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as an unrecognized candidate class of TKI (17). These results have
been further validated in a preclinical study that uses a nonhuman
primate model of retinal disease, emphasizing the potential for tar-
geting the extracellular domain of transmembrane receptors involved
in angiogenesis (19).

Here, we expanded on these previous studies to target another re-
ceptor from the VEGF family, the VEGFR-3. We chose this receptor
because it is highly expressed by the endothelial tip cells. These are
specialized endothelial cells found at the tip of sprouting vessels whose
function is believed to be the coordination of vessel formation and
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
migration toward the VEGF gradient (22, 23). Blockage of endothelial
tip cells with anti–VEGFR-3 monoclonal antibody prevents retinal an-
giogenesis (24). Although we were successful in identifying a peptide
that targeted the extracellular domain of VEGFR-3 from a phage
display library, we noticed that, once the peptides were synthesized
and used outside the phage context, they lost their selectivity toward
VEGFR-3. The synthetic peptides also interact with VEGFR-1 and
VEGFR-2, neutralize binding of VEGF family members to all three
receptors, and inhibit neovascularization in vivo in the retina. Hence,
it is the first pan-VEGF inhibitor directed at the extracellular domain
Fig. 1. Isolation of VEGFR-3 binding peptides. (A) The extracellular domain of mouse VEGFR-3 was immobilized on microtiter wells and incubated with the X6 phage display
library. Bar graph shows enrichment in the number of phage recovered [in transducing units (TU)] after consecutive rounds of selection (I, II, and III). (*) Round I was not
quantified to prevent the loss of phage displaying unique peptides. (B) Peptide identified by sequencing phage bound to VEGFR-3 (round III) (n, number of phages
sequenced). (C and D) Binding of control phage Fd (white bars) and phage PCAIWF (B, black bars) and WVCSGG (C, black bars) to VEGF receptors and co-receptors
immobilized on microtiter wells. (E and F) Inhibition of phage PCAIWF (E) or WVCSGG (F) binding to immobilized VEGFR-3 by synthetic peptide PCAIWF or control peptide
(CARAC). The minus sign indicates that no synthetic peptide was added to the assay. (G) Dose-response assay. Phage PCAIWF was incubated with immobilized VEGFR-3 in
the presence of synthetic peptides PCAIWF, PSAIWF, or CARAC (control). Percentage relative to phage binding in the absence of competing peptide. In all cases, bars
represent means ± SEM from triplicate plating. Statistics, Student’s t test (**P ≤ 0.01 and ***P ≤ 0.001).
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of an RTK that we have knowledge of. In summary, our study suggests
that members of the VEGF receptor family share a common original
binding site, which might be important for drug development.

RESULTS
Identification of peptides that target the extracellular
domain of VEGFR-3
We used phage display in vitro to isolate peptides that target the
extracellular domain of VEGFR-3. Recombinant mouse VEGFR-3
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
extracellular portion (Tyr25 through Asp770) was immobilized on mi-
crotiter plates and incubated with an X6 (X = any amino acids) pep-
tide phage display library. This particular library was chosen because it
encodes peptides with relatively small molecular weights (average mo-
lecular weight of 6-mer peptides is 660 g/mol) while maintaining diver-
sity greater than 107 possible peptides. The X6 phage display library
that we built has an estimated ~109 individual peptides, and it is likely
to encode several copies of all conceivable combinations possible for
6-mer peptides (6.4 × 107 unique peptide combinations), excluding
Fig. 2. Peptides PCAIWF and WVCSGG interact with the ligand-binding domain of VEGFR-3. (A) Binding of phage PCAIWF to immobilized VEGFR-3 in the presence or
absence of VEGF-A or VEGF-C (10 ng/ml). (B) Binding of phage PCAIWF to immobilized VEGFR-3 in the presence of increasing concentrations of VEGF-C. Percentage relative to
phagebinding in the absence of VEGF-C. (C) Cartoon showing the three-dimensional structure of the complex VEGF-C (red) bound to VEGFR-2 IgD2-3 (shown inorange andgreen,
respectively) (Protein Data Bank #2X1W). (D) Analysis by SDS–polyacrylamide gel electrophoresis of purified recombinant IgD2 and IgD2-3 proteins containing the ligand-binding
domain of VEGFR-3. (E) Binding of phage PCAIWF to VEGFR-3 and its recombinant Ig domains immobilized onmicrotiter wells in the presence or absence of the synthetic peptide
PCAIWFor its scramble version, IFCAPW (100 mg/ml). Phagebindingwas quantifiedby FLISAusing an anti-bacteriophage sera. (F) Bindingof VEGF-C tomicrotiterwells coatedwith
immobilized recombinant ligand binding domains IgD2 and IgD2-3 of VEGFR-3 in the presence or absence of synthetic peptides PCAIWF and WVCSGG or the scramble control
peptide (IFCAPW). For phage experiments (A and B), bars representmean ± SEM from triplicate plating; for FLISA assays (E toG), bars representmeans ± SEM fromduplicatewells.
Statistics, Student’s t test [not significant (N.S.), P > 0.05; *P ≤ 0.05 and ***P ≤ 0.001].
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peptides toxic to the bacteria or the bacteriophage. After three rounds
of selection, we observed an approximately sixfold enrichment in the
number of recovered phage compared to the previous round of selec-
tion (Fig. 1A), indicating that we had successfully enriched for pep-
tides targeting our ligand. Randomly selected phage clones were
analyzed by sequencing to identify their DNA inserts and coding
peptides; only two peptide sequences were found encoded in all
phage genomes analyzed: PCAIWF (58%) and WVCSGG (42%)
(Fig. 1B).

PCAIWF and WVCSGG peptides are selective and bind to the
same site in VEGFR-3
To validate the interaction of phage PCAIWF and WVCSGG and
determine its specificity for VEGFR-3, we used a phage binding as-
say. All three VEGF receptors were individually immobilized on a
plate and incubated with phage PCAIWF or WVCSGG or with a
control insertless phage (Fd). We observed that phages PCAIWF and
WVCSGG bind to VEGFR-3 but not to the other receptors, VEGFR-
1 and VEGFR-2 (Fig. 1, C and D), including the two other non-RTKs,
NRP-1 and NRP-2, which have been described as co-receptors for
VEGF. Moreover, binding was independent of the receptor’s species
of origin because both phages bound to mouse and human VEGFR-3.
No binding was observed when control phage Fd was used in the as-
says. Because all three receptors used in our assays are produced as
recombinant proteins fused to the Fc domain of human immuno-
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
globulin G1 (IgG1), these results also rule out the possibility that
PCAIWF and WVCSGG phages bind to the Fc fusion portion present
in these receptors. Finally, to exclude the possibility that random mu-
tations in phage are responsible for receptor interaction, we found that
binding of phage PCAIWF to VEGFR-3 is mediated specifically by the
peptide because phage binding was inhibited by the cognate synthetic
PCAIWF peptide (Fig. 1E). A control peptide had no effect on phage
binding to this receptor.

Peptides PCAIWF and WVCSGG have no obvious motif in
common or sequence similarity, but they both share two residues, a
tryptophan and a cysteine. To assess whether they actually bind to the
same site in VEGFR-3, we performed a competition assay. When syn-
thetic peptide PCAIWF in solution was added to our binding assay, it
prevented the binding of phage WVCSGG to VEGFR-3 (Fig. 1F).
These results indicate that both peptides target the same site in
VEGFR-3. Inhibition by peptide PCAIWF was dose-dependent with
a median inhibitory concentration (IC50) below 30 mg/ml (Fig. 1G,
black circles). Because both peptides have an unpaired cysteine residue
with a free sulfhydryl group, we pondered whether a disulfide bridge
formed between the peptide and VEGFR-3 was actually responsible
for the interaction between these two molecules. To test this, we
synthesized a new version of the peptide by replacing serine with cys-
teine. Although the peptide PSAIWF can no longer form a disulfide
bridge, it was also effective at preventing the binding of phage PCAIWF
to VEGFR-3, albeit with a lower efficiency (IC50 of ~200 mg/ml)
Fig. 3. PCAIWF is a pan-VEGF inhibitor. (A) Representation of the VEGF family, their receptors, and pattern of interaction. (B to F) Recombinant proteins for the human VEGFR-3
(B), VEGFR-2 (C and E), and VEGFR-1 (D and F) extracellular domains were immobilized onmicrotiter wells and incubated with the human ligands VEGF-C (B and C), PlGF (D), and
VEGF-A (E and F) in the presence or absence of synthetic peptides PCAIWF and PSAIWF or the scramble control peptide (IFCAPW). Growth factors bound to the wells were
quantified by FLISA using immunospecific antibodies and fluorescent detection. Bars representmeans ± SEM fromduplicatewells. Statistics, analysis of variance (ANOVA) (Tukey’s
multiple comparison test) (*P ≤ 0.05; **P ≤ 0.01 and ***P ≤ 0.001).
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(Fig. 1G, black squares). These results suggest that the cysteine residue
is important for binding but does not form a covalent bond with the
receptor or the ligand. In summary, we have identified two peptides
that target the same binding site within the extracellular portion of
VEGFR-3.

PCAIWF interacts with the ligand-binding
domain of VEGFR-3
To map the binding site of peptide PCAIWF within VEGFR-3, we
performed a competition assay. Phage PCAIWF was incubated
with VEGFR-3 in the presence or absence of its natural ligand,
VEGF-C. As control, we use VEGF-A, which does not bind to this
receptor. Only VEGF-C prevents the binding of phage PCAIWF to
the receptor (Fig. 2A) in a dose-dependent manner (Fig. 2B). To
corroborate these findings, we observed that binding of phage
WVCSGG to VEGFR-3 is also inhibited by VEGF-C but not by
VEGF-A. These data suggest that phage PCAIWF binds to the ligand-
binding domain of VEGFR-3. To further validate these results, we
produced the ligand-binding domain of VEGFR-3 as a recombinant
protein to test for PCAIWF binding. The extracellular portion of
VEGFR-3 is composed of seven immunoglobulin-like (Ig) domains,
and the Ig domain 2 (IgD2) has been identified as the main binding
site for VEGF-C and VEGF-D, with IgD3 also contributing to the
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
interaction (Fig. 2C) (25). To confirm that peptide PCAIWF inter-
acts with this domain, we produced IgD2 and IgD2-3 domains from
human VEGFR-3 (Fig. 2D) and used the recombinant proteins in our
phage assay. Phage PCAIWF binds to VEGFR-3 IgD2 and IgD2-3 do-
mains with similar levels compared to the full-length extracellular
VEGFR-3 protein, whereas the control phage Fd did not bind to
any of the protein tested. Binding to the recombinant Ig domains
could be prevented by the synthetic peptide PCAIWF but not by
the control peptide (Fig. 2E). To confirm that our recombinant
IgD2 and IgD2-3 domains were functional, we tested for the capacity
to bind VEGF-C. VEGF-C binds to both recombinant ligand-binding
domains IgD2 (Fig. 2F) and IgD2-3 (Fig. 2G). We observed that, when
synthetic peptides PCAIWF and WVCSGG were added to the assay,
both prevented binding of VEGF-C to IgD2 and IgD2-3 (Fig. 2, F and
G). Together, these results indicate that peptide PCAIWF interacts
with the ligand-binding domain of VEGFR-3 and prevents VEGF-
C interaction with the receptor.

Synthetic PCAIWF is a pan-VEGF inhibitor
Having shown that phage PCAIWF binds to the ligand-binding do-
main of VEGFR-3 but not to other VEGF receptors and modulates
the binding of VEGF-C to this receptor, we asked whether peptides
PCAIWF and WVCSGG were selective for the binding of VEGF-C
to VEGFR-3. To answer this question, we set up a fluorophore-linked
immunosorbent assay (FLISA) to evaluate the effect of PCAIWF on
the binding of the three main angiogenic ligands (VEGF-A, PlGF,
and VEGF-C) to all three RTK VEGF receptors (Fig. 3A). Because
peptides PCAIWF and WVCSGG target the same site in the recep-
tor, we decide to concentrate our studies on the PCAIWF peptide.
The VEGF receptors were individually immobilized on plates and
incubated with their respective ligands in the presence or absence of
the synthetic peptide PCAIWF or PSAIWF. As control, we used a syn-
thetic peptide containing the same amino acid residues of PCAIWF
but in a distinct sequence (scramble). To our surprise, we observed
that the synthetic peptide PCAIWF inhibits the binding of all VEGF
members that we tested to their respective receptors (Fig. 3, B to F).
Briefly, peptide PCAIWF inhibited the binding of VEGF-C to VEGFR-
3 (Fig. 3B) and VEGFR-2 (Fig. 3C), prevented the binding of PlGF to
VEGFR-1 (Fig. 3D), and also blocked the binding of VEGF-A to
VEGFR-2 (Fig. 3E) and VEGFR-1 (Fig. 3F). These inhibitions were spe-
cific and were not affected by the control scramble peptide. Moreover,
the synthetic peptide PSAIWF containing a serine residue instead of
cysteine also inhibited the binding to all VEGF factors tested (albeit with
lower affinity), again indicating that the sulfhydryl residue is impor-
tant, but not essential, for binding (Fig. 3, B to F). Notably, we could
block 80 to 90% binding of all three VEGF family members using
peptide PCAIWF (100 mg/ml) and 30 to 50% using peptide PSAIWF
(100 mg/ml), except for binding of VEGF-A to VEGFR-1, which re-
quired higher concentrations of both peptides (400 mg/ml) for simi-
lar levels of inhibition. This agrees with the fact that VEGFR-1 is the
high-affinity receptor for VEGF-A (26).

To assess whether the inhibitory effect of peptides PCAIWF and
WVCSGG was specific for receptors of the VEGF family, we per-
formed a similar FLISA-based binding assay using other angiogenic
RTK receptors with their cognate ligands. We observed no effect of
peptide PCAIWF or WVCSGG on the binding of basic human fi-
broblast growth factor (FGF) to its receptor (FGFR-1a) (Fig. 4A) or on
the binding of platelet-derived growth factor B (PDGF-BB) to PDGFR-
b (Fig. 4B). Like the VEGFR, these receptors are also important in
Fig. 4. PCAIWF does not affect other angiogenic RTK or neuropilin binding.
(A to D) Recombinant proteins for the human FGFR-1 (A), PDGFR-b (B), and VEGFR-
1 (C and D) extracellular domains were immobilized on microtiter wells and incu-
bated with the human ligands FGF-1 (A), PDGF-BB (B), human NRP-1 (C), and rat
NRP-2 (D) in the presence or absence of synthetic peptides PCAIWF and WVCSGG
or the scramble control peptide (IFCAPW). Growth factor and neuropilin bound to the
wells were quantified by FLISA using immunospecific antibodies and fluorescent de-
tection. Bars represent means ± SEM from duplicate wells. Statistics, ANOVA (Tukey’s
multiple comparison test) (N.S., P > 0.05).
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angiogenesis and have similar structural architecture compared to
the VEGFR: ligand-binding moieties constituted of immuno-
globulin folds. Neuropilins have also been described as ligands
for the VEGF receptors (27, 28). It has been described that NRP-
1 binds with high affinity to VEGFR-1 (Kd ~ 1.8 nM) (27). In
agreement with these studies, we observed a strong interaction be-
tween NRP-1 and NRP-2 with VEGFR-1 using the FLISA binding
assay. These interactions were not affected by peptide PCAIWF or
WVCSGG (Fig. 4, C and D).

Binding of growth factors to RTKs triggers the activation of sig-
naling events that are important for cell growth and survival. To assess
whether peptide PCAIWF could prevent VEGFR-mediated activation
of downstream signaling, lymphatic endothelial cells (LECs) were sti-
mulated with VEGF-A, VEGF-C, or FGF-1. LECs were selected because
they express high levels of VEGFR-3, VEGFR-2, and FGFR-1 and re-
spond to these three growth factors by activating the extracellular
signal–regulated protein kinases 1 and 2 (ERK1/2) pathway (29, 30).
We observed that phosphorylation of ERK1/2 increases upon stimu-
lation of LECs with VEGF-A, VEGF-C, or FGF-1; as expected, peptide
PCAIWF inhibited the phosphorylation of ERK1/2 induced by
VEGF-A and VEGF-C but had no effect on the phosphorylation of
ERK1/2 induced by FGF-1 (Fig. 5, A and B). In all cases, the scramble
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
synthetic control peptides had no effect on this downstream signaling
event. Together, these results indicate that the effect of peptide
PCAIWF is specific and selective for RTKs of the VEGF family.

Pan-VEGF inhibitor PCAIWF prevents retinal
neovascularization in a mouse model
VEGF inhibitors have shown promising results for the treatment of
ocular diseases with an angiogenic component. To assess whether
synthetic peptide PCAIWF could inhibit neovascularization, we per-
formed two angiogenesis assays: endothelial tube formation in Matrigel
and the oxygen-induced retinopathy (OIR) model (in vivo). For the
endothelial cell tubulogenesis assay, peptides PCAIWF and scramble
were embedded in the Matrigel layer, and human umbilical vein en-
dothelial cells (HUVECs) were stimulated with VEGF-A or VEGF-C
(31). In both cases, we observed inhibition of tube formation by pep-
tide PCAIWF but not by the control scramble peptide or vehicle alone
(Fig. 6A). Tube formation was reduced by ~50% in both cases (VEGF-
A and VEGF-C), suggesting that other growth factors present in the
Matrigel, which are not affected by peptide PCAIWF, might be stimu-
lating the endothelial cells (Fig. 6B) and preventing the full inhibition
of tubulogenesis. Next, we assessed the effect of PCAIWF in an in vivo
mouse model.
Fig. 5. Effect of PCAIWF on VEGF induced ERK1/2 pathway activation. (A) Immunoblot analysis of phosphorylated and total forms of ERK1/2 in LECs incubated with VEGF-A,
VEGF-C, or FGF (100 ng/ml) in the presence or absence of peptide PCAIWF or scramble (IFCAPW) (30 mg/ml). (B) Ratio of fluorescent intensity for phosphorylated and total ERK1/2.
Bars represent means ± SEM from three independent measurements of the immunoblot membrane. Two independent experiments were performed with similar results. Bars
represent means ± SEM from triplicate readings. Statistics, ANOVA (Tukey’s multiple comparison test) (*P ≤ 0.05).
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TheOIRmodel is a well-accepted animal model for the study of hu-
man diseases, such as retinopathy of prematurity and, to a certain extent,
diabetic retinopathy (32, 33). The retinal vasculature inmice develops and
matures after birth, a process that is controlled by oxygen tension and,
therefore, VEGF levels (34). By exposing mice at postnatal day 7 (P7)
to 75% oxygen, VEGF expression is down-regulated, and its concentra-
tion in the eye is substantially reduced. This inhibits neovascularization
thatwouldotherwise be active in physiological retinas,with the formation
of a central zone of vaso-obliteration. Once the mice at P12 are returned
to room air (normal oxygen levels, 21%), vascularization has stopped and
the retina experiences severe hypoxia; VEGF expression rises above
normal, resuming vascularization, but it is now in a pathological state that
exacerbates the angiogenic process, resulting in a retinopathic condition,
which peaks at P17 (32–34). In mice, it eventually resolves within a few
days, but in premature babies exposed to high oxygen concentrations in
neonatal care units, if severe enough, the ongoing retinopathy may result
in retinal detachment and blindness (retinopathy of prematurity) (35).

To assess whether our pan-VEGF peptide inhibitor PCAIWF could
prevent pathological angiogenesis in theOIRmodel,mice at P15 (3 days
after exposure to 75% oxygen) were treated with a single intravitreal
injection of peptide PCAIWF. Peptide treatment could not be per-
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
formed as early as P12 because young mice have their eyelids shut
and they are not fully open until P14 to P15 (36). Two days after treat-
ment, the retinas were analyzed, and neovascularization was quantified
(37). We observed that the retinas of animals treated with peptide
PCAIWF showed a significant reduction in the amount of blood vessels
(total vascular area) (Fig. 7, A and B) and vascular sprouting and rami-
fications (Fig. 7, C and D). No alteration in the number of vessels and
their ramificationswas observedwhen the animalswere treatedwith the
scramble control peptide or vehicle only.

One of the hallmarks of the OIR model is the formation of tufts
due to the outgrowth of blood vessels protuberating into the vitreous
cavity. We noticed that treatment with peptide PCAIWF significantly
reduced tuft formation in number and size (Fig. 8A). To further eval-
uate the effect of the treatment with the peptide on tuft formation, we
performed confocal laser scanning microscopy to gain information on
the vascular layer deep in the retina (Fig. 8B). Confocal images were
obtained at 2.4-mm intervals and assembled with the aid of computer
software (Fig. 8C), which allowed us to determine the thickness of the
vascular layer and to visualize blood vessels migrating toward the vit-
reous chamber (tufts). As expected, normal C57BL/6 mice that were
not subjected to the OIR model have a homogeneous vascular layer of
approximately 39 ± 1.3 mm (Fig. 8D) that is positioned between the
ganglion and the outer plexiform layers of the normal retina (19).
When mice are treated by OIR, the vascular layer changes shape
and becomes thicker (75 ± 2.7 mm) because of a series of tufts of vessels
extending toward the vitreous humor (Fig. 8, D and E). These projec-
tions are almost absent in OIR mice treated with peptide PCAIWF in
which the thickness of the vascular layer reduces to 44 ± 3.9 mm, simi-
lar to normally developing retinas in C57BL/6 mice (Fig. 8, D and E).
Animals treated with vehicle only showed no significant reduction (67 ±
3.7 mm) in vascular layer thickness (Fig. 8D). In summary, the small-
molecule pan-VEGF inhibitory peptide PCAIWF prevents pathological
angiogenesis in vivo in one of the most widely used animal models for
retinopathy of prematurity, suggesting that this peptide might have im-
portant uses in the development of novel antiangiogenic inhibitors for
retinopathy and other human diseases.
DISCUSSION
Antiangiogenic therapy has been firmly established by numerous clin-
ical trials using drugs aimed at the central factors involved in this pro-
cess: VEGF and its receptors. Unfortunately, despite the significant
benefits of these drugs, there are important questions in antiangiogenic
therapy that have not been solved. For example, not all patients re-
spond to anti-VEGF therapy, and others eventually develop resistance
(38). Why do some tumors respond to antiangiogenic therapy (colo-
rectal) and others do not (pancreatic)? The ingenious hypothesis [pro-
posed by Folkman (39)] that tumors would starve to death if not
properly nourished by blood vessels is an impeccable and compelling
concept, but researchers are still puzzled as to why antiangiogenic
compounds have not achieved the expected efficacy (5, 7). Although
this conundrum is likely to be multifaceted, targeting molecules other
than VEGF-A and VEGFR-2 might help improve efficacy. In effect, in
ophthalmology, clinical studies with aflibercept have shown better ef-
ficacy compared to bevacizumab and ranibizumab (40). The latter two
drugs exclusively target VEGF-A, whereas aflibercept is the only one
that, in addition to VEGF-A, neutralizes two other members of the
family, VEGF-B and PlGF. Drugs with a broader effect may do better
in angiogenesis therapy.
Fig. 6. Effect of PCAIWF on endothelial tube formation. (A) Tube formation by
HUVECs in Matrigel induced by VEGF or VEGF-C in the presence or absence of pep-
tide PCAIWF or scramble (500 mg/ml, embedded in the Matrigel layer). (B) Number of
tubes formed between endothelial cells. Bars represent means ± SEM from triplicate
wells. Statistics, Student’s t test (*P ≤ 0.05). Two independent experiments were per-
formed with similar results.
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All VEGF family members and the three receptors are expressed
in the retina and play distinct and important roles in angiogenesis.
For example, studies with animal models indicate that VEGF-B is dis-
pensable for neovascularization but is essential for retinal endothelial
cell survival, and antibodies targeting VEGF-B inhibit choroid and
retina neovascularization (41). PlGF has also been implicated in path-
ological angiogenesis (42, 43) and is said to have contributed to the
development of diabetic retinopathy (44). VEGF-C and VEGF-D are
expressed in the ischemic retina (45) and the subretinal vascular mem-
brane of an age-related macular degeneration patient (46), and blockage
of VEGFR-3 with monoclonal antibodies prevents neovascularization
in the retina (24), suggesting that they also contribute to neovascularization
in the retina. Furthermore, these growth factors have different effects
in the type of newly formed blood vessels and in their stability and
permeability (47).

However, targeting all members of the VEGF family is challenging.
Monoclonal antibodies are selective to a single receptor. Similarly, mole-
cules like VEGF-trap (aflibercept), which is composed of the ligand-
binding domain of VEGFR-1 fused to an Ig constant region, will target
Michaloski et al. Sci. Adv. 2016;2 : e1600611 28 October 2016
multiple members of the VEGF family (VEGF-A, VEGF-B, and PlGF)
but will miss others (VEGF-C and VEGF-D) (48). An alternative is to
use small TKIs, such as sunitinib, which is a pan-VEGF inhibitor. Un-
fortunately, these molecules also affect other angiogenic RTKs, resulting
in important side effects, such as cardiotoxicity, such as in the case of su-
nitinib and PDGFR-b (49). Therefore, drugs with similar activity to pep-
tides PCAIWFandWVCSGG (neutralization of all VEGFRs through the
extracellular domain) could have important applications in the clinic for
the development of true pan-VEGF inhibitors.

In a previous study (19), we have successfully developed a small
tripeptide (now denominated Vasotide) into a prodrug candidate.
Nevertheless, it is not very often that peptides are suitable for drug
development. They are prone to proteolysis and suffer the same
limitations in terms of biodistribution as monoclonal antibodies.
For instance, peptides PCAIWF and WVCSGG are not found in the
vitreous humor if applied topically to the retina, which seems to pre-
clude their use in eye drop formulations. Because they are small mole-
cules, they probably will have short half-lives in the eye and will not be
good drug candidates for repeated intravitreal injections (granting that we
Fig. 7. PCAIWF inhibits neovascularization in vivo.Neonatal C57BL/6mice with OIR at P15were treated or not treated (n = 9 retinas) with a single intravitreal injection (1 ml) of
vehicle only [dimethyl sulfoxide (DMSO)] (n = 11 retinas), peptide PCAIWF (30 mg) (n = 6 retinas), or scramble peptide IFCAPW (30 mg) (n = 7 retinas). Whole-mount retinas were
stained with isolectin-B4 conjugated to Alexa Fluor 594 red-fluorescent dye. (A) Representative confocal microscopy images of retinas of OIR neonatal C57Bl/6 mice at P17.
(B) Quantification of neovascularization in the retinas of OIR neonatal C57BL/6 mice treated or not treated with peptides. (C) High-magnification images (×200) of the
retinas at P17 of OIR neonatal C57BL/6 mice treated or not treated with peptides. White dots indicate vessel sprouts or bifurcations. The numbers of sprouts/bifurcations
determined for each image are indicated at the bottom right corner. (D) Quantification of vessel sprout or bifurcations. Statistics, ANOVA (Tukey’smultiple comparison test)
(N.S., P > 0.05; ***P < 0.005). Box plots in which the boxes define the 25th and 75th percentiles, with a line at amedian and error bars defining the 10th and 90th percentiles.
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