previous publications demonstrated that small
molecules with similar physicochemical properties to AVR-123, when encapsulated in this
PLGA vehicle, were bioavailable to the vitreous humor (VH), retina, choroid, and optic
nerve after single-eyedrop dosing in mouse and rat eyes [32].
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3.6. AVR-123 Reduced Vaso-Obliteration and Angiogenesis in a Murine Oxygen-Induced
Retinopathy (OIR) Model

Mouse pups on day P7 were introduced to a high-oxygen atmosphere of 75% O2, as
shown in Figure 7A. AVR-123 was formulated into a 1% PLGA-loaded nanosuspension
eyedrop [AVR-123(ED)], as well as a 10 mg/kg solution in PBS [AVR-123(IP)]. P7 mice
were given intraperitoneal injections (IPs) once a day for five days until P12, and, for
Expt-2, AVR-123 nanosuspension eyedrops were administered once a day from P12–P17
(hypoxic phase). The rationale behind administering the drug via IP was twofold: firstly,
it was experimentally difficult to deliver eyedrops in P7 mouse pup eyes, and secondly,
we hypothesized that AVR-123 could inhibit retinal inflammation by reducing systemic
inflammation and may be bioavailable to the retina through the central retinal artery. As
shown here, in retinal flat mounts stained with isolectin to visualize blood vessel structures
(Figure 7B–D), extensive vaso-obliteration of the retinal vasculature (arrows) was observed
in hyperoxic retinas compared to the normoxic mouse retinas. Our data demonstrate that
when mouse pups’ eyes are treated with AVR-123 either systemically or topically in both
phases, the degree of angiogenesis decreases by >50% compared to the hyperoxic control
retina (Figure 7B). However, the degree of vaso-obliteration was significantly reduced in
the eyedrop-treated cohort (Figure 7C). The limitation of our study is that we have not
assessed these changes at P12 after IP dosing.
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reduced % of angiogenesis and neovascular tufts. (C) AVR-123 (IP) and AVR-123 (ED) significantly 
reduced the degree of vaso-obliteration quantified using Image J software. (D) The retina from both 
experiments was stained with isolectin to visualize the blood vessels, neovascular tufts (yellow 
squares), and obliterated vasculatures in the retina (arrows). Scale bar = 1000µm, n = 3–5/group. ** 
p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA. 
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Here, in Figure 8, we demonstrated that AVR-123 significantly reduced inflammatory 
innate immune signaling molecules in the mice treated with AVR-123 NP eyedrops. 
Mouse pup retinas from the OIR models treated with 1% AVR-123NP eyedrops were used 
for RNA extraction and (real-time) qPCR to determine the mRNA levels of cytokines and 
growth factors. We probed for several pro- and anti-inflammatory molecules, including 
IL-6, IL-1β, iNOS, TNF-α, and IL-10, along with growth factors VEGF, IGF-1, and TGF-β2. 
There was a significant increase in iNOS, IL-1β, and TNF-α in the hyperoxic retinas, and, 
after treatment with AVR-123NP (ED), these genes were significantly downregulated 
(Figure 8A). IL-10 and IL-6 mRNA were significantly reduced compared to the normoxic 
retina. There was a significant increase in insulin growth factor-1 (IGF-1) and transforming 
growth factor beta-2 (TGFβ2) in the hyperoxic retinas, and after treatment with AVR-123 
(ED), these genes were significantly downregulated (Figure 8B). Interestingly, VEGF 
mRNA was found to be considerably higher in AVR-123 (ED)-treated retinas, which is an 
essential growth factor for the development of the retinal vasculature, indicating that the 
mechanism of anti-angiogenic activity in AVR-123 is partially inhibiting the excess 
production of IGF-1 and TGFβ instead of VEGF. To confirm this, further experimentation 
is required to verify the quantity of the proteins using Western blotting. 

Figure 7. AVR-123 reduces vaso-obliteration and angiogenesis in OIR murine retinas. (A) AVR-123
was dosed once a day via IP (10 mg/kg) from P7–P12 and with AVR-123 (ED) (1% nanosuspension)
for five days from P12–P17. At P18, both groups of mouse pups were sacrificed, and retina flat mounts
were prepared and stained with isolectin. (B) AVR-123 (IP) and AVR-123 (ED) significantly reduced %
of angiogenesis and neovascular tufts. (C) AVR-123 (IP) and AVR-123 (ED) significantly reduced the
degree of vaso-obliteration quantified using Image J software. (D) The retina from both experiments
was stained with isolectin to visualize the blood vessels, neovascular tufts (yellow squares), and
obliterated vasculatures in the retina (arrows). Scale bar = 1000 µm, n = 3–5/group. ** p < 0.01,
*** p < 0.001, **** p < 0.0001, one-way ANOVA. ns: not significant.

3.7. AVR-123 Treatment Reduced Pro-Inflammatory Cytokines While Not Negatively Affecting the
Essential Growth Factors for Retinal Vascular Development

Here, in Figure 8, we demonstrated that AVR-123 significantly reduced inflammatory
innate immune signaling molecules in the mice treated with AVR-123 NP eyedrops. Mouse
pup retinas from the OIR models treated with 1% AVR-123NP eyedrops were used for RNA
extraction and (real-time) qPCR to determine the mRNA levels of cytokines and growth
factors. We probed for several pro- and anti-inflammatory molecules, including IL-6, IL-1β,
iNOS, TNF-α, and IL-10, along with growth factors VEGF, IGF-1, and TGF-β2. There was a
significant increase in iNOS, IL-1β, and TNF-α in the hyperoxic retinas, and, after treatment
with AVR-123NP (ED), these genes were significantly downregulated (Figure 8A). IL-10
and IL-6 mRNA were significantly reduced compared to the normoxic retina. There was
a significant increase in insulin growth factor-1 (IGF-1) and transforming growth factor
beta-2 (TGFβ2) in the hyperoxic retinas, and after treatment with AVR-123 (ED), these
genes were significantly downregulated (Figure 8B). Interestingly, VEGF mRNA was found
to be considerably higher in AVR-123 (ED)-treated retinas, which is an essential growth
factor for the development of the retinal vasculature, indicating that the mechanism of
anti-angiogenic activity in AVR-123 is partially inhibiting the excess production of IGF-1
and TGFβ instead of VEGF. To confirm this, further experimentation is required to verify
the quantity of the proteins using Western blotting.
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pharmacokinetic study in plasma collected after ED dosing could confirm this 
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Figure 8. qPCR data from mouse retinas. Mouse retinas treated with AVR-123 (ED) for 5 days
(P12–P17) were isolated at P18, and RNA was extracted, followed by cDNA synthesis. qPCR was
performed to assess changes in the following genes: iNOS, TNFα, IL-1β, IL-6, and IL-10 (A), and
VEGF, TGFβ2, and IGF-1 (B); β-actin was used for the housekeeping gene. n = 3. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, two-way ANOVA.

3.8. Treatment with AVR-123 Reduces Populations of Macrophages, CD8+ T Cells, and
Neutrophils in Mouse Pup Spleens from the OIR Model

The results in Figure 9A show that AVR-123 (IP) treatment to mice during hyperoxia
(P7–P12) reduced macrophages, neutrophils, dendritic cells, and T cells but did not fully
ablate them, allowing immune cell communication to occur and proceed with retinal de-
velopment via immunomodulation. The reduction in macrophage populations compared
to hyperoxia mouse spleens demonstrated the capability of AVR-123 to reduce systemic
macrophages. As shown in Figure 9B, we observed that AVR-123 NP eyedrops during the
hypoxic phase (P12–P17) did not affect the % of macrophages in the spleen, possibly due
to low systemic bioavailability. Cytotoxic CD8+ T cells are responsible for inflammatory
signaling and migration to the retina and vasculopathy in oxygen-induced retinopathy [35].
CD8+ T cells have also been implicated as a developmental factor in ROP progression [36].
Here, we observed that AVR-123 NP eyedrops reduced the cytotoxic CD8+ T cell popula-
tions (Figure 9C). Lastly, the lymphocyte-to-monocyte ratio is directly associated with ROP
development [37], and here, we showed that, by both the IP and ED routes of dosing during
the hyperoxic and hypoxic phases, respectively, AVR-123 reduced lymphocytes such as
dendritic cells, neutrophils, and B cells, compared to the hyperoxia groups. Neutrophils
were significantly lowered in both experiments, as shown in Figure 9A,B, in contrast to
the hyperoxia groups, which is salient, as a neutrophil-to-lymphocyte ratio is a risk factor
for ROP treatment, as described in a 220-infant cohort clinical study [38]. We believe that
the observed change in splenic immune cell populations after eyedrop dosing is possibly
due to the systemic leakage of some of the drugs via the iridocorneal and lacrimal gland
drainages that generally occur with eyedrop dosing. A pharmacokinetic study in plasma
collected after ED dosing could confirm this observation.
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Figure 9. Effect of AVR-123 treatment on mouse splenic immune cells from the OIR mice. (A) The 
splenic immune cell populations from OIR mice injected IP with AVR-123 (P7–P12) were collected 
at P18, and the cells (n = 3 mouse spleens) were stained with immune cell-specific antibodies and 
analyzed via flow cytometry. (B,C) The splenic immune cell populations from OIR mice treated with 
AVR-123 (ED) during P12–P17. Treatment with AVR-123 reduced populations of macrophages 
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Figure 9. Effect of AVR-123 treatment on mouse splenic immune cells from the OIR mice. (A) The
splenic immune cell populations from OIR mice injected IP with AVR-123 (P7–P12) were collected at
P18, and the cells (n = 3 mouse spleens) were stained with immune cell-specific antibodies and analyzed
via flow cytometry. (B,C) The splenic immune cell populations from OIR mice treated with AVR-123
(ED) during P12–P17. Treatment with AVR-123 reduced populations of macrophages (F4/80+CF11b+),
CD8+ T cells (CD3+CD8+), neutrophils (Ly6G+CD11b+), and dendritic cells (CD11c+MHCII+) in mouse
pup spleens compared to the hyperoxia mouse group. n = 3. * p < 0.05, t-test.

4. Discussion

The present study suggests a small immunomodulatory molecule, AVR-123, as a novel
preventative treatment for ROP that not only has the potential to reintroduce balance in
homeostatic retina development in preterm infants but also provides an alternate strategy
to invasive intravitreal injection and laser surgery by using an eyedrop delivery system.
The main objective of this study was to assess the immunomodulatory and healing efficacy
of AVR-123 in a cell milieu (in vitro) and an OIR mouse model. The OIR study that
we reported here demonstrated that a PLGA-encapsulated nanosuspension of AVR-123
delivered as an eyedrop is appreciably effective in preventing Ph1 vaso-obliteration, as
well as ameliorating Ph2 neovascularization in a murine retina, a hallmark of ROP.

TLRs, in particular, facilitate pattern recognition, initiate various immune cells’ acti-
vation in neonates, and are highly polymorphic and unique to preterm birth [39]. In the
human eye, TLR2 recognizes peptidoglycan found in Gram-positive bacteria, leading to the
hyperexpression of pro-inflammatory cytokines and growth factors such as IL-1, IL-6, IL-8,
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b-FGF, TGF-β1, and VEGF, as critical mediators of pathological angiogenesis [31,40]. In par-
ticular, TLR2 signaling in the retina leads to neovascularization, and inflammation-activated
angiogenesis is partially mediated via TLR2/VEGF signaling [31]. Also, in the human eye,
TLR4 is highly expressed in retinal tissues and microglial cells, suggesting its significant
role in immune responses and modulation [41]. TLR4 activation is an essential contributor
in neonatal diseases, including ROP, and retinal ischemia [42]. TLR4 is expressed on retinal
pigment epithelial (RPE) cells and endothelial cells. It is a primary component of retinal mi-
croglial activation (resident macrophages in the retina) and promotes retinal inflammatory
diseases [43]. Low TLR4 levels in retinal endothelial cells have demonstrated protection
against retinopathies [44]. TLRs also participate in cytokine production from free radicals
and reactive oxygen species (ROS) resulting from excessive oxygen in the bloodstream
during the mechanical-ventilation-induced hyperoxia period in premature babies and play
a key role in the development of ROP [45–47]. Heme-oxygenase-1 (HO-1) is an ally, as
its activity rapidly rises due to free radicals [48]. In the hyperoxic (Ph1) stage of ROP,
retinal mitochondria overproduce free oxygen radicals, which progress ROP [49]. Lastly,
pathological neovascularization (Ph2) ROP can possibly be reduced by HO-1, contributing
to hypoxia-inducible factor-1 alpha (HIF-1α) stabilization [50]. Because ROP involves
altered endothelial cells, abnormal retinal vascularization, and the dysregulation of VEGF
expression coupled with ROS-promoting inflammatory cytokines buildup via the activation
of TLR2 and 4, targeting TLRs for VEGF realignment in ROP yields an additional favorable
target in the prevention and treatment of the pathology [51].

Our primary in vitro study confirmed that AVR-123 inhibits the TLR2 agonist PAM3CSK4
and TLR4 agonist LPS-induced inflammatory cytokines TNF-α and IL-1β, as well as reducing
TLR2/4 protein abundance. Additionally, we demonstrated this anti-inflammatory effect in
both human monocytic THP-1 cells and human CBMCs, to increase the clinical translatability
of these primary findings.

Wang et al. and Chen et al. have reported that tube formation assays are an excellent
prognosticator of a drug’s effect on angiogenesis and repair [52,53]. Using HRECs in in
situ models, AVR-121 and AVR-123 inhibited VEGF-induced tube formation, angiogenesis,
and cell migration. TLR2 activation in the retina of WT mice has been reported to increase
neovascularization compared to a TLR2 knock-out model. Inflammatory molecules, in-
cluding TGF-β and IL-6, contribute to the increased neovascularization and are partially
mediated through the TLR2/VEGF retinal signaling pathway [31]. Our data suggest that,
by inhibiting TLR2 signaling, AVR-123 reduces IL-6 and TGFβ but does not act as a direct
VEGF receptor antagonist, unlike reported small-molecule receptor tyrosine kinase (RTK)
inhibitors used for anticancer therapy [54,55]. Moreover, the complete inhibition of VEGF
in a developing eye is deleterious, and our mouse retina qPCR data show that AVR-123
moderately increases VEGF and allows physiological vascular growth in the mouse eye. At
the same time, it significantly inhibits other undesired growth factors, IGF-1 and TGF-β2,
which are upregulated in hyperoxic mouse retinas. This is a unique and selective approach
offered by AVR-123, which needs further evaluation.

It should be noted that the currently used FDA-approved therapy does not mechanis-
tically prevent ROP pathology; it only targets the pathways after ROP occurs by blocking
a specific cascade protein marker. Eyedrop formulations using Rho-kinase inhibitors, in-
cluding Fasudil 0.5% eyedrops, ripasudil 0.4% eyedrops, and β-blocker Propranolol 0.2%
eyedrops, are being studied in clinical trials for ROP. Potential pitfalls with these eyedrops
include optimal administration timing that may exacerbate the condition if given too early.
Mechanistically, they are not beneficial in preventing vaso-obliteration (Ph1) and are only
helpful during the proliferative phase (Ph2) [56,57]. Compound AVR-123 is encapsulated
in PLGA nanoparticles (NPs) to release the drug slowly and for longer, to avoid more
than one dose per day. AVR-123 NP (ED) significantly decreased vaso-obliteration and
neovascularization after eyedrop administration.

The use of AVR-123 NP eyedrops with no observed side effects in our mouse OIR
model may also augment the standard of care intravitreal injection of anti-VEGF antibody
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therapy or laser surgery. Most importantly, the cost for families and the potential damages
to neonate’s eyes could significantly drop, which remains to be demonstrated. In addition
to AVR-123’s anti-angiogenic effect, we demonstrated that AVR-123 reduced inflammatory
and ROP-specific cytokines in the OIR mouse retina, such as iNOS and IL-1β, compared to
hyperoxic retinas. The inhibition of IL-6 and IL-1β is essential, as they are predominantly
responsible for innate immune inflammation and lead to a worse ROP prognosis [58,59].
Also, the inhibition of excess iNOS expressed in the avascular retina reduced retinal
neovascularization [60–62] and retinal neuronal cell death [63,64]. Altogether, the composite
outcome is a decrease in the degree of retinopathy in neonatal eyes.

This study also reported that AVR-123 is not simply an inhibitor of TLR2 and TLR4
but demonstrates immunomodulation that segues into a complete immune response across
innate to adaptive immunity. Our finding demonstrated AVR-123’s efficacy in reducing
multiple splenic immune cell types, such as macrophages, neutrophils, dendritic cells, and
cytotoxic CD8+ T cells, implicated in ROP pathology. Devy et al., for example, reported
that a reduction in CD8+ T cells was needed for significant treatment in ROP [35]. Also,
Qiu et al. reported a dendritic cells increase in OIR mouse models of ROP, and a reduction
in these cells could be beneficial in treatment [65]. Systemic macrophages are the immune
cells responsible for inflammatory cytokine production, such as IL-6, TNF-α, and IL-1β,
which can activate the retinal endothelium cells, activating microglia/macrophages [66],
and the inhibition of systemic macrophages can reduce ROP pathology [67]. AVR-123,
delivered systemically via IP, appreciably reduced macrophage populations in the mouse
pup spleen. This is salient to ROP treatment, as systemic macrophage populations have
been shown to cross-talk with retinal microglia cells and can directly influence microglia
M1 states in the central nervous system and, by definition, retinas [68].

Additionally, we report that AVR-123 (ED) reduces cytotoxic CD8+ T cell populations,
which is a salient finding, as CD8+ T cells are responsible for inflammatory signaling to the
retina, vasculopathy in OIR, and potential targets for retinal and retinal vascular disease
types [35]. In addition, CD8+ T cells are implicated as a developmental factor for ROP
progression [36]. We also report that AVR-123 significantly reduces dendritic cells. As
previously mentioned, there is strong evidence that dendritic cell populations may be re-
sponsible for M2 (anti-inflammatory)-to-M1 (pro-inflammatory) macrophage transitions in
certain retinopathies [69]. Increased dendritic cells, lymphocytes, and monocytes have also
been shown to be produced systemically and directly progress diabetic retinopathy [70].
AVR-123 treatment also reduced neutrophils in contrast to the hyperoxia groups, which
is an essential finding, as neutrophil-to-lymphocyte ratios are a risk factor for ROP treat-
ment, as described in a 220-infant cohort study [38]. Our report on AVR-123’s ability to
reduce specific immune cell types clearly shows that it does not simply inhibit a TLR
cascade but modulates the immune response, showing a clear and pronounced anti-ROP
physiological effect.

Our current study’s limitations include not assessing neovascularization, angiogenesis,
or inflammatory markers immediately after hyperoxia exposure in P12 pups or optimizing
the formulation, dosing routes, or frequency regimens. This study also lacks in the evalua-
tion of TLR2, TLR4, and inflammatory cytokines in activated microglia and astrocytes in
the hyperoxic retina and after AVR-123 treatment, which will be investigated later using
Western blotting and ELISA.

5. Conclusions

In conclusion, we report that AVR-123 is an immunomodulating small molecule drug
with the potential to prevent and/or treat ROP in both the hyperoxia and hypoxia stages of
the pathology. Our study indicates that AVR-123 NP eyedrops have no visually observable
side effects in mouse eyes and are productive in reducing both vaso-obliteration and
angiogenesis, along with cytotoxic CD8+ T cells, neutrophils, macrophages, immune cell
types, and cytokines that cause inflammation exacerbating the ROP pathology. AVR-123
is easy to administer via eyedrops. It can potentially mitigate possible side effects from
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intravitreal injection or surgery or further retinal damage that can occur simply from
the procedure(s).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells13161371/s1, Figure S1: Docking of AVR-121 with TLR4 (2z64,
pdb) crystal structure; Table S1: Physicochemical properties of AVR-121 and AVR-123 compounds.

Author Contributions: Conceptualization, S.A. and A.D.; methodology, A.S.D. and A.D.; software,
A.D.; validation, S.A., A.D. and A.S.D.; formal analysis, H.P.J., A.D., E.A. and A.S.D.; investigation,
H.P.J., A.D. and A.S.D.; resources, S.A.; data curation, H.P.J., A.D., E.A. and A.S.D.; writing—original
draft preparation, A.S.D.; writing—review and editing, S.A. and E.A.; supervision, A.S.D.; funding
acquisition, S.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Animal Care and Use Committee of the University of North Texas Health Science Center
(IACUC 2020-0002).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Authors Adam S. Dayoub, Eesha Acharya and Suchismita Acharya was
employed by AyuVis Research Inc. Adnan Dibas has received contractual funding from AyuVis
Research to conduct part of the work at the UNTHSC facility. The remaining authors declare that
the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References
1. Kim, S.J.; Port, A.D.; Swan, R.; Campbell, J.P.; Chan, R.V.P.; Chiang, M.F. Retinopathy of prematurity: A review of risk factors and

their clinical significance. Surv. Ophthalmol. 2018, 63, 618–637. [CrossRef] [PubMed]
2. Wu, P.Y.; Fu, Y.K.; Lien, R.I.; Chiang, M.C.; Lee, C.C.; Chen, H.C.; Hsueh, Y.J.; Chen, K.J.; Wang, N.K.; Liu, L.; et al. Systemic

Cytokines in Retinopathy of Prematurity. J. Pers. Med. 2023, 13, 291. [CrossRef]
3. Blencowe, H.; Lawn, J.E.; Vazquez, T.; Fielder, A.; Gilbert, C. Preterm-associated visual impairment and estimates of retinopathy

of prematurity at regional and global levels for 2010. Pediatr. Res. 2013, 74 (Suppl. S1), 35–49. [CrossRef] [PubMed]
4. Wood, E.H.; Chang, E.Y.; Beck, K.; Hadfield, B.R.; Quinn, A.R.; Harper, C.A. 80 Years of vision: Preventing blindness from

retinopathy of prematurity. J. Perinatol. 2021, 41, 1216–1224. [CrossRef]
5. Gyllensten, H.; Humayun, J.; Sjobom, U.; Hellstrom, A.; Lofqvist, C. Costs associated with retinopathy of prematurity: A

systematic review and meta-analysis. BMJ Open 2022, 12, e057864. [CrossRef]
6. Ozdemir, H.B.; Ozdek, S. Late sequelae of retinopathy of prematurity in adolescence and adulthood. Saudi J. Ophthalmol. 2022, 36,

270–277. [CrossRef]
7. Smith, L.E. Pathogenesis of retinopathy of prematurity. Growth Horm. IGF Res. 2004, 14 (Suppl. A), S140–S144. [CrossRef]
8. Erdol, H.; Hacioglu, D.; Kola, M.; Turk, A.; Aslan, Y. Investigation of the effect of hemoglobin F and A levels on development of

retinopathy of prematurity. J. AAPOS 2017, 21, 136–140. [CrossRef] [PubMed]
9. Hartnett, M.E. Discovering Mechanisms in the Changing and Diverse Pathology of Retinopathy of Prematurity: The Weisenfeld

Award Lecture. Investig. Ophthalmol. Vis. Sci. 2019, 60, 1286–1297. [CrossRef]
10. Stahl, A.; Brunder, M.C.; Lagreze, W.A.; Molnar, F.E.; Barth, T.; Eter, N.; Guthoff, R.; Krohne, T.U.; Pfeil, J.M.; Group, C.-

R.S. Ranibizumab in retinopathy of prematurity—One-year follow-up of ophthalmic outcomes and two-year follow-up of
neurodevelopmental outcomes from the CARE-ROP study. Acta Ophthalmol. 2022, 100, e91–e99. [CrossRef]

11. Sankar, M.J.; Sankar, J.; Mehta, M.; Bhat, V.; Srinivasan, R. Anti-vascular endothelial growth factor (VEGF) drugs for treatment of
retinopathy of prematurity. Cochrane Database Syst. Rev. 2016, 2, CD009734. [CrossRef]

12. Stahl, A.; Sukgen, E.A.; Wu, W.C.; Lepore, D.; Nakanishi, H.; Mazela, J.; Moshfeghi, D.M.; Vitti, R.; Athanikar, A.; Chu, K.; et al.
Effect of Intravitreal Aflibercept vs Laser Photocoagulation on Treatment Success of Retinopathy of Prematurity: The FIREFLEYE
Randomized Clinical Trial. JAMA 2022, 328, 348–359. [CrossRef]

13. Chang, Y.H.; Chien, L.N.; Chen, W.T.; Lin, I.C. Comparison of risks of arterial thromboembolic events and glaucoma with
ranibizumab and aflibercept intravitreous injection: A nationwide population-based cohort study. PLoS ONE 2022, 17, e0267088.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells13161371/s1
https://www.mdpi.com/article/10.3390/cells13161371/s1
https://doi.org/10.1016/j.survophthal.2018.04.002
https://www.ncbi.nlm.nih.gov/pubmed/29679617
https://doi.org/10.3390/jpm13020291
https://doi.org/10.1038/pr.2013.205
https://www.ncbi.nlm.nih.gov/pubmed/24366462
https://doi.org/10.1038/s41372-021-01015-8
https://doi.org/10.1136/bmjopen-2021-057864
https://doi.org/10.4103/sjopt.sjopt_276_21
https://doi.org/10.1016/j.ghir.2004.03.030
https://doi.org/10.1016/j.jaapos.2017.03.006
https://www.ncbi.nlm.nih.gov/pubmed/28288915
https://doi.org/10.1167/iovs.18-25525
https://doi.org/10.1111/aos.14852
https://doi.org/10.1002/14651858.CD009734.pub2
https://doi.org/10.1001/jama.2022.10564
https://doi.org/10.1371/journal.pone.0267088
https://www.ncbi.nlm.nih.gov/pubmed/35436315


Cells 2024, 13, 1371 18 of 20

14. Maloney, M.H.; Payne, S.R.; Herrin, J.; Sangaralingham, L.R.; Shah, N.D.; Barkmeier, A.J. Risk of Systemic Adverse Events
after Intravitreal Bevacizumab, Ranibizumab, and Aflibercept in Routine Clinical Practice. Ophthalmology 2021, 128, 417–424.
[CrossRef] [PubMed]

15. Quinn, G.E.; Dobson, V.; Barr, C.C.; Davis, B.R.; Flynn, J.T.; Palmer, E.A.; Robertson, J.; Trese, M.T. Visual acuity in infants after
vitrectomy for severe retinopathy of prematurity. Ophthalmology 1991, 98, 5–13. [CrossRef] [PubMed]

16. Shah, P.K.; Narendran, V.; Kalpana, N.; Tawansy, K.A. Anatomical and visual outcome of stages 4 and 5 retinopathy of prematurity.
Eye 2009, 23, 176–180. [CrossRef] [PubMed]

17. Hansen, E.D.; Hartnett, M.E. A review of treatment for retinopathy of prematurity. Expert. Rev. Ophthalmol. 2019, 14, 73–87.
[CrossRef]

18. Sato, T.; Kusaka, S.; Shimojo, H.; Fujikado, T. Simultaneous analyses of vitreous levels of 27 cytokines in eyes with retinopathy of
prematurity. Ophthalmology 2009, 116, 2165–2169. [CrossRef] [PubMed]

19. Checchin, D.; Sennlaub, F.; Levavasseur, E.; Leduc, M.; Chemtob, S. Potential role of microglia in retinal blood vessel formation.
Investig. Ophthalmol. Vis. Sci. 2006, 47, 3595–3602. [CrossRef]

20. Ishida, S.; Yamashiro, K.; Usui, T.; Kaji, Y.; Ogura, Y.; Hida, T.; Honda, Y.; Oguchi, Y.; Adamis, A.P. Leukocytes mediate retinal
vascular remodeling during development and vaso-obliteration in disease. Nat. Med. 2003, 9, 781–788. [CrossRef]

21. Lee, J.; Dammann, O. Perinatal infection, inflammation, and retinopathy of prematurity. Semin. Fetal Neonatal Med. 2012, 17, 26–29.
[CrossRef] [PubMed]

22. Rivera, J.C.; Holm, M.; Austeng, D.; Morken, T.S.; Zhou, T.E.; Beaudry-Richard, A.; Sierra, E.M.; Dammann, O.; Chemtob, S.
Retinopathy of prematurity: Inflammation, choroidal degeneration, and novel promising therapeutic strategies. J. Neuroinflamma-
tion 2017, 14, 165. [CrossRef] [PubMed]

23. Langrish, C.L.; Buddle, J.C.; Thrasher, A.J.; Goldblatt, D. Neonatal dendritic cells are intrinsically biased against Th-1 immune
responses. Clin. Exp. Immunol. 2002, 128, 118–123. [CrossRef] [PubMed]

24. Corinti, S.; Albanesi, C.; la Sala, A.; Pastore, S.; Girolomoni, G. Regulatory activity of autocrine IL-10 on dendritic cell functions. J.
Immunol. 2001, 166, 4312–4318. [CrossRef] [PubMed]

25. Nguyen, M.; Leuridan, E.; Zhang, T.; De Wit, D.; Willems, F.; Van Damme, P.; Goldman, M.; Goriely, S. Acquisition of adult-like
TLR4 and TLR9 responses during the first year of life. PLoS ONE 2010, 5, e10407. [CrossRef] [PubMed]

26. Li, Y.P.; Yu, S.L.; Huang, Z.J.; Huang, J.; Pan, J.; Feng, X.; Zhang, X.G.; Wang, J.H.; Wang, J. An impaired inflammatory cytokine
response to gram-negative LPS in human neonates is associated with the defective TLR-mediated signaling pathway. J. Clin.
Immunol. 2015, 35, 218–226. [CrossRef]

27. Nussbaum, C.; Gloning, A.; Pruenster, M.; Frommhold, D.; Bierschenk, S.; Genzel-Boroviczeny, O.; von Andrian, U.H.; Quacken-
bush, E.; Sperandio, M. Neutrophil and endothelial adhesive function during human fetal ontogeny. J. Leukoc. Biol. 2013, 93,
175–184. [CrossRef]

28. Weinberger, B.; Laskin, D.L.; Mariano, T.M.; Sunil, V.R.; DeCoste, C.J.; Heck, D.E.; Gardner, C.R.; Laskin, J.D. Mechanisms
underlying reduced responsiveness of neonatal neutrophils to distinct chemoattractants. J. Leukoc. Biol. 2001, 70, 969–976.
[CrossRef]

29. Panda, S.K.; Kumar, S.; Tupperwar, N.C.; Vaidya, T.; George, A.; Rath, S.; Bal, V.; Ravindran, B. Chitohexaose activates
macrophages by alternate pathway through TLR4 and blocks endotoxemia. PLoS Pathog. 2012, 8, e1002717. [CrossRef]

30. Acharya, S.; Das, P.; Agarwaal, B. Novel Immunodulating Small. Molecules. Patent PCT/US2023/022481, 17 May 2020.
31. Sun, Y.; Ni, Y.; Kong, N.; Huang, C. TLR2 signaling contributes to the angiogenesis of oxygen-induced retinopathy. Exp. Eye Res.

2021, 210, 108716. [CrossRef]
32. Amankwa, C.E.; Gondi, S.R.; Dibas, A.; Weston, C.; Funk, A.; Nguyen, T.; Nguyen, K.T.; Ellis, D.Z.; Acharya, S. Novel Thiol

Containing Hybrid Antioxidant-Nitric Oxide Donor Small Molecules for Treatment of Glaucoma. Antioxidants 2021, 10, 575.
[CrossRef]

33. Hinkle, L.; Le, D.; Nguyen, T.; Tran, V.; Amankwa, C.E.; Weston, C.; Shen, H.; Nguyen, K.T.; Rahimi, M.; Acharya, S. Nano
encapsulated novel compound SA-10 with therapeutic activity in both acute and chronic murine hindlimb ischemia models.
Nanomed. Nanotechnol. Biol. Med. 2021, 35, 102400. [CrossRef]

34. Stankowska, D.L.; Millar, J.C.; Kodati, B.; Behera, S.; Chaphalkar, R.M.; Nguyen, T.; Nguyen, K.T.; Krishnamoorthy, R.R.; Ellis,
D.Z.; Acharya, S. Nanoencapsulated hybrid compound SA-2 with long-lasting intraocular pressure-lowering activity in rodent
eyes. Mol. Vis. 2021, 27, 37–49.

35. Deliyanti, D.; Figgett, W.A.; Gebhardt, T.; Trapani, J.A.; Mackay, F.; Wilkinson-Berka, J.L. CD8+ T Cells Promote Pathological
Angiogenesis in Ocular Neovascular Disease. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 522–536. [CrossRef]

36. Talia, D.; Zhu, T.; Agrotis, A.; Slattery, R.; Le Page, M.; Mackay-Fisson, F.; Wilkinson-Berka, J. The contribution of T cells to
retinopathy of prematurity in mice. Investig. Ophthalmol. Vis. Sci. 2013, 54, 2027.

37. Hu, Y.X.; Xu, X.X.; Shao, Y.; Yuan, G.L.; Mei, F.; Zhou, Q.; Cheng, Y.; Wang, J.; Wu, X.R. The prognostic value of lymphocyte-to-
monocyte ratio in retinopathy of prematurity. Int. J. Ophthalmol. 2017, 10, 1716–1721. [CrossRef] [PubMed]

38. Obata, S.; Matsumoto, R.; Kakinoki, M.; Sawada, O.; Sawada, T.; Saishin, Y.; Yanagi, T.; Maruo, Y.; Ohji, M. Blood neutrophil-
to-lymphocyte ratio as a risk factor in treatment for retinopathy of prematurity. Graefe’s Arch. Clin. Exp. Ophthalmol. 2023, 261,
951–957. [CrossRef] [PubMed]

39. Yoon, H.S. Neonatal innate immunity and Toll-like receptor. Korean J. Pediatr. 2010, 53, 985–988. [CrossRef]

https://doi.org/10.1016/j.ophtha.2020.07.062
https://www.ncbi.nlm.nih.gov/pubmed/32781110
https://doi.org/10.1016/S0161-6420(91)32343-1
https://www.ncbi.nlm.nih.gov/pubmed/2023732
https://doi.org/10.1038/sj.eye.6702939
https://www.ncbi.nlm.nih.gov/pubmed/17676022
https://doi.org/10.1080/17469899.2019.1596026
https://doi.org/10.1016/j.ophtha.2009.04.026
https://www.ncbi.nlm.nih.gov/pubmed/19700197
https://doi.org/10.1167/iovs.05-1522
https://doi.org/10.1038/nm877
https://doi.org/10.1016/j.siny.2011.08.007
https://www.ncbi.nlm.nih.gov/pubmed/21903492
https://doi.org/10.1186/s12974-017-0943-1
https://www.ncbi.nlm.nih.gov/pubmed/28830469
https://doi.org/10.1046/j.1365-2249.2002.01817.x
https://www.ncbi.nlm.nih.gov/pubmed/11982599
https://doi.org/10.4049/jimmunol.166.7.4312
https://www.ncbi.nlm.nih.gov/pubmed/11254683
https://doi.org/10.1371/journal.pone.0010407
https://www.ncbi.nlm.nih.gov/pubmed/20442853
https://doi.org/10.1007/s10875-015-0128-6
https://doi.org/10.1189/jlb.0912468
https://doi.org/10.1189/jlb.70.6.969
https://doi.org/10.1371/journal.ppat.1002717
https://doi.org/10.1016/j.exer.2021.108716
https://doi.org/10.3390/antiox10040575
https://doi.org/10.1016/j.nano.2021.102400
https://doi.org/10.1161/ATVBAHA.122.318079
https://doi.org/10.18240/ijo.2017.11.13
https://www.ncbi.nlm.nih.gov/pubmed/29181316
https://doi.org/10.1007/s00417-022-05902-4
https://www.ncbi.nlm.nih.gov/pubmed/36378339
https://doi.org/10.3345/kjp.2010.53.12.985


Cells 2024, 13, 1371 19 of 20

40. Kawai, T.; Akira, S. Signaling to NF-kappaB by Toll-like receptors. Trends Mol. Med. 2007, 13, 460–469. [CrossRef] [PubMed]
41. Sanchez, M.C.; Chiabrando, G.A. Multitarget Activities of Muller Glial Cells and Low-Density Lipoprotein Receptor-Related

Protein 1 in Proliferative Retinopathies. ASN Neuro 2022, 14, 17590914221136365. [CrossRef]
42. Dvoriantchikova, G.; Barakat, D.J.; Hernandez, E.; Shestopalov, V.I.; Ivanov, D. Toll-like receptor 4 contributes to retinal

ischemia/reperfusion injury. Mol. Vis. 2010, 16, 1907–1912.
43. Tsioti, I.; Steiner, B.L.; Escher, P.; Zinkernagel, M.S.; Benz, P.M.; Kokona, D. Endothelial Toll-like receptor 4 is required for microglia

activation in the murine retina after systemic lipopolysaccharide exposure. J. Neuroinflammation 2023, 20, 25. [CrossRef]
44. Seidel, A.; Liu, L.; Jiang, Y.; Steinle, J.J. Loss of TLR4 in endothelial cells but not Muller cells protects the diabetic retina. Exp. Eye

Res. 2021, 206, 108557. [CrossRef]
45. Li, Y.; Deng, S.L.; Lian, Z.X.; Yu, K. Roles of Toll-Like Receptors in Nitroxidative Stress in Mammals. Cells 2019, 8, 576. [CrossRef]
46. Li, P.; Chang, M. Roles of PRR-Mediated Signaling Pathways in the Regulation of Oxidative Stress and Inflammatory Diseases.

Int. J. Mol. Sci. 2021, 22, 7688. [CrossRef] [PubMed]
47. Canton, M.; Sanchez-Rodriguez, R.; Spera, I.; Venegas, F.C.; Favia, M.; Viola, A.; Castegna, A. Reactive Oxygen Species in

Macrophages: Sources and Targets. Front. Immunol. 2021, 12, 734229. [CrossRef]
48. Osiak, W.; Watroba, S.; Kapka-Skrzypczak, L.; Kurzepa, J. Two Faces of Heme Catabolic Pathway in Newborns: A Potential Role

of Bilirubin and Carbon Monoxide in Neonatal Inflammatory Diseases. Oxid. Med. Cell Longev. 2020, 2020, 7140496. [CrossRef]
[PubMed]

49. Aranda, J.V.; Qu, J.; Valencia, G.B.; Beharry, K.D. Pharmacologic interventions for the prevention and treatment of retinopathy of
prematurity. Semin. Perinatol. 2019, 43, 360–366. [CrossRef] [PubMed]

50. Agnihotri, T.; Kim, N.; Cagnone, G.; Kim, J.S.; Heckel, E.; Pundir, S.; Gaub, P.; Wunnemann, F.; Szarek, W.; Schipper, H.; et al.
AB038. Pathological neovascularization in retinopathy of prematurity is regulated by heme-derived iron trafficking. Ann. Eye Sci.
2020, 4, AB038. [CrossRef]

51. Mezu-Ndubuisi, O.J.; Maheshwari, A. Role of the Endothelium in Neonatal Diseases. Newborn 2022, 1, 44–57. [CrossRef]
52. Wang, Y.; Wang, Y.; Wang, X.; Ma, Y.; Li, Z.; Di, Y. LncRNA TUG1 Promotes Apoptosis, Invasion, and Angiogenesis of Retinal

Endothelial Cells in Retinopathy of Prematurity via MiR-145-5p. Front. Med. 2022, 9, 803214. [CrossRef] [PubMed]
53. Chen, S.; Sun, Q.; Sun, D.; Willette-Brown, J.; Anderson, M.J.; Gu, Q.; Lewandoski, M.; Hu, Y.; Zhu, F.; Wei, F.; et al. C-CBL is

required for inhibition of angiogenesis through modulating JAK2/STAT3 activity in ROP development. Biomed. Pharmacother.
2020, 132, 110856. [CrossRef] [PubMed]

54. Morabito, A.; De Maio, E.; Di Maio, M.; Normanno, N.; Perrone, F. Tyrosine kinase inhibitors of vascular endothelial growth
factor receptors in clinical trials: Current status and future directions. Oncologist 2006, 11, 753–764. [CrossRef] [PubMed]

55. Qin, S.; Li, A.; Yi, M.; Yu, S.; Zhang, M.; Wu, K. Recent advances on anti-angiogenesis receptor tyrosine kinase inhibitors in cancer
therapy. J. Hematol. Oncol. 2019, 12, 27. [CrossRef] [PubMed]

56. Kong, H.B.; Zheng, G.Y.; He, B.M.; Zhang, Y.; Zhou, Q. Clinical Efficacy and Safety of Propranolol in the Prevention and Treatment
of Retinopathy of Prematurity: A Meta-Analysis of Randomized Controlled Trials. Front. Pediatr. 2021, 9, 631673. [CrossRef]

57. Filippi, L.; Cavallaro, G.; Berti, E.; Padrini, L.; Araimo, G.; Regiroli, G.; Raffaeli, G.; Bozzetti, V.; Tagliabue, P.; Tomasini, B.; et al.
Propranolol 0.2% Eye Micro-Drops for Retinopathy of Prematurity: A Prospective Phase IIB Study. Front. Pediatr. 2019, 7, 180.
[CrossRef]

58. Sehgal, P.; Narang, S.; Chawla, D.; Gupta, S.; Jain, S.; Sharma, U.; Katoch, D.; Kaur, J. Systemic biomarkers of retinopathy of
prematurity in preterm babies. Int. Ophthalmol. 2023, 43, 1751–1759. [CrossRef]

59. Hellgren, G.; Löfqvist, C.; Hansen-Pupp, I.; Gram, M.; Smith, L.E.; Ley, D.; Hellström, A. Increased postnatal concentrations of
pro-inflammatory cytokines are associated with reduced IGF-I levels and retinopathy of prematurity. Growth Horm. IGF Res. 2018,
39, 19–24. [CrossRef]

60. Zhang, Q.; Zhang, J.; Guan, Y.; Zhang, S.; Zhu, C.; Xu, G.T.; Wang, L. Suppression of retinal neovascularization by the iNOS
inhibitor aminoguanidine in mice of oxygen-induced retinopathy. Graefes Arch. Clin. Exp. Ophthalmol. 2009, 247, 919–927.
[CrossRef]

61. Ninchoji, T.; Love, D.T.; Smith, R.O.; Hedlund, M.; Vestweber, D.; Sessa, W.C.; Claesson-Welsh, L. eNOS-induced vascular barrier
disruption in retinopathy by c-Src activation and tyrosine phosphorylation of VE-cadherin. Elife 2021, 10, 64944. [CrossRef]

62. Brooks, S.E.; Gu, X.; Samuel, S.; Marcus, D.M.; Bartoli, M.; Huang, P.L.; Caldwell, R.B. Reduced Severity of Oxygen-Induced
Retinopathy in eNOS-Deficient Mice. Investig. Ophthalmol. Vis. Sci. 2001, 42, 222–228.

63. Mueller-Buehl, A.M.; Tsai, T.; Hurst, J.; Theiss, C.; Peters, L.; Hofmann, L.; Herms, F.; Kuehn, S.; Schnichels, S.; Joachim, S.C.
Reduced Retinal Degeneration in an Oxidative Stress Organ Culture Model through an iNOS-Inhibitor. Biology 2021, 10, 383.
[CrossRef] [PubMed]

64. Sennlaub, F.; Courtois, Y.; Goureau, O. Inducible nitric oxide synthase mediates retinal apoptosis in ischemic proliferative
retinopathy. J. Neurosci. 2002, 22, 3987–3993. [CrossRef] [PubMed]

65. Qiu, F.; Harris, D.L.; Kenyon, B.; Jamali, A.; Ortiz, G.; Hamrah, P. Normal Retina Contains Resident Plasmacytoid Dendritic Cells
That Increase in a Mouse Model of Retinopathy of Prematurity. Investig. Ophthalmol. Vis. Sci. 2020, 61, 2793.

66. Perry, V.H. The influence of systemic inflammation on inflammation in the brain: Implications for chronic neurodegenerative
disease. Brain Behav. Immun. 2004, 18, 407–413. [CrossRef]

https://doi.org/10.1016/j.molmed.2007.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18029230
https://doi.org/10.1177/17590914221136365
https://doi.org/10.1186/s12974-023-02712-1
https://doi.org/10.1016/j.exer.2021.108557
https://doi.org/10.3390/cells8060576
https://doi.org/10.3390/ijms22147688
https://www.ncbi.nlm.nih.gov/pubmed/34299310
https://doi.org/10.3389/fimmu.2021.734229
https://doi.org/10.1155/2020/7140496
https://www.ncbi.nlm.nih.gov/pubmed/32908636
https://doi.org/10.1053/j.semperi.2019.05.009
https://www.ncbi.nlm.nih.gov/pubmed/31153620
https://doi.org/10.21037/aes.2019.AB038
https://doi.org/10.5005/jp-journals-11002-0025
https://doi.org/10.3389/fmed.2022.803214
https://www.ncbi.nlm.nih.gov/pubmed/35445044
https://doi.org/10.1016/j.biopha.2020.110856
https://www.ncbi.nlm.nih.gov/pubmed/33125970
https://doi.org/10.1634/theoncologist.11-7-753
https://www.ncbi.nlm.nih.gov/pubmed/16880234
https://doi.org/10.1186/s13045-019-0718-5
https://www.ncbi.nlm.nih.gov/pubmed/30866992
https://doi.org/10.3389/fped.2021.631673
https://doi.org/10.3389/fped.2019.00180
https://doi.org/10.1007/s10792-022-02576-z
https://doi.org/10.1016/j.ghir.2017.11.006
https://doi.org/10.1007/s00417-009-1066-x
https://doi.org/10.7554/eLife.64944
https://doi.org/10.3390/biology10050383
https://www.ncbi.nlm.nih.gov/pubmed/33925248
https://doi.org/10.1523/JNEUROSCI.22-10-03987.2002
https://www.ncbi.nlm.nih.gov/pubmed/12019318
https://doi.org/10.1016/j.bbi.2004.01.004


Cells 2024, 13, 1371 20 of 20

67. Holm, M.; Morken, T.S.; Fichorova, R.N.; VanderVeen, D.K.; Allred, E.N.; Dammann, O.; Leviton, A.; Neonatology, E.S.;
Ophthalmology, C. Systemic Inflammation-Associated Proteins and Retinopathy of Prematurity in Infants Born Before the 28th
Week of Gestation. Investig. Ophthalmol. Vis. Sci. 2017, 58, 6419–6428. [CrossRef]

68. Hu, K.; Jin, Y.; Chroneos, Z.; Han, X.; Liu, H.; Lin, L. Macrophage Functions and Regulation: Roles in Diseases and Implications
in Therapeutics. J. Immunol. Res. 2018, 2018, 7590350. [CrossRef]

69. Baban, B.; Lamoke, F.; Gutsaeva, D.; Bartoli, M. Dendritic cells-mediated polarization of retinal macrophages in human diabetic
retina. Investig. Ophthalmol. Vis. Sci. 2015, 56, 4291.

70. Chakravarthy, H.; Beli, E.; Navitskaya, S.; O’Reilly, S.; Wang, Q.; Kady, N.; Huang, C.; Grant, M.B.; Busik, J.V. Imbalances in
Mobilization and Activation of Pro-Inflammatory and Vascular Reparative Bone Marrow-Derived Cells in Diabetic Retinopathy.
PLoS ONE 2016, 11, e0146829. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1167/iovs.17-21931
https://doi.org/10.1155/2018/7590350
https://doi.org/10.1371/journal.pone.0146829

	Introduction 
	Materials and Methods 
	Chemicals, Reagents, Media, and ELISA Kits 
	Formulations of AVR-121 and AVR-123 
	Animals 
	Cell Proliferation Assay 
	Cytokines, TLR2 and TLR4 Protein Quantification Using ELISA 
	In Vitro Tube Formation Assay 
	In Vitro Cell Migration Assay 
	Murine Oxygen-Induced Retinopathy Study 
	Lectin Staining and Flat Mount in Murine Retinas 
	qPCR Analysis of Mouse Retinas 
	Flow Analysis 
	Statistical Analysis 

	Results 
	AVR-121 and AVR-123 Are Not Cytotoxic to Human Peripheral Blood Mononuclear Cells and Human Retinal Endothelial Cells (HRECs) 
	Treatment of AVR-121 and AVR-123 Inhibited Inflammatory Cytokines Via Toll-Like Receptor-2 and -4 Inhibition In Vitro 
	AVR-123 Inhibits VEGF-Induced Vascular Tube and Microcapillary Formation 
	AVR-123 Inhibits VEGF-Induced Endothelial Cell Migration 
	Formulation Development for AVR-123 
	AVR-123 Reduced Vaso-Obliteration and Angiogenesis in a Murine Oxygen-Induced Retinopathy (OIR) Model 
	AVR-123 Treatment Reduced Pro-Inflammatory Cytokines While Not Negatively Affecting the Essential Growth Factors for Retinal Vascular Development 
	Treatment with AVR-123 Reduces Populations of Macrophages, CD8+ T Cells, and Neutrophils in Mouse Pup Spleens from the OIR Model 

	Discussion 
	Conclusions 
	References

