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A single intravenous injection of cyclosporin A–loaded 
lipid nanocapsules prevents retinopathy of prematurity
Marilena Bohley1, Andrea E. Dillinger2, Frank Schweda3, Andreas Ohlmann4, 
Barbara M. Braunger5, Ernst R. Tamm2, Achim Goepferich1*

Retinopathy of prematurity (ROP) is a retinal disease that threatens the vision of prematurely born infants. Severe 
visual impairment up to complete blindness is caused by neovascularization and inflammation, progressively 
destroying the immature retina. ROP primarily affects newborns in middle- and low-income countries with limited 
access to current standard treatments such as intraocular drug injections and laser- or cryotherapy. To overcome 
these limitations, we developed a nanotherapeutic that effectively prevents ROP development with one simple 
intravenous injection. Its lipid nanocapsules transport the antiangiogenic and anti-inflammatory cyclosporin A 
efficiently into disease-driving retinal pigment epithelium cells. In a mouse model of ROP, a single intrave-
nous injection of the nanotherapeutic prevented ROP and led to normal retinal development by counteracting 
neovascularization and inflammation. This nanotherapeutic approach has the potential to bring about a change 
of paradigm in ROP therapy and prevent millions of preterm born infants from developing ROP.

INTRODUCTION
More than 10% of all births worldwide are preterm, which puts 
millions of infants at risk for developing retinopathy of prematurity 
(ROP), the leading cause of childhood blindness (1–3). ROP causes 
vision loss and blindness via a multifactorial pathomechanism of 
uncontrolled retinal blood vessel growth and inflammation, which 
progressively destroy the retina (3).

Normal eye development and retinal vascularization take place 
in utero. In premature birth, the maternal-fetal interaction and 
physiologic in utero hypoxia are lost before development is complete. 
The newborn is now exposed to a state of hyperoxia (atmospheric 
oxygen as well as the frequently required use of supplemental 
oxygen). In addition, serum levels of insulin-like growth factor 1 
(IGF1) are low at this time. Hyperoxia and low serum levels of IGF1 
stop normal retinal vessel development (phase 1 of ROP). Subse-
quently, as the retina becomes increasingly metabolically active, it 
suffers from hypoxia because it is not properly vascularized (2, 3). 
Hypoxia and the loss of maternal-fetal interaction prime retinal 
pigment epithelial (RPE) cells to excessively produce and secrete 
growth factors and cytokines such as the proangiogenic vascular 
endothelial growth factor (VEGF) and proinflammatory interleukins 
(ILs). Together, they drive the onset and progression of ROP 
(phase 2 of ROP) (4–6).

In high-income countries, ROP treatment consists of strictly 
controlling oxygen administration to avoid hyperoxia, using laser 
or cryotherapy to combat neovascularization or using intravitreal 
injections of anti-VEGF antibodies and aptamers—the current gold 
standard therapy (3, 7). These therapies require appropriate medical 
infrastructure and trained personnel, which are difficult or impossible 
to access in most middle- and low-income countries (8). Because 

preterm birth rates are substantially higher in these countries, many 
infants are at risk for permanent vision loss because of ROP (9–12). 
Global health services recognize the severity of this problem, but 
there are no therapeutic approaches available that are suitable for 
hospitals and treatment centers in most parts of the world (13).

Although intravitreal anti-VEGF treatments can be used to effi-
ciently suppress VEGF-related neovascularization, nonspecifically 
depriving the immature retina of VEGF comes at the price of 
serious adverse effects. As VEGF is a crucial growth and survival 
factor for various retinal cells including photoreceptors, astrocytes, 
ganglion, Müller, and RPE cells (7, 14), the spatially uncontrolled 
VEGF knockdown induces cell death, tissue degeneration, retinal 
destruction, and detachment (15, 16). The rigorous VEGF neutraliza-
tion may even lead to ROP recurrence by causing hypoxia because 
of delayed or incomplete retinal vessel development (17). Intra-
vitreally applied anti-VEGF agents have also been shown to enter 
the systemic circulation, reduce serum VEGF levels, and, conse-
quently, impair the development of the brain and other organs (18). 
As anti-VEGF therapeutics are associated with such high-stake risks, 
we believe that all infants suffering from ROP deserve a better treat-
ment option.

Intravenous injections are a much more accessible route of drug 
delivery compared to intravitreal injections, as they do not require 
specialized equipment or personnel. However, an intravenous therapy 
to efficiently treat ROP would need to target the RPE after systemic 
administration, which is difficult because the tissue escapes drug 
therapy (19–21). Simple systemic drug administration, which would 
build up relevant RPE drug levels, would trigger severe side effects 
throughout the rest of the body (22). To solve this problem, we have 
designed nanoparticles that efficiently accumulate in the RPE 
following intravenous injection, build a depot, and deliver the 
antiangiogenic, anti-inflammatory, and immune-modulating drug 
cyclosporin A (CsA).

To reach the RPE after systemic administration, nanoparticles 
need to permeate through the endothelial cell layer of the chorio-
capillaris and Bruch’s membrane (Fig. 1) (23, 24). To meet this 
challenge, we used lipid nanocapsules (LNCs) that mimic very-low- 
density lipoprotein (VLDL) particles. VLDL particles have a diameter 

1Department of Pharmaceutical Technology, University of Regensburg, 93053 
Regensburg, Germany. 2Department of Human Anatomy and Embryology, University 
of Regensburg, 93053 Regensburg, Germany. 3Department of Physiology, University 
of Regensburg, 93053 Regensburg, Germany. 4Department of Ophthalmology, 
Munich University Hospital, Ludwig-Maximilians-University Munich, 80336 Munich, 
Germany. 5Institute of Anatomy and Cell Biology, Julius-Maximilians-University of 
Wuerzburg, 97070 Wuerzburg, Germany.
*Corresponding author. Email: achim.goepferich@chemie.uni-regensburg.de

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution  
License 4.0 (CC BY).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 17, 2022

mailto:achim.goepferich@chemie.uni-regensburg.de


Bohley et al., Sci. Adv. 8, eabo6638 (2022)     23 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 13

of around 60 nm and are naturally able to cross the relevant biologi-
cal barriers and supply RPE cells with lipids (25–28). Our lipoprotein 
mimetic LNCs have a triglyceride core and a phospholipid shell that 
facilitates choroidal extravasation and particle uptake by binding to 
lipoprotein receptors such as the scavenger receptor CD36 on RPE 
cells (25, 29). To further increase nanoparticle avidity to RPE cells 
and secure endothelial cell recognition to enable choroidal extrava-
sation, LNCs were outfitted with cyclo(-Arg-Gly-Asp-D-Phe-Cys) 
(cRGD) tethered to the particle corona. cRGD is a ligand with 
nanomolar affinity for v3 and v5 integrins expressed by RPE 
and endothelial cells (30, 31). When cRGD and phospholipids are 
present in the same particle, it is capable of heteromultivalent binding, 
increasing the specificity and avidity for the target cells and further 
enabling the nanocapsules to overcome the choroidal endothelial 
cell barrier (32).

First, we assessed the interaction of the heteromultivalent cRGD- 
decorated LNCs (RGD-LNCs) with endothelial and RPE cells and 
determined their cellular internalization in vitro. To verify the 
approach to target RPE cells after systemic administration, we 
assessed the distribution and targeting efficacy of RGD-LNCs deliv-
ered by intravenous injection in healthy mice. Then, we loaded the 
nanocapsules with the antiangiogenic, anti-inflammatory, and 
immunomodulatory CsA. CsA can suppress the VEGF signaling 
pathway at various intracellular sites. It counteracts the transform-
ing growth factor– (TGF)–related VEGF production in RPE cells, 
which is the main source of VEGF in the retina and inhibits VEGF 
receptor type 2 (VEGF-R2) glycosylation and trafficking. CsA also 
has anti-inflammatory potential and has been shown to decrease 
IL-1 levels in vitro (33–35). Furthermore, CsA has been demon-
strated to counteract the hypoxia-induced loss of retinal ganglion 

cells and prevent disease-associated retinal thinning (36). As CsA 
has additionally been shown to alleviate progression of diabetic 
retinopathy significantly but moderately after oral administration 
to transplantation patients (37), it is a highly promising candidate 
to interfere with the ROP pathomechanism. We explored the thera-
peutic potential of CsA-loaded RGD-LNCs (CsA RGD-LNCs) in 
mice with oxygen-induced retinopathy (OIR), a standard mouse 
model for ROP. By analyzing the levels of VEGF, VEGF-R2, glial 
fibrillary acidic protein (GFAP), and IL-1 in both the sensory 
retina and RPE, we elucidated whether the nanotherapeutic truly 
addresses all RPE-related pathomechanisms. The overall aim was 
to explore whether a single intravenous injection of such a simple 
nanotherapeutic could prevent ROP and allow normal retinal 
development.

RESULTS
Lipoprotein-mimetic heteromultivalent RGD-LNCs address 
RPE and endothelial cells
Lipoprotein-mimetic RGD-LNCs with a diameter of 55 to 60 nm 
and slightly negative surface charge (Fig. 2, A to C) were prepared 
using a phase inversion technique to prepare the LNCs and a 
postinsertion technique to anchor DSPE-PEG-cRGD conjugates into 
the LNC shell as previously described (38). In a first set of experi-
ments, we investigated the interaction of the lipoprotein-mimetic 
heteromultivalent RGD-LNCs with endothelial and RPE cells and 
determined their cellular internalization in vitro. Alongside RPE 
cells, we used endothelial cells to study the cellular uptake. While 
the former are the ultimate target, the latter are part of the barrier 
that the nanotherapeutic needs to overcome on its way from the 
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Fig. 1. Illustration of the drug delivery and therapeutic concept. Upon intravenous injection, biomimetic RGD-LNCs follow the route of VLDL. They extravasate from 
the choriocapillaris, diffuse through the Bruch’s membrane, and accumulate in the RPE. Loaded with antiangiogenic and anti-inflammatory CsA, a simple intravenous 
injection of the nanotherapeutic has the potential to prevent preterm infants from developing ROP as the therapy counteracts pathologic neovascularization by normalizing 
VEGF expression and suppresses inflammation. D
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blood to the retina. Similar results were obtained for both cell types 
(Fig. 2D). While the cellular uptake of control LNCs was only moderate, 
RGD-LNCs were taken up excessively.

This confirmed the benefits of the heteromultivalent nanoparticle 
design. The two targeting moieties, cRGD and the phospholipid, 
were of significant advantage for RPE cell recognition and internaliza-
tion. The significance of the integrin ligand was further demon-
strated by the sharp decrease of cellular uptake of RGD-LNCs when 
v3 and v5 integrin receptors were blocked with free cRGD 
(Fig. 2D). Cellular uptake of both RGD-LNCs and LNCs into RPE 
cells increased continuously with time (Fig. 2E), which can be 
attributed to phospholipid-mediated uptake via the scavenger 
receptor CD36 that both particle species bind to. The internalization 
of the nanocapsules into cells was confirmed using fluorescence 
microscopy. Figure 2F shows that RGD-LNCs are exclusively located 
in the cytosolic region of both cell types and that there is no un-
specific adhesion to the cell surface.

RGD-LNCs accumulate in the RPE after intravenous injection
To investigate the in vivo fate of RGD-LNCs following intravenous 
injection and the efficacy of the targeting strategy, we first assessed 
their whole-body distribution relative to their ocular accumulation in 
healthy mice. The amount of accumulated nanocapsules determined 
by fluorescence spectroscopy served as a proxy for biodistribution. 
One hour after injection, approximately 10% of the administered 
dose [initial dose (ID)] of RGD-LNCs reached the posterior eye 
per gram of tissue (Fig. 3A), which is equivalent to 2.0% of the total 
administered dose of RGD-LNCs accumulating in the retina (Fig. 3B). 
Given the low mass and the challenge of accessing the retina, this is an 
outstanding targeting efficacy compared to other nanotherapeutics 
(39, 40). In addition, the results rigorously support the advantage of 
the heteromultivalent nanocapsule design because ocular enrich-
ment is eight times higher for RGD-LNCs compared to LNCs 
(Fig. 3A). After proving that targeted RGD-LNCs accumulate in the 
eye after intravenous injection, the next step was to elucidate the 
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Fig. 2. VLDL-mimicking and integrin-addressing NLCs target RPE and endothelial cells. (A) Schematic illustration of the VLDL-mimicking nanocapsule composition 
and the heteromultivalent targeting concept of RGD-LNCs. (B) Hydrodynamic diameter and polydispersity index (PDI) of LNCs and RGD-LNCs. (C) ς potential of LNCs and 
RGD-LNCs. (D) Ligand-mediated cellular uptake of LNCs and RGD-LNCs in human RPE (ARPE) cells and human dermal microvascular endothelial (HDME) cells, partially 
inhibited by free cRGD. (E) Ligand-mediated uptake kinetic of LNCs and RGD-LNCs in ARPE cells. (F) Cellular localization of LNCs and RGD-LNCs in HDME and ARPE cells. 
Scale bars, 20 m. Results are presented as means ± SD of n = 10 (B and C) independent experiments and n = 3 (D and E) biologically independent samples per group. 
Levels of statistical significance are indicated as ****P ≤ 0.0001. n.s., nonsignificant. P values were determined by two-way analysis of variance (ANOVA) (D) and one-way 
ANOVA (E). DAPI, 4′,6-diamidino-2-phenylindole.
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targeting mechanism. We were curious whether the lipoprotein 
mimetic lipid nanoparticles truly follow the route of VLDL, extravasate 
from choroidal vessels, and ultimately reach and accumulate in the 
RPE. Previous in vivo experiments demonstrated that cRGD-grafted 
quantum dots bind to choroidal endothelial cells but are not able to 
extravasate from the bloodstream and reach RPE cells (41). Thus, 
we were keen to investigate whether the lipoprotein-mimetic ap-
proach would overcome this limitation.

To visualize LNCs using both fluorescence microscopy and trans-
mission electron microscopy (TEM), LNCs that are simultaneously 
loaded with fluorescent dye and electron dense superparamagnetic 

iron oxide nanoparticles (SPIONs) (=dual LNCs) were used (fig. S1, 
A and B) (42). TEM imaging allowed us to assess the exact cellular 
localization of dual RGD-LNCs in the retina of healthy mice. 
Figure 3C shows the presence of dual RGD-LNCs in choroidal 
endothelial cells, the Bruch’s membrane, and RPE cells, suggesting 
that RGD-LNCs do follow the VLDL route toward the RPE. These 
findings were further supported by the fact that fluorescence micro-
scope images taken 1 hour after intravenous injection showed 
excessive amounts of RGD-LNCs in the RPE (Fig. 3D). Quantifying 
the nanocapsules in the RPE using fluorescence density measure-
ments revealed that both LNCs and RGD-LNCs reached the RPE 
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Fig. 3. Effective and RPE-specific intraocular RGD-LNC enrichment. (A) Nanocapsule accumulation after intravenous administration and 1 hour of blood circulation in 
% ID per gram of tissue in healthy mice. (B) Absolute target tissue distribution in % ID of RGD-LNCs and LNCs in the retina. (C) TEM images showing dual RGD-LNCs in the 
posterior eye 1 hour after intravenous administration. Top: RGD-LNCs are associated with endothelial cells. Middle: RGD-LNCs adjacent to and migrating in the Bruch’s 
membrane. Bottom: RGD-LNCs internalized in RPE cells. Arrows indicate electron-dense superparamagnetic iron oxide nanoparticles (SPIONs) containing dual RGD-LNCs. 
From left to right: Squared out regions show progressive magnification. Scale bars, 250 nm. Representative images of at least n = 5 biologically independent samples. 
(D) Sagittal section of eyes stained for endothelial cells (CD31; green) and cell nuclei (DAPI; blue) showing RPE-specific accumulation of RGD-LNCs 1 hour after intravenous 
administration. Nanocapsule accumulation in the RPE is indicated with white arrows. Lilac: Nanocapsule-associated fluorescence. Squared out region shows magnification. 
Scale bars, 20 m. (E and F) Quantitative analysis of nanoparticle fluorescence 1 hour after administration of LNCs or RGD-LNCs (E) and of RGD-LNCs at different time 
points (F). Results are presented as means ± SD of n = 6 (A and B) mice per treatment group, n = 5 (E), or at least n = 3 (F). Levels of statistical significance are indicated as 
*P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001. P values were determined by two-way ANOVA (A), unpaired t test (B), and one-way ANOVA (E and F).
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but only the heteromultivalent RGD-LNCs accumulated sufficiently 
in the target tissue (Fig. 3E). The heteromultivalent and lipoprotein 
mimetic approach successfully facilitates both choroidal vessel 
extravasation and target cell accumulation in vivo. Using fluorescence 
imaging, neither RGD-LNCs nor LNCs were found in other retinal 
cell types, indicating endothelial and RPE cell specificity (Fig. 3D).

In a final set of experiments regarding target efficacy, the resi-
dence time of RGD-LNCs in the RPE was evaluated by taking fluo-
rescence images of the posterior eye 1 hour, 24 hours, and 5 days 
after intravenous administration. While fluorescence microscopy 
revealed the presence of RGD-LNCs in the RPE for all three time 
points, quantitative evaluation showed that the maximum accumu-
lation was reached 1 hour after administration and remained at a 
constant level for at least 24 hours (Fig. 3F). Unexpectedly, after 
5 days, substantial amounts of RGD-LNCs could still be detected in 
the target tissue, suggesting the formation of a nanocapsule depot, 
which is highly promising for the prospective drug therapy.

One injection of CsA RGD-LNCs inhibits neovascularization
After designing a nanocarrier that successfully accumulates in RPE 
cells, we assessed the therapeutic potential of CsA RGD-LNCs 

(fig. S1, B to D) by testing them in a mouse model of ROP. To that 
end, we chose the mouse model of OIR because it is considered 
the standard rodent model for ROP (43). To induce the disease, we 
subjected newborn mice to oxygen treatment beginning on postnatal 
day 7 (P7), which causes an initial loss of retinal vessels because of 
the hyperoxia-related suppression of VEGF levels (phase 1 of ROP). 
Subsequent termination of oxygen treatment on P12 leads to massive 
VEGF overexpression accompanied by inflammation spurring neo-
vascularization and ROP progression (phase 2 of ROP) (44, 45). On 
the basis of this mechanism (Fig. 4A), we treated the mice on P12 
with a single intravenous injection, right before the onset of patho-
logic neovascularization (=phase 2 treatment). To assess the thera-
peutic potential of CsA RGD-LNCs, we compared the effects of 
CsA RGD-LNCs to the effects of equivalent doses of intravenously 
applied CsA solution (Sandimmun, referred to as free CsA) and 
phosphate-buffered saline (PBS) (referred to as control). The CsA 
RGD-LNC dose and free CsA concentration were chosen on the 
basis of the clinical standard for systemic CsA administration (46).

While phase 1 treatments aim to counteract hypoxia-induced 
changes and decrease avascularity, the most relevant metric for the 
therapeutic success of a phase 2 treatment aiming to fight destructive 

Fig. 4. CsA RGD-LNC effects on the progression and prevention of neovascularization. (A) Scheme depicting the pathogenesis and intervention regime in the mouse 
model of OIR. (B) Representative images of retina whole mounts showing the retinal vasculature stained with fluorescein isothiocyanate (FITC)–dextran (green) at P17. 
Untreated control (without OIR and with OIR; control no OIR and control OIR) compared to free CsA and CsA RGD-LNCs–treated mice. Scale bars, 500 m. (C) Quantification 
of the relative avascular area. (D) Quantification of the relative neovascular area. (E) Absolute CsA content in the posterior eye of mice with OIR at P17 after injection of 
CsA RGD-LNCs or free CsA at P12. n.q., not quantifiable. Results are presented as means ± SD of at least n = 5 (C), n = 8 (D), and n = 5 (E) mice per treatment group. Levels 
of statistical significance are indicated as *P ≤ 0.05 and ****P ≤ 0.0001. P values were determined by one-way ANOVA (C) and unpaired t test (D).
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neovascularization is the degree of inhibiting retinal neovasculariza-
tion (47). OIR treatment causes pathological changes in the retinal 
vasculature, as seen in Fig. 4B, which has an avascular zone in the 
central retina, large areas of newly formed, leaky vessels and neo-
vascular tufts (control OIR). In contrast, the retinas of mice treated 
with CsA RGD-LNCs show a marked decrease of neovascular 
zones, leaky vessels, and neovascular tufts (Fig. 4B, CsA RGD-LNC). 
As expected, the treatment applied after oxygen administration and 
at phase 2 of ROP pathogenesis caused no effects on the avascular 
zone (Fig. 4C). To quantify the efficacy against neovascularization, 
the areas of tufts and proliferating vessels were measured, normalized 
to the overall retinal area, and expressed as extent of neovasculariza-
tion (Fig. 4D). CsA RGD-LNCs suppressed neovascularization by a 
factor of 6, which reduced the levels to those of healthy control 
animals. An identical dose of CsA injected as aqueous solution had 
no effects. Impressively, just a single injection of CsA RGD-LNCs 
given directly after the cessation of oxygen administration delivers 
enough CsA to the RPE to entirely prevent ROP from developing.

On P17, drug content in the eye was analyzed using ultrahigh- 
performance liquid chromatography in combination with mass 
spectrometry (UHPLC-MS) (Fig. 4E). Even 5 days after injection, 
CsA was still detectable in the posterior eye of mice that received the 
nanocapsule formulation but not in animals treated with the free 
drug solution. This confirms the efficacy and necessity of the drug 
delivery system. Overall, the results demonstrate that RGD-LNCs 
are a highly precious tool for forming a depot that maintains drug 
concentration in the RPE for several days. This targeting strategy 
enables one injection of CsA RGD-LNCs to completely prevent 
pathologic neovascularization in a mouse model of ROP.

CsA RGD-LNCs fight the underlying RPE-related 
pathomechanism
Because the CsA RGD-LNCs had tremendous inhibitory effects on 
neovascularization, we were intrigued by the underlying mecha-
nism. CsA prevents angiogenesis by suppressing VEGF-R2 glyco-
sylation and intracellular trafficking. It further interferes with the 
VEGF signaling pathway at various intracellular sites and counter-
acts TGF-related VEGF production in RPE cells (33, 48, 49). To 
elucidate the mechanism of the nanotherapeutic, we quantified 
changes in retinal VEGF-R2 and VEGF protein levels in both 
the RPE-choroid complex and the neural retina of treated versus 
untreated mice. Immunohistochemical analysis revealed that the 
treatment with CsA RGD-LNCs decreased elevated VEGF-R2 levels 
in OIR mice down to the physiological values measured in healthy 
control animals (Fig. 5, A and B). For VEGF, similar results were 
observed, with a reduction to physiological values in both the RPE- 
choroid complex (Fig. 5C) and the neural retina (Fig. 5D) upon CsA 
RGD-LNC treatment. CsA RGD-LNCs counteract pathologic VEGF 
production in RPE cells and consequently reduce available amounts 
of VEGF in the whole retina. Overall, the results demonstrate that 
the nanotherapeutic counteracts VEGF-driven neovascularization 
by normalizing VEGF and VEGF-R2 levels.

We next explored the effects of CsA RGD-LNC therapy on 
inflammation (50). To that end, we first investigated the expression 
of GFAP, a marker for the reactivity of Müller cell glia. Müller cell 
glia react in response to retinal damages and inflammation caused 
by ROP in a process called gliosis. Pronounced expression of GFAP 
is a surrogate for retinal damage and inflammation (51). Figure 5F 
shows that in control eyes, GFAP expression was restricted to 

Fig. 5. Molecular angiogenic and inflammatory responses to CsA RGD-LNC therapy. (A) Imaging of VEGF-R2 expression in the posterior eye. Blue, DAPI staining of 
cell nuclei; green, VEGF-R2. (B) Quantitative analysis of VEGF-R2 fluorescence density from cryosections immunohistochemically stained with VEGF-R2 antibody (A). 
(C and D) Assessment of VEGF protein levels in (C) the RPE-choroid complex and (D) the neural retina determined through ELISA. (E) Quantification of IL-1 mRNA expression 
levels in RPE-choroid complex using reverse transcription quantitative polymerase chain reaction (RT-qPCR). (F) Imaging of GFAP expression in the posterior eye. Blue, 
DAPI staining of cell nuclei; green, GFAP. (G) Quantitative analysis of GFAP fluorescence from sections shown in (F). Scale bars, 20 m. Results are presented as means ± SD 
of at least n = 5 (A, B, and E to G) and n = 6 (C and D) mice per treatment group. Levels of statistical significance are indicated as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and 
****P ≤ 0.0001. P values were determined by one-way ANOVA (A to F).
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Müller cell end feet, which are located at the inner retinal surface. In 
OIR eyes, GFAP expression was seen throughout the whole retina, 
indicating Müller cell reactivity and typical gliosis reaction due to 
inflammation and retinal damages caused by OIR. The treatment with 
the nanotherapeutic led to a significant decrease of the inflammatory 
marker down to normal values (Fig. 5G). Together with the signifi-
cantly lower production of proinflammatory IL-1 mRNA in RPE 
cells (Fig. 5E), these data highlight the anti-inflammatory effects of 
CsA RGD-LNCs.

Together, the mechanistic investigation revealed bright prospects 
for the comprehensive treatment of ROP, as CsA RGD-LNCs 
normalize vascularization by restoring natural VEGF and VEGF-R2 
levels and substantially reduce inflammation.

CsA RGD-LNCs as a therapy for all infants at risk of ROP
So far, the investigations revealed that a single dose of CsA RGD-
LNCs halts the pathogenesis of ROP by restoring vital growth factor 
and cytokine levels. This success prompted us to evaluate the potential 
of CsA RGD-LNCs as a preemptive treatment for preterm infants at 
risk of developing ROP. A successful preventive therapy must 
prevent the condition but also have no negative effects on healthy 
eyes that are not developing ROP. To that end, we treated healthy 
mice with CsA RGD-LNCs (Fig. 6A). Investigation of the vessel status 
revealed no alteration and no disturbance of normal vessel development 

after treatment (Fig. 6, B and C, and fig. S2, A and B). The pro-
phylactic intervention caused no significant changes in the VEGF 
and VEGF-R2 expression of healthy animals (Fig. 6, D, F, and H, 
and fig. S2, C to F). This reassured us that VEGF signaling, which is 
essential for physiological vessel development and overall ocular 
homeostasis and integrity, remained unaffected in mice without 
OIR that were treated with CsA RGD-LNCs. GFAP protein and 
IL-1 mRNA levels were also unaffected (Fig. 6, E, G, and I, and 
fig. S2G). The use of CsA RGD-LNCs caused no morphological 
changes in the retinas of mice with or without OIR (fig. S3), sup-
porting their safe use.

DISCUSSION
The overarching goal of this work was to develop a treatment for 
ROP that counteracts the underlying pathomechanism of neo-
vascularization and inflammation while avoiding complex and 
expensive medical techniques unavailable to patient populations in 
middle- and low-income countries. To meet this challenge, we 
designed a simple nanotherapeutic that prevents ROP development 
by a single intravenous injection.

Our formulation takes inspiration from nature, using LNCs 
that mimic VLDL and adding targeting ligands (cRGD) so they can 
cross the necessary biological barriers and accumulate in the target 

Fig. 6. Clinical and molecular ocular effects of CsA RGD-LNC therapy on healthy mice. (A) Scheme depicting the intervention regime for mice without OIR. (B) Rep-
resentative images of retina whole mounts showing the retinal vasculature. Green, FITC-dextran. Scale bars, 500 m. (C) Quantification of the relative neovascular area. 
(D) Imaging of VEGF-R2 expression in the eye. Blue, DAPI staining of cell nuclei; green, VEGF-R2. (E) Imaging of GFAP expression in the eye. Blue, DAPI staining of cell 
nuclei; green, GFAP. (F) Quantitative analysis of VEGF-R2 fluorescence from sections shown in (D). (G) Quantitative analysis of GFAP fluorescence from sections shown in 
(E). (H) Assessment of VEGF protein levels in the neural retina and RPE-choroid complex through ELISA. (I) Representation of IL-1 mRNA level fold change in the neural 
retina and RPE-choroid complex determined through RT-qPCR. Scale bars, 20 m. Results are presented as means ± SD of at least n = 5 (F, G and I), n = 6 (H), and n = 10 (C) 
mice per treatment group. P values were determined by unpaired t test (C, F, and G), multiple t test (I), and two-way ANOVA (H).
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tissue. RGD-LNCs successfully mimicked VLDL particles and were 
able to enrich in RPE cells following intravenous injection. As 
expected, they were not exclusively distributed to the posterior eye 
but, like other nanoparticles, in the whole organism (52). However, 
our findings show how remarkable these particles are in their ability 
to target the RPE: Only LNCs that carried cRGD accumulated effi-
ciently in the RPE, proving that the heteromultivalent targeting of 
av3 and av5 integrins is essential. Their ability to recognize target 
cells was highly efficient because RGD-LNCs accumulated massively 
in the RPE when compared to liver tissue, which is a part of the mono-
nuclear phagocytic system and able to actively remove particles from 
the central circulation (24). Within the eye itself, particles were found 
exclusively in endothelial and RPE cells, suggesting that this design 
achieves retinal cell-specific drug delivery. Although there are other 
drug delivery systems available using active targeting to specifically 
address RPE cells upon intravenous injection, none revealed target 
cell specificity (20, 53, 54).

Compared to control LNCs, RGD-LNCs had prolonged resi-
dence time and higher concentrations in the blood. This suggests 
that particles persist in circulation for over 1 hour, giving them 
more time to reach the target tissue and making it likely that lower 
doses could be used in future experiments. In addition, RGD-LNCs 
had a remarkable residence time in the RPE, with a significant 
quantity of nanocapsules present even 5 days after injection. This 
depot formation in the RPE is highly advantageous for the delivery 
of drugs, as sustained drug release would counterbalance rapid 
ocular drug clearance (22). With the RPE playing a pivotal role in 
the onset and progression of various retinal diseases, this drug 
delivery system provides a valuable tool for the development of 
novel approaches to treat diseases with RPE-associated patho-
mechanisms such as diabetic retinopathy and age-related macular 
degeneration (4).

After confirming that our nanoparticle system effectively targets 
the cell population involved in the mechanism underlying ROP, we 
chose CsA as drug candidate because it addresses all relevant 
arms of disease development. We found that CsA RGD-LNCs were 
remarkably successful in vivo. A single intravenous dose of CsA 
RGD-LNCs completely prevented neovascularization and ROP 
development. While intravitreal anti-VEGF agents have been shown 
to increase avascularity and resulting hypoxic injuries in the retina 
during phase 1 of ROP progression, CsA RGD-LNCs did not affect 
the avascular zone (55). We confirmed that the observed effects 
on neovascularization occurred because CsA RGD-LNCs effectively 
down-regulated VEGF and VEGF-R2 levels. In contrast to the 
contemporary clinical practice of anti-VEGF therapy that reduces 
VEGF levels to zero (56), our nanotherapeutic reduced VEGF and 
VEGF-R2 expression to healthy levels. This is highly advantageous 
because physiological VEGF levels are vital for normal retinal de-
velopment and for the survival of various retinal cells including 
photoreceptors, astrocytes, ganglion, Müller, and RPE cells (15). 
This measured approach to regulating VEGF levels will minimize the 
risk of negative effects and reduce the need for additional treatments. 
Besides showing the valuable therapeutic effect of “normalizing” 
vessel growth, our results shed light on the anti-inflammatory 
potential of CsA RGD-LNCs. Retinal GFAP levels that correlate 
with the degree of retinal damage and inflammatory processes were 
found to be significantly lowered after treatment with the nano-
therapeutic. The anti-inflammatory effect of our nanotherapeutic 
was further supported by the significant decrease of proinflammatory 

IL-1 mRNA expression. While the antiangiogenic and anti- 
inflammatory effects of CsA were leveraged to combat ROP develop-
ment and progression, the immune-modulatory potential of CsA 
can be helpful when an infant concomitantly suffers from ROP 
and fetal inflammatory response syndrome (FIRS). Current studies 
suggest a correlation between FIRS and ROP, indicating that FIRS 
predisposes to ROP (57). FIRS is driven by excessive systemic 
T lymphocyte activation and IL release. As CsA can counteract both, 
we hypothesize that treating infants suffering from FIRS and ROP 
with the nanotherapeutic could have synergistic effects on both 
diseases.

While our intravenous approach, such as intravitreal anti-VEGF 
injections, represents a phase 2 treatment for ROP, there are other 
systemic approaches aiming to interfere at phase 1of ROP develop-
ment. During the initial period of hyperoxia, a large avascular zone 
in the central retina develops. It is this area that becomes hypoxic 
due to insufficient blood perfusion. Consequently, hypoxia-induced 
or hypoxia-regulated factors are up-regulated, which trigger pro-
duction and secretion of growth factors from the RPE and, thus, 
neovascularization (7). It has been shown that stabilizing hypoxia- 
inducible factors, which are transcription factors that modulate 
adaptation to hypoxia, can prevent neovascularization (58–60). 
One limitation that all phase 1 approaches share is that they must be 
applied in a brief window of opportunity to successfully interfere 
with these mechanisms to prevent retinal neovascularization. If 
administered too late, they exhibit adverse effects and even promote 
destructive neovascularization (59). In addition, although they are 
applied at the exact time point, they are ineffective against inflam-
mation that contributes significantly to both onset and progression 
of ROP. The same holds true for oral administration of propranolol, 
another phase 1 approach. Although it has been shown to prevent 
astrocyte degeneration resulting from hypoxic injuries, it failed to 
completely prevent ROP and is ineffective against inflammation 
(61). Another phase 1 treatment approach is intravenous injections 
of recombinant human IGF1 complexed with its binding protein 
(rhIGF1/rhIGFBP3). This therapy did not reveal any effects on 
ROP severity or ROP occurrence in a phase 2 trail (62). Together, 
although some phase 1 treatment approaches pose therapeutic 
potential for preventing avascularity and, thus, inhibiting destruc-
tive neovascularization, they must be administered at the exact time 
point regarding ROP pathogenesis and do not affect other underlying 
pathomechanisms. Both limitations render these approaches im-
practical or even ineffective in a clinical setting, especially under the 
basic medical conditions in middle- and low-income countries.

Challenging healthy mice with the nanotherapeutic did not elicit 
any negative effects on the development of the retinal vasculature 
or overall retinal morphology. This suggests that CsA RGD-LNCs 
could be used as a preemptive treatment (independent of ROP 
disease stage), which is applied directly after the oxygen treatment, 
without the need of complex and costly diagnostics that are unavailable 
in most parts of the world. The development of a preventive treat-
ment for ROP with the simplicity of intravenous injection and the 
need for only a single application would be of paramount value 
particularly for middle- and low-income countries, where the preva-
lence of ROP is high and the diagnostic and therapeutic possibilities 
are low (9, 10). While further research regarding toxicity, dosing, 
and long-term effects is needed, the biggest hurdle to translate the 
nanotherapeutic into clinics is the lack of commercial interest. In 
industrial countries, the prevalence of ROP is rather low and there 
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are different therapies available; consequently, there is no financial 
interest in developing a new ROP treatment. Once this hurdle has 
been overcome, this work provides the basis for a single-dose intra-
venous treatment as standard therapy for all infants at risk for ROP.

MATERIALS AND METHODS
Materials
Kolliphor HS15 was obtained from BASF, and Lipoid S75-3 was 
acquired from Lipoid GmbH (Ludwigshafen, Germany). Miglyol 
812 [medium chain triglycerides (MCT)] was purchased from 
Caesar & Loretz GmbH (Hilden, Germany). 1,1′-Dioctadecyl- 3,3,3′,3′- 
tetramethylindocarbocyanine perchlorate (DiI) was purchased from 
Invitrogen (Waltham, USA). Sodium oleate was purchased from TCI 
Europe (Zwijindrecht, Belgium). CsA was obtained from Pharma 
Stulln GmbH (Stulln, Germany). 1,2-Distearoyl-sn-glycero-3- 
phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000] 
(ammonium salt) (DSPE-PEG2000-maleimide) was purchased from 
Avanti Polar Lipids Inc. (Alabaster, USA). cRGD acetate salt was 
purchased from Bachem Distribution Service GmbH (Weil a. Rhein, 
Germany). Dulbecco’s PBS (DPBS) was acquired from Gibco Life 
Technologies (Waltham, USA). Purified water was obtained from 
a MilliQ System from Millipore (Schwalbach, Germany). All other 
materials and reagents in analytical grade were obtained from Merck 
(Taufkirchen, Germany).

Lipid nanoparticle preparation and characterization
LNCs were prepared after Heurtault et al. (63), with slight modifi-
cations as previously described (38). In short, 887.5 mg of Kolliphor 
HS15 40% (w/w), 30 mg of Lipoid S75-3, 415 mg of MCT, 12 mg of 
NaCl, and 655.8 mg of water were heated in a phase inversion pro-
cess of three cycles between 90° and 60°C. In the third cycle, water 
was added at the phase inversion temperature, leading to stable 
LNC formation. The final dispersion was filtered through a 0.22-m 
regenerated cellulose membrane for sterilization and stored at room 
temperature (RT) in the dark. For particle detection, fluorescent 
dyes [1.5% DiI (w/w)] and/or SPION 0.24% iron (w/w) were added 
to the initial mixture (42). For the preparation of CsA-loaded LNCs 
(34 mg of CsA/g LNC), MCT was replaced by 8.5% (w/w) CsA-
MCT solution, and particles were prepared as described above. For 
cRGD peptide grafting, cRGD was first coupled to DSPE- PEG2000-
maleimide (2 hours, RT, 500 rpm). Next, the conjugates were in-
serted in the shell of the LNC by using the postinsertion method as 
previously described (3 hours, 37°C, 500 rpm) (64). For purification 
and concentration, both unmodified LNCs and modified LNCs were 
dialyzed against DPBS overnight using Spectra/Por Float-A-Lyzer 
G2 300-kDa molecular weight cutoff (MWCO) and subsequently 
washed twice with 4 ml of DPBS (15 min, RT, 4000g) using a 100-kDa 
MWCO Amicon Ultra-4 centrifugal device. Size and  potential of 
the resulting particles were measured in 10% DPBS (v/v) at a con-
stant temperature of 25°C using 2 mg/ml concentrations with a 
ZetaSizer Nano ZS (Malvern Instruments). To assess the CsA content 
and the encapsulation efficacy, CsA LNCs were diluted with methanol 
and ultrasonicated (30 min) to disrupt the particles. Afterward, CsA 
was quantified by UHPLC-MS, as previously described (38).

Cell culture
Human dermal microvascular endothelial (HDME) cells were cul-
tured in endothelial cell growth medium MV (GM) and endothelial 

cell basal medium MV (BM), all purchased from PromoCell GmbH 
(Heidelberg, Germany; catalog no. C-12210). HDME cells were used 
in low passage numbers ranging from 4 to 7. Human retina pigment 
epithelial cells (ARPE-19 a spontaneously arising retinal pigment 
epithelia cell line derived from the normal eye; RRID: CVCL_0145), 
gifted by U. Friedrich (Institute of Human Genetics, University of 
Regensburg), were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)–F12 (1:1) supplemented with 10% fetal bovine serum ob-
tained from Biowest (Nuaillé, France).

Cellular targeting
Particle uptake through flow cytometry was performed as previously 
described (38). In short, either HDME or ARPE-19 cells were seeded 
in 24-well plates at a density of 50,000 cells per well and incubated 
in BM or DMEM-F12 (1:1) for 24 hours (37°C). Prewarmed particle 
solutions [0.6 mg/ml in Leibovitz medium supplemented with 0.1% 
bovine serum albumin (BSA)] were added to the cells, after washing 
them with DPBS, and incubated for 1 hour. To confirm the ligand 
specificity, cells were incubated with cRGD solution (1 mg/ml) be-
fore particle addition. Afterward, particle solutions were discarded, 
and the cells were washed twice with DPBS, trypsinated, and centri-
fuged (200g, 5 min, 4°C). Nanoparticle-associated cell fluorescence 
was analyzed in DPBS using a FACSCanto II cytometer (Becton 
Dickinson). The population of viable cells was gated using Flowing 
software 2.5.1. (Turku Centre for Biotechnology), and the geometric 
mean of the nanoparticle associated fluorescence was analyzed.

For the assessment of particle uptake kinetics, ARPE-19 cells 
were seeded in 24-well plates at a density of 50,000 cells per well and 
incubated in DMEM-F12 (1:1) for 24 hours (37°C). After washing 
the cells with DPBS, prewarmed particle solutions (0.6 mg/ml in 
Leibovitz medium supplemented with 0.1% BSA) were added to the 
cells and incubated for 1, 2, 4, 6, and 8 hours. After all incubation 
periods, cells were processed and analyzed as described above. To 
determine the cellular distribution of the different particle formula-
tions, HDME and ARPE-19 cells were seeded in coverslip containing 
six-well plates at a density of 300,000 cells per well and incubated 
over 24 hours. Then, cells were washed with DPBS and incubated 
with prewarmed particle solutions (0.6 mg/ml in Leibovitz medium 
supplemented with 0.1% BSA) for 1 hour. Afterward, the solutions 
were discarded, and before the fixation with 4% paraformaldehyde 
(PFA), cells were washed thoroughly with DPBS. The coverslips 
were then transferred onto Superfrost plus glass slides, and cell 
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(0.15 g/ml) before imaging using an Axio Imager fluorescence 
microscope with a Plan-Neofluar 40×/1.30 oil M27 objective 
(Carl Zeiss AG) and the Zen software (Carl Zeiss Microscopy).

In vivo distribution and targeting
The in vivo distribution experiments were carried out according 
to the national and Institutional Animal Care and Use Commit-
tee (IACUC) guidelines and were approved by the local authority 
(Regierung von Unterfranken, reference number: 55.2-2532-2-329). 
As animal models, 10-week-old female 129SV mice (Charles River 
Laboratories, Sulzfeld, Germany; strain code: 287) were used. The 
different nanoparticle solutions [LNC or RGD-LNC (10 mg/ml) in 
DPBS] were injected (100 l) via the vena jugularis after anesthesia 
with isoflurane inhalation and buprenorphine (0.1 mg/kg). After 
1 hour of particle circulation, mice were anesthetized with ketamine 
(125 mg/kg of body weight) and xylazine (80 mg/kg of body weight), 
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the blood sample was collected, and they were euthanized through 
perfusion with DPBS. Subsequently, eyes, liver, heart, and kidneys 
were harvested, and the posterior part of one eye or 100 mg of each 
organ was homogenized in radioimmunoprecipitation assay buffer 
using an Ultra-Turrax tissue homogenizer (IKA). Then, samples were 
centrifuged (4 min, 4°C, 2000g), the supernatant was collected, and 
the nanoparticle concentration was determined using a FLUOstar 
Omega microplate reader and calculated using GraphPad Prism 6.0. 
To investigate the intraocular distribution, mice were treated with 
LNCs and RGD-LNCs loaded simultaneously with fluorescent dye 
(DiI) and SPIONs (dual LNC) as previously described (37). After 
either 1 hour, 24 hours, or 5 days of particle circulation, mice were 
anesthetized with ketamine (125 mg/kg of body weight) and xylazine 
(80 mg/kg of body weight) and euthanized through perfusion with 
4% PFA, and eyes were enucleated. Afterward, one eye was cryo-
protected by incubation in phosphate buffer (0.1 M, pH 7.4) supple-
mented with increasing sucrose concentrations (10, 20, and 30%) for 
12 hours each, embedded in Tissue-Tek O.C.T. compound (Sakura 
Finetek), and subsequently frozen in liquid nitrogen. Last, they were 
cut into 12-m sections using an HM 500 OM microtome (Microm 
International) and transferred onto Superfrost plus glass slides. To 
visualize choroid and retinal vessels, cryosections were washed with 
phosphate buffer (0.1 M, pH 7.4) before 1-hour blockage with 2% BSA 
supplemented with 0.2% cold water fish gelatin (CWFG) and 0.1% 
Triton X-100. Sections were then washed with phosphate buffer 
(3×, 5 min each) and incubated overnight with primary polyclonal 
goat anti-CD31 antibody (R&D Systems, Minneapolis, USA) (1:100 in 
1:10 blockage buffer) at 4°C. Then, they were washed with phosphate 
buffer (3×, 5 min each) and incubated for 1 hour with biotinylated 
anti-goat secondary antibody (1:500 in 1:10 blockage buffer) (Vector 
Laboratories, Burlingame, USA). Before and after the incubation 
with streptavidin Alexa Fluor 488 (1:1000 in 1:10 blockage buffer) 
(Invitrogen, Thermo Fisher Scientific, Waltham, USA) for 1 hour, 
sections were washed again and rinsed with ultrapure water before 
mounting with Mowiol 4-88 (Carl Roth, Karlsruhe, Germany) sup-
plemented with DAPI (0.15 g/ml). Images were generated using an 
Axio Imager fluorescence microscope with a Plan-Neofluar 40×/1.30 
oil M27 objective (Carl Zeiss AG) and the Zen software (Carl Zeiss 
Microscopy). For the quantitative evaluation of nanoparticle flu-
orescence in the RPE, the RPE area was gated, and the integrated 
fluorescence density of each gated area was quantified using ImageJ 
version 1.52. The other eye was used for the preparation of ultrathin 
sections for TEM. To that end, eyes were embedded in London resin 
white (Serva, Garden City Park, NY), and ultrathin sections (90 nm) 
were processed according to protocols published previously (65). 
TEM imaging was performed, as previously described, using a Libra 
120 electron microscope (Carl Zeiss AG) (65).

Murine ROP model
The animal experiments regarding the assessment of nanoparticle 
efficacy were carried out according to institutional, national, and 
IACUC guidelines and were approved by the local authority 
(Regierung von Unterfranken, reference number: 55.2-2532-2-363). 
OIR was induced in mouse (129SV) pups according to a protocol 
previously established (47). Briefly, at P7, mouse pups and their 
nursing mothers were placed in a Plexiglas incubator with an ad-
justable oxygen sensor and feedback system and exposed to hyper-
oxia (75 ± 1% oxygen) for 5 days. On P12, the pups were returned to 
room-air conditions for another 5 days until P17. Mice were treated 

at P12 directly after returning to normoxia with either 20 l of nano-
particle solution [RGD-LNCs or CsA RGD-LNCs (20 mg/ml)], CsA 
solution [Sandimmun (50 mg/ml), Novartis, Basel, Switzerland] 
diluted with isotonic saline solution to a final concentration of 
0.68 mg/ml, or DPBS by injection via the vena jugularis after an-
esthesia with ketamine (125 mg/kg of body weight) and xylazine 
(80 mg/kg of body weight).

Assessment of ocular CsA content
To quantify the CsA content in the eye at P17 after the treatment 
with either CsA RGD-LNCs or free CsA on P12, mice were eutha-
nized through cervical dislocation, eyes were enucleated, and the 
anterior parts including cornea and lens were discarded. Afterward, 
the posterior parts of the eye were weighed and homogenized in 
0.5 ml of methanol using Ultra-Turrax tissue homogenizer (IKA) 
and ultrasonicated for 2 hours. Before the centrifugation (2000g, 
30 min, 20°C), cyclosporin D (CsD) was added as internal standard 
(0.02 g/ml). Last, the supernatant was analyzed, and the CsA con-
tent was determined using the same UHPLC-MS method as previ-
ously described (38). Data handling and processing were done using 
Microsoft Excel 2019 and GraphPad Prism 6.0.

Quantification of neovascularization
At P17, mice were weighed, and underdeveloped mice (<6 g) were 
excluded from further investigations. For the preparation of retina 
whole mounts, animals were anesthetized on P17 with ketamine 
(125 mg/kg of body weight) and xylazine (80 mg/kg of body weight). 
The heart was exposed through the diaphragm, and the left ventricle 
was injected with 1 ml of fluorescein isothiocyanate (FITC)–dextran 
(TdB, Uppsala, Sweden) solution in DPBS (50 mg/ml). Afterward, 
eyes were enucleated and placed in 4% PFA for 1 hour. Eye cups 
were dissected, and retinal flat mounts were created and examined 
using fluorescence microscopy (Axio Imager, Plan-Apochromat 
20×/0.8 M27 objective). For quantitative analysis, the whole retinal 
area, avascular zone, and the area of vascular tortuosity, tufting, and 
leakiness were determined randomized and blinded using the Zen 
software (Carl Zeiss Microscopy).

Immunohistochemistry and immunofluorescence
The immunofluorescent detection of VEGF-R2 and GFAP was 
performed using cryosections. For the preparation of cryosections, 
mice were anesthetized at P17 with ketamine (125 mg/kg of body 
weight) and xylazine (80 mg/kg of body weight) and euthanized 
through perfusion fixation with 4% PFA, and afterward, eyes were 
enucleated and processed as described above. For VEGF-R2 stain-
ing, cryosections were washed with phosphate buffer (0.1 M, pH 7.4) 
before 1-hour blockage with 2% BSA supplemented with 0.2% 
CWFG. After the blockage, sections were washed again (3×, 5 min 
each) and incubated overnight with primary polyclonal rabbit 
anti-VEGFR2 antibody (Cell Signaling Technology, Danvers, USA) 
(1:200 in 1:10 blockage buffer) at 4°C. Then, they were washed (3×, 
5 min each) and incubated for 1 hour with biotinylated anti-rabbit 
secondary antibody (1:500 in 1:10 blockage buffer) (Vector Labora-
tories, Burlingame, USA). After the incubation with streptavidin 
Alexa Fluor 488 (1:1000 in 1:10 blockage buffer) for 1 hour, sections 
were washed again and rinsed with ultrapure water before mounting 
with Mowiol 4-88 supplemented with DAPI (0.15 g/ml). For 
GFAP staining, cryosections were washed with phosphate buffer 
(0.1 m) (pH 7.4) before the 1-hour blockage with 2% BSA supplemented 
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with 0.2% CWFG and 0.1% Triton X-100. After the blockage, sec-
tions were washed (3×, 5 min each) and incubated overnight with 
primary polyclonal chicken anti-GFAP antibody (LSBio, Seattle, 
USA) (1:1000  in 1:10 blockage buffer) at 4°C. Then, they were 
washed (3×, 5 min each) and incubated for 1 hour with Alexa Fluor 
488 anti-chicken secondary antibody (1:1000  in 1:10 blockage 
buffer) (Abcam, Cambridge, UK). Last, the sections were washed 
again and rinsed with ultrapure water before mounting with Mowiol 
4-88 supplemented with DAPI (0.15 g/ml). Images were generated 
using an Axio Imager fluorescence microscope with a Plan-Neofluar 
40×/1.30 oil M27 objective (Carl Zeiss AG) and the Zen software 
(Carl Zeiss Microscopy). For the quantitative evaluation of immuno-
fluorescence in the whole posterior eye section, the ocular area was 
gated, and the integrated fluorescence density of each gated area 
was quantified using ImageJ version 1.52.

VEGF quantification
To assess the VEGF protein levels quantitatively, an enzyme-linked 
immunosorbent assay (ELISA) for mouse VEGF (R&D Systems, 
Minneapolis, USA) was used. For the generation of tissue samples, 
mice were euthanized through cervical dislocation, eyes were 
enucleated, and both the sensory retina and the RPE-choroid com-
plex were collected. Samples were treated with 500 l of TRIzol 
(Invitrogen, Waltham, USA), and for protein isolation, the manu-
facturer’s instructions were followed. Afterward, 40 l of sensory 
retina lysate or 100 l of RPE-choroid lysate were diluted with sample 
diluent provided by the manufacturer up to 200 l. VEGF measure-
ments were then performed according to the provided protocol. 
Fluorescence was measured using a FLUOstar Omega microplate 
reader, and data were calculated using GraphPad Prism 6.0.

Reverse transcription polymerase chain reaction
RNA samples from both the sensory retina and the RPE-choroid 
complex were extracted using TRIzol (Invitrogen, Waltham, USA) 
following the manufacturer’s instructions for RNA isolation. After 
determining the RNA concentration using a NanoDrop spectro-
photometer (Thermo Fisher Scientific, Waltham, USA), equal amounts 
of total RNA were reverse-transcribed into first-strand cDNA using 
the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, USA) according 
to the manufacturer’s instructions. Quantitative real-time reverse 
transcription polymerase chain reaction (RT-PCR) analyses were 
performed using the iQ5 Real-Time PCR Detection System (Bio-Rad). 
RNA that was not reverse-transcribed served as negative control 
for real-time RT-PCR, and for relative quantification, GNB2L was 
used. Quantification and analysis were performed using Bio-Rad 
iQ5 software (Bio-Rad), and data were processed using Microsoft Excel 
2019 and GraphPad Prism 6.0. The primer sequences (Invitrogen, 
Waltham, USA) used were as follows:

5′-TCTGCAAGTACACGGTCCAG-3′ (Gnb2l forward)
5′-GAGACGATGATAGGGTTGCTG-3′ (Gnb2l reverse)
5′-GAACAAAGCCAGAAAATCACTGTG-3′ (Vegf-a-164 

forward)
5′-CGAGTCTGTGTTTTTGCAGGAAC-3′ (Vegf-a-164 reverse)
5′-CAGTGGTACTGGCAGCTAGAAG-3′ (VegfR2 forward)
5′-ACAAGCATACGGGCTTGTTT-3′ (VEGFR2 reverse)
5′-TCTTCCGCTTGCAAAACC-3′ (Tgfbeta2 forward)
5′-GTGGGAGATGTTAAGTCTTTGGA-3′ (Tgfbeta2 reverse)
5′-AGAAGCCGCATGAAGTCTG-3′ (TgfbetaR2 forward)
5′-GGCAAACCGTCTCCAGAGTA-3′ (TgfbetaR2 reverse)

5′-AGTTGACCGACCCCAAAAG-3′ (Il-1beta forward)
5′-AGCTGCATGCTCTGATCAGG-3′ (Il-1beta reverse)

Morphological examination
To detect morphological changes in the retina of mice caused by the 
therapeutic intervention, mice were anesthetized at P17 with ketamine 
(125 mg/kg of body weight) and xylazine (80 mg/kg of body weight) 
and euthanized through perfusion with 4% PFA. Then, eyes were 
enucleated, fixed for 24 hours in Ito’s fixative, and embedded in 
Epon as previously described (65). Semi-thin sections of 1.0-m 
thickness were cut along the mid-horizontal (nasal-temporal) plane 
and stained by Richardson’s stain. Afterward, images were taken 
using light microscopy (Axio Imager, Plan-Neofluar 40×/1.30 oil 
M27 objective; Carl Zeiss). For a quantitative assessment, the dis-
tance between ora serrata and optic nerve head was divided into 
tenths, and the thickness of the outer nuclear layer and inner nuclear 
layer was measured between each tenth using Zen software (Carl 
Zeiss Microscopy) and ImageJ version 1.52. Data were handled 
using Microsoft Excel 2019 and GraphPad Prism 6.0.

Statistical analysis
Data are expressed as means ± SD. Statistical evaluation was performed 
using GraphPad Prism software 6.0. Student’s t test for unpaired data, 
one-way analysis of variance (ANOVA), and two-way ANOVA with 
a Sidak’s or Tukey’s multiple comparison test were used to evaluate 
statistical significance. Levels of statistical significance and “n” 
numbers for each experiment are indicated in figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6638
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