
Inactivation of adenosine receptor 2A suppresses endothelial-to-
mesenchymal transition and inhibits subretinal fibrosis in mice

Qiuhua Yang1, Yongfeng Cai1, Qian Ma1, Albert Xiong2, Peishan Xu1, Zhidan Zhang1, Jiean 
Xu1, Yaqi Zhou1, Zhiping Liu1, Dingwei Zhao1, John Asara3, Wei Li4, Huidong Shi5,6, Ruth 
B. Caldwell1,7, Akrit Sodhi8, Yuqing Huo1,7,*

1Vascular Biology Center, Medical College of Georgia, Augusta University, Augusta, GA 30912, 
USA.

2Department of Ophthalmology, University of South Florida, Tampa, FL 33606, USA.

3Division of Signal Transduction, Beth Israel Deaconess Medical Center and Department of 
Medicine, Harvard Medical School, Boston, MA 02215, USA.

4Department of Ophthalmology, Cullen Eye Institute, Baylor College of Medicine, Houston, TX 
77030, USA.

5Department of Biochemistry and Molecular Biology, Medical College of Georgia, Augusta 
University, Augusta, GA 30912, USA.

6Georgia Cancer Center, Medical College of Georgia, Augusta University, Augusta, GA 30912, 
USA.

7Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University, 
Augusta, GA 30912, USA.

8Department of Ophthalmology, Wilmer Eye Institute, Johns Hopkins, Baltimore, MD 21287, USA.

Abstract

Anti–vascular endothelial growth factor therapy has had a substantial impact on the treatment of 

choroidal neovascularization (CNV) in patients with neovascular age-related macular degeneration 

(nAMD), the leading cause of vision loss in older adults. Despite treatment, many patients with 

nAMD still develop severe and irreversible visual impairment because of the development of 

subretinal fibrosis. We recently reported the anti-inflammatory and antiangiogenic effects of 

inhibiting the gene encoding adenosine receptor 2A (Adora2a), which has been implicated in 

cardiovascular disease. Here, using two mouse models of subretinal fibrosis (mice with laser 

injury–induced CNV or mice with a deficiency in the very low–density lipoprotein receptor), 
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we found that deletion of Adora2a either globally or specifically in endothelial cells reduced 

subretinal fibrosis independently of angiogenesis. We showed that Adora2a-dependent endothelial-

to-mesenchymal transition contributed to the development of subretinal fibrosis in mice with laser 

injury–induced CNV. Deficiency of Adora2a in cultured mouse and human choroidal endothelial 

cells suppressed induction of the endothelial-to-mesenchymal transition. A metabolomics analysis 

of cultured human choroidal endothelial cells showed that ADORA2A knockdown with an siRNA 

reversed the increase in succinate because of decreased succinate dehydrogenase B expression 

under fibrotic conditions. Pharmacological inhibition of ADORA2A with a small-molecule 

KW6002 in both mouse models recapitulated the reduction in subretinal fibrosis observed in 

mice with genetic deletion of Adora2a. ADORA2A inhibition may be a therapeutic approach to 

treat subretinal fibrosis associated with nAMD.

INTRODUCTION

Neovascular age-related macular degeneration (nAMD) is a retinal disorder that accounts for 

90% of AMD-related vision loss (1–4). In patients with nAMD, an end-stage fibrous plaque/

disciform scar that progresses from choroidal neovascularization (CNV) can cause profound 

and irreversible visual impairment (5–8). Subretinal fibrosis prevents retinal visual function 

because of its disruption of the highly organized retinal anatomical layers that tightly 

coordinate cellular interactions. Thus, therapeutic strategies for preventing or inhibiting 

subretinal fibrosis are imperative to improve visual outcomes in these patients.

Myofibroblasts contributing to the formation of subretinal fibrosis are transdifferentiated 

from various cells through a process known as mesenchymal or myofibroblast 

transition (9, 10). These cellular transitions include endothelial-to-mesenchymal transition 

(EndMT), macrophage-to-myofibroblast transition (MMT), and epithelial-to-mesenchymal 

cell transition (EMT) (11, 12). Increasing evidence suggests that endothelial cells (ECs) 

undergo EndMT under pathological circumstances and that EndMT contributes to various 

pathological fibrosis. EndMT also participates in the formation of retinal fibrosis. Analysis 

of epiretinal membranes from patients with proliferative diabetic retinopathy (PDR) has 

shown that ECs differentiate into myofibroblasts in the diabetic eye and contribute to 

pathologic fibrosis in PDR (13). The contribution of EndMT has also been demonstrated in 

a laser-induced mouse CNV model (14, 15). EndMT is regulated by a complex orchestration 

of several signaling pathways that are initiated by transforming growth factor β (TGFβ), 

proinflammatory cytokines, reactive oxygen species (ROS), and various transcriptional 

factors (16).

Adenosine receptor 2A (ADORA2A for human gene/Adora2a for rodent gene) is one of 

four G protein–coupled adenosine receptors (A1R, A2AR, A2BR, and A3R) that are highly 

expressed in the striatum of the brain, immune cells, and blood vessels (17, 18). ADORA2A 

activation stimulates the cyclic adenosine monophosphate (AMP)–protein kinase A (PKA) 

pathway by coupling to Golf protein in peripheral tissues or Gs protein in the brain (19–

21). In peripheral tissues of rodents, Adora2a has been reported to play a crucial role in 

the modulation of inflammation, myocardial oxygen consumption, coronary blood flow, 

angiogenesis, and control of cancer pathogenesis (22). We have reported that Adora2a 
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knockout/blockade promotes anti-inflammatory and antiangiogenic effects (23–25). In the 

current study, we hypothesized that deletion or blocking Adora2a could suppress the 

formation of subretinal fibrosis through inhibiting EndMT induction.

RESULTS

ADORA2A expression is associated with subretinal fibrosis in human and rodent AMD

To investigate the role of ADORA12A in ocular fibrotic diseases, we analyzed a microarray 

dataset (GSE60436) from fibrovascular membranes (FVMs) in patients with PDR (26). 

The results showed that ADORA2A gene expression was higher in active FVMs compared 

with normal retinas, along with increased expression of collagen family and matricellular 

proteins (Fig. 1A). To further examine the histopathology of the fibrotic area in eyes with 

AMD, we obtained paraffin-embedded eyes from patients with wet AMD and stained them 

with antibodies against ADORA2A and ACTA2. The results showed a strong expression 

of ADORA2A in the ACTA2-positive subretinal area of eyes from patients with wet AMD 

compared with eyes from healthy individuals (Fig. 1, B and C, and table S1). These findings 

demonstrated that ADORA2A was abundantly expressed in fibrotic tissue from areas of 

ocular degeneration diseases.

We next examined ADORA2A expression in laser-induced CNV lesions in mice, which is 

a model for subretinal fibrosis (9, 27, 28). In this model, we observed that CNV lesion 

size (IB4, CNV marker, red color) reached a maximum on day 7 and then regressed; CNV 

lesions almost completely disappeared by day 35. During the same period, subretinal fibrosis 

(indicated by COL1, a fibrosis marker in purple, and ACTA2, a myofibroblast/mesenchymal 

cell marker in green) was detected from days 7 to 35, with maximal size of subretinal 

fibrosis from days 21 to 35 (fig. S1). We therefore collected eyes from mice at days 7, 21, 

and 35 after laser injury and isolated the retinal pigment epithelium (RPE)/choroid complex 

to examine the expression of ADORA2A. The mRNA and protein expression of ADORA2A 

increased over time in fibrotic lesions, as demonstrated by quantitative reverse transcription 

polymerase chain reaction (RT-PCR) and Western blotting analysis (Fig. 1, D and E). In 

addition, by immunostaining of cross sections, we observed a notably increased expression 

of ADORA2A in the ACTA2-positive area (fig. S2), especially in samples from days 21 

and 35. In contrast, the subretinal regions of noninjured mice were negative for ADORA2A 

staining. In human samples of wet AMD and in a mouse model of laser injury–induced 

CNV, respectively, compared with their controls, ADORA2A immunostaining was also 

more robust in the areas of the subretinal, outer/inner photoreceptor segments and the outer 

nuclear layer (Fig. 1B and fig. S2).

The genetic variation in the very low–density lipoprotein receptor (VLDLR) is linked to 

nAMD in humans (29). Mice lacking Vldlr (Vldlr−/−) develop subretinal fibrosis even in 3 to 

4 month olds and are therefore used as a genetic model for spontaneous nAMD (30, 31). We 

collected eyes and isolated RPE/choroid complex from Vldlr−/− and control mice to perform 

RT-PCR, Western blot, and immunostaining to examine the expression of ADORA2A in 

spontaneous subretinal fibrosis. The amounts of mRNA and protein for ADORA2A were 

increased in RPE/choroid complex from Vldlr−/− mice compared with those of control mice 

(Fig. 1, F and G). Furthermore, immunostaining showed higher ADORA2A expression 
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in the ACTA2-positive area of Vldlr−/− mice compared with the control mice (Fig. 1H). 

Collectively, these observations indicated an association of high ADORA2A expression with 

human AMD lesions and in two models for rodent subretinal fibrosis.

Global Adora2a deficiency improves subretinal fibrosis in Vldlr−/− and laser injury–induced 
CNV mouse models

To evaluate the impact of ADORA2A on subretinal fibrosis, we generated global inducible 

Adora2a-deficient mice (Adora2af/f; Rosa26Cre/ERT2) by breeding Adora2aflox/flox with 

Rosa26Cre/ERT2 mice to generate Adora2aiKO mice after tamoxifen treatment (fig. S3, A and 

B). The mice of the littermate Rosa26Cre/ERT2 (Adora2aWT) were used as wild-type (WT) 

controls. Before the tamoxifen injection to delete Adora2a, regular retinal structure and 

blood flow were observed with spectral domain–optical coherence tomography (SD-OCT) 

and fluorescein angiography (FA) in these two groups of mice (fig. S3, C and D). In 

addition, there was no difference in visual acuity and photoreceptor function when the two 

groups were measured with the optomotor response (OMR) and pattern electroretinography 

(PERG) (fig. S3, E and F).

We deleted Adora2a in Adora2af/f;Rosa26Cre/ERT2 mice by administering tamoxifen at 7 

weeks of age, and 2 weeks later, we performed laser injury on these mice and analyzed the 

subretinal fibrosis at days 21 and 35 after injury. SD-O CT at day 21 after laser showed 

that the lesion size was smaller in Adora2aiKO mice than in Adora2aWT mice (fig. S4, A 

and B). There was no difference in visual acuity, as measured by OMR, or photoreceptor 

function, as measured by PERG, between the two groups of mice before laser injury (fig. 

S4, C and D). However, 21 days after laser injury, visual acuity was improved, and scotopic 

and photopic waves were enhanced in Adora2aiKO mice compared with Adora2aWT mice 

(fig. S4, C and D). Real-time PCR and Western blotting analysis of fibrotic markers in 

RPE/choroid of these mice showed that the amounts of mRNA and protein for ACTA2, 

SM22a, COL1, TGFβ2, and FN were lower in Adora2aiKO mice than in Adora2aWT mice 

(Fig. 2, A and B). Furthermore, the immunostaining of RPE/choroidal flat mounts with 

antibodies against COL1 and ACTA2 showed that subretinal fibrosis in Adora2aiKO mice 

was markedly reduced at both days 21 and 35 compared with WT control mice (Fig. 2C). To 

corroborate these results in the Vldlr−/− mouse model for spontaneous subretinal fibrosis, we 

crossed Adora2af/f;Rosa26Cre/ERT2 with Vldlr−/− mice to generate global Adora2a-deficient 

mice in Vldlr−/− background. As shown in Fig. 2 (D and E), Vldlr−/−;Adora2aiKO mice 

displayed less subretinal fibrosis than Vldlr−/−;Adora2aWT mice, as evidenced by decreased 

mRNA and protein for ACTA2, SM22a, COL1, and FN, as examined by real-time RT-

PCR and Western blotting, as well as reduced Masson’s trichrome staining and ACTA2 

immunostaining (Fig. 2, F to H). These results demonstrated that Adora2a global deficiency 

improved laser-injured visual functions and attenuated the development of subretinal fibrosis 

in laser injury–induced CNV mice and Vldlr−/− mice.

Inducible global Adora2a deficiency attenuates laser injury–induced subretinal fibrosis

CNV in Adora2aiKO mice at day 7 after laser injury was also decreased (fig. S5), indicating 

a possibility that suppressed subretinal fibrosis is secondary to reduced neovascularization. 

We therefore performed further studies to examine whether the inhibitory effect of Adora2a 
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deletion on subretinal fibrosis was independent of its antiangiogenic effect. As shown in 

Fig. 3A, the size of CNV and subretinal fibrosis at day 7 after laser injury was similar 

between Rosa26Cre/ERT2 and Adora2af/f;Rosa26Cre/ERT2 mice without tamoxifen treatment, 

indicating that the two types of mice respond similarly to laser injury. When tamoxifen 

treatment was performed at day 7 after laser, no difference in the size of CNV or subretinal 

fibrosis was observed at day 12 after laser (Fig. 3B), indicating that Adora2a deletion at 

the regression stage of CNV did not further accelerate regression of neovascularization 

and fibrosis. At day 35 after laser (tamoxifen injection from day 7 after laser), the size of 

subretinal fibrosis was reduced by 50% in Adora2aiKO mice compared with the control mice 

(Fig. 3C), indicating that deletion of Adora2a at a late stage of post-angiogenesis reduced 

subretinal fibrosis in an antiangiogenic-independent manner.

EndMT plays a critical role in the development of subretinal fibrosis

EndMT has previously been shown to play a critical role in the pathogenesis of fibrosis 

(32, 33), but it has not been reported in subretinal fibrosis in vivo. To address this 

question, Cdh5Cre;Rosa26-EYFPf/f mice (fig. S6, A to E), whose ECs are fate-mapped 

with the Rosa26-stop-EYFP (enhanced yellow fluorescent protein) reporter, were subjected 

to laser-induced CNV. The expression of EC markers and mesenchymal cell markers in 

EYFP-positive cells at various time points was monitored to examine the long-term fate of 

ECs in subretinal fibrosis. As shown in Fig. 4A, 7 days after laser injury, EYFP-positive 

cells expressed the EC marker CD31 and mesenchymal cell marker ACTA2, suggesting 

that a subset of ECs was transdifferentiated into mesenchymal cells at the early-stage 

post-laser injury. Twenty-one days after laser injury, at the stage with dominant subretinal 

fibrotic lesions, the EC marker CD31 was weakly observed (Fig. 4B). However, a high 

amount of the mesenchymal cell marker ACTA2 in EYFP-positive cells was observed, 

indicating that these mesenchymal cells were transdifferentiated from ECs (Fig. 4, B and 

C). Flat-mount immunostaining results showed a similar phenotype (fig. S7, A to E). These 

findings demonstrated that EndMT played a role in the formation of subretinal fibrosis. We 

next examined ADORA2A expression in the retina samples collected from Cdh5Cre;Rosa26-
EYFPf/f mice at days 7 and 21 after laser injury. As shown in fig. S8, we observed that 

EYFP-positive cells displayed ADORA2A expression at both days 7 and 21 after laser 

injury. These results indicated that ADORA2A was present in both ECs and EndMT cells.

EC Adora2a deficiency attenuates laser injury–induced subretinal fibrosis

To further investigate the role of ADORA2A in EndMT and subretinal fibrosis, we 

performed laser-induced CNV on endothelial-specific Adora2a-deficient mice (Adora2af/

f;Cdh5Cre/ERT2, Adora2aΔiVEC). These mice were generated by breeding Cdh5Cre/ERT2 

mice with Adora2aflox/flox mice after tamoxifen treatment, and their littermate Cdh5Cre/

ERT2 mice (Adora2aWT) were used as controls (fig. S9, A and B). As described above, 

tamoxifen treatment was performed at day 7 after laser on these mice. After euthanizing 

the mice at day 21 after injury, we collected RPE/choroidal samples for real-time PCR 

and Western blotting analysis of fibrotic markers (Fig. 5A). The results showed that the 

mRNA and protein ACTA2, SM22a, COL1, FN, and TGFβ2 were lower in Adora2aΔiVEC 

mice compared with Adora2aWT mice (Fig. 5, B and C). Furthermore, immunostaining 

of RPE/choroidal flat mounts using antibodies against COL1 and ACTA2 showed that, at 
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days 21 and 35, the laser-induced collagen production in Adora2aΔiVEC mice was markedly 

reduced in contrast to a marked increase in subretinal fibrosis in control mice (Fig. 5, D and 

E). These data suggested that EC-specific deletion of Adora2a reduced the development of 

laser-induced subretinal fibrosis.

ADORA2A regulates EndMT in mouse models and human choroidal ECs

To investigate the regulatory role of ADORA2A in EndMT induction in vivo, we 

bred Adora2aflox/flox mice with Cdh5Cre;Rosa26-EYFPf/f mice to produce mice with 

Adora2a deficiency selectively in EYFP-ECs (Adora2af/f;Cdh5Cre;Rosa26-EYFPf/f) and 

their controls (Cdh5Cre;Rosa26-EYFPf/f). The mice underwent laser-induced CNV, and eyes 

were collected at day 21 after laser injury to determine whether EC Adora2a deficiency 

contributes to EndMT in vivo. Eye cross sections from these mice stained with antibodies 

against ACTA2 in EYFP-positive cells showed that ACTA2-positive area in the EYFP-

positive area was much smaller in EC-specific Adora2a deletion mice than in control mice 

(Fig. 6A). These findings indicated that Adora2a was critical for EndMT induction in vivo.

To further examine the role of ADORA2A in regulating EndMT of choroidal ECs, we 

cultured human choroidal ECs (hCECs) and incubated them with human TGFβ2, a potent 

inducer of EndMT (fig. S9C). TGFβ2 enhanced the expression of ADORA2A and EndMT 

markers, including ACTA2, SM22α, COL1, and FN (Fig. 6B), indicating that ADORA2A 

may promote EndMT induction. Using a loss-of-function approach, ADORA2A expression 

on hCECs was knocked down with small interfering RNA (siRNA) of ADORA2A 
(siADORA2A). Western blot analysis showed that ADORA2A knockdown (KD) decreased 

the amount of protein for ACTA2, SM22α, COL1, and FN and increased the amounts 

of protein for CDH5 in hCECs, especially in the cells treated with TGFβ2 (Fig. 6B). 

These loss-of-function studies were corroborated using a gain-of-function approach, in 

which we overexpressed ADORA2A in hCECs using an adenovirus vector. Ad-ADORA2A 
transfection elongated hCECs, increased the mRNA and protein expression of ACTA2, 

TAGLN (SM22α), COL1, and FN, and decreased CDH5 expression (Fig. 6, C to F) 

compared with transfection of control adenovirus Ad-CTRL in hCECs.

We next cultured mouse choroidal ECs (mCECs) of Adora2aΔiVEC or Adora2aWT mice to 

examine the role of ADORA2A in EndMT induction (fig. S10A). In line with our hCECs 

studies, Adora2aWT mCECs showed increased protein expression of ACTA2, SM22α, 

and COL1 and decreased CD31 in response to mouse TGFβ2 (mTGFβ2) compared with 

vehicle treatment (fig. S10B). In contrast, Adora2aΔiVEC mCECs expressed decreased 

protein expression of EndMT markers compared with Adora2aWT mCECs in the presence 

of mTGFβ2 (fig. S10C). Collectively, these in vitro findings demonstrated the role of 

ADORA2A in regulating EndMT in both human and mouse choroidal ECs.

ADORA2A mediates the SDH-succinate signaling pathway to promote EndMT

To explore the mechanism whereby ADORA2A regulates EndMT, we examined the 

metabolomics profiles of hCECs transfected with siADORA2A and treated with TGFβ2 

by analyzing the cell extracts with liquid chromatography–tandem mass spectrometry 

(LC-MS/MS). TGFβ2 treatment changed the amounts of many metabolites in pathways 
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of glycolysis, pentose phosphate pathway, and hexosamine synthesis but not nucleic acid 

metabolic pathway. ADORA2A KD did not affect these metabolic pathways in hCECs (fig. 

S11, A to D). However, elevated succinate was observed in TGFβ2-treated hCECs, and 

this increased succinate was reduced by ADORA2A KD (Fig. 7A). On the basis of the 

changes in succinate abundance, we examined the expression of oxoglutarate dehydrogenase 

(OGDH) and succinate dehydrogenase (SDH) in TGFβ2-treated cells. TGFβ2 suppressed 

the expression of succinate dehydrogenase B (SDHB) but had no effect on OGDH 

expression, thus inducing succinate accumulation. ADORA2A KD rescued the decreased 

SDHB expression, thereby reducing succinate production (Fig. 7B). Overexpression of 

ADORA2A in hCECs down-regulated SDHB expression and did not change OGDH 

expression, resulting in increased succinate (Fig. 7, C and D). Consistent with these in 

vitro studies, Western blots with samples of RPE-choroidal complexes showed decreased 

expression of SDHB in laser-injured Adora2aWT mice compared with noninjured mice. 

The SDHB expression in laser-injured Adora2aΔiVEC was much higher than in laser-injured 

Adora2aWT mice (Fig. 7E). To further examine the association of SDHB and succinate 

with EndMT, we treated hCECs with exogenous succinate and detected EndMT-relevant 

molecules. As shown in Fig. 7F, exogenous succinate increased mesenchymal cell markers 

ACTA2 and SM22α, increased production of FN, and decreased EC marker CDH5. These 

results indicated that ADORA2A regulated SDHB, leading to subsequent changes in 

succinate production that contributed to EndMT induction in choroidal ECs.

Blockade of ADORA2A attenuates subretinal fibrosis in mice and EndMT in hCECs

To explore the therapeutic potential of targeting ADORA2A for the treatment of subretinal 

fibrosis, we first treated TGFβ2-stimulated hCECs with the ADORA2A pharmacologic 

antagonist KW6002 (0.1 μM) or vehicle for five consecutive days. As shown in fig. S12 

(A and B), KW6002 treatment suppressed the amounts of mRNA and protein for ACTA2, 

TAGLN, and FN compared with vehicle treatment and increased EC marker CD31. To 

investigate the potential effect of KW6002 on myofibroblast activity, we also exposed 

hCECs to TGFβ2 for 3 days to induce EndMT. Then, we treated these cells with KW6002 

(0.1 μM) or vehicle for an additional 4 days while maintaining TGFβ2 stimulation. Western 

blotting analysis revealed that KW6002 treatment decreased the amounts of protein for 

COL1 and FN compared with vehicle treatment (fig. S12C). These results demonstrated 

that the pharmacological inhibition of ADORA2A using KW6002 directly affected the 

myofibroblast activity associated with subretinal fibrosis. We next administered KW6002 

(10 mg/kg) by daily intraperitoneal injections to C57BL/6 mice beginning on day 7 after 

laser-induced CNV until 35 days after laser injury. The RPE/choroid complexes of these 

mice were immunostained with COL1 and ACTA2 antibodies and showed a much smaller 

size of the fibrotic area in samples from mice treated with KW6002 than those treated with 

vehicle (Fig. 8A). In addition to intraperitoneal injections of KW6002, we also administrated 

mice with KW6002 through oral gavage. We observed the same inhibitory effect of this 

antagonist on the formation of subretinal fibrosis (Fig. 8B). We also treated Vldlr−/− 

mice at 8 weeks old with KW6002 or vehicle daily intraperitoneal injections for 8 weeks 

(fig. S13, A and B). The RPE/choroid complexes were analyzed by quantitative RT-PCR, 

Western blotting, and histological analysis. The amounts of mRNA for Col1a1, Acta2, 

Tagln, Fn, Ctgf, and Fgf2 were lower in Vldlr−/− mice treated with KW6002 compared 
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with those of mice with vehicle. In addition, the amounts of protein for COL1, ACTA2, 

SM22α, and FN were decreased in Vldlr−/− mice treated with KW6002 compared with 

mice treated with vehicle (Fig. 8, C and D). Staining with hematoxylin and eosin (H&E), 

Masson’s trichrome, and ACTA2 anti-body showed decreased areas of fibrosis in Vldlr−/− 

mice treated with KW6002 (Fig. 8, E to G). Cdh5Cre;Rosa26-EYFPf/f mice subjected to 

laser injury were also treated with KW6002 by daily intraperitoneal injections (Fig. 8H). 

Eyes from these mice were examined, and the area of EYFP-ACTA2 double staining was 

smaller in mice treated with KW6002 than in mice treated with vehicle (Fig. 8H). These 

observations demonstrated that pharmacologic inhibition of ADORA2A with KW6002 

effectively reduced the development of subretinal fibrosis by suppressing EndMT.

DISCUSSION

In a genome-wide study, ADORA2A was identified as an important determinant of 

human vascular disease (34). Its role in ocular vascular disorders has been an active area 

of research. The high incidence of PDR in a cohort of patients with type 1 diabetes 

has been associated with the single-nucleotide polymorphism type of ADORA2A that 

results in its high expression (23, 35). Increased expression of ADORA2A in retinal ECs 

boosted glycolysis and increased tip cell migration and stalk cell proliferation, enhancing 

angiogenesis (23). Reanalysis of microarray gene expression data of retinal FVMs from 

patients with PDR has demonstrated an association of ADORA2A with ocular fibrosis (26). 

The current study further demonstrates a causal role of ADORA2A in the development of 

ocular fibrosis, especially the formation of subretinal fibrosis (fig. S14).

Specifically, we focused on the role of endothelial ADORA2A in the development 

of subretinal fibrosis in patients with nAMD, a disease characterized by pathological 

angiogenesis. Anti–vascular endothelial growth factor (VEGF) therapy is the primary 

treatment for nAMD. However, despite monthly treatment, approximately one-fourth of 

nAMD eyes still develop subretinal fibrosis (36). Multiple factors contribute to this outcome. 

Nevertheless, a recent study has shown that anti-VEGF therapy promotes EndMT, thereby 

increasing the incidence of subretinal fibrosis (14). This finding underscores the importance 

of investigating the cause of EndMT and subretinal fibrosis in nAMD eyes. Using a 

combination of human and rodent models with genetic and pharmacologic approaches, we 

provide evidence that ADORA2A in choroidal ECs is essential for EndMT in CNV lesions 

and, in turn, the development of subretinal fibrosis.

In addition to EndMT, suppressing subretinal fibrosis after inactivation of endothelial 

ADORA2A is attributed to many other mechanisms. We have shown that deleting/blocking 

Adora2a can inhibit pathological angiogenesis in a mouse oxygen-induced retinopathy 

model. In the laser-induced CNV model, small CNV lesions are also observed in mice with 

deletion/blockade of Adora2a. ADORA2A is highly expressed in αSMA/ACTA2-positive 

cells, which indicates that fully differentiated myofibroblasts express ADORA2A/Adora2a. 

Suppression of fibroblast ADORA2A is able to inhibit skin scar formation (37). ADORA2A 

suppression of choroid EC–transited myofibroblasts with KW6002 inhibits their fibrotic 

activity. Thus, suppression of choroidal endothelial proliferation and fibrotic activity of 
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myofibroblasts are also underlying mechanisms for suppressed subretinal fibrosis in mice 

lacking endothelial Adora2a.

The effect of ADORA2A-mediated EndMT appears to involve distinct metabolic 

reprogramming. Consistent with a previous study on the role of TGFβ1 in metabolic 

changes (38), treatment with TGFβ2 increased succinate, a metabolite in the tricarboxylic 

acid (TCA) that plays a role in the development of inflammation, metabolic disorders, 

and cancers (39, 40). It has been demonstrated that succinate is an essential mediator in 

the development of pulmonary fibrosis (41). Succinate can induce mesenchymal transition 

of choroidal ECs. KD of ADORA2A reduced the elevated succinate in TGFβ2-treated 

choroidal ECs, whereas up-regulation of ADORA2A enhanced succinate production. This 

was accompanied by the dynamic change of SDHB, a subunit of SDH causing succinate 

accumulation under various pathological conditions (42). These results suggested the 

involvement of the ADORA2A-S DH-succinate axis in the development of subretinal 

fibrosis. Furthermore, our study and others have characterized the role of hypoxia-inducible 

factor 1α (HIF1α) inflammasome in endothelial angiogenesis and myeloid inflammation 

induced by ADORA2A (23, 43). Many studies have shown that succinate accumulation 

stabilizes HIF (44, 45). Therefore, we speculate that other pathways, such as HIF and 

inflammasomes, may also be directly or indirectly involved in the anti-fibrotic effect of 

ADORA2A KD in subretinal fibrosis.

This study has limitations. The study specifically focused on the role of endothelial 

ADORA2A in subretinal fibrosis. However, the impact of ADORA2A originating from 

other cell types cannot be dismissed, because it may also play a crucial role in subretinal 

fibrosis. Myofibroblasts involved in subretinal fibrosis can also arise from RPE cells and 

myeloid cells (9, 10, 12). For instance, during AMD, RPE cells exhibit degeneration, 

leading to the loss of their characteristic epithelial morphology and function. These cells 

transform into mesenchymal cells through a process known as epithelial-mesenchymal 

transition (46–49). Furthermore, macrophages exist in both human CNV lesions (50) and 

mouse experimental CNV (51, 52). These macrophages undergo a process called an MMT, 

contributing to the formation of subretinal fibrosis (12). ADORA2A is present in both 

RPE and myeloid cells (43, 53). The selective ADORA2A antagonists have been shown 

to prevent microglia-mediated neuroinflammation, thereby protecting retinal ganglion cells, 

RPE cells, and photoreceptors in in vitro and in vivo studies (54, 55). In addition to cells 

directly involved in subretinal fibrosis, cells of outer/inner photoreceptor segments and the 

outer nuclear layer also display increased expression of ADORA2A in human samples of 

wet AMD and in a mouse model of laser injury–induced CNV compared with their controls. 

The association between the photoreceptors and AMD has been noted in the literature (56, 

57). Therefore, the up-regulated ADORA2A in these non-subretinal cells may indirectly 

participate in the subretinal fibrosis. Hence, the observed suppression of subretinal fibrosis 

in global inducible Adora2a-deficient mice and mice treated with KW6002 could also be 

due, in part, to the inactivity of ADORA2A in many types of cells other than choroidal ECs. 

In future studies, consideration should be given to investigating the impact of ADORA2A on 

the abovementioned cells in subretinal fibrosis.
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Suppressed subretinal fibrosis in mice after ADORA2A blockade shows the translational 

nature of ADORA2A antagonists. Over the past decades, various types of ADORA2A 

inhibitors have been developed to aim at treating different disorders, and some of them have 

shown a high specificity for ADORA2A compared with other adenosine receptors (58, 59). 

Among these inhibitors, KW6002 has been extensively studied and received approval from 

the US Food and Drug Administration in 2019 to treat Parkinson’s disease. One advantage 

of KW6002 is its oral administration route, which distinguishes it from anti-VEGF reagents 

that require local administration through intravitreal or subretinal injections and often cause 

side effects (60). Given these findings, investigating the potential of ADORA2A blockade in 

patients with nAMD and subretinal fibrosis emerges as a practical and feasible approach.

MATERIALS AND METHODS

Study design

The major goal of this study was to investigate the impact of ADORA2A on the 

development of subretinal fibrosis, as well as to determine whether inhibiting or blocking 

this molecule could reduce the size of subretinal fibrotic lesions. To address this, in vivo 

experiments for loss-of-function studies were performed in a model of laser injury–induced 

mouse CNV and Vldlr−/− mice with mice in the absence of global or endothelial-specific 

deletion of Adora2a. Pharmacologic inhibition of ADORA2A with KW6002 was also 

conducted in these two mouse models. Endothelial lineage tracing mice were generated 

to investigate the further underlying mechanism. In addition, choroidal ECs from these mice 

were isolated, and hCECs were cultured for in vitro mechanistic study. Each experimental 

group consisted of a minimum of six mice to ensure a robust demonstration of differences 

in subretinal fibrosis phenotypes and the expression of relevant genes. The minimum animal 

numbers and sample sizes required to achieve statistical significance were determined by 

power analysis and prior experience from literature. The assignment of mice to control 

and treatment groups was done randomly. Data analyses for in vivo subretinal fibrosis 

phenotypes were performed in a blinded manner. The control and treatment groups, sample 

sizes, and the specific statistical tests used for each experiment are outlined in the figure 

legends. All original data can be found in data file S1.

Statistical analysis

All studies were designed to generate groups of optimal size using randomization. 

Researchers were blinded to the evaluation of experimental outcomes and analysis of 

the raw data. Some results were normalized to the control to avoid unwanted sources of 

variation. Statistical analysis was performed using GraphPad Prism software (version 8.0, 

RRID: SCR_000306), and data are presented as means ± SEM. No outliers were removed 

from the data. Statistical analysis was only undertaken for studies where each group size was 

at least n = 5. N represents the number of studied animals (in vivo) or independent values (in 

vitro), and statistical analysis was performed using these separate values. Data distribution 

was assessed by the Shapiro-Wilk test for normality, and the F test or Brown-Forsythe test 

was performed to test the equality of variance. For comparisons of two groups, unpaired 

two-t ailed Student’s t test (when the variances were equal) or unpaired two-t ailed Student’s 

t test with Welch’s correction (when variances were unequal) was performed when normal 
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distribution was satisfied. Otherwise, nonparametric Mann-Whitney tests were performed 

for the datasets where normal distribution was not satisfied. For multiple groups, Brown-

Forsythe test was used to test the homogeneity of variance. Differences among multiple 

groups were assessed by one-way analysis of variance (ANOVA) followed by a Bonferroni 

post hoc analysis or two-way ANOVA followed by Tukey post hoc test (for experiments 

with two factors) for the datasets satisfied by the Brown-Forsythe test, otherwise by one-way 

ANOVA and Welch’s ANOVA test with Dunnett’s T3 multiple comparisons. P < 0.05 was 

considered significant. Tests used for statistical analysis for each experiment are specified in 

table S7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ADORA2A expression is increased in the retinas of humans with wet AMD and rodents 
with subretinal fibrosis.
(A) Heatmap showing the gene expression of fibrotic markers and adenosine receptors in 

FVMs in patients with PDR. The data are from a reanalysis of the reported microarray 

dataset. n = 3. (B and C) Representative and quantification immunostaining of ADORA2A 

and ACTA2 in the retinas of humans with wet AMD and healthy individuals. DAPI, 4′,6-

diamidino-2-phenylindole. Scale bars, 100 or 20, or 5 μm. n = 5. (D) qRT-PCR analysis 

of the mRNA expression of Adora2a and Acta2 in RPE/choroid complex collected from 
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C57 mice at days 0, 7, 21, and 35 after laser photocoagulation. n = 10. (E) Representative 

Western blots and their quantification showing indicated protein expression in RPE/choroid 

complex collected from C57 mice at days 0, 7, 21, and 35 after laser photocoagulation. n 
= 6. (F) qRT-PCR analysis of the mRNA expression of indicated genes in RPE/choroid 

complex collected from Vldlr−/− and Vldlr+/+ mice at 16-week-old age. n = 6. (G) 

Representative Western blots and their quantification showing indicated protein expression 

in RPE/choroid complex collected from Vldlr−/− and Vldlr+/+ mice at 16-week-old age. 

n = 6. (H) Representative immunostaining of ADORA2A and ACTA2 on cross sections 

of the retina from Vldlr−/− and Vldlr+/+ mice at 16-week-old age. Statistical analysis was 

performed using Kruskal-Wallis test (D and E), unpaired two-tailed t test (C, F, and G), and 

one-way ANOVA followed by a Bonferroni test (A and E). Data are means ± SEM. ns, no 

significance; *P < 0.05; **P < 0.01; ***P < 0.001 for indicated comparisons.
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Fig. 2. Global Adora2a knockout suppresses subretinal fibrosis in laser injury–induced CNV 
mice and Vldlr−/− mice.
(A) qRT-PCR analysis of mRNA expression for the indicated genes in RPE/choroid complex 

collected from Adora2aWT and Adora2aiKO mice at day 21 after laser photocoagulation. n 
= 10. (B) Representative Western blots and their quantification showing indicated protein 

expression in RPE/choroid complex collected from Adora2aWT and Adora2aiKO mice at 

day 21 after laser photocoagulation. n = 5. (C) Representative images and quantification 

of immunostaining for acTa2 and col1 in RPE/choroid complex flat mount of Adora2aWT 
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and Adora2aiKO mice at day 21 or day 35 after laser photocoagulation. Scale bar, 50 

μm. Four laser burns per eye, n = 11 to 14 mice per group. (D) qRT-PCR analysis of 

mRNA expression for the indicated genes in RPE/choroid complex collected from Vldlr−/

−Adora2aWT and Vldlr−/−Adora2aiKO at 16-week-o ld age. n = 10. (E) Representative 

Western blots and their quantification showing indicated protein expression in RPE/choroid 

complex collected from Vldlr−/−Adora2aWT and Vldlr−/−Adora2aiKO mice at 16-week-old 

age. n = 5. (F) Representative hematoxylin and eosin (H&E)–stained cross sections of the 

retina from Vldlr−/−Adora2aWT and Vldlr−/−Adora2aiKO mice at 16-week-o ld age. Scale 

bar, 100 μm. n = 5. (G) Representative Masson’s trichrome–stained cross sections of the 

retina from Vldlr−/−Adora2aWT and Vldlr−/−Adora2aiKO mice at 16-week-old age. Scale 

bar, 100 μm. n = 5. (H) Representative ACTA2 immunostaining on cross sections of the 

retina from Vldlr−/−Adora2aWT and Vldlr−/−Adora2aiKO mice at 16-week-old age. Scale bar, 

50 μm. n = 5. Statistical analysis was performed using Mann-Whitney test (A to E) and 

unpaired two-tailed t test (A, B, D, and E). data are means ± SEM. *P < 0.05; **P < 0.01; 

***P < 0.001 for indicated comparisons.
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Fig. 3. The inhibitory effect of Adora2a deletion on subretinal fibrosis is largely independent of 
its antiangiogenic effect.
(A) Representative images and quantification of immunostaining for isolectin B4 (IB4, 

CNV), ACTA2, and collagen I (COL1, fibrosis) in RPE/choroid complex flat mount of 

Rosa26CreERT2 and Adora2af/fRosa26CreERT2 mice without tamoxifen injection at day 7 

after laser photocoagulation. Scale bar, 50 μm. Four laser burns per eye, n = 8 mice per 

group. (B) Representative images and quantification of immunostaining for IB4, ACTA2, 

and col1 in RPE/choroid complex flat mount of Adora2aWT and Adora2aiKO mice with 
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five consecutive tamoxifen injections at day 12 after laser photocoagulation. Scale bar, 

50 μm. Four laser burns per eye, n = 5 mice per group. (C) Representative images and 

quantification immunostaining for ACTA2 and COL1 of RPE/choroid complex flat mount of 

Adora2aWT and Adora2aiKo mice with five consecutive tamoxifen injections at day 35 after 

laser photocoagulation. Scale bar, 50 μm. Four laser burns per eye, n = 8 mice per group. 

Statistical analysis was performed using Mann-Whitney test (A to C). Data are means ± 

SEM. ***P < 0.001 for indicated comparisons.
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Fig. 4. Endothelial cells participate in the development of laser-induced subretinal fibrosis.
(A) Representative images of cd31 and acTa2 immunostaining on the cross section of 

retinas from EC lineage tracing mice Cdh5Cre/Rosa26-EYFPf/f mice at day 7 after laser 

photocoagulation. Scale bars, 50 or 20 μm. Four laser burns per eye, n = 6 mice per 

group. (B) Representative images of cd31 and acTa2 immunostaining on the cross section 

of retinas from EC lineage tracing mice Cdh5cre/Rosa26-EYFPf/f mice at day 21 after laser 

photocoagulation. Scale bars, 50 or 20 μm. Four laser burns per eye, n = 6 mice per group. 

(C) Quantification of CD31+EYFP+ and ACTA2+EYFP+ cells of images immunostained 
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with CD31 and ACTA2 from Cdh5Cre;Rosa26-EYFPf/f mice at days 7 and 21 after laser 

injury. n = 6 mice per group. Statistical analysis was performed using unpaired two-tailed t 
test. Data are means ± SEM. ***P < 0.001.
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Fig. 5. Endothelial Adora2a participates in the development of laser-induced subretinal fibrosis.
(A) Schematic illustration of laser injury model in inducible EC Adora2a-deficient mice. 

(B) qRT-PCR analysis of the mRNA expression of indicated genes in RPE/choroid complex 

collected from Adora2aWT and Adora2aΔiVEC mice at day 35 after laser photocoagulation. 

n = 10. (C) Representative Western blots and their quantification showing indicated protein 

expression in RPE/choroid complex collected from Adora2aWT and Adora2aΔiVEC mice 

at day 35 after laser photocoagulation. n = 5. (D and E) Representative images and 

quantification of acTa2 and col1 immunostaining in RPE/choroid complex flat mount of 
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Adora2aWT and Adora2aΔiVEC mice at day 21 or day 35 after laser photocoagulation. Scale 

bar, 50 μm. Four laser burns per eye, n = 9 to 12 mice per group. Statistical analysis was 

performed using Mann-Whitney test (B, D, and E) and unpaired two-tailed t test (B and C). 

Data are means ± SeM. **P < 0.01; ***P < 0.001 for indicated comparisons.
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Fig. 6. EC ADORA2A promotes the process of endothelial-to-mesenchymal cell transition in vivo 
and in vitro.
(A) Representative images of ACTA2 immunostaining on cross section of retinas from 

Adora2aWT/Rosa26-EYFPf/f and Adora2aΔVEC/Rosa26-EYFPf/f mice at day 21 after laser 

photocoagulation. Scale bars, 50 or 20 μm. Four laser burns per eye, n = 5 mice per 

group. (B) Representative Western blots and quantification of indicated protein expression 

in hCECs transfected with control or ADORA2A siRNA for 24 hours and treated with 

hTGFβ2 (10 ng/ml) for 5 days. n = 6. Veh, vehicle. (C) Representative images of hCECs 
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infected with control or ADORA2A adenovirus for 5 days. Scale bar, 100 μm. (D) qRT-PCR 

analysis of the mRNA expression of indicated genes in hCECs infected with control or 

ADORA2A adenovirus for 5 days. n = 6. (E) Representative Western blots of indicated 

protein expression in hCECs infected with control or ADORA2A adenovirus for 5 days. (F) 

Quantification of Western blots for the indicated proteins in hCECs infected with control 

or ADORA2A adenovirus for 5 days. n = 6. Statistical analysis was performed using 

Mann-Whitney test (a), unpaired two-tailed t test (D and F), and two-way ANOVA followed 

by a Tukey post hoc analysis (B). Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 

0.001 for indicated comparisons.
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Fig. 7. ADORA2A mediates the SDHB-succinate signaling pathway to regulate EndMT in 
hCECs.
(A) Heatmap showing the metabolites in the TCA cycle pathway and quantification 

data of succinate amount in hCECs transfected with control or ADORA2A siRNA and 

treated with hTGFβ2 (10 ng/ml) for 48 hours. n = 3. (B) Representative Western blots 

and quantification of indicated protein expression in hCECs transfected with control or 

ADORA2A siRNA and treated with hTGFβ2 (10 ng/ml) for 5 days. n = 5. (C) Heatmap 

showing the metabolites in the TCA cycle pathway and quantification data of succinate 
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amount in hCECs infected with control or ADORA2A adenovirus for 48 hours. n = 4. (D) 

Representative Western blots and quantification of indicated protein expression in hCECs 

transfected with control or ADORA2A adenovirus for 5 days. n = 5. (E) Representative 

Western blots and quantification of indicated protein expression in RPE/choroid complex 

collected from Adora2aWT and Adora2aΔiVEC mice at day 21 after laser photocoagulation 

or noninjured mice. n = 6. (F) Representative Western blots and quantification of indicated 

protein expression in hCECs treated with vehicle or succinate (10 mM) for 5 days. n = 6. 

Statistical analysis was performed using unpaired two-tailed t test (c, d, and F) and two-way 

anoVa followed by a Tukey post hoc analysis (a, B, and e). Data are means ± SeM. *P < 

0.05; **P < 0.01; ***P < 0.001 for indicated comparisons.
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Fig. 8. Adora2a antagonist KW6002 suppresses subretinal fibrosis in laser injury–induced CNV 
mice and Vldlr−/− mice and inhibits EndMT in laser-injured EC lineage tracing mice.
(A) Schematic illustration, representative images, and quantification of ACTA2 and COL1 

immunostaining in RPE/choroid complex flat mount of C57 mice treated with KW6002 (10 

mg/kg) or vehicle by intraperitoneal injection at day 35 after laser photocoagulation. The 

treatment started from days 7 to 35 after laser photocoagulation. Scale bar, 50 μm. Four 

laser burns per eye, n = 7 or 8 mice per group. (B) Schematic illustration, representative 

images, and quantification of ACTA2 and COL1 immunostaining in RPE/choroid complex 
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flat mount of C57 mice treated with KW6002 (10 mg/kg) or vehicle by oral administration 

at day 35 after laser photocoagulation. The treatment started from days 7 to 35 after 

laser photocoagulation. Scale bar, 50 μm. Four laser burns per eye, n = 7 or 8 mice 

per group. (C) qRT-PCR analysis of the mRNA expression of indicated genes in RPE/

choroid complex collected from Vldlr−/− mice treated with vehicle or KW6002. n = 8. 

Representative Western blots and their quantification showing indicated protein expression 

in RPE/choroid complex collected from Vldlr−/− mice treated with vehicle or KW6002. n 
= 8. (E) Representative H&E-stained cross sections of the retina from Vldlr−/− mice treated 

with vehicle or KW6002. Scale bar, 100 μm. n = 5. (F) Representative Masson’s trichrome–

stained cross sections of the retina from Vldlr−/− mice treated with vehicle or KW6002. 

Scale bar, 100 μm. n = 5. (G) Representative ACTA2 immunostaining on cross sections 

of the retina from Vldlr−/− mice treated with vehicle or KW6002. Scale bar, 50 μm. n = 

5. (H) Representative images and quantification of ACTA2 immunostaining on the cross 

section from Cdh5Cre/Rosa26-EYFPf/f mice treated with vehicle or KW6002 at day 21 after 

laser photocoagulation. The treatment started on the same day as laser photocoagulation. 

Scale bars, 20 μm. Four laser burns per eye, n = 5 mice per group. Statistical analysis was 

performed using Mann-Whitney test (A to D) and unpaired two-tailed t test (C, D, and H). 

Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 for indicated comparisons.
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