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Diabetic eye disease is the most common cause of severe vision
loss in the working-age population in the developed world, and
proliferative diabetic retinopathy (PDR) is its most vision-threat-
ening sequela. In PDR, retinal ischemia leads to the up-regulation
of angiogenic factors that promote neovascularization. Therapies
targeting vascular endothelial growth factor (VEGF) delay the
development of neovascularization in some, but not all, diabetic
patients, implicating additional factor(s) in PDR pathogenesis. Here
we demonstrate that the angiogenic potential of aqueous fluid
from PDR patients is independent of VEGF concentration, providing
an opportunity to evaluate the contribution of other angiogenic
factor(s) to PDR development. We identify angiopoietin-like 4
(ANGPTL4) as a potent angiogenic factor whose expression is up-
regulated in hypoxic retinal Müller cells in vitro and the ischemic
retina in vivo. Expression of ANGPTL4 was increased in the aqueous
and vitreous of PDR patients, independent of VEGF levels, correlated
with the presence of diabetic eye disease, and localized to areas
of retinal neovascularization. Inhibition of ANGPTL4 expression re-
duced the angiogenic potential of hypoxic Müller cells; this effect
was additive with inhibition of VEGF expression. An ANGPTL4 neu-
tralizing antibody inhibited the angiogenic effect of aqueous fluid
from PDR patients, including samples from patients with low VEGF
levels or receiving anti-VEGF therapy. Collectively, our results sug-
gest that targeting both ANGPTL4 and VEGF may be necessary for
effective treatment or prevention of PDR and provide the founda-
tion for studies evaluating aqueous ANGPTL4 as a biomarker to help
guide individualized therapy for diabetic eye disease.
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Diabetic eye disease is the most common microvascular com-
plication in the diabetic population and remains the leading

cause of blindness among working-age adults in the developed
world (1). Diabetic retinopathy (DR) is classified as either non-
proliferative (NPDR) or proliferative (PDR). Although sustained
hyperglycemia is the major stimulus for the development of
NPDR (2), retinal ischemia is the prerequisite for PDR and
results in the up-regulation of angiogenic factors that promote
retinal neovascularization (3). If left untreated, neovascularization
can lead to vitreous hemorrhage, retinal detachment, or glaucoma
and result in profound and often irreversible loss of vision. For the
last 4 decades, the standard of care for PDR has been panretinal
photocoagulation (PRP), a process in which the peripheral is-
chemic retina is killed (burned) with a laser to protect the patient’s
central vision (4). Although effective in reducing the risk of central
vision loss, PRP results in decreased peripheral and night vision in
treated patients. Moreover, PDR can progress in patients despite
appropriate treatment. This emphasizes the importance of un-

derstanding the mechanism(s) promoting the development of
retinal neovascularization to identify targeted therapeutic ap-
proaches for the prevention or treatment of PDR.
In this regard, hypoxia-inducible factors (HIFs) activate the

transcription of multiple genes encoding angiogenic cytokines
that promote retinal neovascularization in PDR (5). Among the
angiogenic genes regulated by HIFs in PDR, considerable at-
tention has focused on the contribution of vascular endothelial
growth factor (VEGF). Several multicenter randomized con-
trolled clinical trials have demonstrated the benefit of monthly
injections with biologic molecules directed against VEGF to
treat diabetic macular edema (DME) (6). These studies have
demonstrated a significant reduction in the progression to PDR
in some—but not all—patients receiving anti-VEGF therapy (7,
8), suggesting that other mediator(s) may participate in the de-
velopment of PDR in many diabetic patients. Over the last 2
decades, several angiogenic cytokines, growth factors, and in-
flammatory mediators have been implicated in the pathogenesis
of PDR (9). Despite these efforts, PRP treatment for PDR
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remains unchanged. In an effort to identify an alternative thera-
peutic approach for the treatment of retinal neovascularization,
we set out to identify an ischemia-driven mediator that directly
contributes to the angiogenic phenotype in patients with PDR.

Results
Angiogenic Potential of Aqueous Fluid from PDR Patients Is Elevated
but Independent of VEGF Levels. The levels of angiogenic growth
factors in the aqueous fluid of diabetic patients correlate with the
severity of DR (10). To study the angiogenic potential of aque-
ous fluid from diabetic patients with and without PDR, we
assessed the ability of aqueous fluid to stimulate endothelial cell
tubule formation. Aqueous fluid from control patients (Fig. 1A,
Table 1, and SI Appendix, Fig. S1A) or diabetic patients without
DR (Fig. 1B and SI Appendix, Fig. S1B) did not have a significant
effect on tubule formation. In contrast, aqueous fluid from di-
abetic patients with PDR stimulated tubule formation (Fig. 1C
and SI Appendix, Fig. S1C). This effect was correlated with an
approximately twofold increase in the concentration of VEGF in

aqueous fluid from PDR patients compared with control patients
or diabetic patients without DR (SI Appendix, Fig. S2 and Table
S1). These results are consistent with the hypothesis that the
increased induction of tubule formation by aqueous fluid from
PDR patients was due to elevated levels of VEGF. However,
VEGF levels in the aqueous fluid from PDR patients demon-
strated considerable variability (Fig. 1D and SI Appendix, Fig.
S3A); 10/28 (36%) of patients with PDR had VEGF levels in the
aqueous fluid that were less than the mean value measured for
control (nondiabetic) patients. These VEGF levels were similar
to those detected in aqueous fluid from PDR patients who had
received anti-VEGF therapy within 2 wk of sample collection
(Fig. 1D). Nonetheless, stimulation of tubule formation by these
low-VEGF PDR aqueous fluid samples (Fig. 1E and SI Appen-
dix, Fig. S3B) was similar to that by high-VEGF PDR aqueous
fluid samples (Fig. 1F and SI Appendix, Fig. S3C). Indeed, there was
no correlation between the VEGF concentration and stimulation
of tubule formation by aqueous fluid samples (Fig. 1G and SI
Appendix, Fig. S3D).
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Fig. 1. Angiogenic potential of aqueous fluid from PDR patients is elevated but independent of VEGF levels. (A and B) Aqueous fluid from nondiabetic patients
(control patients; A) and diabetic patients without DR (DM no DR; B) does not stimulate tubule formation. (C) Aqueous fluid from diabetic patients with PDR
(PDR Patients) stimulates tubule formation. Media without serum (control) or with 10% (vol/vol) FBS (serum) serve as controls. (D) Levels of VEGF in the aqueous
fluid from diabetic and nondiabetic patients. Aqueous fluid levels from 10/28 PDR patients measure below the average levels observed for nondiabetic patients
(dashed line). Note: PDR samples with [VEGF] > 600 pg/mL are not displayed to adequately demonstrate the variability within the control samples. (E and F)
Aqueous fluid from PDR patients with VEGF levels below the average level for control (nondiabetic) patients (PDR low VEGF; E) stimulate tubule formation
similar to aqueous fluid from PDR patients with VEGF levels higher than the average level for control patients (PDR high VEGF; F). (G) Aqueous fluid stimulation
of tubule formation does not correlate with the concentration of VEGF. One-way ANOVA. Student’s t test and Pearson correlation.
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Angiogenic Potential of Aqueous Fluid from PDR Patients Is Not
Affected by Anti-VEGF Therapy. Despite the variability in VEGF
concentrations in PDR aqueous fluid samples, the presence of
VEGF in these samples could still be responsible for the in-
duction of tubule formation. To assess whether the angiogenic
potential of aqueous fluid from PDR patients was influenced by

anti-VEGF therapy, we tested the ability of aqueous fluid from
PDR patients (with high, average, or low levels of VEGF) to
stimulate tubule formation in the presence of bevacizumab at a
10-fold higher concentration than the dose which effectively
neutralizes the highest levels of VEGF detected in the aqueous
fluid of PDR patients (SI Appendix, Fig. S4 and Table 1). Treatment

Table 1. Patient samples for tubule formation assays

Patient Age, y Sex Phakic status* Prior vitrectomy DM type DM duration, y Prior PRP Anti-VEGF within 2–6 wk Anti-VEGF within 2 wk

Control
1 70 F P No – – – – –

2 62 F P No – – – – –

3 83 M P No – – – – –

4 70 F P No – – – – –

5 75 M P No – – – – –

6 71 F P No – – – – –

7 64 F P No – – – – –

8 49 F P No – – – – –

9 50 M P No – – – – –

10 55 F P No – – – – –

11 65 F P No – – – – –

12 73 F P No – – – – –

13 55 F P No – – – – –

14 62 F P No – – – – –

15 59 M P No – – – – –

Diabetic (no DR)
1 83 F P No II 9 – – –

2 70 M P No I 27 – – –

3 68 F P No II 12 – – –

4 76 F PP No II 5 – – –

5 65 M P No II 41 – – –

6 73 F P No II 4 – – –

7 91 M P No II 30 – – –

8 63 F P No I 36 – – –

9 68 F P No II 11 – – –

10 63 F P No II 9 – – –

PDR
1 31 F P No II 19 Yes No No
2 57 F P No II 25 No No No
3 46 M P No II 20 Yes No No
4 58 M P No II 20 No No No

High-VEGF PDR
1 31 M P No I 25 No No No
2 37 F P Yes I 27 Yes No No
3 58 M P No II 20 No No No
4 57 F P No II 25 No No No
5 50 M P No II 4 No No No
6 55 M P No II 2 Yes No No

Low-VEGF PDR
1 55 M P Yes II 2 Yes No No
2 58 M P Yes II 29 Yes No No
3 52 F PP No I 26 Yes No No
4 43 M P No I Unknown Yes No No

Anti-VEGF PDR
1 50 M P No II 4 No No Yes
2 35 M P No I Unknown Yes No Yes
3 33 F P No I 23 No No Yes
4 33 F P No I 23 Yes No Yes
5 42 M P No II 12 Yes No Yes
6 68 M P No II 15 No No Yes
7 58 F P No II Unknown Yes No Yes
8 57 M P No II Unknown Yes No Yes
9 45 M P No II Unknown Yes No Yes

*At time of sample collection. DM, diabetes mellitus; DR, diabetic retinopathy; F, female; M, male; P, phakic; PDR, proliferative diabetic retinopathy; PP,
pseudophakic; PRP, panretinal photocoagulation; VEGF, vascular endothelial growth factor.
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with bevacizumab did not significantly affect tubule formation
stimulation by aqueous fluid from PDR patients (Fig. 2A and SI
Appendix, Fig. S5A). Moreover, aqueous fluid from patients who
received anti-VEGF therapy by intravitreal injection within 2 wk
of sample collection had VEGF levels lower than those mea-
sured in aqueous fluid from control patients and diabetics
without DR (SI Appendix, Fig. S2), yet these samples still stim-
ulated tubule formation (Fig. 2B and SI Appendix, Fig. S5B) and
were also unaffected by treatment with additional bevacizumab
(Fig. 2C and SI Appendix, Fig. S5C).

HIF Promotes the Secretion of VEGF and Other Angiogenic Factors in
Hypoxic Retinal Cells. These results suggested that VEGF is not
the only angiogenic mediator responsible for stimulation of tu-
bule formation by aqueous fluid from PDR patients, providing a
unique opportunity to examine the contribution of other angio-
genic mediator(s) to the development of PDR. To interrogate
the role of novel angiogenic factors in mediating retinal neo-
vascularization in PDR, we used the oxygen-induced retinopathy
(OIR) model of ischemic retinal disease (11). During the is-
chemic stage of the OIR model, ischemia in the posterior retina
promotes stabilization of HIF-1α (Fig. 3A), which results in the
promotion of retinal neovascularization (Fig. 3B). Inhibition of
HIF-1α accumulation by treatment with digoxin (Fig. 3A) pre-
vents the development of retinal neovascularization in the OIR
model (Fig. 3 B and C) (12). We have previously reported that
hypoxic retinal Müller cells in the ischemic inner retina play a
critical role in the expression of VEGF and the promotion of
vascular permeability and angiogenesis by stabilizing HIF-1α (13,
14). Stabilization of HIF-1α in hypoxic Müller cells resulted in
the up-regulation of VEGF expression (Fig. 3 D and E). In turn,
conditioned media from these cells were potently angiogenic, a
property that was completely blocked following pretreatment of
the Müller cells with digoxin (300 nM) to inhibit HIF-1α accu-
mulation (Fig. 3F), demonstrating the importance of this tran-
scription factor in the regulation of angiogenic genes in retinal
Müller cells. These results suggested that HIF-1α was necessary
to promote the angiogenic potential of retinal Müller cells. By
contrast, RNA interference (RNAi) targeting VEGF (Fig. 3 G
and H) or blocking antibody to VEGF (Fig. 3I) only partially

inhibited the angiogenic potential of conditioned media from
retinal Müller cells.

HIF-Dependent ANGPTL4 Expression Is Induced by Hypoxia in Vitro
and Retinal Ischemia in Vivo. We set out to identify another can-
didate angiogenic mediator that may play a role in the promotion
of angiogenesis in the aqueous fluid of PDR patients with low
VEGF levels. To this end, we exposed retinal Müller cells
to hypoxia and examined the expression of mRNAs encoding
22 inflammatory cytokines, proteases, and angiogenic cytokines
previously reported to be regulated (directly or indirectly) by
HIF-1 and proposed to promote angiogenesis. IL-1β, angiogenin,
PIGF, IGFBP2, and IGFBP3 mRNA levels were increased
within 24 h of exposure to hypoxia, whereas TNFα, PAI-1, and
bFGF were induced after 48 h of exposure to hypoxia (Fig. 4A
and SI Appendix, Fig. S6). However, the fold induction of these
mRNAs was modest compared with VEGF mRNA. Only the
induction of angiopoietin-like 4 (ANGPTL4) mRNA was com-
parable to that of VEGF mRNA (Fig. 4A). HIF-dependent ex-
pression of ANGPTL4 has been shown to mediate the ability of
conditioned media from Kaposi’s sarcoma and hypoxic breast
cancer cells to impair EC–EC interaction (15, 16). We have re-
cently reported that ANGPTL4 may play an important role in
vascular permeability in ischemic retinal disease, including DME
(13). ANGPTL4 has also been implicated in the up-regulation of
retinal neovascularization by peroxisome proliferator-activated
receptor (PPAR-β/δ) (17). However, a role for ANGPTL4 as an
angiogenic factor in patients with PDR has not been explored.
We first investigated whether ANGPTL4 mRNA expression was
also increased in vivo in the OIR model and found that the fold
induction of ANGPTL4 mRNA was similar or greater than that
observed for VEGF mRNA (Fig. 4B). By contrast, mRNA levels
of several other known HIF-regulated angiogenic factors were
only modestly increased. ANGPTL4 protein expression in the
OIR model was confirmed by immunohistochemistry (Fig. 4C).

ANGPTL4 Is Necessary and Sufficient to Promote Angiogenesis. We
next investigated whether ANGPTL4 contributes to the angiogenic
phenotype in PDR. Recombinant human (rh)ANGPTL4 promoted
EC survival and migration (SI Appendix, Fig. S7A and B) but did not
affect EC proliferation (SI Appendix, Fig. S7C). Increasing doses of
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rhANGPTL4 potently stimulated tubule formation in vitro (Fig.
5A) and corneal neovascularization in vivo (Fig. 5 B and C). To
directly assess whether ANGPTL4 contributed to the angiogenic
potential of hypoxic retinal Müller cells, we transfected Müller
cells with RNAi targeting ANGPTL4 and observed a marked
reduction in ANGPTL4—but not VEGF—mRNA and protein
expression (Fig. 5D). Conditioned media from these cells had
reduced angiogenic potential compared with controls (Fig. 5D).
Inhibition of either ANGPTL4 or VEGF expression alone resulted
in an ∼30% reduction in the stimulation of tubule formation by
hypoxic retinal Müller cells (Fig. 5E). However, inhibiting both
ANGPTL4 and VEGF with RNAi resulted in an almost 50%
reduction in the stimulation of tubule formation by hypoxic retinal
Müller cells (Fig. 5E).

ANGPTL4 Is an Angiogenic Factor Expressed in the Eyes of Diabetic
Patients with PDR. We hypothesized that ANGPTL4 may be an
angiogenic factor present in low-VEGF aqueous fluid from

PDR patients. To test this hypothesis, we measured levels of
ANGPTL4 in aqueous fluid from diabetic patients and observed
that ANGPTL4 levels were increased in the aqueous fluid of
PDR patients compared with the aqueous fluid of control patients,
diabetic patients without DR, and diabetic patients with NPDR
(Fig. 6A and SI Appendix, Table S2). Levels of ANGPTL4 were
increased even in the aqueous fluid of patients who had been
treated with anti-VEGF therapy within 2 wk of sample collection
and in which VEGF levels were markedly reduced (SI Appendix,
Fig. S8), suggesting that ANGPTL4 expression was independent
of VEGF expression. Immunohistochemical analysis of eyes
from 5/5 PDR patients demonstrated ANGPTL4 expression in
areas of preretinal neovascularization (Fig. 6B). We also ob-
served elevated ANGPTL4 levels in the vitreous of PDR patients
compared with control patients (Fig. 6C and SI Appendix, Table
S3). Interestingly, we observed a close correlation between the
aqueous and vitreous levels of ANGPTL4 in PDR patients
(Fig. 6D).
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To investigate the potential of inhibiting ANGPTL4 as a
therapeutic approach for the treatment of PDR, we identified a
monoclonal antibody to ANGPTL4 that could effectively block
the stimulation of tubule formation by rhANGPTL4 but not by
rhVEGF (SI Appendix, Fig. S9 A and B). Using this ANGPTL4
neutralizing antibody, we were able to inhibit the angiogenic
potential of conditioned media from hypoxic retinal Müller cells
(SI Appendix, Fig. S9C), similar to the VEGF neutralizing anti-
body, bevacizumab (see Fig. 3I). To assess whether blocking
ANGPTL4 could be an effective approach for PDR patients who
do not respond adequately to anti-VEGF therapy, we next an-
alyzed the effect of ANGPTL4 neutralizing antibody on the
ability of low-VEGF aqueous fluid from PDR patients to stim-
ulate tubule formation and observed a potent inhibition of an-
giogenic potential (Fig. 6E and SI Appendix, Fig. S10A). The
limited volume of aqueous fluid that could be safely removed
from PDR patients did not allow us to assess the effect of using
neutralizing antibodies to VEGF and ANGPTL4 together,
compared with either antibody alone. To overcome this obstacle,
we analyzed whether ANGPTL4 neutralizing antibody could
prevent tubule formation by aqueous fluid from PDR patients
who received recent anti-VEGF therapy within 2 wk of sample
collection. These aqueous fluid samples had markedly reduced
detectable VEGF levels, and their ability to stimulate tubule
formation was not affected by pretreatment with VEGF blocking
antibody (see Fig. 2 B and C). ANGPTL4 neutralizing antibody
reduced the angiogenic potential of aqueous fluid from PDR
patients, despite treatment with anti-VEGF therapy within 2 wk
of sample collection (Fig. 6F and SI Appendix, Fig. S10B).
Unlike VEGF, there was minimal overlap between the

ANGPTL4 levels in the aqueous fluid from diabetic patients with
and without PDR and with diabetic patients with NPDR (Fig. 6A
and SI Appendix, Fig. S11), suggesting that aqueous fluid levels
of ANGPTL4 may further help define the subpopulation of
patients with diabetic eye disease. Indeed, examination of the
aqueous fluid levels of ANGPTL4 compared with VEGF resulted
in a clear separation between control patients, diabetics
without DR, and diabetics with NPDR or PDR (SI Appendix,

Fig. S12 A and B). Aqueous fluid from PDR patients could be
further stratified into four groups based on the relative levels of
VEGF and ANGPTL4 (Fig. 6G and SI Appendix, Table S4).
Moreover, although VEGF levels were markedly lower in the
aqueous fluid from patients who underwent treatment with anti-
VEGF therapy within 2 wk of sample collection, the aqueous
fluid levels of ANGPTL4 remained elevated in these patients
(Fig. 6G).

Discussion
In a recent clinical trial, it was demonstrated that although over
one-third of patients with severe NPDR progress to PDR within
2 y, this number was reduced by up to two-thirds in patients who
receive monthly anti-VEGF therapy (8). However, for many of
the patients who respond to anti-VEGF therapy, the response
may only be temporary; the number of diabetic patients with
NPDR who continue to progress to PDR increases over time
(18), and this is likely to continue despite treatment with anti-
VEGF therapy. This suggests that additional factors participate
in the development of PDR and highlights major gaps in our
understanding of the underlying biological processes that pro-
mote the persistence (and growth) of retinal neovascularization
despite anti-VEGF treatment.
Equally troublesome are growing concerns regarding the

consequences of chronic VEGF inhibition. VEGF produced by
the retinal pigment epithelium is essential to maintaining the
health of the underlying choriocapillaris, the vascular bed that
supplies the metabolically active retinal photoreceptors (19–22).
It is postulated that VEGF may also play a more direct role as a
neurotrophic factor for the neurosensory retina (23). Chronic
inhibition of VEGF may impair its normal physiologic roles in
the eye (24, 25). Indeed, it has recently been reported that anti-
VEGF therapy is associated with the development of retinal
atrophy in some patients with macular degeneration (26). Recent
data raise the additional concern that anti-VEGF therapy may
contribute to the development of glaucoma in vulnerable pa-
tients (27). Collectively, these observations emphasize the im-
portance of ongoing efforts to identify other angiogenic factors
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that promote the development of diabetic eye disease and that
may therefore serve as effective—and perhaps safer—targets for
patients with DR.
In this regard, studies using animal models have demonstrated

that expression of a constitutively active HIF-1α mutant was
sufficient to promote retinal neovascularization in vivo (28),
whereas expression of VEGF alone was not sufficient to mediate
this effect (29–31). These results implicate additional HIF-regulated
angiogenic factor(s) in the promotion of retinal neovascularization
in PDR patients. Of interest, erythropoietin (EPO)—the first iden-
tified HIF-regulated gene—has been implicated in the development
of PDR (32, 33). However, PDR patients often have end-stage
renal disease and require parenteral injection of rhEPO on a
regular basis. Additionally, in the eye, EPO has been found to
reduce neuronal, glial, and vascular damage or dysfunction and to
inhibit the breakdown of the blood–retinal barrier in a diabetic
rodent model (34–36). EPO appears to play a complex and mul-
tifaceted role in diabetic patients, as well as in diabetic eye disease,
and modulation of EPO in this population should be approached
with caution.
The results of our study implicate an alternative angiogenic

factor, ANGPTL4, in the promotion of retinal neovascularization

in PDR patients. ANGPTL4 has been implicated in the up-
regulation of retinal neovascularization by PPAR-β/δ (17). We
show here that HIF-1 also plays an important role in regulating
expression of ANGPTL4 in ischemic retinal disease. Expression
of ANGPTL4 was markedly increased in the aqueous and vitreous
of PDR patients, and ANGPTL4 expression was localized to
retinal neovascularization in PDR eyes. Inhibition of ANGPTL4
reduced the angiogenic potential of hypoxic retinal cells; this
effect was additive, with simultaneous inhibition of VEGF. A
neutralizing antibody for ANGPTL4 inhibited the angiogenic
potential of aqueous fluid from PDR patients, including aqueous
fluid from PDR patients who had received anti-VEGF therapy
within 2 wk of sample collection. Although we cannot rule out a
contribution from other angiogenic factors in the promotion of
retinal neovascularization in patients with PDR, our results
suggest that targeting both ANGPTL4 and VEGF may be nec-
essary for effective treatment or prevention of PDR. An essential
next step will be the development of specific and effective anti-
ANGPTL4 therapies. This will require the identification of the
relevant endothelial cell receptor through which ANGPTL4 me-
diates its pathological effects in the retina. Of note, as ANGPTL4
has also been implicated in the promotion of vascular permeability
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(and macular edema) in diabetic patients (13), therapies targeting
ANGPTL4 may also be an effective approach for the treatment of
patients with DME.
These studies may have more broad implications. The antici-

pated increase in the worldwide diabetic population emphasizes
the need for novel approaches to identify which diabetic patients
would benefit from access to higher levels of ophthalmic care
(37–39). Access to eye care specialists remains limited in parts of
the developing world where the diabetic population is expected
to double over the next 2 decades (38). In this regard, we
demonstrate here that aqueous fluid levels of ANGPTL4 cor-
relate very well with the levels of ANGPTL4 in the vitreous.
Acquiring aqueous fluid from patients is relatively straightfor-
ward and poses limited risks on patients, and although there is
considerable overlap of VEGF levels in aqueous fluid of control
patients, diabetic patients without DR, and diabetics with NPDR
or PDR, ANGPTL4 levels were strongly predictive of the pres-
ence or absence of PDR. This suggests that ANGPTL4 levels in
the aqueous fluid could serve as a diagnostic biomarker to help
predict the level of diabetic eye disease in vulnerable populations.

Interestingly, aqueous fluid from PDR patients fell into four
categories: modestly high levels of both VEGF and ANGPTL4
(50%), very high VEGF levels but only modestly high ANGPTL4
levels (18%), very high ANGPTL4 levels but only modestly high
VEGF levels (18%), and very high VEGF and ANGPTL4 levels
(14%). We speculate that the aqueous fluid levels of ANGPTL4
(and VEGF) could help define subpopulations of PDR patients
who may be more (or less) susceptible to anti-VEGF therapy.
Indeed, the aqueous fluid levels of ANGPTL4 remain elevated
despite treatment with anti-VEGF therapy, further suggesting
that aqueous fluid levels of ANGPTL4 could be used as a bio-
marker in patients receiving anti-VEGF therapy to help guide
individualized therapy. This is particularly important given the
rising cost of anti-VEGF therapies, which now account for 1/6 of
the total Medicare Part B drug budget (40). This includes the
cost of treating patients who do not respond adequately to this
therapeutic approach. Ongoing work is currently focused on
determining whether ANGPTL4 levels in aqueous fluid could
help predict which patients are more (or less) likely to respond to
anti-VEGF therapy.
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Fig. 6. ANGPTL4 is an angiogenic factor expressed in the eyes of diabetic patients with PDR. (A) Levels of ANGPTL4 in the aqueous fluid from diabetic (with
and without diabetic retinopathy) and nondiabetic patients. (B) Immunohistochemical analysis of eyes from patients with known PDR demonstrates ex-
pression of ANGPTL4 in areas of preretinal neovascularization; similar results were observed in 5/5 PDR eyes. (C) ANGPTL4 protein levels are elevated in the
vitreous of PDR patients compared with control patients. (D) Control and PDR patient samples demonstrate a correlation between levels of ANGPTL4 in
aqueous fluid and levels of ANGPTL4 in vitreous (P = 0.007). (E and F) ANGPTL4 blocking antibody reduces the ability of low-VEGF PDR aqueous fluid (E) or
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As HIF-1 is a critical mediator of ocular neovascular disease,
ANGPTL4 may play a key role in other vision-threatening dis-
eases in which hypoxia (e.g., retinal ischemia) is a driving force,
such as in retinal vein occlusion, sickle cell retinopathy, and
retinopathy of prematurity. Our results suggest that ANGPTL4
may contribute to retinal neovascularization in these patients.
Ultimately, our observations provide the foundation for studies
to assess inhibition of ANGPTL4—alone or in combination with
inhibition of VEGF—as a therapeutic approach for the treat-
ment of PDR and other ocular neovascular diseases as well as for
studies investigating the use of aqueous fluid ANGPTL4 as a
diagnostic and/or therapeutic biomarker for these diseases.

Materials and Methods
Constructs and Reagents. Recombinant human ANGPTL4, VEGF, and ANGPTL4
(DuoSet) and VEGF (Quantikine) ELISA kits were purchased from R&D Sys-
tems. Predesigned control (scrambled), ANGPTL4, and VEGF siRNA were
obtained from Santa Cruz. Lipofectamine RNAiMAX transfection reagent
and Opti-MEM medium were obtained from Life Technologies. Hypoxia
chambers were used to expose MIO-M1 cells (1% oxygen) and primary
murine Müller cells [3% (vol/vol) oxygen; exposure of primary murine Müller
cells to lower oxygen concentrations resulted in cell death]. Digoxin and
desferrioxamine (DFO) were obtained from Sigma. Dimethyloxalylglycine
(DMOG) was obtained from Cayman Pharmaceuticals.

Cell Culture. MIO-M1 cells were a generous gift from Astrid Limb (University
College London Institute of Ophthalmology) and cultured with DMEM
(Invitrogen) containing 1 g/L glucose with 10% (vol/vol) FBS (Invitrogen) and
1% penicillin/streptomycin (Cellgro). Immortalized human dermal micro-
vascular endothelial cells (HMEC1) were obtained from the CDC and cultured
with DMEM containing 4.5 g/L glucose with 10% (vol/vol) FBS and 1% penicillin/
streptomycin. Before treatments, the growth media were replaced with serum
starvation media containing 1% FBS.

siRNA Transfection. Cells were seeded at 60–80% confluence at transfection.
Lipofectamine RNAiMAX reagent was diluted in Opti-MEM medium. Thirty
picomoles of siRNA from stock of 10 μM was diluted in Opti-MEM medium.
Diluted siRNA was added to diluted Lipofectamine RNAiMAX reagent (1:1
ratio) and incubated for 5 min at room temperature. siRNA–lipid complex
was added to cells and incubated at 37 °C for 24 h. The media were then
washed out, and cells were ready for experiments.

Mice. Timed pregnant C57BL/6 mice (E14) (Charles River Laboratories) were
treated in accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research and the guidelines of the Johns Hopkins University Animal Care and
Use Committee. OIR experiments were performed as previously described
(11). Briefly, 7-d-old (P7) C57BL/6 mice and their mothers were exposed to
75% (vol/vol) oxygen for 5 d. The mice were returned to room air at P12. The
mice were killed and the eyes were collected at P12 (2 h after return to
normoxia), P13, P14, and/or P17. A subset of mice was given daily i.p. in-
jection of vehicle or 2 mg/kg digoxin.

Western Blot. Cells in culture dishes were washed with PBS and lysed using
RIPA buffer (Sigma) with 10% (vol/vol) protease inhibitor mixture (Sigma).
Cell lysates were then solubilized in LDS-sample buffer (Life Technologies)
and incubated for 5 min at 95 °C. Lysates were subjected to 4–15% (wt/vol)
gradient SDS/PAGE (Invitrogen). After blocking the membrane with 5% (wt/vol)
milk (Bio-Rad), the membrane was then incubated with mouse anti-HIF-1α
(BD, 610959) or rabbit anti-HIF-1α (Abcam, 2185) or with mouse anti-
GAPDH monoclonal antibody (Fitzgerald) overnight at 4 °C. After washing,

the membrane was incubated with HRP-conjugated anti-mouse or anti-rabbit
IgG (Cell Signaling) for 1 h and then visualized with ECL Super Signal West Femto
(Thermo). Western blot scans are representative of at least three independent
experiments.

Quantitative RT-PCR.mRNAwas isolated from cultured cells or isolated retinas
with RNeasy Mini Kit (Qiagen), and cDNA was prepared with MuLV Reverse
Transcriptase (Applied Biosystems). Quantitative real-time PCR was per-
formed with Power SYBR Green PCR Master Mix (Applied Biosystems) and
MyiQ Real-Time PCR Detection System (Bio-Rad). Cyclophilin A and β-actin
were used for normalization of mouse tissue and cell lines or for human cell
lines, respectively. Primers are listed in SI Appendix, Tables S5 and S6.

Immunohistochemistry and Immunofluorescence. Immunohistochemical de-
tection of HIF-1α (Abcam, 2185) and ANGPTL4 (Abcam, 115798) was per-
formed in paraffin-embedded human tissue and cryopreserved mouse tissue
sections using ABC system (Dako) as previously described (13). CD31 anti-
body was obtained from BD (550274). Images were captured using a con-
focal microscope LSM 710 META (Carl Zeiss).

Tubule Formation Assay. Tubule formation assay was performed using growth
factor-reduced Matrigel (BD Biosciences; 356231). Sixty to eighty microliters
of Matrigel was added into a prechilled 96-well plate and placed in a 37 °C
CO2 incubator for 30 min. HMECs were then counted and plated at 2 × 104

cells per well on the Matrigel in a 96-well plate. Eighteen hours later, images
were captured and analyzed using ImageJ software. Tubule formation assay
with patient samples was performed with an addition of 5 μL/well of aqueous
fluid to the cell suspension before adding into the Matrigel-coated wells.
VEGF neutralization was performed using 100 μg/mL of bevacizumab (Johns
Hopkins University Pharmacy). ANGPTL4 neutralization was performed using
10 μg/mL of an ANGPTL4 monoclonal antibody (Enzo, 804–732-C100).

Patient Samples. Institutional Review Board approval from the Johns Hopkins
University School of Medicine was obtained for all patient samples used in
this study. An a priori power analysis using a Cohen’s d effect size of 0.8
based on results from in vivo studies and preliminary results, power of 0.8,
and ⍺ of 0.05 yielded an estimated sample size of 26 control and PDR pa-
tients. Aqueous and vitreous samples were collected from consenting pa-
tients at the Wilmer Eye Institute undergoing cataract and/or vitrectomy
surgery. Vitreous samples were immediately centrifuged at 16,000 × g for
5 min at 4 °C, and supernatant was removed. Aqueous and vitreous samples
were then aliquoted and stored at −80 °C before analysis.

ELISA. Aqueous diluted 1:10 and undiluted vitreous were analyzed for
ANGPTL4 and VEGF with ELISAs performed according to the manufacturer’s
protocols (R&D Systems).

Statistical Analysis. Results from cell culture and animal models are shown as
mean ± SEM from at least three independent experiments. Results from clinical
samples are shown as mean ± SD. Statistical differences between groups were
determined by Student’s t test, Wilcoxon signed-rank test, and one-way ANOVA
when indicated. Correlation was tested using Pearson’s method. Statistical
analysis was performed using Microsoft Office and Prism 6.0 software (Graph-
Pad). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, nonsignificant.
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