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8.1            The Road to Treat ARMD 

 Age-related macular degeneration is a complex 
disease. In complex problems, several perspec-
tives are needed to understand basic mechanisms 
underlying disease pathophysiology. Our per-
spective of ARMD as a neovascular disease stems 
from our early studies on corneal neovasculariza-
tion (Ambati et al.  2002 ). In a chemically induced 
mouse corneal neovascularization model, we 
showed the fi rst evidence of using a biological 
molecule for preventing corneal neovasculariza-
tion. Since then, we found other molecules impor-
tant for inhibiting corneal neovascularization in a 
nonphysiological system (Ambati et al.  2003a ,  b ; 
Sakurai et al.  2003 ). At that point, the physiologi-
cal mechanism of maintaining corneal avascular-
ity was still not known. The dogma then was that 

multiple redundant pathways controlled avascu-
larity in the cornea. 

 In 2006, we reported that expression of solu-
ble VEGF receptor-1 (sFLT-1) is necessary and 
suffi cient for maintenance of corneal avascularity 
(Ambati et al.  2006 ). Moreover, we showed that 
the mechanism of sFLT-1 was through sequestra-
tion of VEGF-A leading to inhibition of function. 
In the next few years, we showed that this same 
pathway was responsible for maintaining the 
avascular photoreceptor layer of the retina (Luo 
et al.  2013a ). In ARMD, the avascular photore-
ceptor layer is penetrated by blood vessels, lead-
ing to choroidal neovascularization (CNV). This 
loss of barrier function of the photoreceptor layer 
may be due in part to loss of sFLT-1 leading to 
VEGF-A-induced neovascularization. 

 As sFlt-1 became a clinically attractive plat-
form for inhibiting VEGF-A for several neovas-
cular diseases including ARMD (Lukason et al. 
 2011 ; Lai et al.  2012 ), we continued to search for 
other strategies for VEGF-A inhibition. Most of 
the strategies for VEGF-A inhibition including 
sFlt-1 focused on inhibiting VEGF-A after it is 
secreted from the cell; however, it has been shown 
that VEGF can act via an intracellular autocrine 
loop which is currently not being targeted by cur-
rent approaches (Gerber et al.  2002 ). We then 
began formulating strategies to inhibit VEGF-A 
intracellularly before the protein can be secreted 
from the cell. Although the implication of auto-
crine signaling in the context of  neovascularization 
is unclear, addition of strategies inhibiting this 

        C.  C.   Ronquillo   Jr. ,  PhD      •    S.  F.   Passi ,  BA      
  Department of Ophthalmology and Visual Sciences , 
 John A. Moran Eye Center, University of Utah Health 
Sciences Center, University of Utah School of 
Medicine ,   Salt Lake City ,  UT ,  USA   
 e-mail: nikko.ronquillo@hsc.utah.edu; 
samuel.passi@hsc.utah.edu   

    B.  K.   Ambati ,  MD, PhD, MBA      (*) 
  Department of Ophthalmology and Visual Sciences , 
 John A. Moran Eye Center, University of Utah Health 
Sciences Center, University of Utah School of 
Medicine ,   Salt Lake City ,  UT ,  USA    

  Department of Ophthalmology ,  University of Utah , 
  Salt Lake City ,  UT ,  USA   
 e-mail: bala.ambati@utah.edu  

  8      Restoring Physiologic Barriers 
Against Neovascular Invasion 

           Cecinio     C.     Ronquillo     Jr.      ,     Samuel     F.     Passi      , 
and     Balamurali     K.     Ambati     

mailto: nikko.ronquillo@hsc.utah.edu
mailto: 
samuel.passi@hsc.utah.edu
mailto: 
samuel.passi@hsc.utah.edu
mailto: bala.ambati@utah.edu


88

pathway may result in better control of disease, 
because if vascular endothelial cells express their 
own growth factors and receptors, extracellular 
blockade alone may be insuffi cient.  

8.2     Identifi cation of the Gene 

 Flt-1 (fms-like tyrosine kinase-1) is a transmem-
brane receptor in the tyrosine kinase family that 
was fi rst identifi ed in a v-ros oncogene hybridiza-
tion screen (Shibuya et al.  1990 ). A couple of 
years after its identifi cation, it was found that 
Flt-1 was a high-affi nity receptor for VEGF (de 
Vries et al.  1992 ). 

 The 180 kDa Flt-1 protein is known to have 
seven immunoglobulin (Ig)-like domains in the 
extracellular region and a tyrosine kinase domain 
(Shibuya et al.  1990 ). The extracellular domain is 
important for ligand binding. Targeted mutation 
of mouse fl t-1 resulted in a disorganized vascula-
ture with embryonic lethality in homozygous ani-
mals (Fong et al.  1995 ). However, deleting only 
the tyrosine kinase domain was able to produce 
viable mice that developed normal blood vessels 
(Hiratsuka et al.  1998 ). These studies suggested 
that the ligand-binding domain of Flt-1 was nec-
essary for normal angiogenesis. 

 The ligand for Flt-1 is VEGF with binding 
constants in the picomolar range (Davis-Smyth 
et al.  1996 ). Crystallographic studies on VEGF-
Flt- 1 interaction showed that the second and third 
extracellular domains of Flt-1 are necessary and 
suffi cient for binding VEGF at close to the native 
binding affi nities (Wiesmann et al.  1997 ). 

 Since the initial discovery of Flt-1, many stud-
ies have looked into the mechanism for VEGF 
signaling in vivo. Its strong binding affi nity with 
VEGF has enabled us to use Flt-1 as a biological 
“bait” to sequester VEGF.  

8.3     Identifi cation of the 
Delivery Vector 

 The current approved treatment for the neovas-
cularization in ARMD is injection of VEGF 
inhibitors to the vitreous. One limitation for this 
strategy is the need for recurrent injections 
(once every 4–6 weeks) into the eye of patients 

to maintain active VEGF suppression. Current 
research in this area focuses on (a) developing 
longer-term strategies for inhibition of VEGF 
and (b) effi cient therapeutic delivery to the eye 
without the need for direct intravitreal injec-
tions (e.g., intravenous- based therapies, oral 
therapies). 

 Gene therapy-based strategies are effective for 
longer-term expression of VEGF inhibitors. Two 
mechanisms currently exist for gene delivery: 
using viral vectors (e.g., adeno-associated virus 
or AAV) and nonviral systems. Several groups 
are developing AAV-based vectors for delivery of 
sFlt-1 (soluble Flt-1 receptor) to inhibit VEGF 
(Lai et al.  2012 ; Lukason et al.  2011 ). These stud-
ies have shown long-term inhibition of neovascu-
larization after a single subretinal or intravitreal 
injection of AAV-sFlt in nonhuman primate mod-
els of choroidal neovascularization. One disad-
vantage for using viral vectors is still the need for 
invasive subretinal or intravitreal injections. 

 We adopted a nonviral system for Flt-1 deliv-
ery to the eye. Specifi cally, we used poly(lactic-
co- glycolic acid) (PLGA) nanoparticles because 
of its several properties including (a) biodegrad-
ability and biocompatibility, (b) possibility to 
functionalize the nanoparticle to increase target 
cell specifi city, (c) protection of cargo from deg-
radation before reaching the target, and (d) PLGA 
nanoparticles that are already FDA approved for 
parenteral administration as drug delivery vehi-
cles (Danhier et al.  2012 ). 

 To add target specifi city of the PLGA nanopar-
ticles and enhance delivery of its cargo to certain 
cells, we functionalized the surface of these 
nanoparticles with a peptide sequence containing 
the RGD motif (arginine-glycine-aspartic acid) 
(Singh et al.  2009 ). It is known that the peptide 
GRGDSPK binds integrin alpha v beta-3 recep-
tors, which are commonly overexpressed in the 
blood vessels of patients with ARMD or diabetic 
retinopathy (Friedlander et al.  1996 ). We were 
able to show that intravenous administration of 
RGD-tagged PLGA nanoparticles containing 
Flt-1 was able to localize specifi cally to the neo-
vascular eye of a rat CNV model and inhibit pro-
gression of CNV (Singh et al.  2009 ). We extended 
our studies to other neovascularization models in 
murine and nonhuman primates and showed sim-
ilar results (see below) (Luo et al.  2013b ).  
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8.4     The Construct 

 Inhibiting VEGF intracellularly necessitates at 
least two prerequisites: (a) fi nding a molecule 
that binds VEGF at high affi nity and (b) a mole-
cule that has to be located intracellularly. The 
VEGF receptor-1 or VEGFR-1/Flt-1 was a good 
candidate because of its high binding affi nity to 
VEGF. However, Flt-1 is normally secreted from 
the cell. Therefore, we needed a strategy to keep 
Flt-1 inside the to bind and sequester VEGF. 

 Flt-1 is known to have seven domains. Of 
these, the fi rst domain contained the secretion sig-
nal sequence, the second and third domains are 
known to bind VEGF in nearly wild-type affi nity 
compared to the intact protein, and the fourth 
domain is also thought to help in VEGF binding. 
To prevent Flt-1 from being secreted, we made an 
N-terminal truncation mutation, removing domain 
1. Additionally, we engineered the truncated Flt-1 
to contain a C-terminal KDEL tag (Singh et al. 
 2005 ). The KDEL tag is a peptide sequence (Lys-
Asp-Glu-Leu) that binds endoplasmic reticulum 
receptors, preventing proteins containing this tag 
from being secreted (Lewis and Pelham  1990 ). 

 We initially tested two different constructs, 
Flt23K (Flt-1 domains 2 and 3 with KDEL tag) and 
Flt24K (Flt-1 domains 2, 3, and 4 with KDEL tag), 
for VEGF inhibition in vitro (Singh et al.  2005 ).  

8.5     In Vitro Data 

 We used a human cornea epithelial cell culture 
model to determine whether KDEL-tagged Flt23K 

and Flt24K are able to inhibit VEGF secretion. In 
this model, we are able to upregulate expression of 
VEGF by placing the cells in a hypoxic environ-
ment. Both constructs were able to remain intra-
cellularly, in close association with the endoplasmic 
reticulum. After overexpression of Flt23K or 
Flt24K, we showed that compared to Flt24K and 
control cell lines, Flt23K is able to signifi cantly 
reduce VEGF secretion from the cells. These 
results were promising, and we tested whether 
KDEL-tagged Flt23K is able to inhibit neovascu-
larization in in vivo animal models. We used the 
PLGA nanoparticles as vectors for Flt23K.  

8.6     The Tests and Results 

 Our overall strategy for VEGF inhibition in vivo 
used the Flt23K intraceptor loaded in RGD- 
functionalized PLGA nanoparticles (Fig.  8.1 ). First, 
we explored whether RGD-functionalized PLGA 
nanoparticles can specifi cally localize to CNV 
lesions with intravenous loading. Using a laser-
induced CNV mouse model with one eye laser 
treated and the other eye as the control, we intrave-
nously administered nanoparticles labeled with the 
Nile Red tracer with or without RGD. We showed 
that nanoparticles can specifi cally localize to the 
laser-treated eye but not to the control eye (Fig.  8.2 ).   

 We then proceeded to investigate whether 
active targeting of our nanoparticles by surface 
functionalization with RGD could enhance 
nanoparticle localization and ultimately 
gene delivery to CNV lesions. Using confocal 
 microscopy, we were able to compare relative 

  Fig. 8.1    Schematic representation of Flt23K plasmid 
loaded in PLGA nanoparticles. The surface of nanoparti-
cles has been conjugated with the peptide, RGD, which 

increases specifi city of the vector to target areas of neovas-
cularization (Reprinted with permission from Luo et al. 
( 2013a ,  b ). Copyright 2013 American Chemical Society)       
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Vehicle Blank NP Flt23K-NP RGD-Flt23K-NP

  Fig. 8.2    Intravenously administered RGD-functionalized 
nanoparticles are specifi cally delivered to laser-treated rat 
eyes. Nanoparticles were injected into the tail veins of 
Brown Norway (BN) rats 14 days after laser treatment of 
the right eye. Eyes were harvested 24 h after nanoparticle 
injection. Representative fl atmounts of laser-treated right 
eyes ( bottom row ) and control left eyes ( top row ) were 

imaged by confocal microscopy. Nanoparticles alone or 
nanoparticles loaded with the Flt23K plasmid showed min-
imal targeting to laser-treated eyes. However, nanoparticles 
functionalized with the RGD peptide loaded with Flt23K 
plasmid showed increased targeting to laser- treated eyes. 
Nanoparticles ( red, nile red  ( white arrows )), DAPI ( blue ) 
(Reproduced and modifi ed from Singh et al. ( 2009 ))       

R
G

D
-F

lt2
3K

-N
P

F
lt2

3K
-N

P

Red channel Green channel Blue channel Overlay

  Fig. 8.3    Flt23K expression in laser-treated rat eyes. 
Nanoparticles were injected into the tail veins of Brown 
Norway (BN) rats 14 days after laser treatment of the right 
eye. Eyes were harvested 24 h after nanoparticle injection. 
Representative fl atmounts of laser-treated right eyes injected 
with unconjugated Flt23K-plasmid-loaded nanoparticles 

(Flt23K-NP) and RGD-peptide-conjugated Flt23K-plasmid-
loaded nanoparticles (RGD-Flt23K-NP). Only the RGD- 
conjugated nanoparticles showed increased expression of 
Flt23K in the laser-treated eyes. Flt23K ( green , GFP), 
nanoparticles ( red, nile red  ( white arrows )), DAPI ( blue ) 
(Reproduced and modifi ed from Singh et al. ( 2009 ))       
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concentrations of Nile Red-labeled nanoparti-
cles and green fl uorescent protein-labeled 
Flt23K intraceptor, of both nonfunctionalized 
and functionalized nanoparticles. Our results 
show that functionalized nanoparticles increased 
localization and Flt23K expression to CNV 
lesions compared to nanoparticles that did not 
have RGD functionalization (Fig.  8.3 ).  

 Next, we assessed whether functionalized 
nanoparticles loaded with Flt23K were capable 
of reducing retinal and choroidal-RPE levels of 
VEGF in the laser-treated, neovascular eye. At 
baseline, laser-treated eyes had markedly ele-
vated VEGF levels when compared to control 
eyes as was expected. Targeted expression of 
Flt23K inhibited VEGF levels down to baseline 
levels comparable with the control eye (Fig.  8.4 ).  

 Finally, we wanted to test whether Flt23K- 
loaded nanoparticles are able to inhibit 
CNV. Using both histopathologic examination 
and FITC-dextran analysis of choroidal fl at-
mounts, we were able to quantify the areas of 
CNV lesions in each eye. We observed a signifi -
cant reduction in the area of CNV lesions in the 
laser-treated eyes treated with functionalized 
nanoparticles delivering Flt23K. These results 
suggest a possible therapeutic role for Flt23K 
loaded in RGD-functionalized PLGA nanoparti-
cles in the treatment of neovascular or wet 
ARMD (Fig.  8.5 ).  

 Having refi ned our method of Flt23K intra-
ceptor delivery and expression utilizing function-
alized nanoparticles and showing effi cacy at 
inhibiting laser-induced CNV, we further 
explored its potential therapeutic benefi ts in both 
a mouse and primate ARMD model. Specifi cally, 
we were interested in defi ning the role of our 
gene therapy strategy on (a) angiogenesis and 
fi brosis, (b) its safety profi le, and (c) exploring its 
therapeutic potential in restoring visual loss 
induced by CNV. 

 Current intravitreal injection protein-based 
therapies, although successful at reducing CNV- 
associated angiogenesis, are limited by their 
inability to address the concomitant fi brosis, 
which often accompanies CNV in the pathogen-
esis of ARMD. Thus, in addition to confi rming 
the ability of our particle to inhibit angiogenesis, 
we wanted to investigate its ability to inhibit 
fi brosis. Just as we had previously shown in rat, 
we were able to demonstrate that targeted expres-
sion of Flt23K using nanoparticles as a vector 
was able to reduce angiogenesis in murine and 
primate laser-induced models as evidenced by 
decreasing CNV surface volumes (Fig.  8.6 ). 
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  Fig. 8.4    Functionalized nanoparticles reduce ( a ) retinal 
and ( b ) choroidal-RPE vascular endothelial growth factor 
(VEGF) levels. On day 14 after choroidal neovasculariza-
tion (CNV) induction, the rats were administered one of 
the following treatments by injection into the tail vein: (1) 
vehicle, (2) naked Flt23K plasmid, (3) blank nanoparticles, 
(4) unconjugated Flt23K-plasmid-loaded nanoparticles 
(Flt23K-NP), and (5) RGD-peptide-conjugated Flt23K-
plasmid-loaded nanoparticles (RGD-Flt23K-NP). The rats 
were euthanized 48 h after nanoparticle injection. Neural 
retina and choroid-RPE were dissected, and VEGF levels 
were quantifi ed by sandwich enzyme-linked immunosor-
bent assay (ELISA). * P  < 0.05 as compared to vehicle, 
naked Flt23K, blank nanoparticles, and nonfunctionalized 
nanoparticle-treated groups (Reproduced and modifi ed 
from Singh et al. ( 2009 ))       
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We also showed that this strategy was able to sig-
nifi cantly reduce fi brosis in the same model 
(Fig.  8.6 ).  

 Although inhibition of CNV is important for 
decreasing disease burden, functional restoration 
of visual function is the ultimate goal for patients 
with ARMD. Unfortunately, with current intra-
vitreal therapy, many patients do not achieve sub-
stantial visual improvement, and up to a third of 
treated eyes progress to legal blindness (Rofagha 
et al.  2013 ). While laser-induced CNV models 
are widely used to study ARMD, they are limited 
due to the laser’s acute injury and retinal burnout, 
which results in no potential for recovery of 
visual function. Consequently, to investigate the 
role of Flt23K on visual restoration, we created a 
novel mouse model of ARMD. We induced neo-
vascularization in a mouse by targeting AAV 
 particles containing sFlt-1 shRNA to the retina. 

  Fig. 8.5    Functionalized nanoparticles reduce laser- 
induced choroidal neovascular area on histopathologic 
examination. On day 14 after choroidal neovascularization 
(CNV) induction, the rats were administered one of the fol-
lowing treatments intravenously: (1) vehicle, (2) naked 
Flt23K plasmid, (3) blank nanoparticles, (4) unconjugated 
Flt23K-plasmid- loaded nanoparticles (Flt23K-NP), and (5) 

RGD-peptide-conjugated Flt23K-plasmid- loaded nanopar-
ticles (RGD-Flt23K-NP). The rats were euthanized 2 weeks 
after nanoparticle injection. Only the RGD-Flt23K-NP 
group was able to decrease CNV area signifi cantly.  Astricks  
represents CNV lesions (Reproduced and modifi ed from 
Singh et al. ( 2009 ))       

  Fig. 8.6    RGD-functionalized nanoparticles loaded with 
Flt23K inhibit CNV and fi brosis. In the laser-induced 
CNV monkey model, the volumes of CNV lesions 
(  asterisk ), including neovessels (stained by perlecan) and 
fi brosis (stained by collagen I), signifi cantly decreased 
4 weeks after RGD.Flt23k.NR.NP treatment. (Reprinted 
with permission from Luo et al. ( 2013a ,  b ). Copyright 
2013 American Chemical Society)       
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By administering a subretinal injection of adeno- 
associated viral (AAV)-short hairpin RNA 
(shRNA) targeted against sFlt-1 (a naturally 
occurring inhibitor of VEGF inhibitor), we were 
able to create a reversible model of CNV with 
which we could test nanoparticle-delivered 
Flt23K. Following intravenous injection of 
nanoparticles loaded with Flt23K, we were able 
to observe progressive visual acuity improve-
ment of greater than 10 % in the eyes of the treat-
ment group (Fig.  8.7 ).  

 Lastly, we sought to defi ne the safety profi le of 
RGD.Flt23k.NR.NP. Analyzing the serum 1 day 
post IV administration, no quantifi able Nile Red 
was identifi ed, suggesting the amounts of nanopar-
ticles remaining in the bloodstream 24 h after 
injection was negligible. Additionally, at 30 days 
postinjection, although present in CNV lesions, no 
quantifi able amount of Nile Red was found in 
extraocular tissues including the kidney, lung, 
liver, and skin. Fundoscopic exam was also per-
formed to assess for the presence of ocular toxic-
ity, and the results showed no evidence of 
hemorrhage, infl ation, retinal detachment, or reti-
nal degeneration. H&E staining also failed to dem-
onstrate any retinal morphologic abnormalities. 

Finally, using TUNEL staining, we demonstrated 
the absence of retinal apoptosis outside the area of 
CNV lesions. 

 Inspired by the current limitations of intravit-
real injections in anti-VEGF therapy, we showed 
that nanoparticle-mediated delivery of Flt23K is 
able to inhibit ARMD-associated fi brosis and 
effectively restore CNV-associated vision loss 
while simultaneously maintaining a reassuring 
systemic and ocular safety profi le.  

8.7     Future Plans 

 Our recent studies have shown that intravenous 
injection of Flt23K loaded in surface- 
functionalized nanoparticles in rat, murine, and 
primate models of CNV is able to signifi cantly 
suppress choroidal neovascularization. We have 
also shown that this strategy is also effective in 
inhibition of fi brosis. Inhibition of fi brosis is an 
important clinical problem that is not currently 
addressed by current therapies. Although the 
mechanism is unclear, it is likely that suppression 
of fi brosis is through RGD-mediated inhibition 
of collagen production as previously reported 
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  Fig. 8.7    RGD-functionalized 
nanoparticles loaded with 
Flt23K improve vision. 
Optomotor tested vision 
function was partially restored 
after 4-week treatment with 
RGD.Flt23k.NR.NP but not 
with the vehicle or sham 
controls.  Astricks  represents 
CNV lesions (Reprinted with 
permission from Luo et al. 
( 2013a ,  b ). Copyright 2013 
American Chemical Society)       
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(Kotoh et al.  2004 ). Moreover, nanoparticle- 
based delivery of Flt23K in primates did not 
show any obvious acute toxicity issues. More 
studies need to be conducted to assess long-term 
toxicity issues. 

 As PLGA nanoparticles are already FDA 
approved as a nonviral drug delivery vector, it is 
our vision to conduct a Phase I clinical trial on 
the safety of RGD-functionalized nanoparticles 
loaded with Flt23K in humans. Our long-term 
vision for this strategy is to test whether it is suf-
fi cient to inhibit progression or regress neovascu-
larization in CNV and other pathologies including 
corneal neovascularization either as monotherapy 
or as an adjunct to current anti-VEGF therapies.     
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