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Topical delivery of a small 
molecule RUNX1 transcription 
factor inhibitor for the treatment 
of proliferative vitreoretinopathy
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Daniela Isaacs‑Bernal1,4, Hannah A. B. Whitmore1, Natalia Chmielewska1,6, 
Brandon V. Duffy1,7, Eric Kim1, Heuy‑Ching Wang3, Jose M. Ruiz‑Moreno8,9, Leo A. Kim1,2* & 
Joseph F. Arboleda‑Velasquez1,5*

Proliferative vitreoretinopathy (PVR) is the leading cause of retinal detachment surgery failure. 
Despite significant advances in vitreoretinal surgery, it still remains without an effective prophylactic 
or therapeutic medical treatment. After ocular injury or retinal detachment, misplaced retinal cells 
undergo epithelial to mesenchymal transition (EMT) to form contractile membranes within the eye. 
We identified Runt‑related transcription factor 1 (RUNX1) as a gene highly expressed in surgically‑
removed human PVR specimens. RUNX1 upregulation was a hallmark of EMT in primary cultures 
derived from human PVR membranes (C‑PVR). The inhibition of RUNX1 reduced proliferation 
of human C‑PVR cells in vitro, and curbed growth of freshly isolated human PVR membranes in 
an explant assay. We formulated Ro5‑3335, a lipophilic small molecule RUNX1 inhibitor, into a 
nanoemulsion that when administered topically curbed the progression of disease in a novel rabbit 
model of mild PVR developed using C‑PVR cells. Mass spectrometry analysis detected 2.67 ng/mL of 
Ro5‑3335 within the vitreous cavity after treatment. This work shows a critical role for RUNX1 in PVR 
and supports the feasibility of targeting RUNX1 within the eye for the treatment of an EMT‑mediated 
condition using a topical ophthalmic agent.

Proliferative vitreoretinopathy (PVR) is a condition in which, after retinal detachment or ocular trauma, some 
retinal cells are displaced from their anatomical location, undergo epithelial to mesenchymal transition (EMT), 
and grow uncontrollably beneath or on top of the retina triggering the formation of retinal membranes, tractional 
retinal detachment, and permanent vision  loss1,2. PVR occurs in 5–10% of all rhegmatogenous retinal detach-
ments and in 40–60% of patients with open globe  injuries3–5. The current standard of care for the treatment 
of PVR is pars-plana vitrectomy, an ocular surgical procedure performed to remove tractional  membranes6. 
Although anatomical outcomes are satisfactory, final visual acuity is usually poor (40–80% of patients only 
recover 5/200 of vision)7. Various pharmacological agents have been tested for the treatment of PVR targeting 
 inflammation8–10, cell  proliferation11–15, and growth  factors16; albeit without  success17. Currently, there are no 
specific therapeutic agents used for the prevention or treatment of  PVR16,18.

EMT is a biological mechanism that allows polarized epithelial cells to display phenotypes characteristic 
of mesenchymal cells including enhanced proliferative and migratory capacity, invasiveness, and increased 
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production of extracellular  matrix19,20. Snail, Slug, and Twist are transcription factors that respond to extracel-
lular triggers of EMT by executing cellular programs suppressing epithelial-specific proteins including E-cad-
herin and ZO-1 and inducing mesenchymal-specific proteins including N-cadherin and α-smooth muscle actin 
(α-SMA)19,20. The complexity of the molecular circuitry regulating EMT has limited our ability to develop specific 
therapeutic interventions to limit pathologic EMT, a process critical to prevalent human conditions including 
cancer and  fibrosis19,20.

EMT of retinal pigment epithelial (RPE) cells plays a critical role in the pathobiology of  PVR21–24. Under 
physiological conditions, RPE cells form a polarized monolayer underneath the retina that disposes of photo-
receptor outer segments via phagocytosis. Upon retinal detachment or trauma, RPE cells are misplaced from 
their anatomical location and induced to undergo EMT under the stimuli of growth factors, inflammatory 
cytokines, and exposure to vitreous, a collagenous gel that fills the space between the lens and the  retina22,25. In 
fact, RPE readily reproduce critical aspects of PVR in vitro and in vivo under specific stimuli known to trigger 
EMT including TGF-β2, TNF-α, and vitreous, among  others22,24,26–33. Other cell types including Müller glial 
cells and circulating immune cells also infiltrate the retina and contribute to the formation of PVR membranes 
upon  trauma34–39. To incorporate the complexity of cell types involved in the pathobiology of PVR, we previously 
developed primary cultures obtained from human PVR  membranes40. These primary cultures, which we named 
C-PVR, proliferate, retain the expression of cell identity markers in culture, and form membranes and band-like 
structures in culture as found clinically in  patients40. PVR membranes and C-PVR cultures derived from them 
represent a readily accessible and unique resource to study human EMT.

Our group previously reported on a critical role of Runt-related transcription factor 1 (RUNX1) in retinal 
aberrant angiogenesis by analysis of vascular endothelial cells from patients with proliferative diabetic retin-
opathy (PDR)41. With this precedent, we sought to test the hypothesis of whether RUNX1 also plays a role on 
PVR. RUNX1 is the DNA-binding subunit (or α subunit) of the heterodimeric transcription factor core-binding 
factor (CBF) that also includes CBFβ, the non-DNA-binding  subunit42. Binding of CBFβ to RUNX1 enhances 
RUNX1 binding of DNA initiating regulation of specific transcriptional  targets43. In different contexts including 
hematopoiesis, vascular development, and cancer, among others, cells alternate between developmental fates 
using RUNX1 as a transcriptional switch to control cell proliferation, differentiation, survival, migration and 
 invasion42,44–48. One of the most studied functions of RUNX1 relates to the process of endothelial to hemat-
opoietic transition (EHT) where hemogenic endothelial cells become pre-hematopoietic stem and progenitor 
cells during  embryogenesis49,50. However, many reports have been also published linking RUNX1 and EMT in 
non-ocular  conditions46–48,51–53. Here we present evidence for RUNX1 as a master regulator of cell fates in EMT 
downstream TGF-β2 in PVR. We also tested the preclinical feasibility of a novel modality of treatment for PVR 
based on topical application of a small molecule RUNX1 inhibitor as means to limit  EMT54.

Results
RUNX1 expression in human PVR membranes. PVR membranes as shown in Fig.  1a, are usually 
triggered as a consequence of ocular trauma, and unlike PDR, PVR is not driven by aberrant retinal angiogen-
esis, but instead is considered as an excessive wound-healing process. We found widespread RUNX1 expression 
in human surgical PVR samples from a total of four donors using immunohistochemistry (Fig. 1b). This was 
surprising because PVR membranes are devoid of blood vessels and known instead to consist of cells at various 
stages of the EMT  continuum31,55–57. RUNX1 expression was identified in areas of cell proliferation identified by 
Ki67 expression, a marker of active cell division (Fig. 1b).

RUNX1 inhibition limits PVR proliferation ex‑vivo. We developed an ex-vivo model of PVR by grow-
ing fragments of freshly isolated human PVR membranes in Matrigel to examine a potential role for RUNX1 
in growth of PVR membranes. Phase contrast microscopy of Matrigel-embedded untreated control samples 
showed long and robust outgrowths from a freshly isolated human PVR membrane over a period of 3 to 7 days 
(219.9 ± 31.7 μm and 326.2 ± 52.1 μm). In contrast, we observed almost no outgrowths in samples treated with 
Ro5-3335 (150 μM), a small molecule RUNX1  inhibitor54 (Fig. 1c), and the few outgrowths present were sig-
nificantly shorter after 7 days (136.9 ± 18.9 μm and 180.3 ± 27.9 μm) (**p < 0.01). This finding was confirmed in 
PVR membranes from two additional donors suggesting a consistent link between RUNX1 function and PVR 
membrane growth.

RUNX1 regulates proliferation and TGF‑β2‑induced EMT in C‑PVR. We analyzed the expression 
of RUNX1 in primary cultures from PVR membranes (C-PVR) obtained from three donors generated using 
our previously published protocols to determine whether RUNX1 expression was retained upon cell culture. 
We confirmed robust RUNX1 expression in these proliferating cultures under basal conditions in approximately 
99% of cells from all donors (Fig. 1d). Inhibition of RUNX1 function using Ro5-333554, strongly inhibited the 
proliferation of C-PVR in a dose-dependent manner, as measured by the CyQUANT Direct Cell Proliferation 
Assay (Fig.  1e), suggesting a functional role for RUNX1 activity in PVR. Very low levels of cell death were 
detected by lactate dehydrogenase (LDH) analysis suggesting a direct effect in proliferation by RUNX1 inhibi-
tion (see Supplementary Fig. S1). We sought to establish an in vitro model of EMT using our C-PVR cultures 
to further examine a potential functional role of RUNX1 in PVR. We found that TGF-β2 treatment strongly 
induced the expression of EMT markers including α-SMA and N-cadherin in C-PVR using immunofluores-
cence (Fig. 2a,b) and Western blot analyses (Fig. 2c,d). RUNX1 expression was also strongly induced by TGF-β2 
treatment (Fig. 2c,d). These effects were detected at 3-days after treatment and significantly increased over time 
by day 7. TNF-α or IL-6 treatments failed to induce EMT markers or RUNX1 expression and the combination 
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treatment with all three growth factors did not appear to be more effective than TGF-β2 alone suggesting lack 
of additive or synergistic effects.

We used siRNA to knockdown RUNX1 expression in C-PVR to determine whether RUNX1 expression 
was necessary for TGF-β2-induced EMT. We found that RUNX1 knockdown effectively blunted the response 
of C-PVR to TGF-β2 treatment by preventing morphological changes associated with EMT and by reducing 
N-Cadherin expression (Fig. 2e). A significant reduction in the induction of the EMT marker α-SMA by TGF-β2 
treatment was also observed using immunofluorescence (Fig. 2f). Under our experimental conditions siRNA 
effectively reduced RUNX1 expression by 70% as determined by qRT-PCR (Fig. 2g). Downregulation of RUNX1 
via siRNA was validated by Western blot analysis using mouse anti-RUNX1 and rabbit anti-RUNX1 antibodies 
(Fig. 2h).

Development of a rabbit model of PVR using human C‑PVR cells. We injected 1 × 106 C-PVR cells 
per eye inside the vitreous cavity in nine adult rabbits to develop a novel model of PVR using human PVR 
primary cultures (Fig. 3a). Placement of the cells over the optic nerve area was confirmed in live rabbits using 
fundus imaging and optical coherence tomography (OCT) immediately after cell injection. We evaluated the 
progression of the disease one-week after injection and performed indirect ophthalmoscopy, fundus, and OCT 
imaging at two- and four-weeks. Rabbits were euthanized prior to tissue collection after imaging at the 4-week 
time point.

We observed robust growth of intravitreal and epiretinal membranes at the 2-week time point in all animals. 
In 3 out of 9 rabbits these membranes caused focal traction of the retina, a hallmark of PVR. Most common find-
ings identified were the formation of vitreous floaters, vitreous strands, intravitreal and epiretinal membranes 

Figure 1.  RUNX1 characterization of human PVR membranes. (a) Funduscopic image of a patient with PVR. 
Large preretinal membranes are observed creating retinal folds (left). Representative macroscopic appearance 
of human specimen obtained during PVR surgery (right). Note high degree of pigmentation denoting the 
presence of RPE cells within the pathological excised tissue. Scale bar: 400 μm. (b) RUNX1 positive cells are 
clearly identified in human PVR specimens obtained from four different donors. Positive Ki67 labelling was 
found in those cells with an active proliferative state within the tissue. Scale bar: 400 μm. (c) Cell proliferation 
and sprouting in human PVR explants were evaluated. A reduction in sprouting distance from the specimen 
is observed 7 days in explants treated with 150 μM Ro5-3335 (**p < 0.001, two-way ANOVA; n = 3 represented 
as mean ± SEM). Scale bar: 400 μm. (d) C-PVR cells from three different donors showed positive staining with 
RUNX1 antibody. Scale bar: 400 μm. (e) RUNX1 inhibition with Ro5-3335 inhibitor reduces C-PVR cells 
proliferation in vitro in a dose-dependent manner (25 μM, 50 μM and 100 μM), at 48 and 72 h (**p < 0.01, 
***p < 0.001, ****p < 0.0001, one-way ANOVA; n = 4 represented as mean ± SEM).
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with or without retinal traction, which were seen at 2- and 4-weeks (Fig. 3b,c). We developed a scoring system 
using a combination of clinical and imaging characteristics of PVR including presence of vitreous floaters, mem-
branes, and traction of retinal tissue to grade PVR severity (see Supplementary Table S1). Inclusion of imaging 
features is important because prior grading systems, such as the Fastenberg scale, traditionally used to grade 
PVR, only assessed clinical criteria as it was developed before OCT became widely  available58. Using our PVR 
score system, we observed a progression of the phenotype from the time of injection to the 2-week time point, 
but we observed no additional progression beyond this time point after 4 weeks of follow-up (Fig. 3d). Therefore, 
we used the two-weeks time point for preclinical efficacy experiments because there was no significant change 
afterwards. A high degree of reliability was found between graders when performing PVR Score measurements. 
The average intra-class coefficient was 0.976 with a 95% confidence interval from 0.957 to 0.986. Histological 
analyses of whole eye sections showed PVR-like findings that accurately correlated with the live imaging observa-
tions including intravitreal and epiretinal membranes with or without traction (Fig. 3e). We also demonstrated 
that PVR-like membranous tissue inside the rabbit eye was of human origin using human anti-HLA antibody 
(Fig. 3e). Detection of Proliferating Cell Nuclear Antigen (PCNA) positive staining confirmed the presence of 
proliferating cells within pathological tissues (Fig. 3f). Fibronectin staining, a marker of extracellular matrix 
deposition, was also identified in experimental PVR membranes (see Supplementary Fig. S2).

Development of a nanoemulsion formulation of a RUNX1 inhibitor for topical ophthalmic 
administration. To test the preclinical efficacy of RUNX1 inhibition using Ro5-3335 in our newly devel-
oped rabbit model, we developed a formulation ideally suited for topical ophthalmic administration using eye 
drops. Ro5-3335 is a highly lipophilic small molecule, thus, we designed a nanoemulsion formulation utilizing 
surfactants as the encapsulation matrix within an aqueous phase. We used lecithin and isopropyl myristate, as 
the oil phase, non-toxic matrices which have been previously used in the  eye59. For the aqueous phase we used 
phosphate buffered saline (PBS). Analysis of the nanoemulsion, which we called eNano-Ro5, using dynamic 
light scattering (DLS) showed that our formulation resulted in particles with an average radius of 4 nm with a 
unimodal distribution (Fig. 4a). The nanoemulsion remained stable in size for at least 11 days increasing to only 
about 8 nm in size by 17 days (Fig. 4b). We also investigated the release profile of Ro5-3335 from eNano-Ro5. 
Ro5-3335 released from the nanoemulsion was sustained for 24 h in vitro, a time at which a rapid equilibrium 
was reached. (Fig. 4c). We confirmed penetration of topical application of eNano-Ro5 within rabbit ocular struc-
tures by liquid chromatography-tandem mass spectrometry (LC–MS/MS). Using 100 μL of 7.92 mM eNano-Ro5 
administered three times a day over 4 weeks, detectable levels of Ro5-3335 were found in the cornea (0.03 ng/
mg), aqueous humor (13.15 ng/mL) and vitreous (2.67 ng/mL) (Fig. 4d) (for additional data at a 2-week time 
point see Supplementary Fig. S3.) Liquid–liquid microextraction efficiency recovery values are shown in Fig. 4e. 
Furthermore, topical ocular administration of eNano-Ro5 was safe and well tolerated as no significant anterior 
segment abnormalities suggestive of ocular toxicity were found following Semiquantitative Preclinical Ocular 
Toxicology Scoring (SPOTS) guidelines (see Supplementary Fig. S4a,c) after 2 or 4 weeks of treatment. We did 
not observed changes indicating cell death in the posterior segment assessed via terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) and H&E (see Supplementary Fig. S5 and S6, respectively). No sig-
nificant differences in intraocular pressure (IOP) levels were observed throughout the study (see Supplementary 
Fig. S4b). A complementary safety analysis in mice showed no alteration in electroretinography (ERG) values 
after 1 week of treatment with topical eNano-Ro5 (see Supplementary Fig. S4d).

Figure 2.  Growth factor-induced EMT in C-PVR cells show upregulation of EMT markers. (a) After 
stimulation with TGF-β2 or combination treatment (TGF-β2 + TNF-α + IL-6), significant changes in α-SMA 
staining were identified at day 3. These changes in α-SMA expression were more prominent 7 days after 
induction. (b) Increased α-SMA expression levels were detected after stimulation with TGF-β2 and combination 
when compared to control at day 3 (*p < 0.05, ***p < 0.001, one-way ANOVA; n = 6 represented as mean ± SEM) 
and day 7 (***p < 0.001, ****p < 0.0001, one-way ANOVA; n = 6 represented as mean ± SEM). (c) TGF-β2 
and combination treated cells showed increased protein expression of mesenchymal markers (α-SMA and 
N-Cadherin) at days 3 and 7 after induction. RUNX1 protein levels were also upregulated after induction by 
TGF-β2 and combination treatment. (d) An increase in N-Cadherin was observed at day 3 and in α-SMA 
protein levels at day 3 and day 7 after induction by TGF-β2 and combination treatments (*p < 0.05, ***p < 0.001, 
two-way ANOVA; n = 3 represented as mean ± SEM). Similarly, increased protein expression of RUNX1 was 
observed at day 3 and day 7 when C-PVR cells were stimulated with TGF-β2, and at day 7 with the combination 
of growth factors (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA; n = 3 represented as mean ± SEM). (e) 
N-Cadherin expression is reduced by RUNX1 knockdown via siRUNX1 in untreated and TGF-β2-induced cells 
(*p < 0.05, ****p < 0.0001, two-way ANOVA; n = 3 represented as mean ± SEM). (f) TGF-β2-induced α-SMA 
expression is reduced by RUNX1 knockdown by siRUNX1 (*p < 0.05, one-way ANOVA; n = 12 represented 
as mean ± SEM). (g) siRUNX1 induced a 70% reduction of RUNX1 expression measured by qRT-PCR 48 h 
post-transfection (***p < 0.001, two-tailed unpaired T-test; n = 3 represented as mean ± SEM). (h) Validation 
of siRUNX1 effect on RUNX1 using mouse and rabbit anti-RUNX1 antibodies. Protein levels quantification 
of RUNX1 showed 60% and 50% reduction of RUNX1 (*p < 0.05, **p < 0.01, two-tailed unpaired T-test; n = 2 
represented as mean ± SEM). Samples used for quantitative comparisons derive from the same experiment 
and blots were processed in parallel. Representative immunoblots showing cropped images of the same gel for 
separation of markers. Full-length blots/gels are presented in Supplementary Figures S7–S9.

◂
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Figure 3.  Development of a new PVR model using C-PVR cells. (a) Schematic representation of experimental 
design. Created with BioRender.com. (b) Representative images of PVR-like findings. Right eye of the same 
animal of study is displayed. After 1 week of follow up, vitreous floaters due to cell proliferation are easily 
identified with no changes in fundus (arrowheads). At 2 weeks, large intravitreal membranes and floaters 
within the vitreous body are noted (arrowheads). In the fundus image, epiretinal membrane (ERM) is identified 
(arrowheads). Also, reduced visualization of posterior pole due to vitreous haze is noted. However, at 4 weeks, 
cell proliferation has decreased, and the size of intravitreal membranes and ERMs is reduced (arrowheads). (c) 
Immediately after cell injection, funduscopy shows a cluster of cells that can be readily identified in the vicinity 
of the optic nerve (arrowheads) and cells are visible over optic nerve area by OCT (arrows). After 2 weeks, 
injected cells have proliferated and formed an ERM (arrowheads). By OCT a thick ERM (arrowheads) causing 
focal traction over retinal surface can be seen (arrows). After 4 weeks, membranes and vitreous strands are 
still visible (arrowheads), but show decreased traction of retinal surface (arrows). (asterisk: optic nerve head, 
green line depicts OCT scan area). (d) PVR Score results at 2 and 4 weeks of follow-up. Data suggest lack of 
progression from the second to the fourth week of the evaluation. Line is expressing the median of each studied 
group. (e) Histologic characterization of C-PVR injected eyes 4 weeks after cell injection. Presence of ERM can 
be observed over retinal surface area (arrowheads). (H&E, Scale bar: 400 μm). Dotted lines: detailed area of 
ERM causing retinal focal traction. (H&E, Scale bar: 100 μm). Anti-HLA antibody was used to confirm presence 
of human cells inside injected rabbit eyes (arrows). (Scale bar: 400 μm). (f) ERMs could be identified over the 
area of the optic nerve and medullary ray (Scale bar: 400 μm). Magnified areas signifying locations where ERMs 
were seen (arrows) (Scale bar: 100 μm). PCNA positive cells are observed within the ERMs formed (Scale bar: 
100 μm).

▸

RUNX1 inhibition reduces PVR in a rabbit model. We tested the preclinical efficacy of Ro5-3335 to 
reduce progression of PVR by treating rabbits starting immediately after cell injection with 100 μL of eNano-
Ro5 or vehicle, applied as eye drops on the ocular surface three times a day. We found that rabbits treated with 
eNano-Ro5 had a significant reduction of PVR severity after 14 days of follow-up compared to vehicle-treated 
controls (*p < 0.05). Animals treated with eNano-Ro5 had a median PVR score of 2 (n = 16) versus animals 
treated with the vehicle control, which had a median PVR score of 3 (n = 17) (Fig. 4f,g). Due to feasibility we 
were not able to include side-by-side comparisons of untreated control rabbits therefore an effect of the vehicle 
alone cannot be assessed.

Discussion
PVR is the leading cause of retinal detachment surgery failure and to date, despite significant advances in vit-
reoretinal surgery, it remains without an effective prophylactic or therapeutic medical  treatment60. In this study, 
we identified RUNX1 as a mediator of EMT in PVR. Using our previously developed primary culture model of 
PVR and a newly developed PVR in vivo model, we successfully inhibited EMT and PVR progression via RUNX1 
inhibition. To our knowledge this is the first report of successful preclinical modulation of a transcription factor 
to improve outcomes of an ocular condition driven by  EMT46–48,50–53.

RUNX1 was detected in a subpopulation of cells that are in a highly proliferative stage in human PVR surgical 
specimens. Histopathology confirmed that RUNX1 expression in PVR was more widespread than the vascular 
pattern we previously reported for RUNX1 in PDR  membranes41. Additionally, C-PVR cells also displayed high 
levels of RUNX1 expression in vitro. When these cells were stimulated by growth factors known to promote EMT 
(TGF-β2), RUNX1 expression levels were significantly increased along with mesenchymal markers including 
N-Cadherin and α-SMA. This response was effectively prevented by RUNX1 knockdown suggesting a mecha-
nistic link between RUNX1 expression and EMT in PVR.

We generated a new rabbit model of PVR using injection of human primary cultures derived from PVR 
membranes in an attempt to reproduce some of the complexity of the disease. Rabbit is commonly used to model 
 PVR21,33. Ocular anatomic characteristics such as a large globe, vitreous cavity, and relatively small lens support 
the use of rabbits as a suitable animal model to study  PVR21,33. Importantly, rabbits are widely used in research to 
test pharmacologic efficacy, predictability, ocular safety and tolerability of new drugs and drug delivery devices 
due to anatomic and physiological similarities with human  eyes61,62. Previous animal models of PVR have used 
surgical manipulation or injection of dermal fibroblasts or transformed cell lines to identify candidate treatments 
but to date these have not translated into effective  therapies21,39,60.

Using our rabbit model, we showed that topical application of a nanoemulsion containing a RUNX1 inhibitor 
effectively reduced progression of PVR. This suggests that RUNX1 modulation could be a novel therapeutic strat-
egy for complications of retinal detachment and ocular trauma. Unlike other published models, in our approach 
we injected C-PVR cells intravitreally but avoided surgical manipulation such as lens extraction, induction of reti-
nal breaks or injection of blood or plasma. As a result, we obtained a mild phenotype that does not cause retinal 
detachment. We reasoned that our system is therefore useful to model early stages of the disease were migration 
and proliferation of cells is occurring and pharmacological treatments could help. This modality of treatment 
would be suitable in patients to prevent the onset or progression of PVR before and/or after surgical repair of 
retinal detachment or ocular trauma, when the disease is mild (i.e. early stages), and medical treatments are still 
a therapeutic option. PVR animal models that result in a very severe phenotype including retinal detachment 
with massive retinal traction and retinal tears may not be suitable to practically assess the preclinical efficacy of a 
pharmacological treatment because, much like in humans, the treatment for these robust phenotypes is surgery.

The use of a noninvasive topical ophthalmic formulation instead of intravitreal injections may offer advan-
tages for prolonged drug administration in situations with limited access to medical facilities or highly trained 
clinicians or under social distancing conditions, as they can be self-administered. Intravitreal drug injections, 
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commonly used for the treatment of vitreoretinal diseases, are invasive and may carry serious risks including 
vitreous hemorrhage, retinal detachment, central retinal artery occlusion secondary to an acute increase of 
intraocular pressure, and  endophthalmitis63–66. In addition, albeit very effective, intravitreal injections of thera-
peutic agents are commonly administered in a monthly regime, impacting patient quality of  life67. In the context 
of PVR, dislodgement of RPE cells and invasion of immune cells starts immediately after retinal or ocular trauma. 
Therefore, preventing PVR as soon as feasible with an efficacious drug could potentially have significant clini-
cal impact. Thus, there is a clinical need for alternative, less invasive drug delivery methods that could be easily 
administered to temporize the eye and mitigate damage from this devastating disease.

This study has some limitations. First, there is a need to elucidate the precise mechanisms of how Ro5-3335 
affects RUNX1 transcriptional activity and its downstream targets in PVR. Secondly, in developing our rabbit 
model we avoided surgical manipulation such as lens extraction, induction of retinal breaks or injection of blood 
or plasma, and merely injected C-PVR cells intravitreally. As a result, we obtained a mild phenotype and further 

Figure 4.  Ocular topical application of nanoemulsion (eNano-Ro5) reduces PVR severity using a new 
rabbit model of PVR. (a) Unimodal distribution of drop size within the nanoemulsion. (b) Time-course 
characterization of drop radius. Stability of the nanodrop size in the formulated emulsion 17 days after 
production is shown. (c) Release profile of small molecule Ro5-3335 from eNano-Ro5. Results are expressed 
as mean ± SEM for n = 3. (d) Distribution of Ro5-3335 in rabbit cornea, aqueous humor and vitreous after 
28 days of treatment with eNano-Ro5 3 times a day. Results are expressed as mean ± SEM, n = 3. (e) Detection 
of Ro5-3335 in normal rabbit ocular tissues. Comparison between non-extracted and extracted samples at a 
concentration of 50 μg/mL. (f) Quantification of PVR severity within both study groups adhering to PVR Score 
grading system. A reduction in PVR Score was found in the group treated with eNano-Ro5 (n = 16) compared 
to vehicle (n = 17) (*p < 0.05, two-tailed Mann–Whitney test). The line is denoting the median of each studied 
group. (g) Representative imaging results in both groups. In the vehicle-treated group, multiple cell clumps and 
deposits can be identified after cell injection (arrowheads). These findings are also observed by OCT (arrows). 
Increased cell density was observed after 2 weeks of treatment with vehicle. A reduction in cellular density and 
progression was observed after 2 weeks of treatment with eNano-Ro5 by fundus imaging (arrowheads) and 
OCT (arrows). Green line depicts OCT scan area, dotted lines represent a detailed area of posterior pole images.
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research using models with more severe disease may be warranted. Third, because of feasibility we examined 
safety of our treatment via ERG in mice after 1 week of treatment. Longer exposures and ERG testing in other 
animal models need to be considered for future experiments.

EMT is a common process involved in multiple ocular diseases including corneal fibrosis, glaucoma, PVR, 
PDR and age-related macular degeneration. Hence, the link between RUNX1 and EMT identified in this research 
could be of relevance in the understating of the pathogenesis of these diseases. In addition, the development of 
drugs targeting RUNX1 may have multiple applications in the treatment of ocular conditions leading to blind-
ness since RUNX1 also plays a critical role in aberrant ocular  angiogenesis41.

Materials and methods
Sample size. Total animal numbers needed to perform this study were calculated accordingly with the 
number of animals used in prior in vivo studies, and by sample size power calculation using data from a pilot 
experiment which was adjusted for non-parametric distribution to detect a difference between the means of 35% 
with 80% power (and α = 0.05). These numbers represent the number of animal needed to achieve statistical sig-
nificance and experimental reproducibility. Specifically, the sample size was calculated by using a formula estab-
lished for parametric variables and then correcting for the non-parametric condition as previously described 
(Erich L. Lehmann, Nonparametrics: Statistical Methods Based on Ranks, Revised, 1998).

Randomization. For the purpose of specimens analyzed for immunofluorescence, in  vitro and ex  vivo 
experiments, patients undergoing surgery for repair of retinal detachment and removal of PVR membranes 
were randomly chosen. An ex vivo preliminary experiment was done to determine the time points in which 
the peak of the outgrowths was consistent throughout the samples. For the proliferation assays, time points 
were selected to represent the observed growth rate of our cultures and doses were chosen to be consistent with 
previously reported IC50 data. For in vitro growth factor EMT-induction assays, time points were based on the 
characteristic phenotype of the cells and on what has been shown in previous studies. In vivo data analysis was 
performed individually in a randomized and masked manner by two experienced physician observers trained in 
clinical ophthalmology. An average of both evaluations was obtained.

Data exclusion criteria. Animals with presence of subretinal, preretinal or vitreous hemorrhage after PVR 
induction procedure were excluded of the study.

Replicates. All the in vitro experiments were conducted using three biological repeats and were performed 
in three independent experiments. For the preclinical safety and efficacy evaluation in vivo, three independent 
experiments were performed and data shown correspond to pooled results.

Table 1.  Clinical demographics.

Patient ID Age (years) Sex
Cause of retinal 
detachment

Type of retinal 
detachment Class of PVR

Preoperative visual 
acuity

Postoperative visual 
acuity Sample analysis

PVR-02 76 Female Traumatic, open globe 
injury zone 3

Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand motions Counting fingers Fixed (S1)

PVR-03 32 Female Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand motions 20/150 Fixed and cultured (S2)

PVR-04 67 Female Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand Motions 20/125 Fixed (S3)

PVR-05 68 Male Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand motions Hand motions Cultured (S4)

PVR-12 64 Female Traumatic, open globe 
injury zone 2

Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand motions Hand motions 1st explant

PVR-13 68 Female Traumatic, open globe 
injury zone 3

Recurrent macula-
off rhegmatogenous 
retinal detachment

C Light perception Hand motions Fixed (S5)

PVR-14 64 Male Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C 20/600 20/1000 Cultured (S7)

PVR-18 71 Female Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C Hand Motions Counting Fingers 2nd explant

PVR-20 24 Female Spontaneous
Recurrent macula-
off rhegmatogenous 
retinal detachment

C Light Perception Counting Fingers 3rd explant



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20554  | https://doi.org/10.1038/s41598-020-77254-0

www.nature.com/scientificreports/

Equipment and settings for immunoblots. All the images were acquired and quantified using the 
Image Studio version 2.1 (LI-COR Biosciences, Lincoln, NE). All the blots were scanned at an intensity of 4.0. 
The brightness was adjusted uniformly across the entire blot using the Image studio software to visualize the 
bands for each experiment. Original complete blots are shown in supplementary data and citations for each 
antibody provided in the methods section.

Study population. This study was performed at the Schepens Eye Research Institute of Massachusetts Eye 
and Ear, and research protocols were approved by the Institutional Review Board at Massachusetts Eye and Ear 
for the collection of surgical specimens and for the retrospective analysis of clinical data. All research protocols 
adhered to the tenets of the Declaration of Helsinki, signed informed consent form and Health Information 
Portability and Accountability Act authorization were obtained from all the participants included in the study.

Nine patients were recruited from Massachusetts Eye and Ear who had grade C PVR and were undergoing 
PVR surgery. The demographics of the patients are summarized in Table 1. Patients had to be at least 18 years 
old and could not be pregnant. Immediately after surgical extraction, PVR membranes were placed in a speci-
men cup containing calcium-free and magnesium-free balanced salt solution (BSS) for transportation at room 
temperature (RT). Within 1–2 h after extraction, membranes were processed under sterile biosafety level 2 condi-
tions for immunofluorescence, cell culture or ex-vivo membrane culture. Biospecimen reporting for improved 
study quality (BRISQ) reporting guidelines for human biospecimens were followed to complete this  section68.

Immunofluorescence analysis of PVR membranes. Human PVR membranes were fixed and pro-
cessed for analysis using our previously published  protocol40. Sections from 4 different human donors were 
processed for immunofluorescence using the following antibodies: anti-RUNX1 (1:100; LS-B13948; Lifespan 
Biosciences, Seattle, WA), and anti-human Ki67 antibody (1:100; NB500-170; Novus Biologicals, Ontario, Can-
ada). For heat-induced antigen retrieval the slides were boiled in 10 mM sodium citrate buffer (pH 6.0) and then 
maintained at a sub-boiling temperature (95–100 °C) for 20 min and subsequently cooled on the bench top for 
30 min. Slides were washed with distilled water and permeabilized with 0.5% Triton X-100 in PBS for 5 min and 
blocked (10% goat serum in PBS) for 1 h at RT. The primary antibody was prepared in antibody dilution buffer 
(5% goat serum) and samples were incubated overnight with the antibody solution at 4 °C. Membranes were 
washed with PBS and incubated with goat anti-rabbit Alexa Fluor 594 secondary antibody (1:300; A-11012; Inv-
itrogen, Carlsbad, CA) for 2 h at RT. Slides were mounted and visualized using Prolong Gold Antifade Reagent 
with DAPI (P36935, Invitrogen). Images were obtained using an EVOS FL automated stage live cell imaging 
system (Life Technologies, Cambridge, MA).

C‑PVR culture and growth factor induction. Immediately after surgery, the human PVR membranes 
were processed for isolation and cell culture (C-PVR) using our previously established  protocol40. C-PVR cells 
(30 × 103/well) were seeded in 48-well plates for a period of 24–72 h. Then, they were washed with PBS and 
treated with PVR media alone (control) or in PVR media with TGF-β2, TNF-α, IL-6 or a combination of all three 
growth factors, using triplicates for each condition. We incubated our C-PVR cells with these growth factors, 
which have been previously used by others to induce EMT in vitro19,47,69.

Immunocytochemistry and assessment of EMT using immunofluorescence. Our previously 
established protocol for immunocytochemistry was used to detect the presence of RUNX1 in culture cells from 
3 human  donors40. Cells were fixed with 4% PFA for 10 min, washed with PBS, permeabilized with 0.5% Triton 
X-100 in PBS for 5 min, and blocked (10% goat serum in PBS) for 1 h at RT. The cultures were incubated with 
primary antibody rabbit anti-RUNX1, (1:100; LS-B13948, LifeSpan BioSciences) overnight at 4 °C followed by 
incubation with goat anti-rabbit Alexa Fluor 594 secondary antibody (1:300; A-11012, Invitrogen). Following 
induction with the growth factors cells were incubated with the primary antibody mouse anti-α smooth muscle 
actin (1:250; M0851, Dako, Glostrup, Denmark) overnight at 4 °C followed by incubation with goat anti-mouse 
Alexa Fluor 488 secondary antibody (1:300; A-11001, Invitrogen) for 2 h at RT. Cell nuclei were labeled with 
Hoechst 33342 diluted in PBS (1:200, 639, ImmunoChemistry Technologies, Bloomington, MN) and counted 
for quantification using ImageJ software (National Institutes of Health, Bethesda, MD) using our previously 
established methods  protocol40. Cells were washed with PBS and images were obtained using an EVOS FL auto-
mated stage live cell imaging system (Life Technologies).

Western blot analysis. Protein concentrations were measured, and equal concentrations of protein were 
separated using 4–20% SDS-PAGE (456–1094, Bio-Rad Laboratories, Hercules, CA), transferred to polyvi-
nylidene difluoride membranes (Millipore Sigma, Darmstadt, Germany) and blocked using Odyssey Blocking 
Buffer (LI-COR Biosciences) for 1 h at  RT50. The membranes were incubated overnight at 4 °C with primary 
antibodies mouse anti-RUNX170 and mouse anti-N-Cadherin71 (Santa Cruz Biotechnology Inc., Dallas, TX), 
rabbit anti-β-actin72 (Cell Signaling Technology, Danvers, MA), and mouse anti-α smooth muscle  actin73 (Sigma, 
Natick, MA). GAPDH (Santa Cruz Biotechnology Inc.) was used as loading control for siRNA and RUNX1 
antibody validation experiments. After washing, the membranes were probed with IRDye 680RD donkey anti-
rabbit, and IRDye 800CW donkey anti-mouse (LI-COR Biosciences) antibodies for 1 h at RT. Immunoreactive 
bands were visualized using the Odyssey Infrared Imaging System, and band intensities normalized to β-actin or 
GAPDH were quantified using Image Studio (LI-COR Biosciences) using our previously developed  protocol50. 
RUNX1 antibody validation control was performed as shown in Fig. 2h. Full-length blots/gels are presented in 
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supplementary information (see Supplementary Figs. S7–S9). Processing of the blots was performed only to 
adjust the brightness using Acorn software (Flying Meat Inc., Seattle, WA).

RUNX1 inhibition in an ex vivo model of PVR using Ro5‑3335. PVR membranes were divided into 
pieces and embedded in growth factor reduced Matrigel (354,230; BD Biosciences, San Jose, CA) in a 24-well 
plate and placed at 37 °C for 30 min for the Matrigel to solidify. The specimens were treated with either vehicle 
or 150 μM of a small molecule inhibitor of RUNX1 (Ro5-3335; 219506, Millipore Sigma, Darmstadt, Germany) 
in 500 μl in PVR growth media. Phase contrast images using an EVOS FL imaging system (Life Technologies) 
were taken and the distance of growth from the embedded tissue was quantified using Image J (National Insti-
tutes of Health).

Small Interfering RNA gene knockdown. Small interfering RNA (siRNA) (75  nmol/L) (Integrated 
DNA Technologies; CCU UUC AUG UUA AUC AAA CAA GUG A, UCA CUU GUU UGA UUA ACA UGA AAG 
GGA) sequences were transfected for 12  h using DharmaFECT 1 (GE Life Sciences/Dharmacon, Lafayette, 
CO) in Opti-MEM (Life Technologies) and incubated in PVR medium with 2% FBS. The culture medium was 
switched to complete PVR growth media after 12 h.

Induction of experimental PVR in rabbits. This study was approved by Institutional Animal Care and 
Use Committee (IACUC) of the Massachusetts Eye and Ear Infirmary. All animal experiments were performed 
in accordance with the guidelines for the Use of Animals in Ophthalmic and Vision Research of the Association 
for Research in Vision and Ophthalmology (ARVO). Information regarding in vivo experiments reported in 
this manuscript are in adherence with the ARRIVE  guidelines74. Male and female New Zealand White rabbits 
(2.3 kg of weight, 6–8 week-old) were purchased from Charles River (Charles River Laboratories, Inc., Wilming-
ton, MA). Animals were maintained in a temperature-controlled, 12-h day-night cycle environment with food 
and water ad libitum. General welfare assessment was performed before surgery and general clinical monitor-
ing was performed daily for the first week, and then every three days after C-PVR injection until completion 
of the experiment. Before every procedure, animals were anesthetized by intramuscular injection of Ketamine 
(30–50 mg/Kg) (KetaVed, Vedco Inc., St. Joseph, MO), Xylazine (5–10 mg/Kg) (Anased, Akorn Animal Health, 
Lake Forest, IL) and Acepromazine (0.75 mg/Kg) (Phoenix Pharmaceuticals Inc., Burlingame, CA). Also, a sub-
cutaneous injection of Buprenorphine (0.05–0.1  mg/Kg) (Buprenex, Reckitt Benckiser Inc., Richmond, VA) 
was performed. Pupils were dilated with topical application of 1% Tropicamide drops (Bausch and Lomb Inc., 
Tampa, FL), anesthetic drops of 0.5% Proparacaine (Bausch and Lomb Inc.) were also applied. Oxygen levels and 
heart rate were continuously monitored until complete anesthesia recovery. Right eye of each animal was used to 
develop the model and left eyes were used as controls. To develop our model, we first generated a master stock of 
C-PVR cells from a donor to be used at a similar passage for intravitreal injections to maintain uniformity of the 
system between experiments. Gas displacement of the vitreous was induced by intravitreal injection of 0.15 mL 
of perfluoropropane  (C3F8) (Alcon, Fort Worth, FL) 3 mm behind the limbus. Three days after gas displacement, 
intraocular pressure (IOP) was reduced by gas withdrawal. Subsequently, 0.2 mL of BSS containing approxi-
mately 1 × 106 C-PVR cells were intravitreally injected. These cells were obtained and processed following our 
previously published  method40. IOP monitoring with Tonopen (Reichert Technologies, Depew, NY) and topical 
postoperative treatment with 0.5% Timolol (Akorn), 0.3% Ofloxacin (Akorn) and triple antibiotic ointment 
(Akorn), were performed for 3 days after gas displacement and after cell injection. Rabbits were examined using 
indirect ophthalmoscopy after cell injection, 1 week, 2 weeks and 4 weeks. For fundus and OCT imaging, a spec-
tral-domain OCT Spectralis (Heidelberg Engineering, Heidelberg, Germany) was used immediately after cell 
injection, at 2 and 4 weeks of follow-up. A PVR score grading system was developed to assess severity of disease. 
The score was determined by combination of the most severe phenotypes identified by indirect ophthalmoscopy, 
fundus imaging and OCT. Representative images of each severity stage identified are showed in Supplementary 
Fig. S10. Under deep anesthesia, animals were euthanized and eyes collected after 14 or 28 days of follow-up by 
injection of pentobarbital (120 mg/kg) (Fatal Plus, Vortech, Dearborn, MI).

Ocular toxicity assessment. To evaluate anterior segment safety and tolerability of the topical applica-
tion of a nanoemulsion, the SPOTS system, based on the McDonald-Shadduck and Hackett-McDonald scales, 
was  followed75. For posterior segment toxicity assessment, TUNEL (In Situ Cell Death Detection Kit, TMR red, 
12156792910, Roche, Indianapolis-Marion County, IN) and morphology comparison by H&E staining were 
performed in retinal tissue sections. Also, IOPs were measured before any procedure (baseline) and after 2 and 
4 weeks of follow-up.

ERG recording. To test potential non-lethal cell dysfunction in retinal tissue we performed ERG analysis 
in C57BL6/J mice. Animals were distributed into three groups: Untreated, vehicle and eNano-Ro5. For those 
receiving topical nanoemulsion, 1 drop was applied 4 times a day for 7 days and then ERG recording protocol 
was done. Following overnight dark adaptation, the animals were prepared for ERG recording under dim red 
light. While under anesthesia with a mixture of Ketamine and Xylazine, the animal body temperature was main-
tained at 38 °C, using a warm heating blanket, and their pupils were dilated using a drop of 1% Tropicamide 
applied on the corneal surface. One drop of Genteal was applied to the cornea of the untreated eye to prevent 
dehydration. A drop of 0.9% sterile saline was applied on the cornea of the treated eye to prevent dehydration 
and to allow electrical contact with the recording electrode. A 25-gauge platinum needle, inserted subcutane-
ously in the forehead, served as reference electrode, while a needle inserted subcutaneously near the tail served 
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as the ground electrode. A series of flash intensities were produced by a Ganzfeld controlled by the Diagnosys 
Espion3 to test both scotopic and photopic responses.

Histopathological evaluation of C‑PVR injected eyes. After euthanasia, eyes were enucleated and 
submerged in Davidson’s fixative (Millipore Sigma). After 24  h at RT, a small 1 × 1  mm scleral window was 
performed next to the corneal limbus to facilitate fixative penetration within the eye and submerged again in 
fixative for another 24 h at RT. Then, samples were transferred to 70% ethanol for at least 24 h and 5 μm serial 
sections were obtained by standard paraffin embedding procedure. Hematoxylin and eosin staining was used 
for morphologic studies of ocular tissues. Also, to confirm presence of human cells within rabbit vitreous cavity 
a specific antibody against human antigen was used: rat anti-HLA Class I Xenograft marker antibody (1:200; 
SM2012P Acris, OriGene Technologies, Inc., Rockville, MD). Mouse anti-PCNA antibody (1:100; ab29, Abcam, 
Cambridge, UK) was used to detect the presence of proliferating cells within the pathological tissues and mouse 
anti-fibronectin (1:500, FBN11, Invitrogen, Carlsbad, CA) antibody, a PVR marker, was also performed. Slides 
were washed with PBS and permeabilized with 0.5% Triton X-100 in PBS for 5 min and blocked (10% goat 
serum in PBS) for 1 h at RT. The primary antibody was prepared in antibody dilution buffer (5% goat serum) 
and incubated overnight at 4 °C. Slides were washed with PBS and incubated with goat anti-rat and goat anti-
mouse Alexa Fluor 594 secondary antibody, respectively (1:300; A-11007, A-11005, Life Technologies) for 2 h at 
RT. Slides were mounted and visualized using Prolong Gold Antifade Reagent with DAPI (P36935, Invitrogen). 
Images were obtained using an EVOS FL automated stage live cell imaging system (Life Technologies).

Nanoemulsion (eNano‑Ro5) preparation. Lecithin was extracted in sterile conditions from commer-
cially available capsules and mixed with isopropyl myristate (172472, Millipore Sigma) in a 1:1 proportion as 
surfactant and organic phase, respectively. Then, 10  mg of Ro5-3335 (219506, Millipore Sigma) were added 
to the mixture to develop eNano-Ro5. Sterile PBS was added to reach a final concentration of 7.92 mM. The 
mixture was homogenized at 4,000 rpm for 6 min with a PT10-35 GT Kinematica Polytron homogenizer (Kin-
ematica AG, Luzern, Switzerland) and subjected to sonication with a Qsonica XL-2000 sonicator (Qsonica LLC, 
Newtown, CT) at 15 kW of power for 10 min in ice to avoid overheating of the product. For the vehicle formula-
tion used as a control, the same protocol was followed without adding Ro5-3335 to the mixture.

eNano‑Ro5 characterization. Particle size was characterized by DLS equipment with a DynaPro NanoStar 
(Wyatt Technology, Santa Barbara, CA) with an operation angle of 90°. The data were collected in a series of ten 
measurements from duplicate at 25 °C. In order to evaluate stability of the nanoemulsion formulation, changes 
in nanodrop size were evaluated by DLS at different time points. To quantify the amount of Ro5-3335 released 
from the nanoemulsion, eNano-Ro5 was dispersed in 1 mL of PBS (pH 7.4) to a final concentration of 0.021 mg/
ml. The mixture (1 mL) was placed into a Float-A-Lyzer G2 Dialysis Device (3.5–5 kD) (1210W03, Thomas 
Scientific, Swedesboro, NJ) and free dialyzed in 200 mL of PBS, to allow sink conditions. The system was kept at 
37 °C and 150 strokes. At regular time intervals, aliquots of the release medium were withdrawn and replaced 
with an equal volume of fresh buffer. Finally, the concentration of Ro5-3335 was measured by LC–MS/MS.

Quantification of Ro5‑3335 by liquid chromatography–tandem mass spectrometry in rabbit 
ocular tissues. Samples from the cornea, aqueous humor and vitreous were collected after 2 and 4 weeks of 
treatment. Corneal tissue was thinly ground using a scalpel blade, homogenized in 0.5 mL of Tris-buffered saline 
(TBS) (pH 9.0, 0.5 M) for 10 s intervals with a PT10-35 GT Kinematica Polytron homogenizer (Kinematica 
AG) and then subjected to sonication (10 s, 0.5 kW) with a Qsonica XL-2000 sonicator (Qsonica LLC). For 
the aqueous humor samples, a volume of 100 μL was collected and mixed with 0.5 mL of TBS buffer. Vitreous 
samples were homogenized for 10 s and 0.5 ml of the mixture was taken before being combined with 0.5 mL of 
TBS buffer. Subsequently, 0.5 mL of n-butyl chloride was added to each of the cornea, aqueous humor and vitre-
ous samples and incubated at 4 °C for 25 min to allow for mass transfer. Samples were centrifuged for 5 min at 
12,000 rpm and the organic phase was collected. This extraction procedure was repeated three times. At the final 
stage, eluates were dried and reconstituted in 50 μL of dimethyl sulfoxide (DMSO). To verify the extraction effi-
ciency of the method, aliquots of cornea, aqueous humor and vitreous samples were spiked with 50 ng/μL prior 
extraction. Successively, samples were prepared according to the protocol described above. Non-spiked tissues 
served as blanks (non-extracted samples). The recovery was analyzed by comparing the response of extracted 
and non-extracted samples (Fig. 4e). LC–MS/MS was used to quantify Ro5-3335 on each sample. Calibration 
curves of Ro5-3335 were prepared by serial dilutions in DMSO to produce concentrations between the range of 
0.1 to 50 pg/μL. The compounds were separated on an Allure PFPP column (2.1 × 150 mm, 5 μm) using a 6460 
LC–MS/MS system (Agilent, Santa Clara, CA). The mobile phase used was 0.1% formic acid in acetonitrile, and 
the sample injection volume was 10 μL. A constant flow rate of 0.5 mL/min was utilized with a gradient elution 
method over 10 min to operate the liquid chromatograph. The mass spectrometer portion of the LC–MS/MS was 
set at a temperature of 350 °C with a gas flow of 12 L/min, sheath gas temperature 400 °C, sheath gas flow 12 L/
min, capillary voltage 3.5 kV and nebulizer 35 psi. The electrospray ionization positive ion mode provided the 
maximum ionization and optimized retention time of the Ro5-3335 (5.17 min).

Statistical analyses. Data are shown as mean ± SEM or median. For statistical analysis, two-tailed unpaired 
Mann–Whitney test, unpaired T-test, one-way ANOVA or two-way ANOVA were used. NS, not significant, 
*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. Sample size was calculated by power calculation according 
to previous experiments.
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