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Abstract
Age-related macular degeneration (AMD) is one of the most common causes of central
vision loss among the elderly, yet treatment options remain extremely limited. The ‘wet’
form of AMD, characterized by choroidal neovascularization (CNV), is currently treated
with repeated intravitreal injections of anti-vascular endothelial growth factor (VEGF)
agents. However, intravitreal injections are associated with complications and long-term
inhibition of VEGF leads to macular atrophy. Thus, there is currently an unmet need for
the development of therapies for CNV that target molecules other than VEGF. We
describe nucleolin as a novel target for the ‘wet’ form of AMD. This study demonstrated
that when injected intravitreally, AS1411, a previously described G-quartet
oligonucleotide that has been shown to bind nucleolin and induce cellular senescence, colocalized with the site of laser-induced CNV and inhibited CNV formation in vivo.
Finally, topical application of AS1411 led to a reduction in CNV, making AS1411 an
intriguing potential therapeutic that targets a non-VEGF pathway and whose topical
application would negate any injection associated complications.

Another major limitation is that there currently is no treatment available for ‘dry’ AMD,
which accounts for 90% of all cases. To address this we developed novel soluble chimera
inhibitors of human complement, a portion of the immune system whose over-activation
is strongly linked to the development and progression of AMD. The chimera complement
inhibitors SACT (CD46-CD55-CD59) and DTAC (CD55-CD59) exhibited properties
similar to CD46, CD55 and CD59 or CD55 and CD59 respectively in vitro and prevented
human membrane attack complex (MAC) deposition on murine retinal pigment
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epithelium (RPE) in an ex vivo setting. Additionally, AAV-mediated expression of SACT
or DTAC protected murine liver vasculature from human MAC deposition in an in vivo
setting. Overall, SACT and DTAC merit further study as potential therapies for AMD
and other complement mediated disorders when delivered via a gene therapy approach.

An additional issue in treating AMD is the inability of potential therapeutically beneficial
macromolecules to penetrate the retina and readily cross the plasma membrane of retinal
cells. Utilizing AS1411 to target the nucleolin pathway and bypass endosomal
entrapment, we developed a platform technology for delivering exogenous proteins to the
retina and cornea.

Overall, this body of work furthers the field of ocular medicine by addressing each of the
aforementioned limitations in our current treatment of age-related macular degeneration.
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Chapter 1
Introduction
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1.1 Anatomy and Physiology of the Eye
The structure of the eye can be divided into two functional categories: non-retinal
portions that function to focus light and the retina that translates light into nerve signals.
The non-retinal portions include the cornea, the transparent front part of the eye that
accounts for two-thirds of the bending of light required for focusing, and the lens, which
accounts for the remaining third of focusing.

Figure 1. Anatomy of the eye
Illustrated cross section of the eye. The boxed region of the retina is enlarged to illustrate the retinal cell
layers.
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The retina is composed of three layers of nerve cell bodies and two layers of synapses
(Figure 1). The outer nuclear layer (ONL) is comprised of the cell bodies of the rod and
cone photoreceptors, which reside in the outer segments (OS) and inner segments (IS).
[1]. The outer segments (OS) contain photopigment, while the inner segments (IS)
contain the mitochondria and endoplasmic reticulum of the photoreceptors [1]. Rods,
which are more prevalent, are responsible for vision in dim light. Cones respond to bright
light and account for fine detail and color vision. The proportion of rods and cones varies
widely across the retina [2]. Peripheral retina contains a far larger number of rods, while
the central retina is cone-dominated [2]. In the central retina lies the anatomical macula,
which is only 5.5mm in diameter [1]. In the middle of the macula lies the fovea, a
.35mm-wide depression, containing only cones and is the retinal region of greatest visual
acuity [1].

The middle cell body layer of the retina, the inner nuclear layer (INL), contains the cell
bodies of the bipolar, horizontal, amacrine and interplexiform cells. These interneurons
process and transmit signals from the photoreceptor layer to the ganglion cell layer
(GCL).

The innermost cell body layer is the ganglion cell layer (GCL), which is comprised of the
cell bodies of the ganglion cells. The ganglion cells are responsible for transmitting visual
signals from the retina to the brain via the optic nerve.
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The outer plexiform layer (OPL) lies between the outer and inner nuclear layer and is
where the connection between the rods/cones and bipolar/horizontal cells occurs.

The inner plexiform layer (IPL), which lies between the inner nuclear layer and ganglion
cell layer, is where bipolar cells synapse with the ganglion cells.

Additionally, four types of glial cells are found in the retina: Müller cells, microglia,
astrocytes and oligodrocytes [1]. Müller cells, whose cell bodies reside in the INL, are the
main glial cells of the retina. They contain extensions spanning from the inner limiting
membrane to the outer limiting membrane and form a series of junctional complexes.
Müller cells play an essential role in maintaining the local environment of the retina.
Microglia are phagocytic cells found in small numbers in the nerve fiber layer. Astrocytes
are found in the inner most retina and act to support ganglion cells and nerve fiber
function.

The retinal pigment epithelium (RPE) is the outermost layer of the retina consisting of
pigmented cuboidal cells that are attached to the choroidal layer. The main function of
the RPE is supportive in nature [3]. Tight junctions between RPE cells form the outer
blood-retina barrier, which acts to separate the choriocapillaris from the photoreceptors
[4]. This selective barrier helps to control the extracellular environment of the outer
retina, thereby maintaining its function. RPE is differentiated into apical and basal
configurations [3]. The apical side of the RPE contains long microvilli that extend up
between the outer segments of the photoreceptors, while the basal side contains
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convoluted infolds that increase the cellular surface area for absorption and secretion [3].
The RPE produces a variety of growth factors, including platelet-derived growth factor
(PDGF), which is involved in cell growth and healing, pigment epithelium-derived factor
(PEDF), which is a neuroprotectant and vascular inhibitor, transforming growth factor
(TGF), which modulates inflammation and other immune regulating compounds, and
vascular endothelial growth factor (VEGF), which stimulates normal and pathological
neovascularization [5]. Additionally, the RPE is essential in disposing of photoreceptor
outer segments, retinoid metabolism and capturing and concentrating vitamin A from the
bloodstream [6].

The Bruch’s membrane is a thin (2-4μm) elastin- and collagen rich connective tissue
located between the RPE and choroid [7]. It is composed of 5 layers: the basement
membrane of the choriocapillaris, an outer collagenous layer, central elastic layer, an
inner collagenous layer and the basement membrane of the RPE [7]. The primary
functions of this membrane include regulating the diffusion of biomolecules and nutrients
between the choroid and RPE, providing physical support for RPE cell adhesion and
acting as a barrier to restrict retinal and choroidal cellular migration [7].

The underlying choroid is the vascular layer of the eye. It receives 80% of blood flow to
the eye, compared with 15% to the iris/ciliary body and 5% to the retina [1]. Haller’s
layer is the outermost layer of the choroid consists of large diameter blood vessels. The
next outermost layer is Sattler’s layer, which contains medium diameter blood vessels.
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The choriocapillaris is a layer of capillaries that lies directly beneath the Bruch’s
membrane.

1.2 Age-Related Macular Degeneration
Epidemiology
Age-related macular degeneration (AMD) is one of the leading causes of central vision
loss in developed nations among individuals >65 years of age and is responsible for
~46% of cases of several vision loss in persons >40 years old in the United States [8, 9].
AMD involves the pathologic degeneration of the macula. Onset typically occurs after
the age of 50 and its prevalence increases with age, with advanced AMD more common
in persons 75 years of age and older and rare before the age of 55 [8]. In 2002, the WHO
estimated that 14 million people worldwide were blind or severely vision impaired due to
AMD (8.7% of all cases) [10]. In 2000, 1.75 million individuals 40 years and older in the
United States alone were estimated to suffer from advanced AMD (geographic
atrophy/choroidal neovascularization), with the number of affected expected to rise to
almost 3 million by 2020 [11]. Additionally, an estimated 7.3 million Americans have
high-risk features of AMD (drusen ≥125μm) in one or both eyes [11]. This is important
since visual impairment is associated with increased risk of falls, fall-related injuries,
depression, social isolation and poorer overall health [12, 13]. In addition to negatively
impacting quality of life, visual impairment and blindness puts a large economic burden
on the US healthcare system, with the total annual cost among individuals >40 estimated
at $5.5 billion [14, 15].
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Pathogenesis
There are two major forms of age-related macular degeneration (AMD); nonexudative
(‘dry’) AMD and exudative or neovascular (‘wet’) AMD (Figure 2). ‘Dry’ AMD
accounts for approximately 90% of all cases of AMD, while ‘wet’ AMD accounts for the
remaining 10% of cases [16]. The earliest clinical manifestation of AMD is the
development of drusen, which are small, yellow, extracellular deposits located inside the
Bruch’s membrane and beneath the retinal pigment epithelium (RPE) (Figure 2B).
Drusen contains lipids, amyloids, complement factors and additional cellular components
[17]. Drusen can be hard, soft or crystalline. Unlike small, hard drusen, which are found
in almost all people over the age of 50, larger soft drusen are associated with vision loss
[16]. Drusen deposition results in physical displacement of the RPE and photoreceptors
and activation of the immune system resulting in local inflammation. Additionally, the
accumulation of drusen alters the composition and permeability of the Bruch’s membrane
resulting in impaired diffusion of waste products from and nutrients including oxygen
and vitamin A to the RPE. This leads to impairment of RPE cell function, which is a
crucial feature of early/intermediate AMD. Pigmentary abnormalities in the macula, the
development of hyperpigmentation followed by hypopigmentation are clinical hallmarks
of intermediate ‘dry’ AMD. Death of RPE cells results in patchy depigmentation due to
hypertrophy of neighboring RPE resulting in the dilution of pigmentation. As the disease
advances patients display a loss of RPE and thinning of the photoreceptor layer in the
macula. The loss of RPE and thinning of the photoreceptor layer leads to the death of
surrounding tissue and retinal atrophy, a process referred to as geographic atrophy [7].
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This late manifestation of ‘dry’ AMD is clinically characterized by areas of
depigmentation revealing the underlying choroidal vasculature.

Figure 2. Age-related macular degeneration (AMD). Illustrated depiction of A) normal retina, B)‘dry’
AMD and C) ‘wet’ AMD.
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‘Wet’ AMD is characterized by choroidal neovascularization (CNV), the growth of
abnormal blood vessels from the choroid underneath the macula (Figure 2C). Endothelial
cells grow through breaks in the Bruch’s membrane and form vessels beneath the RPE
(type I CNV) or between the RPE and photoreceptors (type II CNV) [18]. CNV results
from over activity of pro-angiogenic signaling (VEGF) and/or decreased anti-angiogenic
signaling (PEDF) [19-21]. The newly formed vasculature is prone to fluid leakage and
results in the accumulation of proteins and lipids. Eventually CNV results in a
fibrovascular ‘disciform’ scar that results in severe vision loss.

Current Treatment Options
‘Dry’ AMD
There is currently no proven therapy that stops the progression of ‘dry’ AMD. Vitamin
supplementation, dietary modification and cessation of smoking, however, have been
shown to slow the progression of the disease. The use of antioxidant vitamins, lutein,
zeaxanthin and zinc for patients with intermediate AMD reduces the progression toward
more advanced stages by ~25% at 5 years post-initiation of treatment [22, 23]. The use of
this combination of antioxidant vitamins and minerals did not, however, reduce the
progression from early to intermediate stage AMD.

‘Wet’ AMD
Elevated levels of vascular endothelial growth factors (VEGF) have been documented in
eyes of patients with the ‘wet’ form of AMD and VEGF appears to play a pivotal role in
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‘wet’ AMD[19-21]. As a result, anti-VEGF therapies have become the first-line therapy
for treating ‘wet’ AMD [24].

Pegaptanib sodium (Macugen) is an aptamer comprised of a RNA oligonucleotide
(28nts) covalently linked to a polyethylene glycol moiety that binds and inhibits
VEGF165 and larger isoforms of VEGF-A [25]. It was the first anti-VEGF agent
available for treating ‘wet’ AMD and intravitreal injection of pegaptanib sodium reduced
the loss of visual acuity [25, 26]. Unlike other anti-VEGF agents, pegaptanib sodium was
not shown to improve visual acuity for patients with ‘wet’ AMD; hence it is rarely used
in current clinical practice.

Ranibizumab (Lucentis) is a recombinant, humanized immunoglobulin G1 kappa isotype
therapeutic antibody fragment that binds to and inhibits all isoforms of VEGF-A [27].
The FDA has approved intravitreal injection of ranibizumab for the treatment of all
subtypes of ‘wet’ AMD. Patients are administered 0.5mg of ranibizumab via intravitreal
injection every month for three injections, followed by injections every 4-12 weeks
thereafter. The MARINA trial reported that after one-year of treatment with ranibizumab
patients not only lost less visual acuity from baseline compared to sham injections but a
quarter to a third of the patients demonstrated an improvement in vision [27].

Currently, bevacizumab (Avastin), a full length humanized monoclonal antibody that
binds all isoforms of VEGF, is commonly used off-label in the treatment of ‘wet’ AMD.
Bevacizumab was demonstrated to improve visual acuity to a greater extent than
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pegaptanib sodium and was associated with fewer side effects [28]. Additionally,
outcomes for bevacizumab and ranibzumab were similar, with both improving visual
acuity compared to placebo [29]. Treatment with bevacizumab, however, is far less
expressive than with ranibizumab ($50 compared to $1950 per injection), contributing to
its increased clinical use [30, 31].

Aflibercept (Eylea), a recombinant fusion protein that prevents binding to and activation
of VEGF receptors, is the most recent anti-VEGF therapeutic approved by the FDA[32].
Aflibercept has been shown to be equivalent in efficacy to ranibizumab [32].

Photodynamic therapy (PDT) with verteporfin and thermal laser photocoagulation were
the first FDA approved treatments for ‘wet’ AMD. The use of both has sharply declined
since the introduction of the more effective anti-VEGF therapeutics. Currently,
photodynamic therapy (PDT) with verteporfin and thermal laser photocoagulation are
sometimes utilized in ‘wet’ AMD cases that are unresponsive to anti-VEGF therapeutics
[33].

Limitations in Treating AMD
While initially beneficial, over a longer time period anti-VEGF therapy may not continue
to benefit patients [34]. Long-term follow-up studies suggest that gains in visual acuity
are largely lost in two-thirds of patients 7 years post-treatment with anti-VEGF agents
[35]. Additionally, recent clinical studies confirm prior studies in animals suggesting that
long-term inhibition of VEGF is deleterious to the retina [36-40]. Specifically, an anti-
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VEGF mediated regression of CNV can lead to macular atrophy [40]. This observation is
not surprising given that VEGF is involved in a large variety of cellular processes,
including maintenance of tissue homeostasis [41]. Delivery of VEGF-inhibitors to the
eye can also lead to systemic complications in some individuals due to anti-VEGF
antibodies traveling from the ocular compartment into systemic circulation [42-44].
Thus, there is currently an unmet need for the development of inhibitors of CNV that
target molecules other than VEGF.

An additional issue with current ‘wet’ AMD treatments is that anti-VEGF antibodies
need to be injected into the ocular compartment via intravitreal injection every four to
twelve weeks [45]. Repeated intravitreal injections are associated with endophthalmitis,
retinal detachment and increased intraocular pressure [46]. Although the frequency of
these complications is relatively low per injection, these frequencies become relevant
over the lifetime of the patient. Moreover, given that AMD affects primarily an aged
population, the relatively high frequency of intraocular injections negatively impacts
patient compliance [47]. Hence, there is also an unmet need for a mechanism of drug
delivery for anti-CNV agents that is less invasive than intravitreal injections.

A third major limitation is the lack of any therapeutic for the treatment of ‘dry’ AMD.
AMD is a chronic disease that can take years to advance to a point where visual
impairment is clinically evident. Hence, development of a therapeutic to halt or even
slow the progression of ‘dry’ AMD would have a significant impact on advanced AMD
prevalence, patient quality of life and overall healthcare expenditures.
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Additionally, the inability of potential therapeutically beneficial macromolecules to
penetrate the retina and readily cross the plasma membrane of retinal cells is another
major hurdle limiting the treatment of AMD. Currently, the efficient delivery of
therapeutic proteins into ocular tissue is limited to the use of recombinant viruses
delivering DNA expression cassettes. Continuous expression of certain therapeutic
proteins can lead to deleterious side effects due to an inability to control dosing.

This body of work aims to further the field of ocular medicine by addressing each of the
aforementioned limitations.
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Chapter 2
Intravitreal and Topical Administration of a G-Quartet
Aptamer Targeting Nucleolin Attenuates Choroidal
Neovascularization in a Model of Age-Related Macular
Degeneration
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2.1 Abstract
Choroidal neovascularization (CNV) associated with the ‘wet’ form of age-related
macular degeneration (AMD) is one of the most common causes of central vision loss
among the elderly. The ‘wet’ form of AMD is currently treated by intravitreal delivery of
anti-VEGF agents. However, intravitreal injections are associated with complications
and long-term inhibition of VEGF leads to macular atrophy. Thus, there is currently an
unmet need for the development of therapies for CNV that target molecules other than
VEGF. Here, we describe nucleolin as a novel target for the ‘wet’ form of AMD.
Nucleolin was found on the surface of endothelial cells that migrate from the choroid into
the subretinal space in the laser-induced model of ‘wet’ AMD. AS1411 is a previously
described G-quartet oligonucleotide that has been shown to bind nucleolin. We found
that AS1411 inhibited the formation of tubes by human umbilical vein endothelial cells
(HUVECs) by approximately 27.4% in vitro. AS1411 co-localized with the site of laserinduced CNV in vivo. Intravitreally injected AS1411 inhibited laser-induced CNV by
37.6% and attenuated infiltration of macrophages by 40.3%. Finally, topical application
of AS1411 led to a 43.4% reduction in CNV. Our observations have potential
implications for the development of therapies for CNV and specifically for the ‘wet’ form
of AMD.
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2.2 Introduction

Age-related macular degeneration (AMD) is one of the leading causes of central vision
loss in developed nations [8]. An advanced form of AMD known as ‘wet’ AMD involves
the growth of new blood vessels from the choroid into the subretinal space (choroidal
neovascularization or CNV) [reviewed in [7]]. These new blood vessels are generally
immature and hence leak fluids into the retina, causing macular edema [reviewed in [7]].
CNV in AMD patients is associated with an elevation of vascular endothelial growth
factor (VEGF) and thus, anti-VEGF antibodies including ranibizumab and bevacizumab
are the current standard of care for the treatment of ‘wet’ AMD [19-21, 48]. However, as
discussed in Chapter 1, anti-VEGF antibodies need to be injected into the ocular
compartment via intravitreal injection every four to twelve weeks [45].

Repeated

intravitreal injections are associated with endophthalmitis, retinal detachment and
increased intraocular pressure [46]. Although the frequency of these complications is
relatively low per injection, these frequencies become relevant over the lifetime of the
patient. Moreover, given that AMD affects primarily an aged population, the relatively
high frequency of intraocular injections negatively impacts patient compliance [47].

Recent clinical studies confirm prior studies in animals suggesting that long-term
inhibition of VEGF is deleterious to the retina [36-40]. Specifically, an anti-VEGF
mediated regression of CNV can lead to macular atrophy [40]. This observation is not
surprising given that VEGF is involved in a large variety of cellular processes including
maintenance of tissue homeostasis [41]. Delivery of VEGF-inhibitors to the eye can also
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lead to systemic complications in some individuals due to anti-VEGF antibodies traveling
from the ocular compartment into systemic circulation [42-44]. Thus, there is currently
an unmet need for the development of inhibitors of CNV that target molecules other than
VEGF. There is also an unmet need for a mechanism of drug delivery for anti-CNV
agents that is less invasive than intravitreal injections.

Laser-induced choroidal neovascularization (CNV) model of ‘wet’ AMD
The most commonly used animal model for the ‘wet’ form of AMD is laser-induced
CNV. This model was first described in 1979 using primates and was later adapted to
mice and rats [49, 50]. In this model, a laser burn of the Bruch’s membrane causes a
local elevation of VEGF and a subsequent migration of endothelial cells from the choroid
into the subretinal space, features observed in ‘wet’ AMD patients [reviewed in [51]].
The laser-induced CNV murine model, however, is limited due to the absence of a
defined macula in mice and due to the fact that it is generated with a wound-healing
reaction causing it to rely heavily on inflammation [51]. Despite these limitations, this
model of ‘wet’ AMD is widely used for the testing and development of novel inhibitors
of CNV. We therefore utilized this laser-induced murine model in determining whether
surface

nucleolin

is

a

potential

non-VEGF

therapeutic

target

in

choroidal

neovascularization.

Surface nucleolin as a therapeutic target in ‘wet’ AMD
Nucleolin is a ubiquitously expressed RNA and protein-binding protein involved in
numerous cellular activities, including rRNA maturation, ribosome assembly, mRNA
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metabolism, DNA replication and recombination [52]. Nucleolin is implicated in many
aspects of cell survival and proliferation and has been shown to be stable in proliferating
cells, but undergoes self-cleavage in quiescent cells [53, 54]. Additionally, depletion of
nucleolin affects spindle assembly [55].

Despite being a nuclear and cytoplasmic protein, nucleolin is also found on the surface of
various cancer cells [52, 56, 57]. Surface nucleolin serves as a receptor for various
growth factors such as midkine and lactoferrin [58, 59]. Interestingly, surface nucleolin is
also present on endothelial cells undergoing angiogenesis [60]. The targeting of surface
nucleolin with nucleolin-binding antibody NCL3 was found to inhibit angiogenesis and
resulted in normalization of tumor vasculature in an in vivo matrigel plug model [61].
Pseudopeptide HB-19, which binds cell surface nucleolin, was also shown to inhibit
angiogenesis [62]. Additionally, a 34-amino acid peptide, F3, which selectively binds
surface nucleolin, inhibited angiogenesis in implanted matrigel plugs [60]. Taken
together these findings support surface nucleolin as an anti-angiogenic target.

An additional ligand for surface nucleolin is endostatin, a fragment of the basement
membrane component collagen XVIII, whose anti-angiogenic properties are dependent
on surface nucleolin binding [63]. Application of the laser-induced choroidal
neovascularization model to endostatin knockout mice demonstrated 3-fold larger CNV
lesions in the knockouts compared to controls [64]. This raises the possibility that surface

18

nucleolin is present on endothelial cells during choroidal neovascularization and
therapeutics targeting surface nucleolin may inhibit angiogenesis.

AS1411: a g-quartet that targets surface nucleolin
In our studies, we targeted surface nucleolin with AS1411, a G-quartet quadruplex DNA
aptamer formed from single strand G-rich phosphodiester oligonucleotides (Figure
3)[65]. AS1411 has been found to have various anti-proliferative effects, including cell
cycle arrest of cancer cells via binding to cell surface nucleolin [reviewed in [66]].
Binding of AS1411 to cell surface nucleolin leads to internalization and subsequent
inhibition of DNA replication [67]. AS1411 offers clear advantages over other surface
nucleolin targeting molecules in that is has already been found to be well-tolerated by
patients during its extensive clinical trials as a potential chemotherapeutic [68].
Additionally, AS1411 has a half-life in plasma and whole blood of two days, making it
an extremely stable therapeutic [69]. Aptamers, such as AS1411, offer additional
advantages over antibodies commonly used as clinical therapeutics, including low
immunogenicity, long shelf life due to their stability and markedly less inter-batch
variability [69]. Additionally, the smaller size of aptamers may allow for better tissue
penetration [69]. The smaller size of aptamers, also, raises the possibility that topical
application of AS1411 may be able to penetrate the cornea and attenuate laser-induced
CNV.
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Figure 3. Representation of AS1411 g-quartet dimer

We wished to test the hypothesis that nucleolin is expressed on the surface of endothelial
cells migrating from the choroid into the subretinal space following laser-induced injury.
We also wished to test the hypothesis that AS1411 may inhibit the formation of such
CNV when delivered to the intravitreal compartment. Finally, we wished to test the
hypothesis that topical application of AS1411 to the ocular surface may also inhibit laserinduced CNV. If successful, our studies will have identified a drug target not previously
implicated in an animal model of AMD. Equally important, our results will address the
clinically relevant need of development of drugs that can inhibit CNV without the need
for an invasive intravitreal injection.
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2.3 Materials and Methods
2.3.1 Materials
Oligodeoxynucelotides AS1411, 5’-GGTGGTGGTGGTTGTGGTGGTGGTGG-3’, and
inactive control oligonucleotide CRO, 5’-CCTCCTCCTCCTTCTCCTCCTCCTCC-3′
were synthesized by the Tufts Core DNA Synthesis facility (Tufts University, Boston,
MA). AlexaFluro594 labeled AS1411, 5’-FL-AS1411, and AlexaFluro594 labeled CRO,
5’-FL-CRO, were purchased from Invitrogen and used for localization studies. All
oligonucleotides were dissolved in nuclease free water.

2.3.2 Endothelial Tube Formation Assay
Tube formation assays were completed according to the Endothelial Tube Formation
Assay (In Vitro Angiogenesis) protocol as per manufacture’s instructions (Life
Technologies Corporation, Carlsbad, CA). 4.5 x 104 HUVECs were seeded per well of a
24-well plate on GeltrexTM (Reduced Growth Factor Basement Membrane Matrix, Life
Technologies Corporation, Carlsbad, CA) coated wells. Incubations were performed by
adding CRO or AS1411 to 200PRF/LSGS medium to a final concentration of 500nM.
200PRF/LSGS medium was used as a positive control. 18 hours post-incubation,
microscopic images of each well were captured (IX51, Olympus, Center Valley, PA) and
the number of master junctions, master segments and meshes determined using the
“HUVEC angiogenesis analyzer plugin” for ImageJ software.
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2.3.3 Intravitreal/Subretinal Injections
All animal studies were conducted in accordance with ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. This study was approved by the Tufts
University Institutional Animal Care and Use Committee. C57BL/6J (Jackson
Laboratories) were maintained in accordance with federal, state and local regulations.
Six- to ten-week old mice were anesthetized via an intraperitoneal injection of
ketamine/xylazine mixture. Intravitreal and subretinal injections were performed using a
32-gauge needle attached to a 5μl syringe (Hamilton, Reno, NV) to deliver a 1μl
injection.

2.3.4 Laser-Induced Choroidal Neovascularization
Laser-induced CNV was performed as described by us previously [70]. Briefly, mice
were sedated with an intraperitoneal injection of ketamine (0.1g/kg)/xylazine (0.01g/kg)
and pupils were dilated with one drop of 2.5% phenylephrine HCl (Bausch & Lomb
Incorporate, Tampa, FL) and one drop of 1% Tropicamide (Bausch & Lomb Incorporate,
Tampa, FL) per eye. To minimize corneal injury, one drop of 2.5% Hypromellolose
(Goniovisc, Wellhead UK) was used and a coverslip attached. Four laser spots were
created per eye at a spot size of 75μm in diameter, 150mW power and 100ms pulse time
using an argon laser (532nm, IRIS Medical Light Solutions, IRIDEM, IRIDEX,
Mountain View, CA).
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2.3.5 Topical Application of Aptamers
1 nmole of AS1411 or CRO was diluted in 0.9% NaCl to a total volume of 20μl. A total
of 20μl of the diluted AS1411, CRO or 0.9% NaCl (empty vehicle control) was
administered per eye one day prior to laser treatment and every subsequent 24hrs until the
mice were sacrificed on day 7 post-laser injury.

2.3.6 GSL-I Lectin and Nucleolin Staining
Mice were sacrificed by CO2 inhalation, followed by cervical dislocation. Optic nerve,
cornea, lens, iris and retina were removed and the posterior eyecups (RPE/sclera/choroid)
were fixed overnight in 4% paraformaldehyde. Following fixation, eyecups were
incubated at 37°C in 2.5 mg/ml BSA in PBS for 30 minutes. Eyecups were then
incubated at 37°C in 100 mg/ml FITC-conjugated Griffonia Simplicifolia Lectin I (GSL-I,
isolection B4, Vector Labs) in PBS for one hour. For nucleolin staining, eyecups were
blocked in 6% normal goat serum for 30 minutes and then incubated with nucleolin
antibody (NB600-241, Novus Biologicals, Littleton, CO)(1:50 dilution). Cy3 goat antirabbit (1:200) was used for 1 hour at room temperature for secondary detection.

2.3.7 Measurement of laser spot size and statistics
Images were captured using an Olympus IX51 microscope and Image J (National
Institutes of Health; Bethesda, MD, USA) software was used to quantify fluorescence.
Statistical analysis was done with the use of Prism 5 (GraphPad Software Inc, La Jolle,
CA).

23

2.4 Results

AS1411 attenuates the formation of tubes by HUVECs in vitro
Prior to the formation of CNV, endothelial cells migrate from the choroid into the
subretinal space and form neovascular membranes in response to elevated levels of
cytokines such as VEGF [71]. In order to determine whether AS1411 can inhibit
endothelial cell migration and tube formation in vitro, we utilized the human umbilical
vein endothelial cell (HUVEC) tube formation assay, a widely used model of in vitro
angiogenesis. HUVEC cells were incubated with AS1411 or a negative control aptamer
CRO at a concentration of 500nM and the formation of master junctions, master
segments and meshes was determined 20 hours post incubation using the ‘HUVEC
angiogenesis analyzer’ plugin for Image J. Media lacking CRO or AS1411 was used as
an additional negative control. We determined a significant reduction in all three
parameters for HUVECs incubated with AS1411 relative to CRO. Specifically, HUVECs
incubated with AS1411 exhibited a 30.96%±6.78% (p=0.0038); 24.26%±6.95%
(p=0.013) and 27.04%±9.36% (p=0.0277) reduction in the number of master junctions,
master segments and meshes respectively (Figure 4A-D). We conclude that AS1411
attenuates the formation of tubes by HUVECs in vitro.
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Figure 4. AS1411 attenuates the formation of tubes by HUVECs in vitro A) Representative phase
contrast images of tubes formed in the absence of supplements (negative control) or in the presence of
250nM of CRO or 250nM of AS1411. B-D) Quantification of mean number of master segments, master
junctions and number of meshes formed in the presence of AS1411 or CRO. Studies were performed twice
in duplicate and statistical significance was determined using two-tailed unpaired t-test.

25

Cell surface nucleolin is expressed in laser-induced CNV
AS1411 has been found to bind nucleolin receptors on the cell membrane, and to be
preferentially taken up by cells expressing high levels of surface nucleolin [67]. While
surface nucleolin expression has been reported on proliferating endothelial cells of
tumor- or matrigel induced angiogenic vessels, expression on ‘active’ endothelial cells of
the retina or choroid have not been previously reported [72]. We investigated the
expression of cell surface nucleolin on migrating endothelial cells post-laser injury.
Specifically, we utilized an argon laser to generate 4 laser burns in the Bruch’s membrane
of 6 week old C57BL/6J mice and harvested their eyecups four days post-laser injury and
stained for endothelial cells using GSL-1 lectin or cell surface nucleolin using an antinucleolin antibody. As expected, GSL-I strongly stained the surface of cells at the center
of the CNV lesion (Fig. 5A). Co-staining of eyecups with an antibody against nucleolin
demonstrated co-localization of GSL-I and nucleolin. A z-series of the CNV lesion
further confirmed the co-localization of the two stains (Fig. 5B). Additionally, confocal
microscopy confirmed that the nucleolin stain was present on the cell surface of the
endothelial cells and not detecting cytoplasmic or nuclear nucleolin. We conclude that
nucleolin is expressed on the surface of migrating endothelial cells in the laser-induced
model of ‘wet’ AMD.
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Figure 5. Cell surface nucleolin is expressed in laser-induced CNV A) Representative images of murine
eyecup harvested at 4 days post-laser captured with an inverted microscope. B) Representative confocal
images from a z-series of murine eyecup harvested at 4 days post-laser. Eyecups were stained for
endothelial cell infiltration with GSL-I (green) and for surface nucleolin (red). Co-localization of signal
(yellow) was determined by overlaying the two stains. N=15 spots (5 eyes).
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AS1411 localizes to the site of laser-induced CNV
In order to determine whether AS1411 may target cells within a CNV in vivo, 0.2 nmol of
Alexa594 conjugated AS1411 (FL-AS1411) or a negative control aptamer (FL-CRO) was
injected into the vitreous of mice at 4 days post-laser injury. Eyecups were harvested 2
hours post-injection and stained for endothelial cells using FITC-labeled GSL-I. Analysis
of Alexa594 fluorescence indicated a marked increase in fluorescence in the region of the
GSL-I stained CNV lesion in those eyes injected with FL-AS1411 relative to those
injected with FL-CRO (Figure 6A). Quantification of the average Alexa594 fluorescence
intensity in the CNV lesions of injected eyes demonstrated a 4.47±0.69 fold increase
(p<0.0001) in intensity in FL-AS1411 injected mice relative to that of FL-CRO injected
mice (Figure 6B). We conclude that AS1411 localizes to migrating endothelial cells in
the laser-induced model of CNV.
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Figure 6. AS1411 localizes to the site of laser-induced CNV A) Representative images of GSL-I stained
CNV in a mouse eye intravitreally injected with 0.2 nmoles of FL-AS1411 or FL-CRO at day 4 post laser
and harvested two hours post injection. B) Quantification of fluorescent signal per CNV area for FL-CRO
(32 spots/10 eyes) and FL-AS1411 (34 spots/10 eyes) injected eyes (****p<0.0001) [two-tailed unpaired ttest].
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Intravitreal injection of AS1411 attenuates laser-induced CNV
The aptamer AS1411 is known to bind to cell surface nucleolin, which in turn transports
it to the nucleus and induces cell senescence [67]. Since we found both increased
expression of cell surface nucleolin as well as localization of intravitreally injected
AS1411 to the site of laser-induced CNV, we hypothesized that AS1411 may be an
effective inhibitor of CNV through inhibition of endothelial cell proliferation. To assess
the potential of AS1411 as an anti-angiogenic agent immediately following laser injury,
mice were injected in the vitreous with 1μl of PBS containing either 0.2 nmol of AS1411
or 0.2nmol of CRO or PBS only. 7 days following laser injury, eyecups were harvested
and stained with GSL-I. GSL-I staining indicated a reduction in CNV size in AS1411
injected eyecups relative to those injected with either CRO or PBS (Figure 7A).
Specifically, measurement of the area of GSL-I positive staining indicated a
30.87±14.32% reduction (p=0.0335) and a 37.61±12.63% reduction (p=0.0035) in the
size of CNV lesions in eyes injected with AS1411 relative to eyes injected with PBS or
CRO respectively (Figure 7B). Additionally, no significant difference in the size of CNV
lesions was noted between CRO injected eyes relative to those injected with PBS
(p=0.57). We conclude that intravitreal injection of AS1411 following laser injury
attenuates choroidal neovascularization in the laser-induced model of ‘wet’ AMD and
that this effect is not due to a non-specific response to oligonucleotides.
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Figure 7. Intravitreal injection of AS1411 attenuates laser-induced CNV A) Representative images of
GSL-I stained CNV at day 7 post laser in a mouse eye intravitreally injected with PBS; 0.2 nmoles of CRO
or 0.2 nmoles of AS1411 immediately following laser. B) Mean values ± SEM of CNV area of PBS
injected eyes (32 laser spots/10 eyes); CRO injected eyes (60 laser spots/20 eyes) or AS1411 injected eyes
(65 laser spots/20 eyes; *p=0.0335; **p=0.0035) [two-tailed unpaired t-test]

Intravitreal injection of AS1411 reduces infiltration of macrophages following laserinduced CNV
Elevated levels of macrophages are present in the eyes of AMD patients as well as at the
site of laser induced CNV [73]. Depletion of macrophages in the laser-induced model of
‘wet’ AMD results in an attenuation of CNV [73-75]. Expression of cell surface nucleolin
has been documented on monocytes and macrophages [76].
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We hypothesized that

AS1411 may impact the number of macrophages infiltrating the site of laser-induced
injury in this model of ‘wet’ AMD.

Figure 8. Intravitreal injection of AS1411 reduces infiltration of macrophages following laserinduced CNV A) Representative laser-induced CNV spots in murine eyecups stained with an antibody
against the macrophage marker F4/80 in eyes intravitreally injected with 0.2 nmole CRO or 0.2 nmole
AS1411. B) Quantification of the area of F4/80 staining indicated a significant reduction (40.3%±19.8%,
p=0.0485) in the area of macrophage staining in laser-induced CNV spots of eyes injected with 0.2 nmole
of AS1411 (24 laser spots/6 eyes) relative to those injected with 0.2 nmole of CRO (17 laser spots/6 eyes)
[two-tailed unpaired t-test].

Hence, we stained laser-induced CNV lesions of eyes injected with either AS1411 or
CRO with an antibody against murine F4/80, a marker for macrophages (Figure 8A). The
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average area of F4/80 staining observed in mice injected with AS1411 was
41689±6711μm2 relative to 69840±13459μm2 in mice injected with CRO, resulting in a
40.3%±19.8% (p=0.0485) reduction in the area of macrophage infiltration (Figure 8B).
We conclude that AS1411 directly or indirectly inhibits macrophage infiltration in the
murine laser-induced model of ‘wet’ AMD.

Topical application of AS1411 attenuates laser-induced CNV
The current standard of care for delivery of anti-VEGF molecules to the eye involves the
use of an intravitreal injection [45].

As mentioned above, intravitreal injection is

associated with a variety of complications, including patient discomfort and reduced
compliance [77]. Hence, we wished to examine whether AS1411 may act as an inhibitor
of CNV in vivo when delivered via topical application to the eye. We applied 1nmol of
AS1411 or CRO or normal saline buffer once daily for eight days topically to the eye,
initiating one day prior to laser-induced injury. Posterior eyecups were harvested on day
7 post-laser injury and stained with GSL-I (Figure 9A). The average size of CNV lesions
was 14909±1995μm2 in eyes treated topically with AS1411, 26325±3494μm2 in eyes
treated topically with CRO and 28200±2991μm2 in saline treated eyes (Figure 9B).
Topical treatment with AS1411, therefore, resulted in a 47.15%±12.58% (p=0.0003) and
43.37%±15.57% (p=0.0066) reduction in CNV size relative to saline treated or CRO
treated eyes, respectively (Figure 9B). CNV size between saline and CRO treated eyes
was not significantly different (p=0.6893). We conclude that topical application of
AS1411 inhibits laser-induced CNV in a murine model of ‘wet’ AMD.
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Figure 9. Topical application of AS1411 attenuates laser-induced CNV A) Representative images of
GSL-I stained CNV at day 7 post laser in a mouse eye topically treated one day prior to and 7 days post
laser with 0.9% NaCl; 1 nmol CRO or 1 nmol AS1411. B) Mean values ± SEM of CNV area of eyes
topically treated daily with 0.9% NaCl (39 laser spots/12 eyes); 1 nmol CRO (45 laser spots/13 eyes) or 1
nmol AS1411 (42 laser spots/12 eyes). (**p=0.0066; ***p=0.0003) [two-tailed unpaired t-test]
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2.5 Discussion
This is the first study to examine the potential efficacy of a G-quartet aptamer targeting
nucleolin in an animal model of ‘wet’ AMD. We found that expression of nucleolin is
elevated on endothelial cells migrating in response to laser-induced injury and that
AS1411 co-localizes with nucleolin in vivo at the site of laser injury. Intravitreal delivery
of AS1411 inhibited laser-induced CNV and infiltration of macrophages. Importantly,
topical application of AS1411 also attenuated laser induced CNV. Our results have
potential implications for the treatment of ‘wet’ AMD and possibly other ocular diseases
involving choroidal neovascularization.

Due to the mounting evidence that VEGF plays a critical role in retinal homeostasis, one
motivation for this study was to identify a therapeutic that did not directly target VEGF.
While anti-VEGF therapeutics can prevent loss of vision for a significant proportion of
‘wet’ AMD patients, recent evidence from clinical studies indicates that long-term
inhibition of endogenous VEGF negatively influences the ocular architecture and
exacerbates macular degeneration [39, 40]. Prior studies indicate that chronic inhibition
of VEGF-A in normal adult rats results in a significant loss of retinal ganglion cells and
targeted deletion of VEGF-A in adult mice results in a profound loss of vision [36, 37].

A direct comparison between current anti-VEGF treatments and intravitreal injection of
AS1411 is not possible, since both bevacizumab and ranibizumab are species specific and
have been shown to be ineffective in the murine laser model of CNV [78]. Additionally,
pegaptanib sodium, an aptamer targeting VEGF, did not show any therapeutic effect in
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the murine laser-induced model of CNV [78]. Unlike these anti-VEGF therapies, AS1411
acts through nucleolin, which exhibits a high degree of evolutionary conservation,
allowing for cross species function of the aptamer [79]. Internalization of AS1411 by
human cells expressing surface nucleolin, including MCF7, HeLa and DU145 cell lines,
was shown to be significantly greater compared to Hs27 and MCF10a cell lines, that lack
surface nucleolin [reviewed in [66]].

Our studies were also motivated by the current limitations associated with local
administration of therapeutics for the treatment of ‘wet’ AMD via intravitreal injection
every 4 to 12 weeks [45]. Each injection carries a risk for retinal detachment, hemorrhage
and endophthalmitis [46]. Sustained elevation in intraocular pressure in normotensive
eyes following intravitreal injections was noted to occur in patients treated with
bevacizumab at <8 week intervals and intravitreal injections of ranibizumab and
bevacizumab have been associated with ocular inflammation [80, 81]. Unlike some
monoclonal antibodies associated with allergic infusion reactions, DNA aptamers, such
as AS1411, are not significantly immunogenic, minimizing the risk of such a reaction
[82]. The significant burden placed on patients receiving injections every 4-12 weeks
causes a reduction in quality of life and coupled with increased incidence of depression
among this population can lead to decreased compliance [47]. A therapeutic that could be
administered noninvasively by the patient would overcome many of the issues associated
with intraocular injections.
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Due to this unmet need, the potential for inhibition of CNV through topically delivered
drugs has been examined previously [83-86]. In our studies, we found an approximate
45% reduction in CNV when 1nmol (8.5μg) of AS1411 was applied once daily one day
prior and 7 days post-laser treatment. When 86μg aganirsen, an antisense oligonucleotide
that inhibits insulin receptor substrate (IRS)-1 expression, was topically applied two days
prior and 14 days post-laser treatment, it was observed to result in almost complete
inhibition of high grade laser-induced CNV in African green monkeys [83]. A nicotinic
acetylcholine receptor antagonist, mecamylamine, was reported to reduce laser-induced
CNV by 35% when topically applied twice daily at 100μg over the course of 7-14 days
[84]. Topical application of 50ng of vasostatin three times daily for 21 days was also
shown to reduce laser-induced CNV by approximately 50% in rats [85]. Additionally, we
have recently found that topical application of 80ng of PPADS, a P2X receptor
antagonist, once daily for 3 days post-laser treatment resulted in a 40% reduction in laserinduced CNV [86]. We envisage that AS1411 may offer some unique advantages over
other molecules in that it has already gone through clinical trials as a potential
chemotherapeutic and was found to be well-tolerated in patients enrolled in a phase II
trial in whom it was administered intravenously at 40mg/kg/day over 1-4 days [68].
Another advantage of AS1411 is that DNA aptamers have a low immunogenicity and
synthesis of DNA aptamers is cost effective, reducing batch variability and potential viral
or bacterial contamination associated with therapeutic antibody production [82]. While
future studies examining the pharmacokinetic and toxicity profile of AS1411 will be
required, in this study we have provided proof of concept that nucleolin is a target worthy
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of further investigation and that AS1411 has potential as a future treatment of AMD and
possibly other ocular diseases involving choroidal neovascularization.
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Chapter 3
Creation and Characterization of SACT and DTAC:
Engineered Proteins that Combine the Complement
Inhibitory Properties of CD46, CD55 and CD59
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3.1 Abstract
As discussed in Chapter 1, there is currently no treatment available for ‘dry’ age-related
macular degeneration (AMD). Development of novel therapeutics is of crucial
importance, since ‘dry’ AMD accounts for approximately 90% of all cases of AMD. A
growing body of evidence supports abhorrent complement activation as playing a crucial
role in the development and progression of the disease. Variants among complement
component genes have been identified as major susceptibility loci for the development of
AMD and lower than normal levels of complement inhibitors have been documented in
individuals suffering from advanced ‘dry’ AMD. This makes the complement system an
intriguing target for therapeutic intervention. Previously, we have found that independent
expression of potent membrane bound complement inhibitors CD46, CD55 or CD59 thru
gene transfer protect murine tissues against human complement mediated attack.
Additionally, we have shown that expression of a solubilized version of CD59 via a gene
therapy approach attenuated choroidal neovascularization in the murine laser-induced
‘wet’ AMD model.

Herein, we investigated the potential of combining the complement regulatory properties
of CD46, CD55 or CD59 into novel recombinant molecules. We described for the first
time a novel non-membrane associated recombinant molecule, SACT, that exhibits the
combinatorial properties of CD46, CD55 and CD59. We also described DTAC that
combines the combinatorial properties of CD55 and CD59. Each of these molecules were
found to exhibit properties consistent with their modular structures and each of these
molecules were potent inhibitors of activation of complement in vitro.
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3.2 Introduction
The Complement System
The complement system is the humoral component of the innate immune system
responsible for inactivating invading pathogens and maintaining tissue homeostasis [87].
Due to its potency, the complement system is tightly regulated by a variety of soluble and
membrane bound inhibitors of complement [87, 88].

Inappropriate activation of

complement has been associated with a wide variety of inherited and acquired diseases,
including autoimmune, inflammatory, hematological, neurodegenerative, cancer,
ischemia/ reperfusion injuries, organ transplantation and sepsis (reviewed in [88-90]).
Furthermore, foreign surfaces present in biomaterials such as medical implants,
hemodialysis filters and gene delivery systems trigger activation of complement [89].
While acute activation of complement occurs in diseases such as sepsis or transplant
rejection, the majority of disorders associated with activation of complement are chronic,
e.g. age related macular degeneration (AMD), paroxysmal nocturnal hemoglobinuria or
rheumatoid arthritis [88]. Many of the chronic diseases involving complement are caused
by deficiencies in regulators of complement [88]. These deficiencies are primarily of the
alternative pathway, but can also involve the classical pathway, such as in hereditary
angioedema or systemic lupus erythematosus (SLE) [91].

There are three pathways of complement activation: 1) the classical pathway 2) the lectin
pathway 3) the alternative pathway (Figure 10). Initiators of the classical pathway include
immune complexes, apoptotic cells, certain viruses and gram-negative bacteria, while
microbes with terminal mannose groups activate the lectin pathway[92]. Many bacteria,
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fungi, viruses and tumor cells act as activators of the alternative pathway [92]. Unlike the
other pathways, the alternative pathway is continuously in a low-level state of activation
(‘tickover’) due to spontaneous hydrolysis of C3 into C3a and C3b fragments [93].
Additionally, the alternative pathway acts as an amplification mechanism that is activated
following the activation of the classical and lectin pathways.

Figure 10. The Complement System
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All three activation pathways converge to create C3 convertase, an enzyme that cleaves
C3. The cleavage of C3 produces C3a and C3b. C3a is an anaphylatoxin that leads to
chemotaxis and activation of leukocytes and increases microvasculature permeability
[94]. C3b aids in opsonization by covalently attaching to cellular surfaces and acts to
stimulate the adaptive immune system. Additionally, C3b binds to Factor B and Factor B
is then cleaved by Factor D. The larger fragment of Factor B (Bb) remains bound to C3b
forming the alternative pathway C3 convertase (C3bBb) [93]. This convertase is able to
cleave additional C3, thereby amplifying complement activation.

Once the alternative C3 convertase enzyme is formed on the cell surface, it can
covalently bind an additional C3b to form the alternative pathway C5 convertase enzyme
(C3bBbC3bP) [93]. C5 convertase cleaves C5 into C5a, a potent anaphylatoxin, and C5b,
the starting point of the terminal complement cascade [94].

Following deposition on the cell membrane, C5b recruits complement components C6,
C7 and C8 to form an intermediate C5b-8 complex. The C5b-8 complex then recruits
multiple copies of C9 that polymerize to form a hydrophilic pore known as the membrane
attack complex (MAC) [93]. MAC deposition in the plasma membrane of cells results in
a disruption in osmotic balance leading to cellular lysis.
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Regulators of complement activation
Almost half of the proteins of the complement system are involved in regulation of the
cascade [88]. These complement regulators can be soluble or membrane bound. Soluble
inhibitors include C1-inhibitor, Factor I, Factor H, C4b-binding protein and
Carboxypeptidase N [88]. Membrane bound complement regulators include CD55
(DAF), CD35 (CR1) and CD46 (MCP), which share a common structural motif; short
consensus repeats (SCRs) consisting of around 60 amino acids held together by two
disulfide bonds formed between cysteine residues [95].

CD46 is a widely distributed 60kDAa transmembrane protein containing 4 SCR domains
followed by a highly glycosylated STP region [96]. It is present on all human cells and
tissues with the exception of erythrocytes and acts as a cofactor for Factor I mediated
cleavage of C3b and C4b, thereby limiting C3-convertase levels (Figure 11) [97].

CD55 is a 70-80kDa glycophosphatidyl-inositol (GPI)-anchored glycoprotein with 4
SCRs followed by a heavily glycosylated region rich in Serine, Threonine, Proline resides
(STP) [98]. CD55 inhibits the formation of and accelerates the decay of the classical and
alternative pathways C3 convertase (Figure 11) [99].

An additional membrane complement inhibitor is CD59, a small 19kDa GPI-anchored
membrane protein that is expressed on almost all cells in the body. Mature CD59
contains a single 77amino acid chain containing 10 cysteine resides which form 5 intrachain disulfide bonds [100]. CD59 prevents the assembly of MAC by inhibiting C9
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incorporation into the C5b-8 complex. As such, CD59 is the sole membrane regulator of
the terminal pathway.

Figure 11. Membrane bound inhibitors of complement

Complement over-activation in age-related macular degeneration
As with the majority of diseases, age-related macular degeneration (AMD) is
multifactorial, involving both genetic and environmental factors. Twin studies revealed
that AMD has a relatively high heritability of between 45%-70% [101]. Variants among
complement component genes have been identified as major susceptibility loci for the
development of AMD. Specifically, a single nucleotide polymorphism in the
Complement Factor H (CFH) gene (rs1061170, T>C) has been shown to confer
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significantly increased risk of AMD [102-105]. A single copy of the “C” risk allele was
associated with an increased risk of AMD odds ratio of 2.4-4.6, while two copies of the
risk allele had an odds ratio of 3.3-7.4. An additional polymorphism in CFH (R1210C)
has also been shown to be associated with early onset of AMD [106]. In general,
approximately 50% of patients that suffer from AMD have polymorphisms in the
Complement Factor H [104].

Individuals that are homozygous for a Y402H

polymorphism in CFH have approximately 70% more MAC in their choroidal blood
vessels and retinal pigment epithelium (RPE) [107]. Five polymorphisms in Complement
Factor H-related gene 5 (CFHR5) have also been associated with increased AMD risk
[108]. Additional risk modifying polymorphisms in complement Factor B (CFB32Q,
rs641153), C3 (C3102G, rs2230199) and Complement Factor I (CFI) (rs4698775) have
been identified [109-111]. Interestingly, a commonly occurring polymorphism in C9 in
the Japanese population prevents those individuals from efficiently assembling MAC and
is protective against the progression of AMD, suggesting that inactivation of complement
may be a viable avenue for treatment of this disease [112].

The importance of complement over-activation in AMD is further supported by clinical
studies. Evidence suggests that complement activation is augmented in retinal tissue with
age [113]. Additionally, drusen, the hallmark of AMD, contains almost all of the
complement proteins, including regulatory proteins, products of complement system
activation and members of the terminal pathway [17]. Individuals with an advanced form
of AMD known as geographic atrophy have reduced levels of complement inhibitors on
their RPE [114].
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Animal studies further highlight the critical role that complement plays in age-related
macular degeneration. MAC has been shown to induce the release of beta-fibroblast
growth factor (βFGF), vascular endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF), key regulators of ‘wet’ AMD pathogenesis [115, 116].
Additionally C3a and C5a were found to induce VEGF expression in the mouse RPE in
vitro and in vivo [117]. Adenovirus overexpression of murine C3 was also shown to
produce significant functional and anatomical changes similar to those occurring in
AMD, including blood vessel leakiness, endothelial cell proliferation and reduced cone
and rod function [118]. Taken together there is a strong body of evidence supporting
complement over activation in the development and progression of AMD.

All the evidence supporting the critical role of complement raises the possibility that
inhibiting this pathway may slow or halt the progression of AMD. This assertion is
supported by a series of animal studies, all of which utilized the laser-induced CNV
model, since no murine model for ‘dry’ AMD is currently available. Interestingly,
pharmacological depletion of C3 or utilization of a C3 knockout mice resulted in reduced
development of CNV [116]. Similarly, C5 knockout mice also displayed significantly
reduced CNV formation [119]. Previously, we have shown that a solubilized form of
CD59 attenuated laser-induced CNV when delivered via a gene therapy approach [70].
These studies highlight the potential therapeutic benefit that complement inhibition may
offer in treating AMD.
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Previously, we have found that CD59, CD46 or CD55 expressed separately on the
surface of murine cells can protect those cells from human complement mediated damage
[120-122].

Each of the above molecules target a different component of activated

complement. The goals of the current study were to examine if a single molecule
containing all of the disparate properties of CD55, CD46 and CD59 or the combinatorial
properties of CD55 and CD59 could be created.
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3.3 Materials and Methods
3.3.1 Cell Lines
Hepa1c1c7 and HEK293 cell lines were obtained from ATCC and maintained in αMEM
and DMEM, respectively, supplemented with 10% FBS. The human embryonic
retinoblast, 911, cell line was maintained in DMEM supplemented with 10% FBS [123].
Cell culture reagents were purchased from Invitrogen Life Technologies and cells were
maintained in a humidified incubator at 37°C with 5% CO2.

3.3.2 Structure and synthesis of SACT and DTAC
A cDNA was synthesized by GenScript (Piscataway,NJ) to encode the Soluble Active
Complement Terminator (SACT) which contains the sequence encoding the human
CD59 (ATCC cat. 10658204) secretory peptide followed by the coding sequence for
amino acids 34-296 of human CD46 (ATCC cat. 7491463) encoding the four SCR
domains of CD46 [96]. The human CD46 sequence is attached via a sequence encoding a
five glycine linker to a sequence encoding amino acids 33-356 of human CD55 (ATCC
cat. 5830488) which comprise the SCR domains and STP region of CD55 [98]. An
additional sequence encoding a five glycine linker attaches the STP region of CD55 to a
sequence encoding the 76 amino acid functional domain of human CD59. A cDNA
encoding the Dual Terminator of Active Complement (DTAC) was also synthesized by
GenScript to contain the sequence encoding the human CD59 secretory peptide followed
by the coding sequence for amino acids 33-356 of human CD55 (as described above).
The sequence encoding the STP region of CD55 sequence was attached via a sequence
encoding a five glycine linker to a sequence encoding the 76 amino acid functional
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domain of human CD59. The cDNAs encoding SACT and DTAC were cloned into the
XhoI and EcoRV sites of pAAVCAG, a modified version of pAAV-MCS (Stratagene)
containing a chicken β-actin promoter/CMVenhancer (CAG) and a rabbit globin
polyadenylation signal (generously provided by C. Cepko and Matsuda), to generate
pAAV2CAGSACT and pAAV2CAGDTAC, respectively.

3.3.3 Structure and Synthesis of STAC
A cDNA encoding the was synthesized full length STAC sequence was synthesized by
Genscript (Piscataway, NJ). The N-terminus of STAC contains the human CD59 (ATCC
cat. 10658204) including start codon and secretory signal peptide, while lacking the
sequence for the C-terminal 26aa, which comprise the signal sequence for attachment of
the GPI anchor. The sequence encoding amino acids 34 through 333 of human CD46
(ATCC cat. 7491463), which comprise the four SCR domains was attached via a fiveglycine linker to the C-terminus of CD59 [96]. The sequence encoding amino acids 34
through 355 of human CD55 (ATCC cat. 5830488), which comprise the SCR domains
and the STP region, was attached via a five-glycine linker to the C-terminus of the fourth
SCR of CD46 [98]. Two stop codons (TGA) were added in tandem to the C-terminus.
The full length STAC cDNA was cloned into pShCAG, a replication-deficient
recombinant human serotype 5 adenovirus vector containing a chicken β-actin
promoter/CMVenhancer (CAG) and a rabbit globin polyaddenylation signal, using XhoI
and EcoRV to generate pShCAGSTAC [124].
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3.3.4 Western Blot Analyses
The human embryonic retinoblast, 911, cell line was transfected with pAAV2CAGDTAC,
pAAV2CAGSACT or pAAV2CAGGFP using Lipofectamine 2000 as per manufacture’s
protocol (Invitrogen). 72 hours post-transfection, media was collected, centrifuged and
electrophoresed on a 10% Tris-HCl gel and proteins subsequently transfered to a
nitrocellulose membrane, probed with a mouse anti-human CD46 antibody (MEM258,
Serotec) at a dilution of 1:10,000; a goat anti-human CD55 antibody (AF2009, R&D
systems, Minneapolis MN) at a dilution of 1:20,000 or a rabbit anti-human CD59
antibody (ab124396, Abcam) at a dilution of 1:5,000. An IRDye linked secondary
antibody was used followed by detection with the Odyssey Li-Cor System (Li-Cor
Biosciences, Lincoln NB).

3.3.5 Complement Assays with Hepa1c1c7 cells
For FACS analyses, hepa1c1c7 cells were plated in αMEM/2% FBS without phenol red
at 50% confluency. After 3 days, the hepa1c1c7 cells were collected by trypsinization
(0.25% EDTA) and resuspended in 1X phosphate-buffered saline (PBS) containing 0.5%
FBS. 5x105 cells were centrifuged at 1200RPM/4°C and resuspended in 500μl of media
from 911 cells transfected with pDTAC, pSACT or pGFP. Normal human serum (NHS;
Complement Technology, Tyler, TX) or heat-inactivated (hi; 56°C for 1 hour) NHS was
added to each sample to a final concentration of 1% and samples were incubated with
constant rotary motion at 37°C for 1 hour. Cell lysis was determined using the propidium
iodide (PI) exclusion method. 1μl of PI (2mg/ml) was added to each sample and 25,000
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cells were counted by FACS (FACS Calibur) for PI uptake (CellQuest Pro software,
Becton Dickinson).

For in vitro MAC deposition, 35,000 hepa1c1c7 cells were seeded per well of an 8 well
chamber slide (Becton Dickinson) in αMEM/2% FBS. 24 hours later, media was
removed and the cells were washed three times with 1XPBS and cells incubated with
10% NHS or hiNHS resuspended in media from 911 cells transfected with either pDTAC,
pSACT or pGFP for 10 minutes at 37°C. Cells were then washed twice with cold 1XPBS
and then fixed for 15 minutes with 3.7% formaldehyde. Cells were stained for MAC
deposition as described below.

3.3.6 Hemolytic Assays
Sensitized sheep erythrocytes (Complement Technology) were washed twice with
Gelatin Veronal Buffer (GVB2+) and suspended to a concentration of 5 x 108 cells/ml.
25μl of erythrocyte suspension was used per reaction. 125μl of media from either pGFP-,
pDTAC- or pSACT-transfected 911 cells containing NHS to a final concentration of
0.3% was added to the erythrocyte suspension. Following an hour incubation at 37°C,
erythrocytes were centrifuged (500xg for 4 minutes at 4°C) and absorbance of the
supernatant was read at 405nm (Filter Max F5 multi-mode microplate reader, Molecular
Devices; Sunnyvale, CA).

For CD55 blocking assays, media from either pGFP-, pDTAC- or pSACT-transfected
911 cells that had been incubated with or without anti-CD55 antibody (ab33111, Abcam;
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Boston, MA) at room temperature for 30 min was added to the erythrocytes along with
0.3% NHS. After a 1-hour incubation at 37°C, supernatant was collected and absorbance
was read as above.

For C9-incorporation assays, suspended erythrocytes were incubated with 0.1% C9depleted serum (Complement Technology) for 1-hour at 37°C to permit formation of the
C5b-8 complex. After washing twice with GVB2+, media from either pGFP-, pDTAC- or
pSACT-transfected 911 cells that had been pre-incubated on ice for 30 minutes in the
presence or absence of 0.04μg/ml C9 (Complement Technology) was added. Following a
30-minute incubation at 37°C, samples were centrifuged and absorbance was determined,
as described [125]. All hemolytic assays were normalized to the lysis of erythrocytes in
media from pGFP-transfected cells (set at 100% lysis).

3.3.7 Factor I Cofactor Activity
In vitro cofactor activity was assayed as described previously [126]. Media from either
pGFP-, pDTAC- or pSACT-transfected 911 cells was incubated with 3μg of C3b, plus
100ng of factor I in a total volume of 20μl at 37°C for 4 hours. Reactions were terminated
by adding 5μl of SDS-PAGE sample buffer containing mercaptoethanol and boiling.
C3b reaction products were analyzed by Western blot using a 10% SDS-PAGE gel. After
transfer, membrane was probed with polyclonal goat anti-human C3 (A213, Complement
Technology) at a dilution of 1:1,000. Data was normalized using the signal intensity of
the uncleaved β chain of C3b.
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3.3.8 Degradation of Alternative Pathway C3 Convertase
Microtiter plates were coated with 0.1% agarose in water and allowed to dry for 36 hours
at 37°C, after which the wells were blocked with 1% bovine serum albumin in PBS for 2
hours at room temperature as described previously [125]. NHS diluted in Mg2+EGTA
was added to the agarose-coated plate and incubated at 37°C for 1 hour. Following
washing, media from either pGFP-, pDTAC- or pSACT-transfected 911 cells was added
to the plate after which the plates were incubated at 37 °C for 1 hour. Factor B remaining
bound to the plate was then detected using a factor B (A235, Complement Technologies)
specific antibody followed by HRP-conjugated secondary antibody.

3.3.9 Immunohistochemistry
To detect MAC deposition on hepa1c1c7 cells, cells were incubated for 2.5 hours at room
temperature with mouse anti-human C5b-9 (1:100) (ab66768, Abcam, Cambridge MA) in
0.05% triton containing 6% normal goat serum (NGS). Cy3 conjugated goat anti mouse
(1:200) in 0.05% triton containing 3% NGS for 1 hour at room temperature was used for
secondary detection.
Images were captured using an Olympus IX51 microscope and Image J software was
used to quantify fluorescence. Raw fluorescence units were measure and background for
each image was subtracted.

All statistical analyses were performed using Prism Software 5.0a (GraphPad Software
Inc., La Jolla, CA, USA).
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3.4 Results
Synthesis of SACT and DTAC
We generated a plasmid containing an expression cassette for what is heretofore referred
to as Soluble Active Complement Terminator (SACT). SACT is comprised of an
engineered DNA sequence designed to express a protein composed of the 4 short
consensus repeat (SCR) domains of human CD46 separated by a polyglycine linker from
the 4 SCR domains and serine/threonine (S/T)-rich region of human CD55. An additional
polyglycine linker separates the S/T-rich region of CD55 from the functional domain
(amino acids 1-76) of human CD59 (Figure 12A). The N-terminus of SACT contains a
secretory signal derived from the native human CD59. The membrane-spanning domain
of CD46 and the signals for attachment of a GPI-anchor to each of CD55 and CD59 were
not included in the recombinant protein such that unlike its individual components,
SACT would not anchor to the plasma membrane (Figure 12A).

Due to the concern that SACT may not fold and hence function correctly, we also
generated a smaller recombinant protein that is heretofore referred to as Dual Terminator
of Active Complement (DTAC), a protein engineered to contain the 4 SCR domains and
S/T-rich region of human CD55 separated by a poly glycine linker from the functional
domain (as described above) of human CD59. As for SACT, DTAC contains the
secretory peptide of human CD59 (Figure 12A). DTAC was also rendered membraneindependent by omission of CD55 and CD59 signal peptides for attachment of a GPIanchor.
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As we wished to express SACT in vivo using a gene therapy approach, a cDNA encoding
SACT was inserted into the plasmid, pAAVCAG, containing adeno-associated virus
serotype 2 (AAV2) inverted terminal repeats to generate pSACT [70]. As a negative
control, we utilized the same construct devoid of the SACT cDNA, referred to as
pAAVCAG. A cDNA encoding DTAC was inserted into pAAVCAG for expression from
an AAV2 virus, generating pDTAC.

SACT and DTAC are secreted proteins
The predicted molecular weight of SACT and DTAC proteins are 76 kDa and 47 kDa
respectively (Serial Cloner 2.6.1; Serial Basic Software). SACT retains three of the Nlinked glycosylation sites of CD46 and both SACT and DTAC retain one N-linked and
three O-linked glycosylation sites of CD55 [98, 127]. These modifications are predicted
to increase the molecular weight of DTAC by ~29kDa [127] and SACT by ~37kDa
(8kDa+29kDa) [98], to yield recombinant proteins of 76kDa and 113kDa, respectively.
Western blot analyses of media from pSACT-transfected human embryonic 911
retinoblasts (HER) probed with antibodies against either CD46, CD55 or CD59 indicated
a protein band of approximately 110 kDa, which is consistent with the predicted
molecular weight of glycosylated SACT. As expected, this band was absent in media
from pGFP or pDTAC transfected cells (Figure 12B)[123]. Similarly, western blot
analyses of pDTAC-transfected cells probed with the above antibodies indicated the
presence of a ~76 kDa band, consistent with the predicted molecular weight of
glycosylated DTAC. As expected, this band was absent in media from cells transfected
with pGFP or pSACT (Figure 12B). As expected, the 76kDa protein is only observed
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when probed with antibodies against CD55 and CD59 and shows no reactivity to
antibody against CD46 (Figure 12B). We conclude that SACT and DTAC are secreted,
contain the expected combination of complement regulatory domains and glycosylation
sites.

Figure 12. Structure and expression of SACT and DTAC
A) Schematic of the structure of the human membrane-associated complement regulators, CD46, CD55 and
CD59 and the soluble recombinant proteins, SACT and DTAC. Both CD55 and CD46 each contain four
short consensus repeat (SCR) domains and a serine/threonine (S/T) rich region. The SCR and S/T domains
are sites of N- and O-linked glycosylation, respectively. CD46 inserts in the membrane via a hydrophobic
domain, while CD55 and CD59 each attach to the membrane via a glycophosphatidylinositol (GPI) anchor.
CD59 contains a short functional unit of 76 amino acids. Both SACT and DTAC contain the 4 SCR
domains and the S/T-rich region of human CD55 separated by a poly glycine linker from the functional
domain of human CD59. SACT additionally contains the 4 SCR domains of human CD46 at the Nterminus separated by a polyglycine linker from the SCRs of CD55. Both SACT and DTAC contain a
secretory signal derived from human CD59. The membrane-spanning domain of CD46 and the signals for
attachment of a GPI-anchor to each of CD55 and CD59 were not included in the recombinant proteins. B)
Western blot showing media from cells transfected with pDTAC, pGFP or pSACT probed with antibodies
against CD46, CD55 and CD59.
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SACT acts as a co-factor for Factor I mediated cleavage of C3b
Spontaneous ‘tickover’ of the alternative pathway of the complement system results in
the formation of C3b on cell surfaces [93]. The amount of C3b present is regulated by
proteolytic cleavage of C3b by the serine protease Factor I. Factor I cleaves the 104 kDa
α’ chain of C3b into inactivated 67 kDa iC3bH and 42 kDa iC3bL chains respectively
(Figure 13A) [97]. CD46 functions as a co-factor for Factor I, thus accelerating the
formation of iC3bH and iC3bL, although it has been shown that Factor I alone can cleave
C3b. In order to examine whether SACT exhibits cofactor properties similar to CD46, we
incubated 3 μg of C3b in media prepared from 911 cells transfected with either pSACT,
pDTAC or pGFP. Incubations were performed in the presence or absence of 100ng
Factor I [70]. The relative amount of 104 kDa α’ chain of C3b remaining after 4 hours of
incubation was examined by quantitative western blot using a polyclonal anti-C3
antibody (Figure 13B). The uncleaved  chain of C3b was used to normalize the data.
Media from pSACT-transfected cells containing C3b and Factor I led to a 51.8±10.5%
(p=0.007) reduction in the amount of the 104 kDa α’ chain of C3b relative to media from
pGFP-transfected cells containing C3b and Factor I, and a 46.2±4.8% (p=0.0007)
reduction relative to media from pDTAC-transfected cells containing C3b and Factor I
(Figure 13C). There was no significant difference (p=0.34) between the amount of 104
kDa α’ chain of C3b exposed to the media of pGFP and pDTAC transfected cells
containing C3b and Factor I, as expected (Figure 13C). We conclude that similar to
CD46, SACT can act as a cofactor for Factor I mediated cleavage of C3b.
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Figure 13. SACT acts as a co-factor for Factor I mediated cleavage of C3b
A) Schematic of Factor I cleavage of C3b. C3b consists of two polypeptide chains (α’ and ), joined by a
disulfide linkage. Factor I mediates cleavage of the 104kDa α’ chain into the inactive fragments, iC3bH and
iC3bL. B) Western blot of purified C3b incubated in media from cells transfected with either pSACT,
pDTAC or pGFP in the presence or absence of Factor I and probed with an antibody against C3 confirms
increased cleavage of the α’ chain in the presence of media from cells transfected with pSACT relative to
that occurring in the presence of either pGFP or pDTAC. C) Quantification of western blot data showing a
51.8±10.5% (p=0.007) and 46.2±4.8% (p=0.0007) reduction in the amount of the α’ chain of C3b in media
from pSACT-transfected cells containing C3b and Factor I relative to media from pGFP-transfected cells
and pDTAC-transfected cells containing C3b and Factor I, respectively. Note: signal intensities for the α’
chain were normalized to the signal intensity of the β chain. Experiment was performed independently
three times.
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SACT and DTAC accelerate degradation of the C3-convertase
Binding of Factor B to membrane associated C3b results in the formation of the C3
convertase [93].

CD55 can both prevent binding of Factor B to C3b, and cause

dissociation of Factor B from C3b, thereby reducing the amount of C3 convertase
available for further activation of complement (Figure 14A)[93].

Figure 14. SACT and DTAC accelerate degradation of C3 convertase
A) Schematic of CD55 dissociation of factor B binding to C3b to accelerate degradation of the C3
convertase. B) Quantification of immunostaining of Factor B binding to agarose-bound C3b using an
antibody against Factor B shows that media from pDTAC- or pSACT-transfected cells resulted in a
16.1±6.4% (p=0.0214, n=11) and 16.8±6.1% (p=0.0127, n=11) reduction in C3b-bound Factor B,
respectively, relative to media from pGFP-transfected cells (n=10). Note: Factor B binding is presented as
% staining relative to the average staining intensity of Factor B bound to C3b in the presence of media from
pGFP-transfected cells. Experiment was repeated twice independently. C) Quantification of human
complement-mediated lysis of sheep erythrocytes incubated with media from cells transfected with either
pDTAC or pSACT in the presence or absence of CD55 blocking antibody. A significant reduction in
protection against cell lysis is observed for both DTAC and SACT in the presence of antibody. Experiment
was conducted twice in triplicate.

In order to determine whether SACT or DTAC could dissociate Factor B from C3b, thus
reducing C3 convertase activity, we quantified the amount of Factor B remaining in
association with C3b immobilized on agarose when incubated in the presence of SACT
or DTAC. Agarose-coated microtiter plates were incubated with normal human serum
(NHS) in the presence of Mg2+EGTA to allow formation of the alternative pathway C3
convertase. The wells were subsequently incubated with media from either pSACT-,
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pDTAC- or pGFP- transfected 911 cells. The amount of Factor B associated with the
agarose-bound C3b after 1 hour at 37ºC was determined by antibody staining for Factor
B following several washes to remove unbound Factor B. Quantification of Factor B
staining indicated that relative to media from pGFP- transfected 911 cells, media from
pDTAC- or pSACT-transfected cells resulted in a 16.1±6.4% (p=0.0214) and 16.8±6.1%
(p=0.0127) reduction in C3b-bound Factor B, respectively (Figure 14B). We conclude
that similar to CD55, DTAC and SACT accelerate the decay of the C3 convertase.

A CD55 blocking antibody reduces the ability of SACT and DTAC to protect
against complement-mediated cell lysis
Although the effects of SACT and DTAC on degradation of C3-convertase are
comparable to those observed for native complement inhibitors using this assay [125], the
low level of reduction in C3-convertase by STAC and DTAC relative to the control led
us to further validate function of the CD55-derived SCRs using a CD55-blocking
hemolytic assay. We quantified human complement-mediated lysis of sensitized sheep
erythrocytes in the presence of media from either pSACT- or pDTAC-transfected 911
cells in the presence of CD55 blocking antibody. At an antibody concentration of 1
μg/ml, the ability of media from pDTAC- and pSACT-transfected cells to protect sheep
erythrocytes from human complement was reduced by 40.42%±1.84% (p<0.0001) and
14.18%±2.88% (p=0.0006) respectively relative to media from transfected 911 cells
without blocking antibody (Figure 14C). At lower concentrations (250ng/ml) of blocking
antibody, the ability of media from pDTAC- and pSACT-transfected cells to protect
sheep erythrocytes from lysis was reduced by 7.33%±2.66%(p=0.02) and 11.2%±3.09%
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(p=0.0046) respectively relative to media from transfected cells without blocking
antibody (Figure 14C). There was no reduction in hemolysis when media from pDTAC
was incubated with 1µg/ml anti-CD55 antibody, suggesting that there was no effect from
the CD59 component of DTAC. This was likely due to the concentration of serum used
(0.3%). In titration experiments, we have observed a loss of CD59 inhibition at
concentrations of human serum where CD55 inhibition can be measured (unpublished
data). That a similar ablation of hemolysis inhibition is not observed for SACT was likely
due to the presence of the CD46 moiety. We hence conclude that the CD55-derived SCRs
in SACT and DTAC are functionally active.

SACT and DTAC attenuate recruitment of C9 into the membrane attack complex
Formation of the membrane attack complex (MAC) begins with the assembly of the C5b8 complex on the cell membrane, followed by the recruitment and polymerization of
multiple units of C9 to form the lytic pore known as MAC [93]. CD59 acts as an inhibitor
of MAC formation by preventing the recruitment and polymerization of C9 (Figure
15A)[88]. In order to determine whether the CD59 module of SACT or DTAC can
attenuate recruitment of C9 into MAC, we incubated antibody-sensitized sheep
erythrocytes with C9-depleted NHS to permit assembly of the C5b-8 complex on the cell
surface. We subsequently added purified C9 protein with media from either pDTAC- or
pSACT-transfected 911 cells and indirectly measured formation of the MAC through
quantification of hemoglobin released due to lysis of the sheep erythrocytes. We found
that media from pDTAC- and pSACT-transfected 911 cells reduced the release of
hemoglobin from sheep erythrocytes by 34.81±3.6% (p<0.0001) and 29.9±4.6%
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(p<0.0001) respectively relative to erythrocytes incubated with NHS in the presence of
media from pGFP-transfected cells (Figure 15B). We conclude that DTAC and SACT
can attenuate the recruitment of C9 into the MAC, a property consistent with the presence
of functional CD59.

Figure 15. SACT and DTAC inhibit incorporation of C9 into the membrane attack complex
A) Schematic of CD59 function. CD59 binds to the membrane-associated C5b-8 protein complex,
preventing incorporation of C9 and formation of the membrane attack complex (MAC). MAC forms a pore
on the cell surface, reducing integrity of the membrane. B) Quantification of lysis of sheep erythrocytes by
C9-depleted human serum incubated with C9 in the presence of media transfected with either pGFP,
pDTAC or pSACT. Media from pDTAC- and pSACT-transfected cells reduced human complementmediated lysis of erythrocytes by 34.81±3.6% (p<0.0001) and 29.9±4.6% (p<0.0001), respectively, relative
to erythrocytes incubated in the presence of media from pGFP-transfected cells. Experiment was repeated
three times in triplicate.
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Synthesis of STAC: A re-arranged version of SACT
In order to investigate whether the order of the complement regulatory regions impacted
their functional capability, we utilized a rearranged version of SACT, STAC, previously
developed in the lab. STAC’s N-terminus contains the human CD59 start codon,
secretory signal peptide and SCR domain. A polyglycine linker attaches the 4 SCR
domains and S/T –rich region of human CD46 to the C-terminus of CD59. The 4 SCR
domains and S/T –rich region of human CD55 are then linked to the C-terminus of CD46
via a polyglycine sequence (Figure 16). The c-DNA for STAC was inserted into pShuttle
between a CMV enhancer/chicken β-actin promoter (CAG) and a rabbit globin
polyadenylation (pA) termination sequence.

Figure 16: Structure of STAC Schematic of the structure of the human membrane-associated complement
regulators, CD46, CD55 and CD59 and the soluble recombinant protein STAC. STAC contains a secretory
signal derived from human CD59. SACT additionally contains the functional domain of human CD59 at
the N-terminus. The 4 SCR domains and S/T –rich region of human CD46 are attached via a poly glycine
linker to CD59. The 4 SCR domains and the S/T-rich region of human CD55 separated by a poly glycine
linker from the functional domain of human CD46.
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STAC acts as a co-factor for Factor I mediated degradation of C3b

CD46 functions as a co-factor for Factor I mediated proteolytic cleavage of C3b and C4b
[97]. C3b is a component of C3-convertase and thereby promotes its own formation. By
enhancing the cleavage of C3b to its inactive form, CD46 acts as a negative regulator of
C3-convertase formation and the complement system [97]. In order to test whether STAC
retains CD46 functionality, we incubated 3μg of C3b in pAdCAGGFP or pAdCAGSTAC
transfected media in the presence or absence of 100ng of Factor I. Following a 4-hour
incubation, samples were examined by quantitative western blot using a polyclonal antiC3 antibody in order to assess the amount of C3b α’ chain present relative to C3b β chain
(Figure 17A). Samples incubated in media containing STAC displayed a 34.3%±3.9%
reduction in C3b α’ chain signal intensity (p=0.0001) in the presence of Factor I relative
to media from pGFP transfected cells containing C3b and Factor I (Figure 17B). This
enhancement of Factor I degradation of C3b indicates that STAC retains CD46
functionality.

65

Figure 17. STAC acts as a co-factor for Factor I mediated cleavage of C3b
A) Western blot of purified C3b incubated in media from cells transfected with either pAdCAGGFP or
pAdCAGSTAC in the presence or absence of Factor I and probed with an antibody against C3 confirms
increased cleavage of α’ chain in the presence of media from cells transfected with pAdCAGSTAC relative
to that occurring in the presence of pAdCAGGFP. B) Quantification of western blot data showing a
34.3%±3.9%(n=4; p=0.0001) reduction in the amount of the C3b α’ chain in media from pAdCAGSTACtransfected cells containing C3b and Factor I relative to media from pAdCAGGFP-transfected cells
containing C3b and Factor I (n=4). Note: signal intensities for the α’ chain were normalized to the signal
intensity of the β chain.
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STAC displays CD55 functionality
In order to assess the functionality of CD55, we performed a hemolytic assay using GFP
and STAC transfected media that had been pre-incubated in the presence or absence of an
antibody against CD55’s functional site. Erythrocytes suspended in STAC transfected
media showed a 32.1%±10.4% (n=6; p=0.0115) reduction in cell lysis compared to the
GFP media control (Figure 18). Pre-incubation with 1000ng/ml of antibody resulted in a
non-statistically significant reduction in cell lysis of 13.4%±9.4% compared to control
(n=6; p=0.183) (Figure 18). The addition of antibody to GFP transfected media resulted
in no statistically significant change in cell lysis, indicating that the antibody has no
inherent toxic effect. Taken together, this indicates that the CD55 portion of STAC is
functionally active.

Figure 18. CD55 portion of STAC retains functionality. Quantification of human complement-mediated
lysis of sensitized sheep erythrocytes incubated with media from cells transfected with either pAdCAGGFP
or pAdCAGSTAC in the presence or absence of CD55 blocking antibody. STAC treated samples in the
absence of mAb blocking displayed a 32.1%±10.4% reduction in cell lysis (n=6, p=0.0115) when
compared to GFP treated samples (n=6) with no antibody blocking. Sheep erythrocytes suspended in media
from pAdCAGSTAC transfected cells containing CD55 blocking antibody showed a non-statistically
significant reduction of 13.4%±9.4% in cell lysis (n=6; p=0.1831). Cell lysis occurring in GFP media
without blocking antibody was set to 100% cell lysis. Experiment was performed twice in triplicate.
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STAC does not inhibit the incorporation of C9 into membrane attack complex
CD59 is a potent inhibitor of the terminal pathway of the complement system [93]. It
functions by blocking C9 incorporation into the membrane attack complex (MAC),
thereby blocking pore formation in cellular membranes [93]. In order to test whether
STAC retained CD59 function, we incubated sensitized sheep erythrocytes in 0.2% C9depleted normal human serum to allow for C5b-8 complex formation. Following this,
cells were treated with pAdCAGGFP, pAdCAGSTAC or pAdCAGsCD59 media that had
been pre-incubated with or without C9. The positive control of sCD59 showed a
21%±9.2% (n=8; p=0.033) reduction in cell lysis compared to GFP media containing C9
(Figure 19). STAC media containing C9, however, displayed no reduction in cell lysis
(n=14; p=0.428), indicating that the CD59 portion of STAC was unable to prevent C9
incorporation and there is non-functional (Figure 19).

Figure 19. STAC is unable to prevent C9 incorporation into membrane attack complex
Quantification of lysis of sheep erythrocytes by C9-depleted human serum incubated with or without C9 in
the presence of media transfected with pAdCAGGFP, pAdCAGSTAC or pAdCAGsCD59 (positive
control). Erythrocytes treated with sCD59+C9 displayed a 21%±9.1% (n=8; p=0.033) reduction in cell
lysis compared to GFP+C9 treated cells (n=14). Samples treated with STAC+C9 showed no decrease in
cell lysis (n=14; p=0.428).
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SACT and DTAC attenuate human complement-mediated lysis of hepatocytes in
vitro
In order to determine whether DTAC or SACT may protect sheep erythrocytes from NHS
mediated cell lysis, we incubated IgG-sensitized sheep erythrocytes in NHS preconditioned with media from pDTAC, pSACT or pGFP transfected 911 cells. pDTAC
and pSACT transfected media reduced NHS mediated lysis of sheep erythrocytes by
47±2.9% (p<0.0001) and 21.5±2.8% (p<0.0001) respectively (Figure 20A), relative to
pGFP transfected media, suggesting that DTAC and SACT can attenuate NHS mediated
cell lysis. Complement mediated attack of transplanted organs, such as liver and kidney,
is considered a primary cause of transplant rejection [128].

In order to determine whether SACT and DTAC can protect hepatocytes from human
complement attack, murine hepa1c1c7 cells were incubated in media from either
pDTAC-, pSACT- or pGFP-transfected 911 cells containing NHS or heat inactivated
NHS (hiNHS) to a final concentration of 1%. Cell lysis was quantified by FACS analysis
of propidium iodide uptake. A total of 73.52±3.79% of cells were lysed when hepa1c1c7
cells were incubated in NHS pre-conditioned with media from pGFP-transfected cells
(Figure 20B). In contrast, 49.34±5.7% and 55.48±4.77% of cells were lysed when the
NHS was pre-conditioned with media from DTAC or SACT respectively, resulting in a
28.73%±10.21% (p=0.014) or 20.8±9.0% (p=0.037) reduction in NHS mediated cell lysis
attributable to DTAC and SACT, respectively (Figure 20B). This result indicates that
DTAC and SACT can protect murine hepatocytes from human complement mediated
attack.
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Figure 20. SACT and DTAC protect both sheep erythrocytes and murine hepatocytes from human
complement-mediated lysis in vitro
A) Quantification of lysis of sheep erythrocytes (hemolysis) by human serum in the presence of media from
cells transfected with either pGFP, pDTAC or pSACT shows a 47±2.9% (p<0.0001) and 21.5±2.8%
(p<0.0001) reduction in lysis by DTAC and SACT, respectively, relative to media from GFP-transfected
cells. Experiment was repeated twice with n=5 for condition. B) Quantification of propidium iodide (PI)
uptake by murine hepatocytes incubated with normal human serum (NHS) in the presence of media from
cells transfected with either pGFP, pDTAC or pSACT. A control experiment of hepatocytes incubated with
heat-inactivated NHS (hiNHS) in the presence of media from pGFP-transfected cells is also shown.
Relative to hepatocytes incubated with media from pGFP-transfected cells (n=7), hepatocytes incubated
with media from either pDTAC- or pSACT-transfected cells had 28.73%±10.21% (p=0.014, n=8) or
20.8±9.0% (p=0.037, n=8) reduction in PI uptake, respectively. Experiment was performed independently
three times.
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DTAC and SACT reduce formation of the membrane attack complex in vitro
In order to determine whether DTAC or SACT-mediated reduction in lysis of hepatocytes
was consistent with a reduction in formation of the MAC on the cell membrane, we
incubated murine hepa1c1c7 cells in media from pGFP-, pDTAC- or pSACT-transfected
911 cells containing 10% NHS. Cells were subsequently fixed and stained with antibody
against human C5b-9 and staining intensity quantified using Image J (Figure 21A). We
found that relative to media from pGFP-transfected cells, media from pDTAC- and
pSACT-transfected cells resulted in a 53.8±10.37% (p=0.0004) and 67.8±9.15%
(p<0.0001) reduction in MAC deposition on murine hepatocytes, respectively (Figure
21B). We conclude that DTAC and SACT-mediated reduction of cell lysis is consistent
with a reduced formation of the MAC on the surface of cells.

Figure 21. DTAC and SACT reduce deposition of the Membrane Attack Complex in vitro.
A) Fluorescent micrographs of murine hepatocytes incubated with NHS in the presence of media from
either pGFP-, pDTAC- or pSACT-transfected cells. Cells were stained with an antibody against MAC.
DAPI stain is also shown. B) Quantification of MAC staining intensity/area shows a 53.8±10.37%
(p=0.0004, n=6) and 67.8±9.15% (p<0.0001, n=6) reduction in MAC deposition on murine hepatocytes
incubated with media from cells transfected with either pDTAC and pSACT, respectively, relative to
hepatocytes incubated with media from pGFP-transfected cells (n=6). A control experiment of hepatocytes
incubated with hiNHS in the presence of media from pGFP-transfected cells is also shown. Experiment was
performed three times. DAPI, 4',6-diamidino-2-phenylindole; MAC, membrane attack complex; hiNHS,
heat-inactivated normal human serum.
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3.5 Discussion
In this study we describe a non-membrane associated recombinant molecule, SACT, that
exhibits the combinatorial properties of CD46, CD55 and CD59. We determined that
SACT is a secreted protein that can act as a co-factor for Factor I mediated cleavage of
C3b, accelerate the degradation of C3 convertase, attenuate recruitment of C9 into the
MAC, protect cells from human complement mediated lysis and inhibit deposition of
human MAC on mouse cells in vitro. Similarly, for DTAC we observed the combined
properties of CD55 and CD59 and DTAC did not, as anticipated, act as a co-factor for
Factor I mediated cleavage of C3b. We also determined that the order of complement
regulatory regions plays a critical role in whether inhibitory function is maintained by
demonstrating that STAC, a re-arranged version of SACT, lacked the regulatory
properties of CD59. The assessment of a dose response in this study was complicated by
the need to use media from transfected cells. Higher concentrations of SACT and DTAC
in the media would have to be achieved by increasing the plasmid concentration in the
transfection, an event that negatively impacts the integrity of the cells.

Complement is a critical first line of immune defense in vertebrates, affording protection
against both foreign organisms and the threat of damaged self-cells [93].

Over-

expression of complement regulators for the treatment of complement-mediated
pathologies may pose risks as well as benefits. We chose therefore to inhibit the
complement pathway at the combined points of C3 convertase formation and decay, as
well as the formation of MAC, which has the advantage of allowing C1q to interact with
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modified self as well as non-self surfaces, permitting C3b-mediated phagocytosis of
offending cells and organisms [129]. To this end, we combined the functions of CD55,
CD46 and CD59 into a single engineered protein, SACT. In addition, since CD46
functions at the level of C3b degradation while CD55 prevents formation or accelerates
the decay of convertases without altering C3b, we speculated that CD46 may interfere
with C3b-mediated elimination of target cells. This may be especially important for the
treatment of lupus-like diseases where reduced clearance of apoptotic cells can result in
an autoimmune response to the dying cells [129]. Studies of the diversity of genetic
factors involved in SLE, provide a comprehensive illustration of the importance of
maintaining the potential for activation of upstream components of the cascade, while
blocking downstream events [130]. We therefore generated and tested a second
recombinant molecule that includes only CD55 and CD59 functions – DTAC.

The importance of the order of complement regulatory regions in the creation of
recombinants was highlighted by our functional studies of STAC. We found that STAC,
unlike SACT, lacked the ability to inhibit the incorporation of C9 into the membrane
attack complex. Since the CD59 complement regulatory sequence is the same for both
recombinant molecules, it holds that the position of the regulatory region results in the
presence or absence of function. A study examining recombinant membrane bound
complement inhibitors containing CD55 and CD59 found that CD59 function was absent
when the CD59 domain was located at the N-terminus [131]. This is inline with our
findings that when CD59 was present at the N-terminus it lacked the ability to prevent C9
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incorporation into MAC, furthering supporting the notion that the order of complement
regulatory regions is crucial for maintaining function.

In summary, in this study we described for the first time a novel non-membrane
associated recombinant molecule, SACT, that exhibits the combinatorial properties of
CD46, CD55 and CD59. We also described DTAC that combines the combinatorial
properties of CD55 and CD59. Each of these molecules were found to exhibit properties
consistent with their modular structures and each of these molecules were potent
inhibitors of activation of complement in vitro.
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Chapter 4
Ex Vivo and In Vivo Efficacy of DTAC and SACT
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4.1 Abstract
Due to an aging population, the number of cases of age-related macular degeneration is
growing in the United States, making the development of novel therapeutics all the more
important. Though development of treatments targeting the complement system hold
great promise, the testing of human complement inhibitors in murine models is limited
due to species specific restrictions. In order to test the efficacy of DTAC and SACT, we
first examined whether these novel recombinant proteins could protect murine RPE from
human complement deposition. We found that both were potent inhibitors of human
complement in an ex vivo setting. To test whether DTAC and SACT could protect against
complement when expressed via a gene therapy approach, minigenes encoding the
complement regulatory domains from CD46, CD55 and CD59 (SACT) or CD55 and
CD59 (DTAC) were cloned into an AAV vector. We found that AAV mediated delivery
of SACT or DTAC via intravitreal or subretinal injection did not attenuate CNV
formation in the laser-induced model of ‘wet’ AMD, highlighting the drawbacks of
testing human complement inhibitors in murine systems. To confirm the efficacy of these
two molecules when expressed via a gene therapy approach, the recombinant AAV
vectors were injected into the peritoneum of mice and the ability of the transgene
products to protect murine liver vasculature against human complement, specifically the
membrane attack complex (MAC) was measured. AAV mediated delivery of SACT or
DTAC protected murine liver vasculature from human MAC deposition by 63.2% and
56.7% respectively. We found that when expressed via an AAV vector, SACT and
DTAC are capable of limiting human complement mediated damage in an in vivo setting.
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These results support the further study of SACT and DTAC as potential therapies for
complement mediated disorders when delivered via a gene therapy approach.
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4.2 Introduction
Interestingly, in AMD, individuals with a reduced ability to form MAC are partially
protected from disease pathogenesis without significant complications, supporting the
hypothesis that long-term attenuation of complement activation for chronic disorders may
be a viable approach for the treatment of AMD and other complement-associated
disorders such as rheumatoid arthritis [112, 132].

Currently, there are only 3 FDA-approved inhibitors of complement available to patients,
but there are over 25 different inhibitors of complement undergoing clinical trials [133].
In the context of chronic disorders such as AMD, this would require repeated injections
of the complement inhibitor into the eye, a mode of delivery associated with significant
side effects, as previously discussed in Chapter 2 [134, 135]. One alternative approach
for the delivery of inhibitors of complement for chronic diseases such as AMD or
rheumatoid arthritis is the use of somatic gene therapy. While significant proof of
principle has already been obtained that gene therapy is efficacious in humans for
treatment of single gene disorders, patients with complex disorders such as rheumatoid
arthritis have also been successfully treated using a gene therapy approach (reviewed in
[136]). In some instances, use of gene therapy has been found to be uniquely efficacious
in mobilizing soluble versions of otherwise membrane-associated inhibitors of
complement. For example, CD59 (protectin) is a naturally occurring inhibitor of MAC
found tethered to the membranes of cells via a glycosylphosphatidylinositol (GPI)
anchor.

While membrane-associated CD59 is a potent inhibitor of MAC, soluble

membrane-independent CD59 has only been reported to be efficacious in vivo when
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delivered via a gene therapy vector such as adeno-associated virus (AAV) [70]. Hence for
our in vivo studies we utilized AAV2/8 serotype as the delivery vehicle for the DTAC
and SACT trans-genes.

Gene Therapy Approach: AAV
Adeno-associated viruses (AAVs) are non-enveloped viruses that belong to the
Parvovirus family and Dependovirus genus. AAV is unable to replicate in the absence of
co-infection with a helper virus such as adenovirus, papillomavirus or herpes simplex
virus and has not been associated with any human disease. There are nine naturally
occurring serotypes (AAV1-9) that are currently widely used to produce pseudotyped
AAVs [137].

While AAV vectors are known to elicit a weak immune response in vivo, AAV serotypes
2 and 8 have been shown to induce complement-dependent activation of macrophages
[138]. Interestingly, AAV2 interaction with complement did not result in activation of the
complement cascade and the AAV8-immune interaction did not promote the production
of neutralizing antibodies in wild-type mice in vivo [138, 139]. One benefit of the use of
AAV8 as a gene delivery vector is that it has a substantially lower frequency of
neutralizing antibodies in the human population when compared to AAV2 (3.8 versus
20%, respectively)[140]. Whether this is due to reduced exposure of the population to
AAV8 relative to AAV2, or a reduced ability of AAV8 relative to AAV2 to evoke a
complement-dependent production of neutralizing antibodies is not known. It is possible,
however, that expression of SACT or DTAC from a recombinant AAV vector could
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negatively impact the production of neutralizing antibodies in the remaining population.
This would be more likely to occur in the context of a rAAV8 vector, which in contrast to
rAAV2, has been shown to induce tolerance when injected intramuscularly in mice [139].

Another reason we utilized AAV2 pseudotyped with AAV8 capsid (AAV2/8) for our in
vivo studies is that following subretinal injection, AAV2/8 readily transduces the RPE
and photoreceptors. [reviewed in [137, 141]]. Another benefit of this serotype is that
AAV2/8 is among the most efficient transducers of retinal cells following intravitreal
injection [reviewed in [137, 141]]. AAV2/8’s ability to transduce the retina following
intravitreal and subretinal injection makes it a logical choice for gene delivery in the
laser-induced CNV model.

Additionally, this vector has been shown to have a very high efficiency of transduction of
the liver of mice [142]. We chose to focus our in vivo human complement inhibition
studies in the liver in part because we have previously found that large amounts of human
MAC can readily form on murine liver [143]. The liver was also selected in part because
hepatocytes are responsible for the biosynthesis of 80-90% of the plasma components of
complement [144]. Finally, the liver receives 25% of total blood flow, allowing for a
potentially wide distribution of DTAC and SACT throughout the circulatory system,
which would be relevant for the treatment of systemic disorders involving activation of
complement [145].
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Differences in murine and human complement
One potential issue is that species specificity between human and mouse complement
limits the testing of human complement inhibitors in murine tissues in vivo (reviewed in
[95]). While corresponding orthologs of human CD55, CD46 and CD59 have been
identified in the mouse, there are several major differences between the human and
mouse membrane complement inhibitors [146]. For example, CD55 and CD59 genes are
duplicated in the mouse resulting in CD55a, CD55b, CD59a.and CD59b [147-149].
Interestingly, murine CD55b, CD59b and CD46 are only expressed in the testis, whereas
CD55a and CD59a are widely expressed [149, 150]. Additionally, a unique murine
transmembrane complement inhibitor Crry that contains the complement regulatory
properties of CD46 and CD55 has been identified [151]. The ability and relative potency
of human complement inhibitors to prevent murine complement activation is still not
fully understood. For example, some groups have found that human CD59 can only
regulate primate complement, while others have demonstrated human CD59 protects
against both primate and non-primate complement (reviewed in [146].

Despite the inherent differences, certain human complement inhibitors have been shown
to regulate murine complement. Administration of human Complement Factor H (CFH)
to Cfh-/- mice limited renal complement deposition and resulted in normalization of
plasma C3 levels [152]. Additionally, we have found that a solubilized version of human
CD59 (sCD59) expressed via a gene therapy approach attenuated choroidal
neovascularization in the laser-induced murine model of ‘wet’ AMD, strongly supporting
its ability to regulate murine complement [70]. The goals of the current study were to
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examine if a similar gene therapy approach may be utilized to deliver a single molecule
containing all of the disparate properties of CD55, CD46 and CD59 or the combinatorial
properties of CD55 and CD59.
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4.3 Materials and Methods
4.3.1 Ex vivo Murine Eyecup MAC Deposition Assay
C57Bl6/J mice were sacrificed by CO2 inhalation, followed by cervical dislocation. Eyes
were enucleated, and cornea, iris lens, and retina removed. The remaining tissue
containing sclera, choroid, and RPE (posterior eyecup) was used in the experiment. The
posterior eyecup was then treated with 140 µg/ml emmprin for one hour at 4°C. After one
hour, media from pGFP-, pDTAC- or pSACT-transfected 911 cells that was incubated in
50% NHS with 10mM Ca2+Mg2+ for 10 minutes was added. The explants were incubated
with media and serum for 15 minutes at 37°C, then washed in ice-cold PBS, and fixed
over night at 4°C in 4% paraformaldehyde for MAC and RPE65 staining.

4.3.2 Construction of Adeno-associated Virus (AAV) Constructs
Recombinant AAV was generated via triple transfection of 293 cells with each of
pAAV2CAGSACT, pAAV2CAGDTAC and pAAV2CAGGFP, pHelper (Stratagene) and
pAAV2/8Rep/Cap [70]. The resulting AAV vectors, AAV2/8SACT, AAV2/8DTAC and
AAV2/8GFP were purified by iodixanol gradient and dialyzed in Ringer’s lactate buffer
[153]. Viral genomes were titered by real-time quantitative PCR using primers targeting
AAV2 inverted terminal repeats (ITRs) as described [154].

4.3.3 Laser-Induced Choroidal Neovascularization Model
Six-to ten-week old C57Bl6/J mice were injected intravitreally or subretinally with 1 x
1010 genome copies of AAV2/8DTAC, AAV2/8 SACT, or AAV2/8polyA, as described
in section 2.3.3. Two weeks later, treated mice underwent the laser-induced choroidal
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neovascularization protocol described previously (For additional details see section 2.3.4).
Staining of the posterior eyecups and measurement of laser spot size was performed as
described in sections 2.3.6 and 2.3.7.

4.3.4 In Vivo Liver MAC Deposition Assay
This protocol has been described in detail previously [143]. Animal use in this study was
in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. This study was approved by Tufts University Institutional Animal Care
and Use Committee (IACUC) protocol B2011-150. Briefly, 6-10 week old C57BL/6J
mice were injected intraperitoneally with 3.3 x 1011 genome copies of AAV2/8DTAC,
AAV2/8 SACT, or AAV2/8polyA. After three weeks, mice were injected intracardially
with 200 μg of anti-mouse PECAM antibody (clone 2H8, 1.4 mg/mL, prepared as
described previously). After 4-6 hour incubation, mice underwent a cardiac perfusion of 1
ml of gelatin veronal buffer (GVB2+) followed by 1.5ml of 90% NHS (Complement
Technology Inc., Tyler TX) in GVB2+. Following a 15 minute incubation at 37°C, the
median lobe of the liver was harvested and fixed overnight in 4% paraformaldehyde at
4°C. 8μm cryosections were obtained and stained for MAC as described below. Imaging
was performed using an Olympus IX51 microscope equipped with a Retiga 2000r camera.
Intensity of MAC staining over the entire section as well as around the vessels was
quantified using ImageJ software (National Institutes of Health; Bethesda, MD, USA).
Large blood vessels were defined as those with a diameter larger than two cell widths and
include arteries, arterioles, veins and venules but exclude capillaries and sinusoids. The
outer and inner boundaries of the large blood vessels were traced using the free-hand
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selection tool and total intensity and total area was calculated for each using the measure
function. To calculate the average vessel intensity, the following equation was utilized:
X=[Iouter – Iinner]/[Aouter – Ainner].

4.3.5 Immunohistochemistry
For detection of MAC deposition on murine RPE and liver vasculature, posterior eyecups
and liver sections were incubated for 2.5 hours at room temperature with rabbit antihuman C5b-9 (Complement Technology, Tyler TX) (1:400) in 0.5% triton, following a 1
hour blocking with 6% normal goat serum (NGS) and 0.5% triton. Cy3-conjugated goat
anti-rabbit (1:200) was used for 1 hour at room temperature for secondary detection.

For detection of RPE65, posterior eyecups were for 2.5 hours at room temperature with
mouse monoclonal antibody to RPE65 (Novus Biologicals, Littleton CO) (1:250) in 0.1%
triton, following 1 hour blocking with 6% normal goat serum (NGS). Cy2-conjugated
goat anti-mouse (1:200) was used for 1 hour at room temperature for secondary detection.

Images were captured using an Olympus IX51 microscope and Image J software was
used to quantify fluorescence. Raw fluorescence units were measure and background for
each image was subtracted.

All statistical analyses were performed using Prism Software 5.0a (GraphPad Software
Inc., La Jolla, CA, USA).
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4.4 Results
SACT and DTAC protect murine RPE from human MAC deposition ex vivo
Dysfunction and loss of retinal pigment epithelial cells plays a critical role in the
progression of AMD [7]. In order to assess whether SACT or DTAC could protect
murine RPE against human complement in an ex vivo setting, C57BL/6J eyes were
enucleated and the posterior eyecup (sclera, choroid and retinal pigment epithelium) was
then treated with 140 µg/ml emmprin followed by 50% NHS and MgEGTA diluted in
media from 911 cells transfected with pGFP, pDTAC or pSACT. MAC formation was
detected using a monoclonal antibody to the C5b9 complex (Figure 22A). Quantification
of the intensity of MAC staining revealed a trend towards a reduction in MAC formation
on the RPE cells for pDTAC (20.5% ± 16.5%; p=0.227) and pSACT (26.7% ± 15.2%;
p=0.094) treated eye cups compared with pGFP treated controls (Figure 22C). It was also
noted that the MAC signal from pGFP treated eyecups was patchier, raising the
possibility that a portion of RPE cells that experienced MAC deposition had already
lysed. To investigate this possibility, we stained the eyecups for a marker of RPE cells,
RPE65 (Figure 22B). Quantification of RPE65 revealed statistically significantly larger
signal intensity in pDTAC treated eyecups (49.7% ± 17.4%; p=0.0094) and a trend
towards increased signal intensity for pSACT treated eyecups (24.3% ± 17%; p=0.166)
compared to pGFP control eyecups (Figure 22D). This result indicates more RPE cells
survived in the presence of the inhibitors (Figure 22D). Correcting MAC signal intensity
for RPE signal intensity revealed a 40.9% ± 16.7% (p=0.0233) and 43% ± 13.3%
(p=0.0041) reduction for pDTAC and pSACT treated eyecups respectively compared to
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pGFP treated controls (Figure 22E). Taken together, these results support that SACT and
DTAC protect murine RPE against human MAC deposition.

Figure 22. SACT and DTAC protect murine RPE from human MAC deposition in an ex vivo setting
A) Representative images of eyecups treated with normal human serum in media from 911 cells transfected
with pGFP (n=11), pDTAC (n=12) or pSACT (n=12) stained for MAC. B) Representative images of
eyecups treated with normal human serum in media from 911 cells transfected with pGFP (n=11), pDTAC
(n=12) or pSACT (n=12) stained for RPE65. C) Quantification of MAC fluorescent intensity per area. D)
Quantification of RPE65 fluorescent intensity per area. E) Quantification of MAC fluorescent intensity
corrected for RPE65 fluorescent intensity.
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SACT and DTAC do not attenuate CNV formation in the murine laser-induced
model of ‘wet’ age-related macular degeneration
To examine whether SACT or DTAC can prevent choroidal neovascularization in the
laser-induced murine model of ‘wet’ AMD, we used the pSACT and pDTAC, plasmids
to generate a recombinant adeno-associated virus (AAV) serotype 2 pseudotyped with
AAV serotype 8 capsid for each recombinant protein. An AAV2/8 construct devoid of a
transgene has previously been described [70]. These vectors are referred to as
AAV2/8SACT, AAV2/8DTAC and AAV2/8polyA, respectively.

Since media from cells transfected with pSACT or pDTAC protected murine RPE against
human complement deposition, we wished to assess whether expression of SACT or
DTAC utilizing a gene therapy approach would attenuate CNV formation in the murine
laser-induced model of ‘wet’ AMD. C57Bl/6J mice were intravitreally injected with 1 x
1010 genome copies of AAV2/8polyA; AAV2/8DTAC or AAV2/8SACT and two weeks
later were lasered. Eyes were enucleated seven days post-lasering and the cornea, lens
and retina were removed. Subsequently eyecups were stained for endothelial cell
infiltration utilizing GSL-I

(Figure 23A). Quantification of CNV area revealed no

difference between AAV2/8DTAC (p=0.961) or AAV2/8SACT (p=0.482) and
AAV2/8polyA injected eyes (Figure 23B).
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Figure 23. Intravitreal injection of AAV2/8DTAC and AAV2/8SACT does not attenuate laserinduced CNV A) Representative images of GSL-I stained CNV at day 7 post laser in a mouse eye
intravitreally injected with 1 x 1010 genome copies of AAV2/8polyA, AAV2/8DTAC or AAV2/8SACT
two weeks prior to lasering. B) Mean values ± SEM of CNV area of AAV2/8polyA injected eyes (87 laser
spots/26 eyes); AAV2/8DTAC injected eyes (43 laser spots/14 eyes) or AAV2/8SACT injected eyes (43
laser spots/12 eyes)

One potential explanation for this result is that AAV2/8 serotype is unable to penetrate
the retina when injected intravitreally, since viral diffusion to photoreceptors and RPE
maybe hindered by the physical barrier at the inner limiting membrane [141]. To examine
this possibility, mice were injected subretinally with 1 x 1010 genome copies of
AAV2/8polyA, AAV2/8DTAC or AAV2/8SACT and two weeks later were lasered.
Posterior eyecups were harvested 7 days later and stained for endothelial cells (Figure
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24A). As with intravitreal injection, subretinal injection of AAV2/8DTAC (p=0.574) or
AAV2/8SACT (p=0.667) demonstrated no significant attenuation in area of choroidal
neovascularization when compared to AAV2/8polyA (Figure 24B).

Figure 24. Subretinal injection of AAV2/8DTAC and AAV2/8SACT does not attenuate laser-induced
CNV A) Representative images of GSL-I stained CNV at day 7-post laser in a mouse eye subretinally
injected with 1 x 1010 genome copies of AAV2/8polyA, AAV2/8DTAC or AAV2/8SACT two weeks prior
to lasering. B) Mean values ± SEM of CNV area of AAV2/8polyA injected eyes (17 laser spots/8 eyes);
AAV2/8DTAC injected eyes (25 laser spots/8 eyes) or AAV2/8SACT injected eyes (23 laser spots/8 eyes)

SACT and DTAC protect murine liver from human MAC deposition in vivo
The results from the murine laser-induced CNV studies indicated that either DTAC and
SACT are unable to protect against murine complement or that the utilization of a gene
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therapy approach resulted in an insufficient concentration of these molecules to be
effective. To overcome the limitation of testing the ability of human complement
regulators to protect murine endothelium from complement attack in vivo, we have
recently developed an in vivo model of human MAC deposition on murine liver vascular
endothelium [143].

In this model, murine vascular endothelium is primed for

complement attack by intracardial injection of an antibody against murine platelet/cell
adhesion molecule (mPECAM-1). This is followed by perfusion with PBS to replace the
blood and a subsequent perfusion with 90% NHS. Using this model, we have previously
shown that adenovirus mediated expression of human soluble CD59 can inhibit
deposition of human MAC on murine liver [143].

In order to examine the tropism of AAV2/8 in murine liver, we injected 3.3 x 1011
genome copies of AAV2/8GFP into the peritoneum of 6 to 8 week old C57BL/6J mice.
After 3 weeks, mice were sacrificed, livers harvested and cryosections examined for GFP
expression. We found that GFP expression from AAV2/8GFP was observed throughout
the liver, including cells proximal to blood vessels and sinusoids (Fig 25A). These results
contrast our previous studies utilizing an adenovirus vector expressing GFP from the
same CAG promoter, in which we observed GFP expression almost exclusively in the
capsule of the liver following intraperitoneal delivery of the vector [143].

Having confirmed efficient transduction of murine liver with AAV2/8GFP, mice were
injected intraperitoneally with a similar titer of AAV2/8DTAC, AAV2/8SACT or
AAV2/8polyA. Three weeks post-injection with AAV, the mice were administered an
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intracardial injection of mPECAM-1, followed 4-6 hours later by perfusion with 90%
NHS. After 15 minutes, the livers were harvested for cryosectioning and stained for
human MAC using antibody against C5b-9 (Fig 25B; 26A). As expected, MAC staining
was observed in the blood vessels and sinusoids of the livers of mice injected with
AAV2/8polyA (Figures 26B; 27A). However, mice injected with either AAV2/8DTAC
or AAV2/8SACT had significantly less MAC deposition on both liver blood vessels and
sinusoids relative to control (AAV2/8polyA)-injected mice (Figures 25C; 26B).
Quantification of MAC staining intensity using ImageJ indicated a 56.7±16.4%
(p=0.0061) reduction in human MAC deposition on the liver vasculature of
AAV2/8DTAC-injected relative to AAV2/8polyA-injected mice (Figure 25C). Similarly,
AAV2/8SACT-injected animals showed a 63.2%±20.5% (p=0.0075) reduction in human
MAC deposition in their liver vasculature relative to AAV2/8polyA-injected mice
(Figure 26B). While endothelial cells of both the sinusoids and blood vessels indicated
deposition of MAC, we were also specifically interested in the prevention of complement
deposition on endothelial cells of the blood vessels. Quantification of larger (noncapillary) blood vessels of the liver indicated a significant reduction of 55.97±11.34%
(p=0.0006) and 61.1±18.9% (p=0.0056) in human MAC deposition for AAV2/8DTACand AAV2/8SACT-injected animals, respectively, relative to AAV2/8polyA-injected
animals (Figures 25D; 26C). We hence conclude that DTAC and SACT can provide
significant protection to murine liver vasculature from activated human complement in
vivo.
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Figure 25. DTAC protects murine liver vasculature from human MAC deposition in vivo
A) Fluorescent micrographs of cryosections showing AAV2/8GFP transduction of murine liver. Efficient
transduction is observed throughout the tissue. Higher magnification of boxed region is shown. B)
Fluorescent micrographs of liver cryosections stained with anti-MAC antibody harvested from mice
injected in the intraperitoneal space with either AAV2/8pA or AAV2/8DTAC and perfused with
mPECAM1 antibody and NHS. Higher magnification of boxed regions is shown. C) Quantification of
MAC staining intensity (IU) of liver sections shows a 56.7±16.4% (p=0.0061) reduction in human MAC
deposition on the liver vasculature of AAV2/8DTAC-injected relative to AAV2/8polyA-injected mice. D)
Quantification of MAC staining intensity per area of blood vessels shows a 55.97±11.34% (p=0.0006)
reduction in human MAC deposition in livers of AAV2/8DTAC-injected mice relative to AAV2/8polyAinjected. Staining intensity was averaged from 8 sections per mouse. n=6 for AAV2/8polyA- and n=6 for
AAV2/8DTAC-injected mice. GFP, green fluorescent protein; DIC, differential interference contrast;
MAC, membrane attack complex; IU, intensity unit.

93

Figure 26. SACT protects murine liver vasculature from human MAC deposition in vivo
A) Fluorescent micrographs of liver cryosections stained with anti-MAC antibody harvested from mice
injected in the intraperitoneal space with either AAV2/8pA or AAV2/8SACT and perfused with
mPECAM1 antibody and NHS. Higher magnification of boxed regions is shown. B) Quantification of
MAC staining intensity (IU) of liver sections shows a 63.2%±20.5% (p=0.0075) reduction in human MAC
deposition on the liver vasculature of AAV2/8SACT-injected relative to AAV2/8polyA-injected mice. C)
Quantification of MAC staining intensity per area of blood vessels shows a 61.1±18.9% (p=0.0056)
reduction in human MAC deposition on the blood vessels of AAV2/8SACT-injected relative to
AAV2/8polyA-injected mice. Staining intensity was averaged from 8 sections per mouse. n=8 for
AAV2/8polyA- and n=9 for AAV2/8SACT-injected mice. DIC, differential interference contrast; MAC,
membrane attack complex; IU, intensity unit.
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4.5 Discussion
In our studies we utilized a gene therapy approach to deliver SACT or DTAC to cells in
culture or to murine livers in vivo. Significant progress in the field of gene therapy
indicates that this is a viable approach for the treatment of inherited or acquired diseases.
Activation of complement plays a significant role in many disorders including
rheumatoid arthritis, a chronic disease of the complement system. Elevated levels of C3
and MAC and reduced levels of CD59 have been documented in the synovial tissue of
rheumatoid arthritis patients [155, 156]. These studies are further supported by the
observation that injection of rat knee joints with monoclonal antibody against CD59
results in spontaneous and acute arthritis and an increase in joint pathology in CD59 -/mice, a phenotype that can be corrected by use of a membrane-targeted recombinant
CD59 [157]. Attenuation of complement activation by targeting C5 was also found to be
effective in a murine model of rheumatoid arthritis, suggesting that there are multiple
points of the complement cascade that may serve as targets for complement based
therapeutics [158]. In that context, SACT and DTAC may be particularly effective
inhibitors of complement activation by virtue that they concomitantly target and attenuate
various points of the complement cascade.

While repeat injection of inhibitors of

complement activation into patients with rheumatoid arthritis would be feasible, a longlasting single injection via gene therapy would be potentially preferred. AAV has been
shown to persist in humans for years and for over a decade in large animals [159, 160].
Furthermore, AAV is not associated with any known human disease.

95

A strong case for delivery of inhibitors of complement via a gene therapy approach may
also be made for diseases such as AMD. Approximately 50% of patients that suffer from
AMD have polymorphisms in the complement regulator Factor H [104]. Individuals that
are homozygous for a Y402H polymorphism in Factor H have approximately 70% more
MAC in their choroidal blood vessels and retinal pigment epithelium (RPE) [107].
Individuals with an advanced form of AMD known as geographic atrophy have reduced
levels of complement inhibitors on their RPE [114].

A commonly occurring

polymorphism in C9 in the Japanese population that prevents those individuals from
efficiently assembling MAC is protective against the progression of AMD, suggesting
that inactivation of complement via a gene therapy approach may be a viable avenue for
treatment of this disease [112]. However all of the inhibitors of complement activation
currently in clinical trials are small molecules, aptamers or antibodies that would need to
be re-injected on a frequent basis into the eye of AMD patients [45]. This can lead to
significant side effects such as increased intraocular pressure, endophthalmitis and retinal
detachment [134, 135]. A single injection that may produce a therapeutic protein locally
for an extended time such as AAV mediated expression of SACT or DTAC may be
particularly attractive for treatment of diseases such as AMD.

Species restriction

between complement proteins limits the testing of human CD55 and human CD46 in the
context of murine complement and thus in murine models of AMD (reviewed in [95]).
Previously, we have shown that human CD55 or human CD46 efficiently inhibit human
complement deposited on murine retinal tissues in ex vivo murine models of MAC
deposition [121]. Similarly, both DTAC and SACT were able to protect murine RPE in
this ex vivo murine model of human MAC deposition.
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We have, however, had limited success attempting to inhibit murine complement and
thereby choroidal neovascularization in murine laser-induced model of ‘wet’ AMD when
expressing human CD55 and human CD46 via a gene therapy approach. Similar results
were seen in this study with AAV2/8-DTAC and –SACT in the murine laser-induced
CNV model. These results are presumably due to species specificity of these complement
inhibitors. To overcome this species specificity, we examined the efficacy of DTAC and
SACT utilizing a gene therapy approach in an in vivo model of human complement
deposition. Expression of DTAC and SACT in vivo revealed that both are potent
inhibitors of human complement in an in vivo setting and our data lends support to their
potential therapeutic value when secreted from the liver.

There are over 25 small molecules, antibodies or proteins currently under clinical and
preclinical development for attenuation of activation of complement. These molecules are
aimed at a wide variety of indications including acute kidney injury, COPD, paroxysmal
nocturnal hemoglobinuria, rheumatoid arthritis, sepsis, AMD and transplantation. The
majority of these therapeutics target complement at the level of C3 or C5 [133].
Mutations in CD46 have been shown to predispose individuals to familial hemolytic
uremic syndrome [161]. Deficiency of CD55 has been associated with primary
autoimmune hemolytic anemia, SLE and in paroxysmal nocturnal hemoglobinuria [162,
163]. CD55 has also been shown to attenuate ischemic reperfusion organ damage [164].
Mutations or deficiencies in CD59 have been shown to result in chronic hemolysis and
relapsing

peripheral

demyelinating

disease

in

infancy,

paroxysmal

nocturnal

hemoglobinuria, autoimmune hemolytic anemia or SLE [163, 165]. One may envisage
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potential use of complement inhibitors such as SACT and DTAC for the treatment of
such disorders.

While in this study we described the first recombinant molecule that combines the
properties of CD46, CD55 and CD59, our studies were inspired in part by earlier work.
Previously, Fodor et al. have described a membrane-associated recombinant molecule
containing the combinatorial properties of CD55 and CD59 [131]. Similarly, Kroshus et
al. have described a soluble molecule combining the properties of CD46 and CD55 and
demonstrated that this molecule could reduce acute cardiac tissue injury in a pig-tohuman transplant model [166]. Recently, a novel recombinant protein comprised of select
domains from CR2 and factor H demonstrated increased survival, reduced autoantibody
production and improved kidney function in a murine model of lupus [167]. However, in
none of these studies was the recombinant protein delivered via a gene therapy approach.

In summary, in this study we described for the first time a novel non-membrane
associated recombinant molecule, SACT, that exhibits the combinatorial properties of
CD46, CD55 and CD59. We also described DTAC that combines the combinatorial
properties of CD55 and CD59. Each of these molecules were found to exhibit properties
consistent with their modular structures and each of these molecules were potent
inhibitors of activation of complement in vivo. These molecules are worthy of further
study in animal models of complement-associated disorders.
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Chapter 5
Delivery of Macromolecules to Ocular Tissues by a G-Quartet
Aptamer Targeting Nucleolin
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5.1 Abstract
Drug delivery to the retina and cornea is hindered by inefficient penetration across the
plasma membrane. Cell-penetrating peptides (CCPs) have recently been utilized for
ocular drug delivery but the majority of these CPPs become trapped in endosomes and
their cargo subsequently destroyed. Cell surface nucleolin acts as a shuttle into the
cytoplasm and nucleus of cells that is independent of the endosomal pathway, making it
an intriguing target for drug delivery. In this study, we investigated AS1411, a g-quartet
oligonucleotide that targets nucleolin, for the delivery of fluorophores and exogenous
proteins to retinal and corneal tissue. We describe the presence of surface nucleolin in
BALB/c murine retina and document for the first time the presence of surface nucleolin
in non-human primate and human retina. Additionally, we found that AS1411 efficiently
delivered fluorophore and proteins of up to ~50kDa to the nuclei and cytoplasm of a
variety of retinal and corneal cells, and that AS1411 employs cell surface nucleolin to
deliver its cargo. The presence of membrane nucleolin on inner and outer neurons of nonhuman primate and human retina strongly indicates the potential of AS1411 for delivery
of conjugates to human retina and favors further exploration of AS1411 as a delivery
vehicle for treatments of a variety of retinal and corneal diseases.
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5.2 Introduction
Factoring in indirect and direct costs, the annual economic burden of vision and eye
disorders in the United States is estimated to be $139 billion dollars [168]. Retinal
diseases, such as age-related macular degeneration (AMD), diabetic retinopathy,
glaucoma and retinitis pigmentosa, affect over 15 million people in the United States
alone and effective treatment of these diseases remains elusive [9]. Additionally, diseases
of the cornea, including trauma, transplant rejection and dry eye, are also without
effective treatment [169-171]. Ocular drug delivery has been a major hindrance in
effectively treating these diseases.

Delivery of macromolecules across the cell membrane of ocular cells is highly
inefficient, leading to the development of mostly extracellularly functioning therapeutics,
such as anti-VEGF antibodies ranibizumab (Lucentis) and bevacizumab (Avastin) for the
treatment of ‘wet’ AMD [27-29]. Currently, the efficient delivery of therapeutic proteins
into ocular tissue is limited to the use of recombinant viruses delivering DNA expression
cassettes. Continuous expression of certain therapeutic proteins can lead to deleterious
side effects due to an inability to control dosing. Recently, cell-penetrating peptides
(CPPs) have been investigated as a means of delivering therapeutics across the plasma
membrane of ocular cells. Unfortunately, the majority of these CPPs become trapped in
endosomes and their cargo is subsequently destroyed [172, 173]. Therefore, there is an
unmet need for efficient protein delivery systems in the eye.
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Cell surface nucleolin acts as a shuttle into the cytoplasm and nucleus of cells
independent of the endosomal pathway, thereby offering an intriguing target for
bypassing endosomal entrapment and delivering cargo to cells [56, 174, 175]. As
discussed in Chapter 2, nucleolin is a ubiquitously expressed RNA and protein-binding
protein involved in numerous cellular activities, including rRNA maturation, ribosome
assembly, mRNA metabolism, DNA replication and recombination [52]. Additionally,
nucleolin is implicated in many aspects of cell survival and proliferation [53]. Despite
being primarily a nuclear and cytoplasmic protein, nucleolin is also found on the surface
of bovine and C57BL/6J murine photoreceptors, raising the possibility that surface
nucleolin can be targeted for ocular protein delivery [176, 177].

In this study, the presence of surface nucleolin, the target of AS1411, was assessed in
murine, non-human primate and human retina. In addition, we investigated utilizing
AS1411, a g-quartet oligonucleotide that targets nucleolin, for the delivery of exogenous
proteins to retinal and corneal tissue. Conjugation of AS1411 to fluorophore and
streptavidin was used to determine the ability of AS1411 to deliver cargo to murine
ocular cells in vivo. The results obtained indicate that surface nucleolin is present in
murine, non-human primate and human retina and that AS1411 can successfully deliver
both small and large molecules to the retina and cornea in vivo.
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5.3 Materials and Methods
5.3.1 Materials and Reagents
AlexaFluor594 labeled AS1411 (5’-FL-TTTGGTGGTGGTGGTTGTGGTGGTGGTGG3’)

and

AlexaFluor594

labeled

control

oligonucleotide

(5’-FL-

TTTATGTCACCTCTATACGCCCCGGGCTG-3’) were synthesized by Invitrogen
(Carlsbad, CA). All oligonucleotides were dissolved in nuclease free water. All other
commercially available materials and reagents, including AlexaFluro594 labeled
streptavidin (streptavidin594), were purchased from Invitrogen, unless otherwise noted.
Ocular cryosections from Cynomolgus monkey were obtained from Covance
Laboratories (Dedham, MA). Normal human retina samples were purchased from Abcam
(Cambridge, MA; Ab4364).

5.3.2 Streptavidin conjugates
4nmols of biotinylated oligonucleotide was added to 1nmol of streptavidin594 and allowed
to incubate with gentle rocking at room temperature for 1 hour. The resulting conjugates
were then dialyzed with PBS using 30K Ultrafree spin columns. The resultant conjugates
were visualized on a native polyacrylamide gel stained with SybrGold (S11494).

5.3.3 Cellular Uptake and Localization
MCF7a cells were maintained in DMEM/F12 media supplemented with 5% fetal bovine
serum (FBS). 24 hours following seeding on a 96-well plate, MCF7a cells were washed
twice with PBS and treated with 100ng, 250ng, 500ng, or 1000ng of streptavidin594,
control-streptavidin594 or AS1411-streptavidin594 conjugates diluted in DMEM/F12
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supplemented with 2%FBS. Following a one hour incubation at 37°C, wells were washed
3 times with PBS and subsequently fixed with a 3.7% formaldehyde solution (Alfa Aesar;
Ward Hill, MA).

5.3.4 AS1411-mediated delivery in vivo
Six to eight week old BALB/c males were purchased from Jackson Laboratories (Bar
Harbor, ME, USA) and housed under a 12-hour light/dark cycle, unless otherwise stated.
Mice were cared for in accordance with federal, state and local regulations. For in vivo
analyses, mice were anesthetized by intraperitoneal injection of a 0.1mg/g body weight
Ketamine (Phoenix™,St Joseph, MO) and of 0.01mg/g body weight Xylazine (Lloyed,
Shenandoah, Iowa) followed by topical application of 0.5% proparacaine hydrochloride
(Akorn Inc., Lake Forest, IL, USA) to the cornea. Intravitreal injections were performed
using a 32-gauge needle and a 5μl glass syringe (Hamilton, Reno, NV, USA). A total
volume of 1.5µl containing 0.3nmol of FL-AS1411 or FL-Control was injected for
AS1411 localization experiments. For in vivo delivery experiments, streptavidin594,
Control-streptavidin594 or AS1411-streptavidin594 conjugate was administered via
intravitreal injection (1.5μg) or topical application (5μg). At various time-points postinjection/topical application, mice were sacrificed by CO2 inhalation followed by
cervical dislocation. Eyes were harvested, fixed in 4% paraformaldehyde, and dehydrated
with a sucrose gradient. Frozen sections of retina and cornea were generated by
embedding tissue in Optimal Cutting Temperature Compound (Sakura Finetek, Torrance,
CA, USA) and sectioning at 12μm using a Microm 550 Cryostat (Thermo Scientific,
Rockford, IL, USA).
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5.3.5 Immunohistochemistry
For nucleolin staining, tissue sections and cell monolayers were incubated in 12% normal
goat serum for 1 hour followed by incubation with a 1:400 dilution of antibody against
nucleolin (Abcam; ab22758) for 2.5 hours at room temperature. Subsequent incubation
with a Cy3-conjugated goat anti-rabbit antibody (1:200 dilution) for 1.5 hours at room
temperature was used for detection. Staining with Alexa Fluor488–conjugated Wheat
Germ Agglutinin (WGA), a plasma membrane marker, was performed using a 1:200
dilution in PBS.

5.3.6 Imaging and Statistics
Imaging was performed using an Olympus IX51 microscope equipped with a Retiga
2000r camera. Confocal images were captured using a Leica TCS SPE microscope (Leica
Microsystems; Wetzlar, Germany). Intensity of signal was quantified using ImageJ
software (National Institutes of Health; Bethesda, MD, USA).
Statistical analysis was performed using Prism 5 (GraphPad Software Inc, La Jolle, CA).
Two-factor analysis of variance (ANOVA) was performed for in vitro streptavidin594
conjugation and dosing studies. Conjugation status (F (2,60)=98.66, p<0.0001), dosing
concentration (F(3,60)=15.43, p<0.0001) and interaction (F(6,60)=9.688, p<0.0001) were
all found to be significant. Bonferroni’s multiple comparison tests were used for post hoc
analysis. One-way analysis of variance (ANOVA) was performed for AS1411streptavidin594, Control-streptavidin594 and streptavidin594 topically treated corneas and
revealed a significant variation among the conditions (F(2,15)=17.71, p=0.0001).
Bonferroni’s multiple comparison tests were used for post hoc analysis.
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5.4 Results
Nucleolin is present on the plasma membrane of BALB/c photoreceptors
Expression of nucleolin has previously been documented on the surface of bovine and
C57BL/6J murine photoreceptors, including the outer nuclear layer (ONL), outer and
inner photoreceptor segments [176, 177]. Using immunocytochemistry, we found
nucleolin to be present in the ganglion cell layer (GCL), the inner nuclear layer (INL), the
outer nuclear layer of photoreceptors and the retinal pigment epithelium (RPE) of
BALB/c mice (Figure 27A). The pattern of nucleolin staining in the ONL was markedly
different to that of the other layers, with the pattern in the ONL suggesting plasma
membrane staining, while the staining of the ganglion cells, INL and RPE appeared to be
cytoplasmic and/or nuclear. To determine whether the nucleolin antibody was detecting
nucleolin on the membrane of the ONL, we co-stained the sections with the plasma
membrane marker, wheat germ agglutinin (WGA; Figure 27B). The WGA staining of the
ONL displayed a similar pattern to that of the nucleolin stain. An overlay of the stains
showed considerable co-localization of nucleolin and WGA in the ONL of the BALB/c
retina (Figure 27C). These results are consistent with previous reports of cell surface
nucleolin in the bovine and C57BL/6J murine retina [176, 177]. Interestingly, no colocalization was seen between WGA and nucleolin staining in the RPE, GCL and inner
nuclear layer (INL) of the BALB/c retina, suggesting that the majority of the nucleolin
detected in those cells was present in the nucleus and/or cytoplasm. This does not exclude
the possibility that surface nucleolin is present at undetectable levels in these cells. From
this data, we conclude that surface nucleolin is expressed in the photoreceptor cell bodies
of the BALB/c retina.
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Figure 27. Surface nucleolin is present on the outer nuclear layer of the BALB/c retina. A) Confocal
images of BALB/c retina sections stained for nucleolin (red). B) Confocal images of BALB/c retina
sections stained with the plasma membrane marker, wheat germ agglutinin (green). C) Merged image of
nucleolin and WGA shows co-localization of signal (yellow). Top panels scale bar= 60μm; lower panels
scale bar= 10μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE,
retinal pigment epithelium. (Arrow denotes RPE nuclei)

AS1411 localizes to a variety of ocular cell types following intravitreal delivery
AS1411 is a g-quartet oligonucleotide aptamer that has previously been shown to bind
cell surface nucleolin [67]. To determine whether retinal cells can bind and internalize
AS1411, we administered 0.3nmol of a fluorescently labeled AS1411 (FL-AS1411) or a
fluorescently labeled control oligonucleotide (FL-Control) via intravitreal injection to the
eyes of adult BALB/c mice. Eyes were harvested at 4 hours or at 24 hours post-injection
for detection of AS1411 by confocal microscopy.
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At 4 hours post-injection, there was a marked binding with some uptake of FL-AS1411
by the ONL, inner segments and outer segments. Binding and uptake of FL-AS1411 was
also observed, but to a reduced extent, in ganglion cells, the INL and RPE (Figure 28A).
The higher level of binding and uptake by the ONL relative to the ganglion cells and
INL, despite the intravitreal mode of delivery, is consistent with the presence of nucleolin
on the surface of photoreceptor cell bodies. Eyes injected intravitreally with FL-Control
exhibited significantly less fluorescent signal in all retinal layers at 4 hours (Figure 28A).
Following intravitreal injection, FL-AS1411 binding and uptake was also demonstrated
in the endothelial, stromal and epithelial cell layers of the cornea (Figure 28B). We could
not exclude the possibility that the FL-AS1411 observed in the epithelial cells occurs as a
consequence of leakage of FL-AS1411 during or immediately following ocular injection.
At 24 hours post-injection, confocal images showed FL-AS1411 bound to and taken up
by the ONL, IS and RPE (Figure 29B). In contrast, no fluorophore signal was detected in
eyes injected with FL-Control at this same time point (Figure 29B). Signal from FLAS1411 was also present in the endothelial and stromal layers of the cornea at 24 hours
post-injection (Figure 29B). These results suggest that following intravitreal injection,
AS1411 preferentially targets the photoreceptors and RPE of the BALB/c retina, as well
as the endothelial and stromal layers of the cornea and that AS1411 is present for at least
24 hours in these cells post-injection.
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Figure 28. AS1411 administered by intravitreal injection localizes to a variety of ocular tissues in
vivo. A) Representative confocal images of BALB/c retina harvested 4 hours following intravitreal
injection of 0.3nmol AlexaFluro594 labeled AS1411 (FL-AS1411) or Control oligonucleotide (FL-Control)
[Top panels scale bar= 60μm; lower panels scale bar= 10μm]. B) Representative images of BALB/c cornea
harvested 4 hours following intravitreal injection of 0.3nmol AlexaFluro594 labeled AS1411 (FL-AS1411)
or Control oligonucleotide (FL-Control) [scale bar= 60μm]. DAPI (blue) counterstains were performed.
n=6eyes/3mice per condition/time point. GCL-ganglion cell layer; INL-inner nuclear layer; ONL-outer
nuclear layer; RPE-retinal pigment epithelium; Epi-epithelium; St-stroma; End-endothelium. (Arrow
denotes RPE nuclei; * denotes outer segments)
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Figure 29. AS1411 administered by intravitreal injection localizes to a variety of ocular tissues in
vivo. A) Representative confocal images of BALB/c retina harvested 24 hours following intravitreal
injection of 0.3nmol AlexaFluro594 labeled AS1411 (FL-AS1411) or Control oligonucleotide (FL-Control)
[Top panels scale bar= 60μm; lower panels scale bar= 10μm]. B) Representative images of BALB/c cornea
harvested 24 hours following intravitreal injection of 0.3nmol AlexaFluro594 labeled AS1411 (FLAS1411) or Control oligonucleotide (FL-Control) [scale bar= 60μm]. DAPI (blue) counterstains were
performed. n=6eyes/3mice per condition/time point. GCL-ganglion cell layer; INL-inner nuclear layer;
ONL-outer nuclear layer; RPE-retinal pigment epithelium; Epi-epithelium; St-stroma; End-endothelium.
(Arrow denotes RPE nuclei; * denotes outer segments)
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AS1411 efficiently transduces the cornea following topical application in vivo
Topical delivery of drugs to the cornea is highly inefficient, resulting in a considerable
loss of drug to the systemic circulation[178]. To examine the potential of FL-AS1411 to
deliver small molecules to the cornea following topical administration, 1 nmol of FLAS1411 or FL-control was applied to the cornea of BALB/c mice and allowed to
incubate for 2 hours. Eyes treated with FL-AS1411 showed markedly greater binding
and/or uptake of the fluorophore than FL-Control treated eyes, suggesting an increased
capacity of AS1411 to sequester and bind drugs to the cornea (Figure 30A).
Quantification of the fluorescence intensity of the corneal flatmounts indicated a
8.02±1.15 fold increase (p=0.002) in signal intensity for FL-AS1411 treated eyes relative
to FL-Control treated eyes (Figure 30B). Higher magnification images suggested
cytoplasmic and nuclear localization of FL-AS1411 in corneal epithelial cells. A small
amount of FL-Control was also observed to localize to nuclei of these cells, but with
much less efficiency than observed in FL-AS1411 treated eyes (Figure 30C). Confocal
microscopy of corneal flatmounts confirmed uptake of FL-AS1411 in the cytoplasm and
nucleus (Figure 30D). Transverse sections of the cornea also indicated efficient uptake by
corneal epithelial cells of FL-AS1411; nuclear co-stain confirmed nuclear, in addition to
cytoplasmic, localization (Figure 30E). FL-AS1411 was also observed to penetrate all
layers of the cornea, the anterior limiting lamina, stroma and endothelium (Figure 30E).
This result was unexpected, since tight junctions present in the superficial epithelial layer
are known to prevent molecules from passing into the cornea. Uptake of the FL-Control
oligonucleotide by the nuclei of the epithelial cells of the cornea, albeit less efficient than
that observed for FL-AS1411, was also indicated by transverse sections of control treated
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corneas (Figure 30E). These results suggest that AS1411 can efficiently sequester,
permeate and deliver drugs to the murine cornea when applied topically.

Figure 30. Topical application of AS1411 results in uptake by corneal cells in vivo
A) Representative corneal flatmounts harvested 2 hours post topical application of 1nmol FL-AS1411 or
FL-Control [scale bar=0.5mm] B) Quantitation of fluorescent signal per area (p=0.002, n=6 for each of FLAS1411, FL-Control). C) Higher magnification images of FL-AS1411 or FL-Control treated corneal
flatmounts [scale bar=60μm] (arrow denoting nuclear pattern). D) An image from a series taken with
confocal microscope showing FL-AS1411 in the nucleus and cytoplasm of FL-AS1411 treated corneal
epithelial cell [scale bar=20μm]. E) Transverse sections of BALB/c corneas topically treated with FLAS1411 or FL-Control [scale bar=60μm] n=4eyes/2 mice for each of FL-AS1411, FL-Control. Epiepithelium; St-stroma; End-endothelium
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AS1411 delivers proteins to cells in vitro
To determine whether AS1411 can deliver larger molecules, such as proteins, to the eye,
we first tested the ability of AS1411 to deliver fluorophore-conjugated streptavidin
(streptavidin594), an ~50kDa protein, to cells in vitro. To do this, we congugated
streptavidin594 to either biotinylated AS1411 (AS1411-streptavidin594) or to biotinylated
control oligonucleotide (Control- streptavidin594). To ensure efficient conjugation, the
conjugated products were electrophoresed in parallel with the unconjugated reagents
through a polyacrylamide gel under native conditions. The DNA was visualized with
SybrGold, whereas the streptavidin was visualized by its fluorescent label (Figure 31A).
We observed a shift in migration for the AS1411 conjugation product, AS1411streptavidin594 (Figure 31A, lane 3), and the control DNA conjugation product, Controlstreptavidin594 (Figure 31A, lane 6), relative to the unconjugated streptavidin594 (Figure
31A, lanes 2 and 5) and biotinylated AS1411 and control DNAs (Figure 31A, lanes 1 and
4). Interestingly, the AS1411-Streptavidin594 and Control-streptavidin594 conjugates (lanes
3 and 6) exhibited a faster migration than the unconjugated strepatvidin594 (lanes 2 and
5); likely due to the bound negatively charged DNA. To test this, AS1411-Streptavidin594
and Control-streptavidin594 were incubated with DNAse I and shown to exhibit a
migration pattern similar to streptavidin594 following DNAse treatment (data not shown).
Together these results confirm efficient conjugation of AS1411 and Control
oligonucleotides with strepatvidin594.

MCF7a is a breast cancer derived cell line previously shown to express cell surface
nucleolin [179, 180]. Confocal microscopy of non-permeabilized MCF7a cells stained for
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both nucleolin and WGA showed co-localization of nucleolin with the cell surface
marker, confirming the presence of nucleolin on the plasma membrane of this cell line
(Figure 31B). Incubation of MCF7a cells with 1000ng AS1411-Streptavidin594 for 1 hour
resulted in a significantly higher degree of binding of the conjugate than did incubation
with Control-streptavidin594 or unconjugated streptavidin594 (Figure 31C). Two-factor
analysis of variance of the fluorescence intensity of MCF7a cells indicated a significant
effect of AS1411 conjugation and a dose dependence on streptavidin594 targeting of
MCF7a cells, in addition to a statistically significant interaction between the two
variables (p<0.0001) (Figure 31D). Statistically significant increased fluorescence
intensity for AS1411-streptavidin594 incubated cells at 250ng (p<0.001), 500ng
(p<0.0001)

and

1000ng

(p<0.0001)

compared

to

Control-streptavidin594

and

streptavidin594 treated cells was noted, with no statistically significant difference noted at
100ng between the three groups. No significant difference in fluorescence intensity was
noted for Control-streptavidin594 and streptavidin594 incubated cells at any dosing (Figure
31D). Confocal microscopy performed on AS1411-streptavidin594 treated MCF7a cells
confirmed internalization of the conjugate and demonstrated its localization to the
cytoplasm and nucleus (Figure 31E). We thereby conclude that conjugation of the ~
50kDa streptavidin protein to AS1411 significantly increases uptake of the protein in
MCF7a cells relative to unconjugated streptavidin or streptavidin conjugated to a control
oligonucleotide. Uptake of AS1411-strepavidin594 occurred in a dose-dependent manner
and could be delivered to the nucleus of these cells.
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Figure 31. AS1411 delivers proteins to cells in vitro. A) Native polyacrylamide gel confirms
conjugation of streptavidin594 with biotinylated AS1411. Lane 1: biotinylated AS1411; Lanes 2 and 5:
Streptavidin594; Lane 3: AS1411-Streptavidin594; Lane 4: biotinylated control oligonucleotide; Lane 6:
Control oligo-Streptavidin594 (arrows denote conjugation products). B) MCF7a cells stained for nucleolin
(red), plasma membrane marker, wheat germ agglutinin (WGA; green) and DAPI (blue) [scale bar=20μm].
C) Representative images of MCF7a cells treated for 1 hour with 1000ng of Streptavidin594, ControlStreptavidin594, or AS1411-Streptavidin594. Bright-field shown in insert. [scale bar=120μm]. D)
Quantification of raw fluorescence intensity of MCF7a cells treated with increasing doses of
Streptavidin594, Control-Streptavidin594, or AS1411-Streptavidin594 (experiment performed twice in
triplicate)(***=p<0.001; ****=p<0.0001). E) Representative confocal images of AS1411-Streptavidin594
(red) treated cells stained with WGA (green) and DAPI (blue) (arrow indicates nuclear localization of
AS1411- Streptavidin594)[scale bar=20μm].
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AS1411-streptavidin conjugate efficiently transduces retinal cells following in vivo
delivery
We subsequently examined whether AS1411 could enhance delivery of streptavidin into
retinal cells in vivo. Six-week-old BALB/c mice were administered 1.5μg of AS1411streptavidin594, Control-streptavidin594 or streptavidin594 via intravitreal injection. Eyes
were harvested at 4 hours or 24 hours post-injection. At 4 hours post-injection there was a
marked uptake of AS1411-streptavidin594 in the RPE, OS, IS, OPL (outer plexiform
layer), ONL, INL and GCL, which was consistent with the localization pattern of
fluorophore labeled AS1411 (Figure 32A). Significantly less uptake of Controlstreptavidin594 (C-S) and streptavidin594 (S) was observed in the RPE relative to AS1411streptavidin594, with no uptake noted in the ONL, INL and GCL. At the 24-hour time
point, a reduced AS1411-streptavidin594 signal was present in the ONL, INL and GCL
(Figure 32B). The most intense signal was noted in the RPE layer. Neither of the controls
had detectable fluorescent signal at this time point (Figure 32B). Confocal microscopy of
each of the retinal tissues was performed in order to examine streptavidin localization in
the cells (Figure 33). At the 4-hour time point, the majority of the AS1411streptavidin594 was observed in the cytoplasm, in all tissues examined. Some AS1411streptavidin594 was observed, however, in the nuclei of RPE cells and inner neurons
(INL) at the 4-hour time point (Figure 33A). At 24 hours, AS1411-streptavidin594 was
still present in the RPE, in both the cytoplasm and nucleus (Figure 33B). While the ONL
and INL had considerably reduced amount of AS1411-streptavidin594 at this time point,
the conjugate was still detectable in the OPL and nerve fiber layer.
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Figure 32. AS1411-Streptavidin594 transduces mouse retina following intravitreal injection (lower
power magnification).
A) Representative images of BALB/c retinal sections from eyes harvested 4 hours following intravitreal
injection of 1.5μg of unconjugated Streptavidin594 (S), AS1411-Streptavidin594, or Control-Streptavidin594
(C-S). B) Representative images of BALB/c retinal sections from eyes harvested 24 hours following
intravitreal injection of 1.5μg of unconjugated Streptavidin594 (S), AS1411-Streptavidin594, or ControlStreptavidin594 (C-S). Sections were counterstained with DAPI (blue; n= 6eyes/3mice per condition/time
point) [scale bar=60μm] GCL-ganglion cell layer; INL-inner nuclear layer; ONL-outer nuclear layer;
RPE-retinal pigment epithelium

In addition to the retina, AS1411-streptavidin594 transduced the cornea following
intravitreal injection (Figure 34). Specifically, AS1411-streptavidin594 (red) was seen in
both the endothelial and stromal layers of the cornea at the 4-hour (Figure 34A) and 24hour time points (Figure 34B). Counterstain with DAPI indicated localization of AS1411streptavidin594 to the nucleus of stromal fibroblasts and endothelial cells. Collectively,
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these results strongly indicate the capacity of AS1411 to efficiently deliver proteins and
other cargo ≤ 50kDa, to the RPE, retinal neurons, and cells of the cornea.

Figure 33. AS1411-Streptavidin594 transduces mouse retina following intravitreal injection (higher
power magnification).
A) Confocal images of retinal cells at the 4-hour time point following AS1411-streptavidin594 treatment. B)
Confocal images of retinal cells at the 24-hour time point following AS1411-streptavidin594 treatment.
Sections were counterstained with DAPI (blue) [scale bar=10μm]. GCL-ganglion cell layer; INL-inner
nuclear layer; ONL-outer nuclear layer; RPE-retinal pigment epithelium; OPL-outer plexiform layer;
IS/OS-outer and inner segments (* denotes nerve fiber layer)
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Figure 34. AS1411-Streptavidin594 transduces mouse cornea following intravitreal injection.
A,B) Representative images of BALB/c eyes harvested 4 hours and 24 hours following intravitreal
injection of 1.5μg of AS1411-Streptavidin594 [scale bar=60μm]. Epi-epithelium; St-stroma; Endendothelium

AS1411-strepatividin594 transduction of cornea following topical application
To assess whether AS1411 could deliver a 50kDa protein such as streptavidin to mouse
cornea following topical application, we administered 5µg of AS1411-streptavidin594,
Control-streptavidin594 or streptavidin594 to the corneas of 6 week-old male BALB/c
mice. Two hours following topical application, the eyes were harvested, and corneas
examined for transduction. Fluorescence microscopy of whole cornea flatmounts (Figure
35A) indicated a markedly enhanced binding and/or uptake in corneas treated with
AS1411-streptavidin594 compared to corneas treated with Control-streptavidin594 or
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streptavidin594. Quantification of the fluorescence intensity of streptavidin594 conjugates
on the corneal flatmounts indicated that AS1411-streptavidin594 treated corneas had
incorporated 3.76±0.87 fold and 3.92±0.86 fold (p<0.001 for both) more strepatividin594
than Control-streptavidin594 and streptavidin594 treated corneas, respectively (Figure
35B). While some binding and/or uptake of strepatividin594 was observed in both
Control-streptavidin594 and streptavidin594 treated corneas, consistent with that observed
for FL-Control, the amount of streptavidin594 did not differ significantly between these
groups (Figure 35A,B).

While corneas from all three treated groups revealed a fluorescent pattern suggestive of
binding and potential uptake by some corneal cells, the degree of fluorescence was
substantially greater for AS1411-streptavidin594 treated corneas and the pattern appeared
to be more nuclear (Figure 35C). In order to further investigate this, confocal microscopy
was performed on AS1411-streptavidin594 treated corneal flatmounts and confirmed entry
of the conjugate into the nucleus (Figure 35D). To determine cell type transduced,
transverse sections of treated corneas were prepared (Figure 35E). These were consistent
with flatmount data, but also showed that the majority of AS1411-streptavidin594 was
delivered to cells of the corneal epithelium (Figure 35E). This is likely due to the
presence of tight junctions between the epithelial cells [5]. Interestingly however,
adjacent to the corneal limbus (border of the cornea and sclera), some AS1411strepatividin594 could be observed in the stroma and endothelium (Figure 35F). Whether
this is due to structural differences at the corneal limbus or a difference in concentration
of the topically applied “drop” between the center and edge of the cornea is not known.

120

We can conclude, however, that topical application of AS1411-streptavidin594 to murine
cornea permits binding and uptake by the corneal epithelium, as well as delivery to the
stroma and endothelium adjacent to the corneal limbus.

Figure 35. Topical Application of AS1411-streptavidin594 results in corneal uptake and nuclear
localization in vivo. A) Representative corneal flatmounts harvested 2 hours post topical application of 5μg
of AS1411-Streptavidin594, Control-Streptavidin594 or Streptavidin594 [scale bar=0.5mm] B) Quantitation of
the intensity of fluorescence of streptavidin594 conjugates per area of corneal flatmounts (n=6 per condition,
***=p<0.001). C) Higher magnification images of AS1411-Streptavidin594, Control-Streptavidin594 or
Streptavidin594 treated corneal flatmounts [scale bar=120μm]. D) Confocal series of flatmount of AS1411Streptavidin594 treated cornea showing nuclear localization within corneal epithelial cell [scale bar=20μm].
E) Transverse sections of corneas treated topically with AS1411-Streptavidin594, Control-Streptavidin594 or
Streptavidin594 treated (n=4eyes/2mice per condition) [scale bar=60μm]. F) Transverse section of AS1411strepatividin594 treated cornea showing transduction of stroma and endothelium adjacent to the corneal
limbus [scale bar=60μm]. Epi-epithelium; St-stroma; End-endothelium

Cell surface nucleolin is present on retinal cells of non-human primate
While mammalian retinas share a high degree of homology, there are many substantial
differences between murine and primate retina, most notably the absence of a macula in
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the murine retina [51]. To assess the potential of AS1411 as a delivery vehicle to primate
retina, transverse sections of Cynomolgus retina were probed for the presence of
nucleolin on the cell membrane of retinal cells using an anti-nucleolin antibody (Figure
36). To aid in localization of nucleolin, sections were co-stained with the plasma
membrane marker, WGA. Cynomolgus retina stained positive for nucleolin in cells of the
GCL, INL, photoreceptor cell bodies (ONL) and RPE of both the central and peripheral
retina (Figure 36A,D). The pattern of nucleolin staining, however, was different in the
various cell types between central and peripheral retina. In the central retina, nucleolin
was present throughout the cell in all positive cell types (Figure 36A). In the GCL and
RPE of the central retina, nucleolin presence was observed in the nucleus and cytoplasm,
with limited overlap occurring between WGA and the nucleolin antibody (Figure 36C).
In the ONL and INL of the central retina, a less homogenous distribution of nucleolin
was observed than in the GCL and RPE (Figure 36A). However, more overlap was
observed between nucleolin and WGA staining in the ONL and INL, suggesting an
enhanced presence on the membranes of these cell types (Figure 36C). In the peripheral
retina, nucleolin staining of the INL and ONL exhibited a more homogenous “ring-like”
structure than in the central retina, consistent with presence of nucleolin on the plasma
membrane of these cells (Figure 36D). This pattern of staining was consistent with that
observed with WGA in these cells of the peripheral retina (Figure 36E), with
considerable overlap indicated between the two (Figure 36F). Similar to nucleolin stain
of the GCL and RPE of the central retina, the presence of nucleolin in the GCL and RPE
was largely inconsistent with that of WGA and, therefore, with membrane localization
(Figure 36F).
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Figure 36. Surface nucleolin is present in non-human primate retina.
A,D) Confocal images of peripheral and central sections of Cynomolgus retina stained for nucleolin (red).
B,E) Confocal images of peripheral and central sections of Cynomolgus retina stained with the plasma
membrane marker, wheat germ agglutinin (WGA, green). C,F) Overlay of images (A,D, with B,E) showing
co-localization of nucleolin and WGA (yellow). [Top panels scale bar= 60μm; lower panels scale bar=
10μm] GCL-ganglion cell layer; INL-inner nuclear layer; ONL-outer nuclear layer; RPE-retinal pigment
epithelium (arrows denote regions of co-localization)
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These results strongly indicate the presence of nucleolin on the plasma membrane of both
the ONL and INL, particularly within peripheral retina of the non-human primate. The
observation of increased nucleolin on the membrane of the ONL of the peripheral relative
to central retina is consistent with findings in the ONL of mouse retina (Figure 27).
Murine and peripheral non-human primate retina has a greater density of rod relative to
cone photoreceptors than that of the central retina of non-human primate, indicating that
cell surface nucleolin could be present in higher concentrations in rod photoreceptors
than in cone photoreceptors [2, 181]. To investigate this further, primate sections were
stained with cone inner segment marker peanut agglutinin (PNA), demonstrating the
presence of markedly more cones in the central retina compared to the periphery (Figure
37). Unlike the murine retina, however, the INL of Cynomolgus retina also exhibited colocalization of nucleolin and WGA (Figure 36E,F). In conclusion this data supports
further investigation of AS1411 as a delivery vehicle of therapeutic molecules to the
retina of non-human primates.
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Figure 37. Cone density varies between the peripheral and central Cynomolgus retina. Peripheral and
central sections of Cynomolgus retina stained with cone inner segment marker, peanut agglutinin (PNA,
green) and DAPI (blue) counterstained. Arrows denote cone inner segment staining. [scale bar=120μm]

Cell surface nucleolin is present in normal human retina
To further investigate the potential for future clinical relevance of AS1411 in delivering
macromolecules, we examined surface nucleolin expression in the adult human retina.
Human retinal samples stained for nucleolin displayed a similar hexagonal staining
pattern found in the Cynomolgus retina in the outer nuclear layer (ONL) and inner
nuclear layer (INL) (Figure 38A). To investigate whether this pattern was consistent with
surface nucleolin, we stained for plasma membrane utilizing wheat germ agglutinin and
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found a similar hexagonal pattern in both these layers (Figure 38B). Co-localization of
the two signals was found in both the outer nuclear layer (ONL) and inner nuclear layer
(INL), suggesting surface nucleolin is found in the normal adult human retina (Figure
38C). Taken together these results strongly suggest that surface nucleolin is expressed in
non-diseased adult human retina and utilizing AS1411 for macromolecule delivery may
be feasible in humans.

Figure 38. Surface nucleolin is present in human retina.
A) Confocal images of human retina sections stained for surface nucleolin (red). B) Representative images
of human retina sections stained plasma membrane marker wheat germ agglutinin (green). C) Colocalization of signal (yellow) was determined by overlaying the two stains. [Top panels scale bar= 60μm;
lower panels scale bar= 10μm] GCL-ganglion cell layer; INL-inner nuclear layer; ONL-outer nuclear
layer; RPE-retinal pigment epithelium
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5.5 Discussion
To our knowledge, this is the first demonstration of delivery of an exogenous protein to a
variety of ocular tissues using an aptamer. Previously, cell-penetrating peptides have
been utilized for ocular delivery of fluorophore and protein [182-184]. HIV-derived TAT
and herpes simplex virus-derived VP22 peptides functioned efficiently in vitro, but had
considerably reduced efficiency in vivo [182, 185, 186]. Peptide for ocular delivery
(POD) efficiently delivered fluorophore and protein to murine photoreceptors and RPE
following subretinal injection, but almost exclusively transduced ganglion cells upon
intravitreal administration [183, 187]. In the retina, AS1411 aptamer efficiently delivered
a ~50kDa protein to the cytoplasm and nucleus of photoreceptors following intravitreal
injection. AS1411 also facilitated uptake of the same 50kDa protein, following
intravitreal injection, by the endothelium and stroma of the cornea. Furthermore, the
same protein can be delivered by AS1411 to the nucleus of corneal epithelial cells
following topical application.

One of the limitations of cell-penetrating peptides is that they transduce cells via
endocytosis, which leads to endosomal entrapment and degradation [172, 173]. Nucleolin
acts as a shuttle between the cell membrane and the cytoplasm and nucleus and provides
a pathway independent of endosomes, thereby offering a possible means of avoiding
endosomal entrapment and loss of cargo [56, 174, 175]. Efficient delivery of AS1411
conjugates to murine photoreceptors in vivo is consistent with previous studies showing
plasma membrane nucleolin as a target for AS1411, and the observation herein of
membrane staining for nucleolin exclusively on the ONL of murine retina (Figure
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27)[67]. The significant potential that AS1411 holds for protein delivery to
photoreceptors of human retina is strongly indicated by nucleolin staining on the plasma
membrane of the ONL of both non-human primate and human retina. Interestingly,
equivalent staining for nucleolin was also observed on the membrane of inner neurons in
both non-human primate and human retina, extending application of AS1411 delivery to
inner retinal neurons. This could include delivery of anti-apoptotic proteins to the INL
following ischemic shock, such as occurs in ocular vein occlusion [188, 189]. The
increased presence of membrane nucleolin in the peripheral retina relative to the central
retina in primates, which correlates with a higher rod to cone ratio in peripheral retina,
suggests a greater potential for AS1411 delivery of therapeutic proteins in the treatment
of rod photoreceptor diseases, such as retinitis pigmentosa ([2, 181], Figure 37).

Intravitreal injection is a standard procedure for ocular drug delivery and is shown to be
relatively safe in the treatment of progressive disease, such as AMD. However, ideally
we would envisage the use of slow release formulations of AS1411 conjugates, to avoid
albeit infrequent complications associated with injection, such as endophthalmitis, retinal
detachment and increased ocular pressure [46].

In addition to the ONL of murine retina, AS1411-streptavidin594 was observed in the RPE
following intravitreal injection. This hints at the potential for AS1411-meditated delivery
of therapeutics for treatment of RPE degeneration, such as is observed in age-related
macular degeneration. This observation of RPE uptake, however, was not consistent with
the absence of detectable membrane nucleolin on RPE cells of either murine or primate
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retina. It is possible, however, that AS1411 is phagocytized by the RPE either directly or
as a constituent of photoreceptor outer segments [6, 190]. This is more likely to be the
case given that AS1411-mediated uptake of both fluorophore and protein increased at the
later (24-hour) time-point after injection, a time when the amount of AS1411 cargo in the
ONL and outer segment is seen to be reduced (Figure 2, 5).

Intravitreal delivery of therapeutic protein for the treatment of inner corneal diseases,
such as stromal keratitis and mucopolysaccharidoses, are indicated based on the
observation of AS1411 conjugate in the stroma and endothelium of murine retina.
Topical delivery of AS1411 conjugates for the treatment of diseases affecting the outer
layers of the cornea, such as dry eye and Herpes Zoster infections, are also strongly
suggested by the observation of uptake of AS1411 by corneal epithelial cells. Topical
delivery of drugs to the cornea is highly inefficient, resulting in a considerable loss of
drug to the systemic circulation [178]. Conjugation of AS1411 to existing topical
treatments for these diseases may increase the bioavailability of these compounds and
allow for less “off target” effects.

In conclusion, our study suggests that AS1411 efficiently delivers proteins of up to
~50kDa to the nuclei and cytoplasm of a variety of retinal and corneal cells, and that
AS1411 employs cell surface nucleolin to deliver its cargo. The presence of membrane
nucleolin on inner and outer neurons of non-human primate and human retina strongly
indicates the potential of AS1411 for delivery of conjugates to human retina and favors
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further exploration of AS1411 as a delivery vehicle for treatments of a variety of retinal
and corneal diseases.
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Chapter 6
Conclusions and Future Directions
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Age-related macular degeneration (AMD) is one of the leading causes of central vision
loss in developed nations among individuals 65 years of age and older [8]. Due to an
aging population, the number of cases and total burden of AMD is expected to rise and
with it the need for effective therapeutics [11]. This study addressed major limitations in
the current treatment of AMD, which include:

1. the lack of non-VEGF targets for the treatment of ‘wet’ AMD
2. the invasive mode of drug delivery for the treatment of ‘wet’ AMD
3. the lack of any therapeutics for the treatment of ‘dry’ AMD
4. inefficient delivery of macromolecules to the retina

The first limitation that this body of work addressed is the currently unmet need for the
development of inhibitors of CNV that target molecules other than VEGF. While initially
beneficial, over a longer time period anti-VEGF therapy may not continue to benefit
patients [34]. Long-term follow-up studies suggest that gains in visual acuity are largely
lost in two-thirds of patients 7 years post treatment with anti-VEGF agents [35].
Additionally, recent clinical studies confirm prior studies in animals suggesting that longterm inhibition of VEGF is deleterious to the retina [36-40]. Specifically, an anti-VEGF
mediated regression of CNV can lead to macular atrophy [40]. Hence, we examined
surface nucleolin as a non-VEGF target in choroidal neovascularization. We found that
expression of nucleolin is elevated on endothelial cells migrating in response to laserinduced injury and that AS1411, a g-quartet aptamer that targets nucleolin, co-localizes
with the site of CNV in vivo. Intravitreal delivery of AS1411 inhibited laser-induced
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CNV and infiltration of macrophages. While additional studies examining the
pharmacokinetic and toxicity profile of AS1411 will be required, in this study we have
provided proof of concept that nucleolin is a target worthy of further investigation and
that AS1411 has potential as a future treatment of AMD and possibly other ocular
diseases involving choroidal neovascularization. Such pharmacokinetic and toxicity
studies need to be conducted largely in non-human primates in order to be relevant to the
human eye due to the similar ocular volume and structure. The fact that AS1411 was
previously found to be well tolerated during Phase I and II FDA clinical trials
investigating its chemotherapeutic potential minimizes the likelihood of adverse effects in
these proposed toxicity studies [68]. In addition, confirmation of the presence of surface
nucleolin in non-human primate laser-induced CNV is also required. If the presence of
surface nucleolin is confirmed, we would plan to test the efficacy of intravitreally
injected AS1411 in attenuating CNV in this model.

An additional issue with current ‘wet’ AMD treatments is that anti-VEGF antibodies
need to be injected into the ocular compartment via intravitreal injection every four to
twelve weeks [45].

As discussed in Chapter 2, repeated intravitreal injections are

associated with endophthalmitis, retinal detachment and increased intraocular pressure
[46]. Although the frequency of these complications is relatively low per injection, these
frequencies become relevant over the lifetime of the patient. Moreover, given that AMD
affects primarily an aged population, the relatively high frequency of intraocular
injections negatively impacts patient compliance [47]. Hence, there is also an unmet need
for a mechanism of drug delivery for anti-CNV agents that is less invasive than
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intravitreal injections. Since topical administration of a therapeutic would overcome all
the aforementioned side effects of intravitreal injections, we investigated the potential
therapeutic efficacy of topically applied AS1411 in the laser-induced CNV model.
Importantly, we found that topical application of AS1411 also attenuated laser induced
CNV. Though this result has significant implications for the treatment of ‘wet’ AMD
and possibly other ocular diseases involving choroidal neovascularization, further studies
are required. Specifically, the mechanism by which AS1411 reaches the retina after
topical application remains to be elucidated. Considering that the endothelial cells of the
CNV lesion are choroidal and only penetrate the retina through disruption of the bloodretinal barrier, it is possible that the AS1411 follows a trans-scleral/trans-choroidal
pathway to reach the proliferating choroidal endothelial cells, though direct corneal
penetration cannot be ruled out. Utilization of radiolabeled AS1411 topically applied to
rabbit or non-human primate eye would help to elucidate not only the mode, but also the
efficiency of entry to the posterior portion of the eye. Once this is determined, a more
accurate assessment of the topical dosing required to reach therapeutic levels in the eye
can be made. The efficacy of topically applied AS1411 would then be assessed in the
aforementioned non-human primate model of laser-induced choroidal neovascularization.

The corneal micropocket assay is an intriguing model to test the anti-angiogenic
properties of AS1411. In this model, a pellet containing pro-angiogenic factors is
introduced into the avascular cornea of a mouse, rat or mouse, inducing new blood vessel
growth from the peripheral limbal vasculature [191]. The corneal penetration properties
described in Chapter 5, combined with the anti-angiogenic properties, described in
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Chapter 3, supports that notion that topically applied AS1411 would attenuate corneal
neovascularization in this model. This result would have potential therapeutic
implications for corneal neovascularization disorders that occur secondary to chemical
burns, ischemia, infection, trauma and inflammation [192].

An additional potential future direction would be to utilize topical application of AS1411
in the very-low-density lipoprotein receptor (VLDLR) knockout mouse model of chronic
neovascularization. The VLDLR knockout mouse exhibits a phenotype similar to retinal
angiomatous proliferation (RAP), which is a relatively uncommon form of
neovascularization occuring in 12-15% of ‘wet’ AMD cases [193-195]. RAP involves
neovascularization originating from the inner retinal vasculature, rather than choroidal
vessels, which occurs in the majority of ‘wet’ AMD cases [196]. Unlike the
neovascularization that occurs in the laser-induced model, which is the result of acute
trauma, the neovascularization that occurs in the VLDLR knockout mouse is chronic in
nature [193]. This would allow us to assess whether topical application of AS1411 would
have prolonged benefits in a chronic setting and additionally help to determine if there
are any side effects associated with continuous treatment with AS1411.

Another current limitation that this body of work addressed was the lack of therapeutics
for the treatment of ‘dry’ AMD. AMD is a chronic disease that can take years to advance
to a point where visual impairment is clinically evident. Hence, development of a
therapeutic to halt or even slow the progression of ‘dry’ AMD, which accounts for ~90%
of all cases, would have a significant impact on advanced AMD prevalence, patient
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quality of life and overall healthcare expenditures [16]. As such, we set forth to create
novel recombinant molecules that target the complement system, a system whose role in
AMD pathogenesis and progression is well documented.

In Chapter 3, we described for the first time a novel non-membrane associated
recombinant molecule, SACT, that exhibits the combinatorial properties of CD46, CD55
and CD59. We also described DTAC that combines the combinatorial properties of CD55
and CD59. Each of these molecules were found to exhibit properties consistent with their
modular structures and each of these molecules were potent inhibitors of activation of
complement in vitro. In the future, we plan to conduct a dosing study utilizing purified
SACT and DTAC and compare their functionality with purified soluble versions of
CD46, CD55 and CD59. This would allow for a better characterization of the relative
potency of each of the composite complement regulatory regions. This, however, will
likely prove to be challenging, since we have found that the addition of a His-tag to
sCD59 negatively impacted functionality. Utilizing a gel filtration column that allows for
separation based on size followed by concentrating the semi-purified proteins using either
ultra filtration or lyophilization is an alterative purification method that may overcome
this issue.

Additionally, we found that SACT and DTAC were capable of limiting human
complement damage ex vivo and in vivo. We demonstrated that both novel recombinant
proteins could protect murine RPE from human complement deposition in an ex vivo
setting, which was inline with our previous results utilizing the membrane bound versions
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of CD46, CD55 and CD59 [120-122]. Additionally, we found that AAV mediated
delivery of SACT or DTAC via intravitreal or subretinal injection did not attenuate CNV
formation in the laser-induced model of ‘wet’ AMD, highlighting the drawbacks of
testing human complement inhibitors in murine systems. We did, however, confirm the
efficacy of these two molecules when expressed via a gene therapy approach by utilizing
the murine liver human MAC deposition model. We found AAV-mediated expression of
SACT or DTAC protected murine liver vasculature from human MAC deposition by
63.2% and 56.7% respectively. Taken together these results demonstrate that when
delivered to mice in vivo via an AAV vector, SACT and DTAC are capable of limiting
human complement mediated damage. This lends support to SACT and DTAC’s
therapeutic potential in treating AMD and other complement associated disorders.

Ideally, we would have liked to test SACT and DTAC in a model of ‘dry’ AMD.
Unfortunately, no such model is currently available. The laser-induced CNV model is
considered the current gold standard for ‘wet’ AMD, but as discussed in Chapter 4, the
testing of human complement inhibitors in mice is limited by species restrictions.
Additionally, any future murine model of ‘dry’ AMD would be subject to the same
limitations. Hence, we plan on testing these inhibitors in non-human primates, where
these restrictions are greatly reduced. First we would determine whether SACT and
DTAC can inhibit non-human primate complement in vitro and if so, test the efficacy of
these molecules in non-human primates utilizing the laser-induced CNV model.
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An intriguing possibility would be to test the efficacy of AAV2/8-SACT and –DTAC in
Cynomolgus monkeys that suffer from an autosomal-dominant inherited early-onset
macular degeneration [197, 198]. This colony of Cynomolgus monkeys at the Tsukuba
Primate Center first display fine, yellowish drusen-like deposits in the macular region at 2
years of age, which continue to progress slowly throughout their lifetime [197, 198]. This
gradual progression makes a gene therapy approach appealing, since affected animals
would only require one injection/treatment point. Additionally, affected non-human
primates have increased lipofuscin accumulation within the RPE and complement
immune-reactive drusen present between the RPE and choriocapillaris [197, 198]. These
histological findings are similar to those found in early/intermediate ‘dry’ AMD patients
and the documentation of complement activation in these primates makes SACT and
DTAC logical therapeutic interventions. Overall, the chronic nature of this model
coupled with its phenotypic similarities to ‘dry’ AMD makes it ideal for testing the longterm efficacy of SACT and DTAC when expressed via a gene therapy approach.

The final unmet need that is addressed by this body of work relates to the ineffective
delivery of potentially beneficial macromolecules to the retina and cornea. As discussed
in Chapter 5, the efficient delivery of therapeutic proteins into ocular tissue is currently
limited to the use of recombinant viruses delivering DNA expression cassettes. The
resulting inability to control dosing due to continuous expression can lead to deleterious
side effects. Cell-penetrating proteins have been investigated as a means for ocular
protein delivery, but the majority become trapped in endosomes and subsequently
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destroyed [172, 173]. Hence, we targeted the nucleolin pathway to bypass endosomal
entrapment and deliver protein to the cytoplasm and nucleus of retinal cells. We
demonstrated the presence of surface nucleolin in BALB/c murine, non-human primate
and human retina and utilizing AS1411, a g-quartet oligonucleotide that targets nucleolin,
delivered fluorophore and exogenous protein to retinal and corneal tissue.

Future studies will involve in vivo delivery of therapeutic proteins to rescue murine
ocular disease models. Rescue of disease phenotypes would act as a proof-of-principle
for the use of this delivery platform in a therapeutic setting. The RPE65 knockout mouse
model of retinitis pigmentosa would be one potential model for testing. The lack of
functional RPE65 results in isomerization of all-trans- to 11-cis retinal being blocked in
the RPE, leading to eventual retinal degeneration. Since we found that AS1411 can
readily deliver streptavidin to the retinal pigment epithelium, it holds that RPE65 protein
may also be delivered to the RPE by AS1411, thereby attenuating retinal degeneration.
One possible way to create the AS1411-RPE65 conjugate would be to create a plasmid
containing the cDNA of RPE65 flanked by a biotin-binding peptide sequence and a Histag sequence. The His-tag sequence would allow for column purification of the RPE65
protein from transfected cells. Once purified, the biotin-binding peptide portion, which is
only 13 amino acids in length, would allow for efficient conjugation of biotinylated
AS1411 to the protein [199, 200].

In addition to protein delivery, we plan to investigate whether AS1411 can be used to
increase gene delivery and transduction of post-mitotic cells in the retina. Most current
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retinal gene therapy approaches utilize viruses for transgene delivery. Aside from
possible immune reactions against the viral vectors, this approach is hindered by the
virus’s limited packaging capacity [201]. For example, recombinant adeno-associated
virus (AAV), which are currently being used in ongoing clinical retinal gene therapy
trials, have a packaging capacity of ~4.7kB genomic DNA per viral particle [201]. Nonviral gene therapy approaches do not have the same limited packaging capacities and
immunogenic properties of their viral counterparts. There are, however, many barriers
limiting non-viral gene therapy, including enzymatic degradation, entry thru the cellular
membrane, endosomal escape, cytoplasmic DNA degradation, nuclear entry and gene
silencing [202]. Surface nucleolin is a promising target for gene delivery since it may
allow for DNA nanoparticles to evade endosomes and overcome the challenge of
crossing the plasma and nuclear membranes in post-mitotic cells. In Chapter 5, we found
that AS1411 could deliver streptavidin to the nucleus of cells in vitro and in vivo,
supporting the idea that AS1411 may be able to deliver DNA nanoparticles into retinal
cells.

One approach for testing this hypothesis would entail using the biotin binding
glycoprotein avidin for the compaction of DNA [203]. Avidin is a tetrameric
glycoprotein isolated from chicken egg white and is a counterpart to bacterial-derived
streptavidin. Morpurgo et al found that when combined with plasmid DNA, the strongly
basic avidin resulted in the creation of 50-100nm rod-shaped nanoparticles [203].
Utilizing this approach, we could create nanoparticles containing luciferase or GFP
reporter plasmids. The resulting nanoparticles would have readily available binding sites
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for biotinylated AS1411, allowing for a highly efficient and straightforward conjugation.
After forming these nanoparticles, we would first want to determine whether this
compaction method negatively impacts transgene expression. To accomplish this, we
would transfect cells with untreated plasmid DNA containing the luciferase transgene
expression cassette (pLuciferase) or with avidin condensed pLuciferase nanoparticles
with or without the addition of biotinylated AS1411. Assuming transgene expression is
unaffected, we would then proceed with in vitro testing in nucleolin expressing MCF7a
cells, followed by in vivo testing.

Taken together, the results of this body of work offer potential solutions to current
therapeutic challenges in treating AMD, thereby furthering the field of ocular medicine.
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