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Significance

 Many patients with neovascular 
age-related macular degeneration 
(nvAMD) respond inadequately to 
therapies targeting vascular 
endothelial growth factor (VEGF). 
Following treatment of patients 
with nvAMD with anti-VEGF 
therapy, we report decreased 
expression of VEGF but increased 
expression of a second angiogenic 
mediator, angiopoietin-like 4 
(ANGPTL4). Increased ANGPTL4 
expression is a consequence of 
accumulation of hypoxia-inducible 
factor (HIF)-1α in response to 
VEGF/kinase insert domain 
receptor (KDR) inhibition in the 
retinal pigment epithelium. By 
preventing the increase in HIF-1α 
accumulation in response to 
anti-VEGF therapy, combining 
32-134D with aflibercept was more 
effective for choroidal 
neovascularization (CNV) 
treatment in mice than either drug 
alone. This suggests that 
combining 32-134D with current 
therapies may overcome the 
inadequate response of patients 
with nvAMD to anti-VEGF 
monotherapy.
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CELL BIOLOGY
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Neovascular age- related macular degeneration (nvAMD) is the leading cause of severe 
vision loss in the elderly in the developed world. While the introduction of therapies 
targeting vascular endothelial growth factor (VEGF) has provided the first opportunity 
to significantly improve vision in patients with nvAMD, many patients respond inade-
quately to current anti- VEGF therapies. It was recently demonstrated that expression of 
a second angiogenic mediator, angiopoietin- like 4 (ANGPTL4), synergizes with VEGF 
to promote choroidal neovascularization (CNV) in mice and correlates with reduced 
response to anti- VEGF therapy in patients with nvAMD. Here, we report that expression 
of ANGPTL4 in patients with nvAMD increases following treatment with anti- VEGF 
therapy and that this increase is dependent on accumulation of hypoxia- inducible factor 
(HIF)- 1α in response to inhibition of VEGF/KDR signaling in the retinal pigment epi-
thelium (RPE). We therefore explored HIF- 1 inhibition with 32- 134D, a recently devel-
oped pharmacologic HIF- inhibitor, for the treatment of nvAMD. 32- 134D prevented 
the expression of both VEGF and ANGPTL4 and was at least as effective as aflibercept 
in treating CNV in mice. Moreover, by preventing the increase in HIF- 1α accumulation 
in the RPE in response to anti- VEGF therapy, combining 32- 134D with aflibercept 
was more effective than either drug alone for the treatment of CNV. Collectively, these 
results help explain why many patients with nvAMD respond inadequately to anti- VEGF 
therapy and suggest that the HIF inhibitor 32- 134D will be an effective drug—alone 
or in combination with current anti- VEGF therapies—for the treatment of patients 
with this blinding disease.

age- related macular degeneration | choroidal neovascularization | hypoxia inducible factor |  
vascular endothelial growth factor | angiopoietin- like 4

 Choroidal neovascularization (CNV), the growth of abnormal leaky blood vessels under 
and within the retina, is a hallmark of patients with neovascular (nv) or “wet” age-related 
macular degeneration (nvAMD). Untreated, CNV leads to rapid and often irreversible 
vision loss from leakage of fluid (causing macular edema), bleeding, and scarring ( 1 ,  2 ). 
A single angiogenic mediator, vascular endothelial growth factor (VEGF), has been shown 
to play a central role in the development of CNV. Expression of VEGF in the eyes of 
patients with nvAMD is regulated by the transcription factor, hypoxia-inducible factor 
(HIF)-1 ( 3 ). Increased expression of VEGF by HIF-1, in turn, promotes the growth of 
the abnormal leaky vessels that compromise vision in patients with nvAMD.

 The introduction of therapies targeting VEGF (i.e., anti-VEGF therapies) has revolu-
tionized the treatment of nvAMD with almost half of treated patients demonstrating a 
clinically significant improvement of their vision ( 4 ,  5 ). Nonetheless, most patients with 
nvAMD will demonstrate persistent intraretinal or subretinal fluid despite strict adherence 
to the recommended treatment regimens ( 6 ). Why many patients with nvAMD treated 
with anti-VEGF therapies fail to respond adequately to treatment ( 7 ) remains unclear.

 Using a protocol designated treat-and-extend (TAE), pause and monitor (TEP/M), a 
hybrid of the TAE, and pro re nata (PRN) protocols, designed to wean patients with 
nvAMD off anti-VEGF therapy, it was reported that after 1 y of treatment, patients fall 
into subgroups based on their sensitivity to anti-VEGF therapy ( 8 ). While their response 
to anti-VEGF therapy did not correlate with the aqueous levels of VEGF, they did correlate 
with the aqueous levels of a second HIF-regulated angiogenic mediator, angiopoietin-like 
4 (ANGPTL4) ( 9 ). Expression of ANGPTL4 synergized with VEGF to promote endothe-
lial cell tubule formation in vitro and CNV in vivo ( 9 ). Accordingly, simultaneously 
targeting both ANGPTL4 and VEGF in the laser CNV mouse model was more effective 
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than targeting either factor alone ( 9 ). These observations support 
a role for ANGPTL4 in the development of CNV and the resist-
ance to anti-VEGF therapy in patients with nvAMD. Here, we 
use a combination of human samples, mouse models, and 
cell-based studies to explore the mechanism whereby ANGPTL4 
expression influences the response of patients with nvAMD to 
anti-VEGF therapy and provide evidence that a recently developed 
HIF-inhibitor, 32-134D, in combination with anti-VEGF ther-
apy, may be a more effective approach to treat patients with 
nvAMD than anti-VEGF therapy alone. 

Results

Treatment of Patients with nvAMD with Anti- VEGF Therapy 
Results in a Countertherapeutic Increase in the Expression of 
ANGPTL4. Aqueous levels of ANGPTL4—but not VEGF—have 
been reported to correlate inversely with the response of patients 
with nvAMD to treatment with anti- VEGF therapy: The higher 
the levels of ANGPTL4, the poorer the response of patients to 
anti- VEGF therapy (9, 10). To better understand the relationship 
between ANGPTL4 expression in patients with nvAMD and their 
response to anti- VEGF therapy, we compared the expression of 
VEGF and ANGPTL4 in the aqueous of patients with treated and 
untreated nvAMD as well as patients with non- neovascular (nnv) 
or “dry” AMD and non- AMD (control) patients (SI Appendix, 
Table  S1). Close inspection of the scatter plot demonstrated 
that the levels of ANGPTL4 and VEGF in the aqueous fluid of 
patients with nvAMD could be used to distinguish them from 
patients with nnvAMD and from control patients (Fig. 1A and 
SI Appendix, Fig. S1). VEGF levels were markedly lower in the 

aqueous fluid from patients who underwent their first treatment 
with anti- VEGF therapy (either bevacizumab or aflibercept) 4 to 
6 wk prior to sample collection (nvAMD first treatment; Fig. 1A; 
vertical arrow), as expected. Conversely, in patients who had a 
remote (>12 wk) history of receiving anti- VEGF therapy and 
evidence of recurrent CNV, the aqueous levels of VEGF were 
similar to untreated patients with nvAMD (Fig. 1A). By contrast, 
in patients with nvAMD who had a prior history of anti- VEGF 
therapy, the levels of ANGPTL4 were further increased both in 
patients with active CNV who had a recent (within 4 to 6 wk; 
nvAMD first treatment) or remote (>12 wk; nvAMD recurrent) 
history of treatment compared to untreated patients with nvAMD 
(nvAMD Untreated; Fig. 1A; horizontal arrows).

 To further explore the expression of ANGPTL4 following treat-
ment with anti-VEGF therapy in patients with nvAMD, we exam-
ined its expression in the aqueous fluid from patients with nvAMD 
with no prior history of anti-VEGF therapy (nvAMD No Tx) or 
from a second group of patients with nvAMD who received their 
first treatment with anti-VEGF therapy within 4 to 6 wk of sample 
collection (nvAMD 1st Tx). We observed lower VEGF levels 
( Fig. 1B  ), but higher ANGPTL4 levels ( Fig. 1C  ) in the aqueous 
fluid of patients with nvAMD who had recently been treated with 
anti-VEGF therapy compared to untreated patients.

 We next analyzed aqueous fluid samples from 8 patients with 
newly diagnosed (i.e., treatment-naïve) nvAMD for the levels of 
VEGF and ANGPTL4 and then treated them with anti-VEGF 
therapy ( Fig. 1D  ). When we reexamined aqueous levels of VEGF 
and ANGPTL4 in these patients 4 wk later, we observed a decrease 
in VEGF levels following treatment with anti-VEGF therapy in 8/8 
patients with nvAMD ( Fig. 1E  ). Conversely, we observed an 
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Fig. 1.   Aqueous levels of ANGPTL4 are increased in patients with nvAMD following treatment with anti- VEGF therapy. (A) Scatter plot comparing aqueous levels 
of VEGF and ANGPTL4 in NV AMD patients (untreated, following their first treatment or with recurrent CNV), compared to NNV AMD and non- AMD controls. 
Average (cross) VEGF (horizontal bar) and ANGPTL4 (vertical bar) levels for control (white), NN VAMD (blue), or NV AMD (untreated, green; first treatment, purple; 
or recurrent, red). The color matched number (percent) of patients with high VEGF/high ANGPTL4 or low VEGF/high ANGPTL4 are shown. Dashed arrows denote 
change in mean ANGPTL4 (horizontal) or VEGF (vertical) levels in untreated vs. first treatment or recurrent NV AMD. (B and C) Aqueous levels of VEGF (B) and 
ANGPTL4 (C) in NV AMD patients (treatment- naïve, No Tx; following one treatment, 1st Tx). (D) Schematic of aqueous fluid acquisition from NV AMD patients 
before and 4 wk after receiving a single treatment with anti- VEGF therapy. (E and F) Aqueous levels of VEGF (E) and ANGPTL4 (F) in patients with NV AMD prior 
to (pretreatment) and 4 wk following (posttreatment) their first anti- VEGF treatment. (G) Bar graph depicting the % change of aqueous ANGPTL4 (blue) or VEGF 
(red) in these patients. Statistical analyses were performed by two- tailed Student’s t test, *P < 0.05; **P < 0.01; *****P < 0.00001. NS, not significant.
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increase in ANGPTL4 levels in 8/8 patients with nvAMD 4 wk 
after a single treatment with anti-VEGF therapy ( Fig. 1F  ). 
Interestingly, the increase in ANGPTL4 mirrored the decrease in 
VEGF in 6/8 patients ( Fig. 1G  ). Collectively, these results demon-
strate that treatment of patients with nvAMD with anti-VEGF 
therapy results in a therapeutic decrease in VEGF, but a counter-
therapeutic increase in the expression of ANGPTL4, supporting a 
role for ANGPTL4 in limiting the treatment response of patients 
with nvAMD to anti-VEGF therapy.  

Treatment with Anti- VEGF Therapy Results in Increased ANGPTL4 
mRNA and Protein Expression in a Mouse Model for nvAMD. We 
next employed a mouse model of CNV, in which a laser is used 
to rupture Bruch’s membrane (11), to explore the mechanism 
whereby treatment with anti- VEGF therapy results in an increase 
in ANGPTL4. The laser CNV model has proven to be a powerful 
tool to examine molecular events underlying the development of 
CNV (12) and the role of ANGPTL4 in its promotion (9). We 
treated mice with an intravitreal injection of aflibercept (which 
is effective in humans and mice) or vehicle control (PBS), 1 d 
following laser treatment (Fig. 2A) and examined the expression 
of ANGPTL4 protein; we used a low dose of aflibercept (300 ng) 
to allow for the development of the CNV lesion despite treatment. 
On day 3, when ANGPTL4 expression is not yet detected in the 
laser CNV model, we observed a marked increase in the expression 
of ANGPTL4 in the outer retina of CNV lesions of animals 
treated with aflibercept compared to vehicle control (Fig. 2B). 
By day 7, expression of ANGPTL4 is detected in the outer retina 
of CNV lesions but is further increased in animals treated with 
aflibercept (Fig.  2C), similar to what was observed in patients 

with nvAMD following treatment with anti- VEGF therapy. This 
correlated with an increase in Angptl4 mRNA expression in the 
RPE/choroid as measured by qPCR (Fig. 2D). These results were 
corroborated by RNAscope when mice were pretreated with a 
low dose of aflibercept (300 ng) 3 d prior to laser treatment to 
allow sufficient time to detect the accumulation of Angptl4 mRNA 
(Fig. 2E). Angptl4 mRNA was detected in the outer retina of CNV 
lesions in animals pretreated with aflibercept, but not with vehicle, 
on day 3 (Fig. 2F). By day 7, Angptl4 mRNA was observed in 
CNV lesions in animals pretreated with vehicle control but was 
increased in animals pretreated with aflibercept (Fig. 2G), similar 
to what was observed with ANGPTL4 protein. Collectively, these 
observations demonstrate that anti- VEGF therapy promotes 
increased ANGPTL4 mRNA and protein expression in a mouse 
model for CNV.

Hypoxia Promotes the Accumulation of HIF- 1α and VEGF in 
the Laser- Induced Mouse Model of CNV. To further interrogate 
the mechanism whereby treatment of CNV with anti- VEGF 
therapy results in an increase in ANGPTL4 mRNA and protein 
expression, we shifted our attention upstream from ANGPTL4 
to HIF- 1α, the transcription factor that has been previously 
implicated in regulating ANGPLTL4 expression in ocular disease 
(13–22), including nvAMD (3, 18). To this end, we explored 
HIF- 1α expression in the laser CNV mouse model. Following 
laser treatment, we observed an increase in outer retinal hypoxia, 
as measured using HypoxyProbe™ that peaked at day 1, and largely 
resolved by day 3 (SI Appendix, Fig. S2 A and B). This correlated 
with an increase in HIF- 1α protein accumulation as early as day 
1, which was still present at day 3 but was no longer detectable 
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Fig. 2.   Anti- VEGF therapy increases ANGPTL4 expression in mice. (A) Schematic depicting laser CNV mice treated with an injection of aflibercept (300 ng) or 
PBS 1 d after laser treatment. (B and C) Representative image depicting expression of ANGPTL4 protein (immunofluorescence) within CNV lesions on day 3 (B) 
or 7 (C) (Left) with quantitation (Right). (D) Scatter plot demonstrating expression of Vegf and Angptl4 mRNA (qPCR) in RPE/choroid lysates on day 7. (E) Schematic 
depicting laser CNV mice treated with an injection of aflibercept (300 ng) or PBS 3 d prior to laser treatment. (F and G) Expression of Angptl4 mRNA (in situ 
hybridization) within CNV lesions on day 3 (F) or 7 (G). n = 3- 6 animals per group. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; 
RPE, retinal pigment epithelium; MFI, mean fluorescence intensity; IVT, intravitreal; aflib, aflibercept. Data are shown as means ± SD. Statistical analyses were 
performed by two- tailed Student’s t test, *P < 0.05; **P < 0.01; ****P < 0.0001. NS, not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
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by day 7 (SI  Appendix, Fig.  2C). Accumulation of HIF- 1α 
protein, in turn, promoted VEGF mRNA and protein expression 
(SI Appendix, Fig.  S2 D and E). Intraocular administration of 
the pharmacologic HIF inhibitor, acriflavine 1 d following laser 
treatment (23) (SI Appendix, Fig. S2F) resulted in a reduction in 
HIF- 1α accumulation and, in turn, Vegf mRNA expression in the 
RPE/choroid (SI Appendix, Fig. S2 G and H), and was sufficient 
to reduce CNV lesion size to that observed following treatment 
with a high dose (800 ng) of aflibercept (SI Appendix, Fig. S2I). 
Collectively, these results demonstrate the critical role for HIF- 1α 
in promoting VEGF expression and the development of CNV in 
the laser CNV model.

Accumulation of HIF- 1α Following Treatment with Anti- VEGF 
Therapy Promotes ANGPTL4 Expression in Laser CNV Mice. We 
next examined whether the expression of HIF- 1α is influenced 
by treatment with aflibercept. Treatment with a moderate dose 
of aflibercept (400 ng), 1 d after laser treatment, resulted in an 
increase in HIF- 1α accumulation 24 h later (SI Appendix, Fig. S3A) 
that localized to the outer retina of CNV lesions (SI Appendix, 
Fig. S3B). These results suggested that the increase in ANGPTL4 
expression following treatment with anti- VEGF therapy may be 
due to an increase in HIF- 1α accumulation.

 To interrogate the contribution of HIF-1α accumulation to the 
increase in ANGPTL4 mRNA and protein expression following 
treatment with anti-VEGF therapy, we used mice that were het-
erozygous for a knockout allele at the Hif1a  locus (Hif1a +/− ) ( 24 ). 
We took advantage of prior observations that basal levels of 
HIF-1α are relatively normal in Hif1a +/−  mice, whereas in response 
to ischemia, HIF-1α expression is largely unchanged in Hif1a +/−  
mice but potently stimulated in wild type (wt) littermate controls 
( 25 ). Following laser treatment (SI Appendix, Fig. S3C  ), both 
HIF-1α protein expression in the RPE/choroid (day 2; SI Appendix, 
Fig. S3D  ) as well as VEGF and ANGPTL4 protein expression 

(day 7; SI Appendix, Fig. S3 E  and F ) were markedly reduced in 
 Hif1a +/−  mice compared to wt littermate controls. In wt littermate 
controls, intravitreal injection with a moderate dose of aflibercept 
(400 ng) 1 d after laser treatment stimulated an increase in HIF-1α 
protein accumulation at day 2 (SI Appendix, Fig. S3D  ). Conversely, 
in Hif1a +/−  mice, intravitreal injection with aflibercept resulted in 
only a modest increase in HIF-1α accumulation compared to PBS 
control. Interestingly, while Vegf  mRNA expression at day 7 was 
unchanged in wt mice following intravitreal injection with afliber-
cept, expression of Vegf  mRNA in the RPE/choroid was decreased 
in Hif1a +/−  mice (SI Appendix, Fig. S3G  ), suggesting that the 
increase in HIF-1α accumulation in response to inhibition of 
VEGF is required to maintain stable Vegf  mRNA expression. 
Conversely, intraocular injection with aflibercept stimulated a 
marked increase in Angptl4  mRNA expression in the RPE/choroid 
in wt animals; this increase was not observed in Hif1a +/−  mice 
(SI Appendix, Fig. S3H  ). Collectively, these results suggest that 
inhibition of VEGF with anti-VEGF therapy could result in a 
compensatory increase in HIF-1α accumulation and, in turn, 
ANGPTL4 expression in treated patients.  

RPE Cells Up- Regulate HIF- 1α Expression in the Laser CNV Mouse 
Model. RPE cells have been reported to drive the expression of 
the angiogenic mediators that stimulate the development of CNV 
in patients with nvAMD (26). In patients geographic atrophy 
(GA), CNV develops in areas with preserved RPE surrounding 
the GA or within the spared foveal island (27), consistent with 
prior histopathological (28) and clinical studies (29, 30). These 
studies suggest that a viable RPE is required for the development 
of CNV. We therefore examined whether RPE cells contribute to 
the expression of HIF- 1α in the laser CNV mouse model. On day 
1 (Fig. 3A), we observed coexpression of the RPE- specific marker, 
RPE65 in cells expressing HIF- 1α in the outer retina in mice 
following treatment with laser (Fig. 3 B–F). On day 3 (Fig. 3G), 
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Fig. 3.   Expression of HIF- 1α in RPE cells in laser CNV mice. (A–K) Representative image depicting expression of HIF- 1α (red) and RPE65 (green) in laser CNV mice 
on day 1 (A–F) or day 3 (G–K). Adjacent (nonlasered) retina is shown as controls. (L–N) Representative image depicting expression of HIF- 1α (red) and RPE65 
(green) in flat mount (L and M) or Z- stack (N) from laser CNV mice on day 3. n = 4- 6 animals per group. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, 
outer nuclear layer; RPE, retinal pigment epithelium.
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expression of HIF- 1α in the outer retina increased, but remained 
localized primarily to the outer retina, and again included RPE65- 
expressing cells (Fig. 3 H–K). The diffuse expression of HIF- 1α, 
predominantly in RPE65- expressing cells, was confirmed in 
CNV lesions on choroidal flat mounts at day 3 (Fig. 3 L–N). 
Expression of HIF- 1α was no longer detected by day 7 following 
laser treatment (SI Appendix, Fig.  S4). HIF- 1α expression was 
not observed in the outer retina of adjacent (nonlasered) control 
tissue at day 1 or 3 (Fig. 3 B and H), nor in the outer retina of 
the contralateral (nonlasered) control eyes (SI Appendix, Fig. S5). 
Collectively, these results support a role for expression of HIF- 1α 
in RPE cells in the development of CNV.

Increased HIF- 1α Expressing RPE Cells in Laser CNV Mice Following 
Treatment with Aflibercept. Administration of either aflibercept 
or ranibizumab to cocultures of RPE and endothelial cells has 
been reported to result in a dose–response increase in RPE cell 
viability and increased RPE cell migration and proliferation (31). 
We therefore next examined the response RPE cells following 
treatment with aflibercept in laser CNV mice. To ensure sufficient 
time for the RPE to respond to treatment with anti- VEGF therapy, 
we performed intraocular injections with aflibercept 3 d prior laser 
treatment (SI  Appendix, Fig.  S6A) and observed an increase in 
RPE65- expressing cells at day 1 (SI Appendix, Fig. 6 B and C). 
This was not observed in adjacent (nonlasered) control tissue 
(SI Appendix, Fig. S6D). These RPE cells demonstrated an increase 
in HIF- 1α expression (Fig. 4 A–D).

 RPE cells have been reported to express VEGF receptor 2 (KDR) 
( 32 ) and that secreted VEGF may play a role as an autocrine survival 

for RPE in AMD ( 33 ,  34 ). Based on our observations, we postulated 
that expression of KDR on RPE cells may also allow these cells to 
detect (and respond to) reduced levels of angiogenic mediators crit-
ical for the survival of the underlying choriocapillaris. To interrogate 
the response of RPE cells to reduced VEGF/KDR signaling, we 
isolated primary RPE cells from mice. Expression of KDR in these 
cells was detected under physiologic (20% O2 ) culture conditions 
and was slightly reduced under hypoxic (1% O2 ) culture conditions 
( Fig. 4E  ). Inhibition of the KDR using the pharmacologic inhibitor, 
SU1498, resulted in an increase in HIF-1α protein expression 
( Fig. 4F  ) and, in turn, Angptl4  mRNA expression ( Fig. 4G  ); expres-
sion of Vegf  mRNA was not affected. These results were corrobo-
rated following knockdown of KDR expression in primary mouse 
RPE cells using RNA interference ( Fig. 4 H  and I  ), and in the 
immortalized human RPE cell line, ARPE-19 using the KDR inhib-
itor, SU1498 ( Fig. 4 J –L  ). Collectively, these results support a role 
for the VEGF/KDR signaling axis in regulating HIF-1α protein 
expression (and the expression of HIF-regulated genes) in RPE cells.  

RPE Cells Secrete ANGPTL4 and VEGF, but Not ANGPT2 or EPO. 
HIF- 1α regulates the expression of numerous angiogenic mediators, 
in addition to VEGF and ANGPTL4. We therefore set out to 
examine whether the increase in HIF- 1α in response to anti- 
VEGF therapy resulted in an increase in other key HIF- regulated 
angiogenic mediators. Expression of the HIF- regulated angiogenic 
mediator ANGPT2 has been reported in surgically excised CNV 
membranes from patients with nvAMD (35). This has led to the 
development of therapies targeting ANGPT2 and its receptor, 
TIE2. Interestingly, unlike ANGPTL4, expression of ANGPT2 
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Fig. 4.   The VEGF/KDR axis regulates expression of HIF- 1α expression in RPE cells. (A) Above, schematic depicting laser CNV mice treated with an injection of 
aflibercept (300 ng) or PBS 3 d before laser treatment. (B–D) Representative images depicting expression of the RPE cell- specific marker, RPE65 (green) and 
HIF- 1α (red) in laser CNV mice on day 1 in flat mounts (B and C) and sections (D) after treatment with PBS or aflibercept. (E) Western blot depicting expression 
of KDR in primary mouse RPE cells (1° mRPE) cultured in normoxia (20% O2) or hypoxia (1% O2) for 24 h. (F and G) Effect of KDR inhibition using SU1498 (1 µM; 
24 h) on HIF- 1α accumulation (F) and Vegf and Angptl4 mRNA expression (qPCR; H) in 1° mRPE. Vehicle (DMSO) was used as a control. (H) Western blot depicting 
expression of KDR and HIF- 1α protein in lysates from 1° mRPE cultured in 20% O2 or 1% O2 for 24 h in the presence of siRNA targeting Kdr or scrambled (scr) 
control for. (I) Vegf and Angptl4 mRNA expression (qPCR) in 1° mRPE in the presence of siRNA targeting Kdr or scrambled (scr) control. (J) Western blot depicting 
expression of KDR in ARPE- 19 cells cultured in 20% or 1% O2 for 24 h. (K and L) Effect of KDR inhibition using SU1498 (1 µM; 24 h) vs. vehicle (DMSO) control on 
HIF- 1α accumulation (F) and Vegf and Angptl4 mRNA expression (qPCR; H) in ARPE- 19 cells. Data are shown as means ± SD. Statistical analyses were performed 
by two- tailed Student’s t test with Welch’s Correction, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
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was not elevated in patients who had recently been treated with 
anti- VEGF therapy compared to untreated patients (SI Appendix, 
Fig. S7A). Similar results were observed for another HIF- regulated 
gene, erythropoietin (EPO; SI Appendix, Fig. S7B), which has also 
been previously implicated in the pathogenesis of nvAMD (36, 37).

 We hypothesized that the reason why expression of ANGPTL4—
but not ANGPT2 or EPO—was increased following treatment of 
nvAMD patients with anti-VEGF therapy could be a consequence 
of the ability of RPE cells to express only a subset of HIF-regulated 
angiogenic mediators. To interrogate this hypothesis, we examined 
the expression of HIF-regulated angiogenic factors in ARPE-19 
cells cultured in hypoxia. Expression of VEGF , ANGPTL4 , and 
 ANGPT2  and EPO  mRNA were all increased in ARPE-19 cells 
cultured in hypoxia (SI Appendix, Fig. S7 C –F ). However, we 
observed secretion of VEGF and ANGPTL4, but not ANGPT2, 
by ARPE-19 cells cultured in hypoxia, consistent with prior studies 
demonstrating that ANGPT2 was expressed specifically by vascular 
endothelial cells ( 38 ). Similar results were obtained with EPO. 
These results help explain why expression of ANGPTL4—but not 
ANGPT2 and EPO—is increased in patients following treatment 
with anti-VEGF therapy.  

Inhibition of HIF- 1α with 32- 134D Effectively Treats CNV Lesions 
in Mice. Collectively, these studies identify a potential limitation 
of current anti- VEGF therapies for the treatment of patients with 
nvAMD. To avoid the countertherapeutic increase in HIF- 1α and 
ANGPTL4 expression by RPE cells following treatment with anti- 
VEGF therapies, we set out to evaluate the therapeutic efficacy of 
targeting HIF- 1α for the treatment of CNV. While preclinical studies 
of the pharmacologic HIF inhibitor, acriflavine (23), for the treatment 
of ocular vascular disease have been promising (39), recent studies 
demonstrate that its safety profile following intraocular administration 
makes it a less desirable candidate to translate to the clinic (22). 
Instead, we took advantage of a recently developed pharmacologic HIF 

inhibitor, 32- 134D (40), which was reported to effectively inhibit HIF- 
1α and HIF- 2α protein accumulation, resulting in a modest but broad 
reduction of dozens of HIF- regulated vasoactive mediators following 
intraocular administration at doses that are well tolerated in mouse 
models for diabetic eye disease (22). 32- 134D has been shown to be 
more effective than aflibercept at preventing retinal neovascularization 
in a mouse model for ischemic retinal neovascularization (22). We 
first evaluated the efficacy of intraocular administration of 32- 134D 
in the laser CNV model. Treatment with 32- 134D (70 ng) on day 
3 (to allow CNV lesion to develop prior to treatment) resulted in a 
marked reduction in the size of CNV lesion size in mice (Fig. 5A). 
Examination of the CNV lesion demonstrated a reduction in Vegf 
mRNA expression in the outer retina and RPE (Fig. 5B). This, in 
turn, resulted in a reduction of VEGF protein expression in the RPE 
and choroid as well as the neurosensory retina to the levels observed 
in nonlasered (control) animals (Fig. 5 C and D), similar to what 
was observed following treatment with aflibercept (SI  Appendix, 
Fig. S8). While VEGF expression and CNV lesion size were both 
markedly reduced with treatment with 32- 134D, VEGF expression 
was observed within the smaller CNV lesions, albeit significantly less 
than that observed in the untreated CNV lesions (Fig. 5E). Expression 
of ANGPTL4 following treatment with 32- 134D was also markedly 
reduced even within these smaller CNV lesions (Fig. 5 F and G). These 
results suggest that 32- 134D monotherapy, which reduces expression 
of both VEGF and ANGPTL4, could be an effective approach for 
the treatment of CNV.

32- 134D Prevents the Countertherapeutic Increase in HIF- 1α 
Observed Following Treatment with Aflibercept. We next set out 
to determine whether 32- 134D could prevent the increase in HIF- 
1α observed following treatment with aflibercept. To examine the 
effect of 32- 134D on the early expression of HIF- 1α, we pretreated 
mice with 70 ng of 32- 134D 1 d prior to laser treatment and then 
collected eyes 1 d after laser treatment (Fig.  6A) and examined 
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Fig. 5.   32- 134D inhibits ANGPTL4 and VEGF expression and CNV lesion size in laser CNV mice. (A) Above, schematic depicting laser CNV in 13- to 15- wk- old mice 
treated with an injection of 32- 134D (70 ng) or vehicle (DMSO; control) 3 d after laser treatment. Below, analysis of CNV lesion size on choroid flat mounts on day 
7. (B) Expression of Vegf mRNA expression (in situ hybridization) within CNV lesions following treatment with 32- 134D or vehicle. (C and D) Expression of VEGF 
(C, ELISA; D, WB) in RPE/choroid or neurosensory retina lysates from laser CNV mice treated with 32- 134D or vehicle. (E– F) Expression of VEGF (E) or ANGPTL4 
(F, ELISA; G) by immunofluorescence (Left) with quantitation (Right) on day 7 in laser CNV mice treated with 32- 134D or vehicle. n = 5- 6 animals. GCL, ganglion 
cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; MFI, mean fluorescence intensity; IVT, intravitreal. Data are shown 
as means ± SD. Statistical analyses were performed by two- tailed Student’s t test with Welch’s Correction (A, E, and G) or one- way ANOVA with Bonferroni’s 
multiple- comparison test (D and F). *P < 0.05; ** P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
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HIF- 1α accumulation. We observed a marked reduction in HIF- 1α 
accumulation in the RPE/choroid, as well as the neurosensory retina 
in animals pretreated with 32- 134D compared to vehicle control 
(Fig. 6 B and C). Pretreatment with a low dose of aflibercept (300 
ng) 1 d prior to laser treatment resulted in augmentation of HIF- 
1α accumulation at day 1; this was prevented in animals pretreated 
with 32- 134D (Fig. 6D). Interestingly, this was independent of 
the increase in RPE65- expressing cells, which was not affected by 
treatment with 32- 134D (SI Appendix, Fig. S9 A and B). This effect 
was more notable when animals were pretreated with both 32- 
134D and aflibercept 3 d prior to laser treatment (Fig. 6 E–G and 
SI Appendix, Fig. S9 C and D). This suggests that the addition of 
32- 134D could prevent the countertherapeutic increase of HIF- 
1α accumulation (and ANGPTL4 expression) observed in patients 
treated with anti- VEGF therapy.

Simultaneous Inhibition of Both HIF- 1 and VEGF Is More Effective 
than Inhibition of Either Alone for the Treatment of CNV in Mice. 
To determine the therapeutic potential of simultaneous inhibition 
of HIF- 1 and VEGF for the treatment of CNV, we first performed 
a dose–response for aflibercept and 32- 134D delivered on day 3 
(Fig. 7A) to identify the threshold dose of each for the treatment of 
CNV. We observed that 300 ng of aflibercept and 30 ng of 32- 134D 
(SI Appendix, Fig. S10) was sufficient to observe a small but significant 
reduction in CNV lesion size in treated animals. We then combined a 
subthreshold (100 ng) or threshold (300 ng) dose of aflibercept with a 
subthreshold (10 ng) or threshold (30 ng) dose of 32- 134D (Fig. 7B) 
to determine whether targeting HIF- 1α influences the response of 
CNV lesions size in mice treated with anti- VEGF therapy. There was 
a trend toward increased efficacy when combining a subthreshold dose 
of aflibercept (100 ng) and/or 32- 134D (10 ng) with a subthreshold 
(Fig. 7B; highlighted in Fig. 7C) or threshold (Fig. 7B; highlighted 
in Fig. 7 D and E) dose of the other therapy; however, this did not 
reach statistical significance. When we combined a threshold dose of 
aflibercept (300 ng) with a threshold dose of 32- 134D (30 ng), we 

observed a significant improvement in the efficacy of the combination 
of the two compared to either treatment alone (Fig. 7B; highlighted 
in Fig. 7F).

 We next examined whether the addition of 32-134D could 
improve upon an effective dose of aflibercept. To this end, we per-
formed a dose–response of aflibercept and 32-134D to identify the 
dose that was 50% as effective as the maximal effective dose (i.e., 
the IC50 ) and determined that the IC50  for aflibercept was approx-
imately 300 ng and for 32-134D was 70 ng (SI Appendix, Fig. S11 ). 
Combining 300 ng of aflibercept with 70 ng of 32-134D was more 
effective than either drug alone ( Fig. 7G  ). Collectively, these results 
demonstrate that 32-134D is effective for the treatment of CNV 
in mice and provide the foundation for clinical trials assessing its 
efficacy when used alone or in combination with current therapies 
targeting VEGF for the treatment of patients with nvAMD.   

Discussion

 Results from multiple clinical trials consistently demonstrate that 
the majority of patients with nvAMD fail to achieve a clinically 
significant improvement in vision (i.e., an increase of 3 line or 
more on the ETDRS vision chart) despite monthly or bimonthly 
treatment over 2 y ( 5 ). Follow up studies on these clinical trials 
have further demonstrated that the vision gains experienced by 
patients in the initial 2 y are often lost over subsequent years 
despite continued treatment ( 6 ). While this may be due, in part, 
to inadequate treatment, these observations raise concerns that 
anti-VEGF monotherapy may not provide a long-term solution 
for the treatment of most patients with nvAMD.

 There are also concerns that a subpopulation of patients with 
nvAMD are vulnerable to continued vision loss despite monthly 
treatment with anti-VEGF therapy. In a post hoc analysis of CATT, 
a subset of patients (approximately 6%) developed sustained vision 
loss despite ongoing treatment with anti-VEGF therapy ( 41 ). 
Another 10% of patients in CATT developed a transient, but 
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Fig. 6.   32- 134D prevents aflibercept- induced increase in HIF- 1α accumulation in laser CNV mice. (A) Schematic depicting laser CNV mice treated with an injection 
of aflibercept (300 ng) and/or 32- 134D (70 ng) 1 d before laser treatment. (B) Expression of HIF- 1α protein (WB) in RPE/choroid or neurosensory retina lysates 
from laser CNV mice treated with 32- 134D or vehicle. (C and D) Expression of HIF- 1α (immunofluorescence; Left) with quantitation (Right) within CNV lesions 
on day 1 in mice treated with 32- 134D (C) or aflibercept and/or 32- 134D (D). (E) Schematic depicting laser CNV mice treated with an injection of aflibercept  
(300 ng) and/or 32- 134D (70 ng) 3 d before laser treatment. (F and G) Expression of HIF- 1α (immunofluorescence; Left) with quantitation (Right) within CNV lesion 
on day 1 in mice treated with 32- 134D (F) or aflibercept and/or 32- 134D (G). n = 5- 6 animals. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear 
layer; IVT, intravitreal; aflib, aflibercept. Data are shown as means ± SD. Student’s t test with Welch’s Correction (C and F) and one- way ANOVA with Bonferroni’s 
multiple- comparison test (D and G). *P < 0.05; ***P < 0.001; ****P < 0.0001; NS, not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2322759121#supplementary-materials
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significant decrease in visual acuity (i.e., a decrease of 3 line or more 
on the ETDRS vision chart; termed sporadic vision loss), despite 
treatment with anti-VEGF therapy ( 42 ). Analyses of the VIEW 
1/2 and LUCAS trials similarly reported vision loss in some patients 
despite continued treatment during the trials ( 43 ,  44 ). Collectively, 
these studies highlight the importance of understanding why some 
patients respond inadequately, transiently, or not at all, despite 
treatment with therapies that effectively neutralize VEGF.

 In this regard, it has previously been reported that expression of 
a second HIF-regulated vasoactive mediator, ANGPTL4, is expressed 
in the eyes of patients with nvAMD, and localizes to CNV lesions 
( 9 ). In mice, ANGPTL4 synergized with VEGF to promote CNV, 
markedly increasing CNV lesions size and leakage, as assessed by 
fluorescein angiography ( 9 ). It was further observed that simultane-
ously targeting both ANGPTL4 and VEGF in the laser CNV mouse 
model was more effective than targeting either factor alone ( 9 ). These 
results suggest that the expression of ANGPTL4 may influence how 
patients with nvAMD will respond to anti-VEGF therapy.

 Here, we report that aqueous fluid from patients with no his-
tory—or a remote history (i.e., >12 wk)—of anti-VEGF therapy 
fell into two categories: high levels of both VEGF and ANGPTL4 
(90%) or low levels of VEGF and high levels of ANGPTL4 (10%). 
We speculate that the latter group could help identify the subpop-
ulation of patients with nvAMD who are most vulnerable to con-
tinued vision loss despite treatment with anti-VEGF monotherapy. 
We further observed an increase in ANGPTL4 levels in patients 
following initiation of anti-VEGF therapy. This unexpected obser-
vation may further explain why some patients experience a return 
of fluid with deterioration in their vision following an initial 
response to treatment with anti-VEGF therapy ( 6 ).

 Consistent with these observations, in patients with nvAMD, 
aqueous levels of ANGPTL4 at the time of treatment initiation cor-
related inversely with the response to anti-VEGF therapy at the end 

of 12 mo of treatment ( 9 ). In another study, aqueous levels of 
ANGPTL4 in patients with nvAMD were shown to correlate directly 
with the frequency of treatment with anti-VEGF therapy at 12 mo 
( 10 ). Collectively, these studies provide a possible explanation for 
why patients with nvAMD respond inadequately to anti-VEGF 
therapy upon treatment initiation (i.e., in treatment-naïve eyes) as 
well as following an initial response to treatment (i.e., over time).

 To provide a molecular explanation for these observations, we 
examined the expression of ANGPTL4 and VEGF in the laser 
CNV mouse model for nvAMD following treatment with 
anti-VEGF therapy (i.e., aflibercept). We observed an increase in 
ANGPTL4 protein expression following intraocular administra-
tion of aflibercept, consistent with our observations in patients in 
the clinic. We further observed that enhanced ANGPTL4 protein 
expression following treatment with anti-VEGF therapy was a 
consequence of an increase in Angptl4  mRNA expression and that 
this correlated with an increase in HIF-1α accumulation in the 
RPE. Prior work implicates the accumulation of HIF-1α in the 
RPE, caused by localized ischemia ( 45 ) and oxidative stress ( 3 ) as 
an early event in the development of CNV in patients with AMD. 
Preclinical studies lend additional support for a role for HIF-1 in 
the regulation of VEGF expression and the development of CNV 
in patients with nvAMD ( 9 ,  46       – 50 ). Our results, demonstrating 
that the use of anti-VEGF therapy may cause a countertherapeutic 
increase in HIF-1α (and, in turn, ANGPTL4) in RPE, could 
explain the diminished efficacy of anti-VEGF therapy monother-
apy for the treatment of CNV in many patients with nvAMD.

 We next explored whether a recently described HIF-1 inhibitor, 
32-134D ( 40 ), would be an effective treatment for patients with 
nvAMD. Intraocular delivery of 32-134D effectively inhibits 
HIF-1α and HIF-2α protein accumulation, normalizes the expres-
sion of HIF-regulated vasoactive genes, and prevents the develop-
ment of retinal NV and vascular hyperpermeability in mouse 
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Fig. 7.   32- 134D prevents the countertherapeutic increase in ANGPTL4 observed with aflibercept alone, thereby improving the efficacy of aflibercept. (A) Schematic 
depicting laser CNV mice treated with an injection of aflibercept and/or 32- 134D 3 d after laser treatment. (B) Combined effect of a subthreshold or threshold 
doses of aflibercept and/or 32- 134D on the CNV lesions size on day 7 in 9-  to 12- wk- old mice. (C–F) Data from Panel B presented to highlight the effect of 
combining subthreshold and threshold doses of aflibercept and/or 32- 134D. (G) Additive effect of a half maximal inhibitory concentration (IC50) of aflibercept 
and/or 32- 134D on the CNV lesions size on day 7 in 13-  to 15- wk- old mice. n = 4- 5 animals. IVT, intravitreal; aflib, aflibercept. Data are shown as means ± SD. 
Statistical analyses were performed in a two- tailed Student’s t test with Welch’s Correction and one- way ANOVA with Bonferroni’s multiple- comparison test 
(B–G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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models of diabetic eye disease without affecting retinal histology or 
function ( 22 ). We therefore examined the efficacy of a single intraoc-
ular injection of 32-134D for the treatment of CNV in mice. 
32-134D effectively prevented the increase in VEGF mRNA and 
protein in the laser CNV mouse model of nvAMD, similar to 
aflibercept. However, unlike with aflibercept, treatment with 
32-134D did not result in a countertherapeutic increase in 
ANGPTL4 expression. Rather, expression of ANGPTL4 was also 
markedly diminished following treatment with 32-134D. 
Accordingly, treatment of mice with 32-134D effectively treated 
CNV in mice, demonstrating that 32-134D could be an effective 
monotherapy for the treatment of patients with nvAMD.

 The observation that 32-134D effectively blocked HIF-1α 
accumulation as well as the expression of ANGPTL4 in the laser 
CNV model prompted us to explore whether the addition of 
32-134D could prevent the countertherapeutic increase in HIF-1α 
(and, in turn, ANGPTL4) observed following treatment with 
aflibercept. We report that the addition of 32-134D to treatment 
with aflibercept effectively prevented the increase in both HIF-1α 
and ANGPTL4 and had more effective for the prevention of CNV 
in mice than either therapy alone, demonstrating the potential of 
simultaneous inhibition of HIF-1α and VEGF as a therapeutic 
approach for the treatment of CNV. Collectively, these studies 
provide the foundation for a clinical study assessing 32-134D, 
alone or in combination with anti-VEGF therapies, for the treat-
ment of patients with nvAMD.  

Materials and Methods

Mice. All animal procedures were performed under the guidelines of the Johns 
Hopkins University School of Medicine Animal Care and Use Committee and the 
Association for Research in Vision and Ophthalmology Statement for the Use of 
Animals in Ophthalmic and Vision Research. Ten-  to twelve- week- old pathogen- 
free female mice were used for all experiments. C57BL/6 mice and HIF- 1α hete-
rozygous mice were obtained from Jackson Laboratories (JAX).

Cell Culture and Reagents. Cell culture of ARPE19 and primary mouse RPE cells 
was as previously described (3). Cell lines were routinely tested for Mycoplasma 
contamination by PCR. DMSO (472301- 500ML) was purchased from Sigma- 
Aldrich. 4- (6- bromo- 1H- indol- 3- yl)- 2- (7- bromo- 1H- indol- 3- yl)thiazole, des-
ignated 32- 134D, was synthesized as previously described (40). Acriflavine and 
SU1498 were obtained from MilliporeSigma. Aflibercept was obtained from the 
Johns Hopkins University Pharmacy.

siRNA. Predesigned control (scrambled or scr), Kdr siRNA sequences were 
obtained from Qiagen. Kdr (20 µM) and scr siRNA delivery was performed using 
HiPerFect (Qiagen).

Western Blot. Antibodies are listed in SI Appendix, Table S2. Western blots were 
performed as previously described (3). Western blot scans are representative of 
at least 3 independent experiments.

Intraocular Injections. Intraocular injections were performed as previously 
described (22).

Laser Treatment. Laser CNV was used to rupture Bruch’s membrane and cause 
neovascularization as previously described (9). Four lesions were made using 
a diode laser photocoagulator (IRIS medical) and a slit lamp delivery system 
(532 nm wavelength, 300 mW power, 100 ms duration, and 100 μm spot size). 
Animals were killed at indicated time points and eyes were enucleated and further 
studies conducted of laser CNV lesions.

Immunofluorescence Assays. All antibodies and dilutions are listed in 
SI Appendix, Table  S2. Immunofluorescence in RPE/choroid flat mounts and 
cross sections of the eye were performed as previously described (9). Images 
were captured at high magnification (20×) with a Zeiss fluorescent microscope 
(Carl Zeiss Inc.), and the area of CNV lesions was calculated as mm2 by ImageJ 

software (NIH) by keeping the parameters the same for all the spots. 3D images 
of flat mounts of RPE/choroid were prepared using Imaris software. The quantita-
tion of signal intensity in a region of interest (ROI) using the mean fluorescence 
intensity (MFI) method was calculated using ImageJ. Briefly, the original con-
focal image of a section and channel of interest to be quantified was selected. 
The ROI was selected by tracing the tissue using a high- resolution drawing, and 
the output from MFI was measured. MFI of the background from a rectangular 
area of the image that lacks tissue was also measured. The final MFI was the 
calculated by subtracting the background MFI from the ROI MFI. The percent 
final MFI of the sample compared to control was then calculated using Excel.

In Situ Hybridization. RNA in situ hybridization was performed as previously 
described (21).

Reverse Transcription and Quantitative Real- Time PCR. Primers are listed 
in SI Appendix, Table S3. Quantitative real- time PCR was performed as previously 
described (21).

Patient Samples. All studies were in accordance with the Declaration of Helsinki. 
Institutional Review Board approval from the Johns Hopkins University School of 
Medicine was obtained for all patient tissue used in this study (NA_00075565). 
Consent was written and voluntary without stipend. All human samples used 
were deidentified prior to use. Aqueous samples were collected, and ELISA kits 
were performed as previously described (9). ELISAs are representative of at least 
three independent experiments.

Statistical Analysis. Results are shown as a mean value ± SD from at least 
3 independent experiments. Data from clinical samples are shown as mean ± 
SEM. Statistical analysis was done using Excel and Prism 9 software (GraphPad). 
Statistical differences between two or more heterogeneous groups were deter-
mined using the Kruskal–Wallis with Dunn’s multiple- comparison test, unpaired 
Student’s t test with Welch’s Correction, and the one- way or two- way ANOVA with 
Bonferroni’s multiple- comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. ns = not significant.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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