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Abstract
The eye represents an isolated and immune privileged region of the body where multiple
gene polymorphisms have been identified. Therefore, gene therapy is an attractive
therapeutic approach to ameliorate disease. Adenovirus has been used successfully in
multiple clinical trials, has a large cloning capacity, does not integrate into genomic
DNA, and is capable of expressing for long periods of time. The capsid of adenovirus
has a fiber extending from the viral coat with a penton structure at the base of the fiber.
These two structures are mainly what determine binding and entry of the virus into cells.
Altering the fiber has been a successful way to re-direct the tropism of adenovirus
towards the cell type intended for gene therapy.

Loss of RPE cells is characteristic of age related macular degeneration (AMD), the
leading cause of blindness in people over 65. A low level but chronic inflammatory
response of the innate immune system has been implicated in the progression of AMD.
Specifically, activity of the alternative arm of the complement pathway has been
observed. Genetic studies have identified that polymorphisms in complement regulatory
proteins place individuals at an elevated risk for developing AMD. CD46 is a membrane
bound complement regulator that is normally expressed on RPE cells with expression
levels reduced in AMD patients.

A limitation to using a membrane bound complement inhibitor for gene therapy in AMD
is that protection is limited to the site of expression. This can be overcome by designing
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an inhibitor that is secreted from cells. The optimal secreted inhibitor must be highly
effective at blocking complement so that protection occurs even when the concentration
of inhibitor is low, at sites distant from initial expression. It must also be small enough to
readily diffuse through the eye.

Here we describe how we re-directed the tropism of adenovirus to specifically express in
photoreceptors, the retinal cell type with the most polymorphisms, by altering the
fiber/penton base and using a cell specific promoter. We also describe the first gene
therapy approach to treating AMD using CD46 along with the first description of a novel
secreted complement regulator.
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Chapter 1:
Viral Vectors for Gene Delivery and Current Strategies for Treating Age-related
Macular Degeneration
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I.

Visual Processing

The human eye is a highly specialized structure capable of converting packages of light
(photons) into electrochemical energy that is then relayed to the brain and processed into
an image. This involves the interplay of a complex yet highly organized network of cells
that are capable of capturing, converting, and relaying the signal to the visual cortex of
the brain so it can be deciphered into an image.
Anatomy
The cornea is the outermost covering of the eye offering a protective yet sensitive barrier.
After passing through the cornea light enters the lens where it is focused onto the retina
(figure 1). There it is captured by photoreceptors and converted from photons into
electrochemical energy that is eventually perceived as vision. There are two types of
photoreceptors designed to capture light, rods and cones. Rods are responsible for vision
under low light conditions while cones are adept at determining color and visual acuity.
At the center of the retina lies a region of densely packed photoreceptors, mainly cones,
referred to as the macula. The majority of light is focused here making it a highly active
region for visual processing. At the macula the photoreceptor cell bodies are shifted to
the side so light proceeds unimpeded to the photoreceptor outer segments, where it is
captured. Additionally, the inner nuclear layers of the retina are clear to facilitate light
transmission to the outer segments. The inner nuclear layer contains bipolar and
horizontal cells involved in transmitting the action potential generated from the
photoreceptors to the optic nerve. Müller cells also reside in the inner nuclear layer and
are the resident glial cells of the eye. The retinal pigment epithelium (RPE) is juxtaposed
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to the outer segments making it the outer most layer of the retina. The RPE captures any
light that is scattered by the photoreceptors. It is also intimately involved in
phototransduction.
Phototransduction
Phototransduction is the process of converting light energy into chemical energy and is
accomplished mainly by the photoreceptors[1]. Photons enter the outer segment discs of
the photoreceptors where they initiate the isomerization of 11-cis-retinal, a chromophore
covalently bonded to the photoreceptor G-coupled protein rhodopsin[2-5]. The 11-cis
retinal is converted to all-trans retinal then finally to all-trans retinol. The all-trans retinol
diffuses to the RPE where enzymes convert it back into 11-cis-retinal so that it can be
taken back in to the outer segments to regenerate rhodopsin.
Activated rhodopsin further activates the G-coupled protein transducin. The alpha
subunit of transducin activates cGMP-phosphodiesterase which hydrolizes cytoplasmic
cGMP[6-8]. This causes closure of cation channels on the plasma membrane and the
photoreceptor cells become hyperpolarized, releasing glutamate at their synapses[9-12].
Bipolar cells respond to the glutamate by generating an action potential that is transmitted
to the ganglion cells and relayed to the optic nerve[13-17]. The optic nerve terminates at
the lateral geniculate nucleus of the thalamus and from there the signal is sent to the
visual cortex for image processing[18].

II.

Genetic diseases originating in distinct retinal cell layers

Since the eye is a highly integrated system loss of any single cell type can impede vision.
Many diseases that lead to vision loss have been linked to polymorphisms in genes that
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play a critical role in specific cell types of the retina. Whether the cell plays a direct or
indirect role in phototransduction the end result of the defect is often blindness. Below is
a brief description of the more commonly known polymorphisms found in several cell
layers of the retina.

Figure 1: Anatomy of the eye
Illustrated cross section of a human eye showing the path light follows. The boxed
region of the retina is enlarged to illustrate the retinal cell layers.

Photoreceptors
In the photoreceptors, the principle cell type involved in phototransduction, multiple
polymorphisms either in the same or different genes have been identified that lead to
vision loss. The majority of these polymorphisms, over 100 to date (retnet.com), have
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been mapped to the rhodopsin gene. Since rhodopsin plays a critical role in the initiation
of phototransduction loss of function either results in lack of photoreceptor outer segment
formation or progressive degeneration[13, 19-22]. Peripherin is another gene found in
photoreceptors that is involved in phototransduction, acting as a cGMP
phosphodiesterase. Several point mutations have been identified, mainly in the promoter
region, that lead to photoreceptor degeneration[23-32]. Peripherin 2 is a protein found in
the rim of the flattened discs of the photoreceptor outer segments. It has 4 membrane
spanning domains, tetraspanin, and serves as an adhesion molecule to maintain the
morphology of the outer disc. Several mutations have been shown to either lead to the
inability to form outer segments or to the formation of highly disorganized structures[3336].
Müller cells
In the late 1990’s a detailed family history of blindness linked a genetic defect in müller
cells to inner limiting membrane dysfunction, later termed müller cell sheen
dystrophy[37]. A critical function of the müller cells is to synthesize the collagenous
inner limiting membrane found on the anterior most portion of the retina. Traditionally,
müller cells have been considered the resident glial cells of the eye, responding to injury
and providing neurotrophic support. More recently, they have been shown to have the
ability to dedifferentiate into multipotent progenitor cells allowing them to replace dying
photoreceptors[38]. While müller cells have not been shown to play a direct role in
phototransduction their loss critically affects vision.
RPE cells

	
  

12	
  

One of the most well studied mutations in the RPE cells is found in the RPE65 gene.
RPE65 is a protein that serves as the palmitoyl donor for lecithin retinol acyltransferase
(LRAT), the enzyme involved in converting vitamin A to all trans retinol. A mutation in
RPE65 prevents the regeneration of rhodopsin, impeding phototranssduction. This leads
to the clinical disease Leber’s congenital amaurosis (LCA) and will be talked about in
more detail in the next section[39, 40].

III.

Ocular gene therapy using viral vectors

Because of the multitude of genetic mutations that have been linked to eye diseases the
prospect of delivering the correct copy of the gene is a promising therapeutic.
Additionally, the eye represents a unique opportunity for gene therapy as it is
compartmentalized and an immune privileged region of the body. Evidence for the
efforts to develop ocular gene therapy approaches can be seen through the multiple
ongoing clinical trials (clinicaltrials.gov) currently underway. At this moment the most
widely accepted mode of delivery in the clinic are viral vectors, as seen by the choice of
vectors used in clinical trials. Efforts have been made to use non-viral vectors to deliver
DNA using lipofection, electroporation[41] and more successfully the use of
nanoparticles to carry compacted DNA into retinal cells[42]. While these approaches are
appealing since they circumvent the potential hazards associated with viral vectors their
clinical application is still in its infancy. Therefore, below is a summary of the most
current and clinically relevant viral vectors along with some of the benefits and
drawbacks associated with each.
Lentivirus
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Lentivirus is able to offer stable long-term gene expression[43], a major advantage to
using this vector. The reason this is achieved is due to integration into genomic DNA.
Therefore, serious safety concerns must be considered to prevent insertional oncogenesis.
Several advances have been made towards this end, including self-inactivating[44] and
non-integrating[45] lentivirus. While these approached seem promising a complete
safety evaluation has not yet been conducted. At this point lentivirus is a great research
tool but likely needs to be refined before clinical application.
Adeno-associated virus (AAV)
AAV is one of the most commonly used viral vectors to date. This is primarily due to
several safety advantages that it offers[46]. AAV is non-integrating, eliminating
concerns for insertional oncogenesis[47]. Even though it remains as extragenomic DNA
gene expression is stable and long-lasting. One sub-retinal injection has been shown to
last for more than 5 years in dogs[48], the longest time point examined to date.
Furthermore, it has the ability to transduce a variety of cell types in the eye. More
recently, it has been shown that cell transduction can be somewhat directed by
pseudotyping the capsid, changing the tropism within the retina[49]. The clinical
efficacy of using AAV has been observed, in 2009, by the success of delivering the
correct copy of the RPE65 gene to LCA-2 patients[50]. Aside from a clean safety profile
significant vision improvements were observed in nearly all patients. While this was a
clinical success the major limitation of using AAV for gene therapy is that the cloning
capacity is limited to only 4.2kb. Therefore, the use of AAV is restricted to relatively
small genes.
Adenovirus
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Several major benefits of adenovirus are that it does not integrate into DNA, it is able to
transduce a variety of dividing and non-dividing cell types, and has a large cloning
capacity[51, 52]. There have been many generations of adenovirus developed that
mainly include variations on the amount of adenoviral genetic material that has been
deleted. The main limiting factor for adenovirus is that it is recognized by the host
immune system. The immune response is believed to be the cause for the relatively
short-lived episomal gene expression, usually of several months. Although, recombinant
adenoviral constructs have been developed that have been shown to persist in rodents for
at least one year (latest time point examined)[53] or potentially for the “lifetime” of the
animal[54]. In addition, helper-dependent adenovirus vectors can accommodate transgene
expression cassettes up to 36 Kb[51, 55]. This is a major benefit and it allows for the
expression of multiple transgenes as well as the inclusion of native gene regulatory
elements. Gene transfer approaches to ocular tissues using adenovirus as the gene
delivery vector have been found to be safe in a number of clinical trials[56, 57].
Campochiaro performed phase 1 clinical trials in wet AMD using adenovirus expressing
pigement epithelial derived factor (PEDF)[58]. There was slight transient inflammation
but reduction in choroidal neovascularization (CNV) was seen in all treated eyes. There
were no safety issues but efficacy could not be evaluated because negative control
subjects were not used. Conditionally replicating Ad coupled with a tumor specific
promoter to deliver tyrosine kinase (TK) specifically to retinoblastoma cells has been
generated[59]. This may be a promising alternative to patients that have failed surgical
removal and chemotherapy for retinoblastoma.
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IV.

Designing vectors for targeting specific retinal layers

As the safety profile of viral vectors continues to improve and with so many genetic
mutations occurring in specific ocular cell types the next goal for vector development is
to tailor transduction to only those cells in need of the correct gene copy. For the benefits
listed above adenovirus is a well-suited vector to use for cell targeting.
Adenoviral structure
The adenoviral structure consists of double stranded DNA that is surrounded by a
protective capsid. Aside from protecting the DNA the capsid also serves as a means to
direct viral entry into host cells. The capsid has projections (fibers) that extend from the
surface that facilitate binding to specific receptors on the surface of host cells. The fiber
consists of an RGD (argenine, glycine, aspartic acid) motif at the base and a knob at the
apex. By design the knob is the first structure to contact the host cell. In doing so it
recognizes specific receptors for initial binding. The RGD domain at the base of the fiber
then interacts with integrins and pulls the capsid close to the surface of the cell[60-64].
Internalization of the viral particle is accomplished through the formation of clathrincoated pits[65]. Once inside the cell the pH within the vessicle causes disassembly of the
capsid releasing the viral DNA. The DNA is then transported to the nucleus by binding
to the actin cytoskeleton and trafficked by actin motors (Fig. 2).
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Figure 2: Adenovirus binding and entry into host cell
	
  
Adenoviral targeting
What has become more evident is that there are different serotypes of adenovirus that
exist. The main difference among serotypes lies in structural variations of the fiber. This
results in the use of different receptors for initial viral binding and cell entry[66]. The
most commonly used adenovirus for gene therapy is adenovirus serotype 5 (Ad5). Ad5
infects cells by initial binding of the Ad fiber protein to the membrane associated
coxsackie adenovirus receptor (CAR). In contrast, Ad35 and Ad37 fibers have been
shown to interact with CD46 and sialic acid, respectively[67, 68]. Therefore,
psuedotyping the Ad5 virus with a fiber from another serotype is one way to direct the
tropism of adenovirus to cell types that express high levels of the respective receptor for
each fiber. Another way to redirect tropism is by taking advantage of the integrin
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interaction between the RGD domain. Interrupting RGD binding to integrins limits viral
entry in cells that express high levels of integrins allowing more ‘free’ viral particles to
enter neighboring cells. The layers of cells in the retina each express different levels of
the receptors used by each adenoviral vector. Therefore, a way to direct the tropism to
specific cells would be to exchange the fiber to one that binds to the receptor expressed at
the highest levels on the cell type desired. Afterwards, specificity can be finely tuned by
using a cell specific promoter.

V.

Age-related macular degeneration (AMD)

Pathogenesis
As improvements in medical care allow the population to live longer the incidence of
age-related diseases is rising. One disease affecting the aging population is age-related
macular degeneration (AMD)[69]. There are two types of AMD termed ‘wet’ and ‘dry’.
Roughly 15% of AMD patients have the wet form of the disease. This is associated with
the growth of new blood vessels that penetrate from the vascular choroid into the retina.
When this happens vision loss is rapid, over the course of 2-3 years. However, the
majority of AMD patients, 85%, have the dry form. In dry AMD new vessel growth does
not occur but geographic atrophy begins to develop leading to progressive vision loss.
This may happen over the course of 10-15 years, during which performing daily tasks
becomes more difficult and often requires assisted living. One common feature to both
wet and dry AMD is the presence of extra-cellular deposits in the back of the eye termed
‘drusen’[69]. Drusen are considered the hallmark pathological feature defining AMD
(Fig. 3A). They are composed of a variety of proteins and lipids and form between the
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RPE cell layer and the Bruch’s membrane[70]. At this point it is not yet clear whether
drusen precede AMD or whether they are a manifestation of the disease. What is known
is that they are present in all confirmed AMD diagnosis.
Risk factors
As the name suggests the biggest risk factor for developing AMD is age. While only 2%
of Americans are at risk for developing AMD in their 50’s the incidence increases to 30%
for those between the age of 75 and 85. Other risk factors include smoking,
cardiovascular disease, high blood pressure, family history, and obesity[71-73]. Many of
these risk factors can be managed through life style changes but one that cannot is family
history. There is a growing body of evidence linking genetic polymorphisms to AMD.
The majority of these polymorphisms are found in proteins that are involved in the
complement component of innate immunity[74]. Evidence for this comes from genetic
association studies, complement proteins levels in peripheral blood, and
immunohistochemical studies. One of the strongest pieces of evidence for linking AMD
to complement activation comes from a genome wide screen where the results reveal
there is a 7.4 fold increase in risk of developing AMD for individuals that have a tyrosine
to histidine change at amino acid 402 of factor H, a protein involved in regulating
complement activity[75].
Complement activation in AMD
The complement system is a part of innate immunity, the most evolutionarily conserved
aspect of the immune system. Rather than generating antibodies like the adaptive
immune system it is designed to respond immediately by discriminating between the host
and an invading pathogen. The complement system is divided into 3 arms; lectin,
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classical, and alternative. The lectin arm recognizes specific carbohydrate motifs unique
to pathogens, the classical recognizes antigens presented on the cell surface, and the
alternative arm is constantly ‘ticking’ over by hydrolysis. When one or several arms of
complement become activated a series of proteolytic events occur among the complement
proteins, normally present in blood serum. The cleavage products deposit on the cell
surface, ultimately leading to the formation of a lytic pore termed a membrane attack
complex (MAC). When enough MAC has deposited on a pathogen the membrane
becomes permeabilized, resulting in lysis. Although each arm of the complement system
is initiated by a different mechanism they all converge at a central C3 convertase. The
C3 convertase acts as an enzyme capable of actively cleaving C3, the starting product of
the alternative pathway. Therefore when C3 convertase forms the alternative arm is no
longer ticking over through hydrolysis but becomes actively engaged[76]. Mammals
have evolved several proteins that are capable of preventing complement activation on
the surface of their own cells so that only the invading pathogen is destroyed. These
proteins act at distinct steps of the complement cascade with the key regulators being
factor H, CD46, CD55, complement receptor I, and CD59 (Fig. 3B).
The current model for AMD progression suggests that drusen are recognized by the
complement system as a foreign pathogen. This causes activation of complement on and
around drusen. Since drusen are located between the RPE cell layer and the collagenous
Bruch’s membrane this low level yet chronic activation of complement eventually
overcomes the regulators that are found on host RPE cells causing them to succumb to
lysis. IHC studies looking at complement cleavage products reveal they are mainly
associated with the alternative pathway suggesting it is over-active in AMD[57, 77].
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Figure 3: A) Dry and wet AMD. B) Complement cascade.
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Treatment options
Currently there are several treatment options available for wet AMD, the most invasive
type of AMD. The first approved pharmacologic therapy is photodynamic therapy
(PDT), showing modest results in the clinic[78]. Although, the most success to date for
treating wet AMD has come from the advent of anti vascular endothelial growth factor
(antiVEGF) treatment. Several mechanisms have been used to block VEGF including the
use an RNA aptamer (Mucagen)[79], antibody fragments (lucentis), and full-length
antibodies (avastin)[80]. The anti VEGF therapies have shown great success in the clinic
with nearly all patients either maintaining or improving vision following treatment[81].
New formulations and combination therapies are underway in an attempt to improve
upon what has already been a breakthrough for treating wet AMD.
The majority of AMD patients, 85%, have the dry form. While dry AMD is less invasive
the impact it has on quality of life can be just as damaging. At this point, unfortunately,
there are no treatment options available. Due to the unequivocal link between
complement activation and AMD progression there are several emerging products in
clinical trials that aim to block complement. POT-4 (Potentia pharmaceuticals/Alcon) is
a synthetic analogue of compstatin, an inhibitor of the complement protein C3. It is
delivered by injection into the vitreous. Eculizumab (Solaris, Alexion pharmaceuticals)
is a monoclonal antibody that binds to C5 and is delivered by intravenous infusion.
ARC1905 (Ophthotech corporation) is an aptamer that binds to C5. It is currently in
clinical trials as a combination therapy used with the anti VEGF agent ranibizumab.
FCFD4514S (Genentech/Roche) is an antibody fragment that inhibits factor D from
forming the C3 convertase[74].
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VI

Summary and strategy for developing adenovirus vectors for retinal gene

therapy and treating AMD
The aim of the following studies was to address two specific areas in order to move the
field of ocular gene therapy forward; 1) To develop adenoviral vectors that are able to
tranduce specific cell layers within the retina and 2) Design and test an anti-complement
based therapy for potentially treating AMD using a gene therapy approach. Below is a
summary of the reasoning and approach taken to accomplish each goal based on the
background provided in the previous paragraphs.
Adenoviral targeting in the retina
The capsid of adenovirus has a fiber extending from the viral coat with a penton structure
at the base of the fiber. These two structures are mainly what determine binding and
entry of the virus into cells. Two different fibers (serotypes) and one virus with a
deletion in the penton base have been reported with enhanced transduction of
photoreceptors[82]. These studies cannot be compared because each was carried out
using a different transgene, promoter, or detection method. We have compared each of
these vectors under the same conditions. Additionally, we used the most appropriate
vector for photoreceptors and introduced a cell specific promoter to demonstrate that
expression can be refined to only one cell type.
CD46 as a potential gene therapy for AMD
Loss of RPE cells is characteristic of age related macular degeneration (AMD), the
leading cause of blindness in people over 65[83]. The hallmark feature of AMD is
drusen, composed mainly of lipids and proteins, located near the RPE and Bruch’s
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membrane. A low level but chronic inflammatory response of the innate immune system
has been implicated in the development of AMD. Specifically, activity of the alternative
arm of the complement pathway has been observed. Genetic studies have identified that
polymorphisms in complement regulatory proteins place individuals at an elevated risk
for developing AMD[75, 84-92]. CD46 is a complement regulatory protein that has been
shown to have an affinity for regulating the alternative arm of complement. In humans, it
is normally expressed on the basal and lateral surface of RPE cells, placing it near the site
of alternative pathway activity[93]. Importantly, decreased expression of CD46 has been
observed in AMD patients[115]. While a direct link has not been established between
CD46 and AMD it has been implicated in the development of other immune diseases,
such as atypical haemolytic uraemic syndrome (aHUS)[94, 95]. In aHUS,
polymorphisms in CD46 lead to kidney failure due to disregulated activity of the
alternative pathway. Restoring wild type CD46 has been an effective way to treat aHUS.
Therefore, we delivered CD46 to the RPE using adenovirus to dampen activation of the
alternative complement pathway hence providing a possible means for slowing the
progression of AMD.
Designing a novel inhibitor of complement
A limitation to using a membrane bound complement inhibitor for gene therapy in AMD
is that protection is limited to the site of expression. One way to circumvent this
limitation by using a complement regulator that is secreted so that protection is extended
away from the initial site of expression. There are two main obstacles that need to be
overcome in developing an effective secreted complement regulator: 1) Because the
majority of the complement cascade is occurring on the surface of cells it is more
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efficient to have the regulator located on the membrane, placing it at the site of activity.
Therefore, the ability of the soluble inhibitor to block the cascade must be enhanced so
that less inhibitor is needed to have the same effect. 2) The size of the protein must be
small enough so that the ability for diffusion in the eye is not hindered. With these
limitations in mind we designed a novel protein that contains the functional complement
regulatory domains of CD46, CD55, and CD59. Each of these complement regulators
blocks activation at a different part of the cascade. Therefore, the effectiveness of the
protein should be enhanced since it has the functional capability of 3 complement
inhibitors. We have previously confirmed the efficacy of CD46, CD55, and CD59
individually as ‘membrane’ bound regulators. Furthermore, several studies have
identified the essential binding regions in each of these for complement regulation.
Therefore, as a means to minimize the size of the protein we designed a truncated
chimeric protein that contains the minimum functional domain of each regulator. We
then tested the efficacy of the novel protein at blocking complement activity first in-vitro
and ultimately in an in-vivo model.

The following chapters describe the detailed studies along with any publications that
were a result.

	
  

25	
  

Chapter 2:

Adenovirus Vectors Targeting Distinct Cell Types in the Retina
J. Harry Sweigard1, Siobhan M. Cashman2, and Rajendra Kumar-Singh1,2
Published
Investigative Ophthalmology and Visual Science, 2010 Apr;51(4):2219-28

1

Program in Cell, Molecular and Developmental Biology

Tufts Sackler School of Graduate Biomedical Sciences, 136 Harrison Avenue, Boston,
Massachusetts 02111, USA.
2

Department of Ophthalmology

Tufts University School of Medicine, 136 Harrison Avenue, Boston, Massachusetts 02111, USA.

	
  

26	
  

2.1 Abstract
Gene therapy for a number of retinal diseases necessitates efficient transduction of
photoreceptor cells. Whereas adenovirus (Ad) serotype 5 (Ad5) does not transduce
photoreceptors efficiently, prior studies have demonstrated improved photoreceptor
transduction by Ad5 pseudotyped with Ad35 (Ad5/F35) or Ad37 (Ad5/F37) fiber or by
the deletion of the RGD domain in Ad5 penton base (Ad5ΔRGD). However, each of
these constructs contained a different transgene cassette, preventing the evaluation of the
relative performance of these vectors- an important consideration prior to the use of these
vectors in the clinic. The aim of this study was to evaluate the above vectors in the retina
and to attempt photoreceptor-specific transgene expression.
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2.2 Introduction
Loss of any one of the multiple cell types found in the retina can lead to blindness, the
second most feared condition after cancer amongst Americans. The human retina is a
laminated tissue comprised of light-sensitive photoreceptors in the outer retina that
modulate current with a complex array of inner retinal neurons. The photoreceptors rely
on the juxtaposing retinal pigment epithelium (RPE) for generation and recycling of
retinal (Vitamin A), the chromophore that absorbs light to initiate the phototransduction
cascade that is eventually perceived as vision. Retinal neurons are supported by müller
glia, which provide critical support for maintenance and functioning of the retina.

Loss of RPE cells is characteristic of age related macular degeneration (AMD), the most
common cause of blindness in elderly individuals in the United States[96]. Loss of
photoreceptors may lead to retinitis pigmentosa (RP), the most common cause of
inherited blindness in the working population, affecting approximately 1 in 3000
individuals[97]. The rare hereditary disease referred to as müller cell sheen dystrophy is
due to primary müller cell dysfunction[98]. Hence, there is a substantial need for gene
transfer vectors that effectively transduce each of the different cell types in the retina. To
date, all gene transfer vectors injected in the outer retina, in a region referred to as the
sub-retinal space, infect primarily the RPE. However, through vector modifications, such
as pseudotyping or deletion of integrin binding motifs in the viral capsids, other cell types
in the retina such as photoreceptors may also be transduced, although still not as
effectively as the RPE.
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Human adenovirus (Ad) has been previously utilized in two clinical trials for eye diseases
without any serious adverse events[56, 58]. Short-term transgene expression typically
observed from Ad vectors may be overcome by the use of the helper-dependent Ad
vectors[51, 52, 55]. Therefore, a clear understanding of the tropism of different Ad
serotypes in the retina would greatly enhance the progression of Ad-mediated ocular gene
therapy studies. Ad serotype 5 (Ad5) infects cells by initial binding of the Ad fiber
protein to the membrane associated coxsackie adenovirus receptor (CAR), followed by
internalization of the virus via an interaction between the RGD motif in Ad penton base
with αvβ3/5 integrins[61, 63, 99]. In contrast, Ad35 and Ad37 fibers have been shown to
interact with CD46 and sialic acid, respectively[67, 68]. Previously it has been shown
that transduction of photoreceptors can be enhanced either by deletion of the RGD motif
in the penton base or by replacement of the Ad5 fiber with that of Ad35 or Ad37[82, 100,
101].

While each of the above studies described improved photoreceptor transduction, the data
from these studies cannot be directly compared due to the different genes, promoters,
and/or transgene detection methods utilized. Hence, the relative performance between
these vectors is still an unanswered and relevant question for the advancement of Admediated retinal gene therapy. One goal of the current study was to compare the
performance of these different Ad vectors under conditions that permit their direct
comparison in the retina, i.e. the use of the same transgene and promoter combination as
well as a similar detection method for the presence of the gene product. A second aim of
this study was to utilize the most potent vector identified herein to attempt photoreceptor
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specific transgene expression in the retina through the use of cell-specific promoters.
Significant photoreceptor-specific transgene expression has not thus far been described
using Ad vectors. Our results and conclusions differ significantly from prior studies and
hence highlight the need for continued evaluation of Ad tropism in the retina prior to
their advancement into the clinic.

2.3 Results
Ad Vectors
In order to compare Ad tropism in the retina, we investigated the performance of four
different Ad vectors, each of which expressed GFP under the control of a chicken beta
actin promoter/CMV enhancer/rabbit globin intron. We have previously demonstrated
that this promoter yields significantly greater transgene expression in all layers of the
retina and RPE relative to the CMV promoter[82]. In each vector, the transgene
expression cassette was cloned in the anti-sense orientation with respect to the deleted E1
region. Each vector backbone was based on Ad5. Two of the vectors were modified
either by replacement of the Ad5 fiber with that of Ad35 or Ad37, and in the third vector
the RGD (Arg-Gly-Asp) motif in the Ad5 penton base was deleted (Fig. 4A). Hereafter
each vector is referred to as Ad5, Ad5/F35, Ad5/F37, and Ad5ΔRGD, respectively. In
order to confirm expression and incorporation of the modified fibers, denatured samples
of purified virus preparations were immunoblotted using an antibody raised against the
first 17 amino acids at the N terminus of the Ad5 fiber. The immunoblots correlated with
the predicted sizes according to amino acid sequence analysis for the fiber monomers of
the denatured samples of Ad5 (64kDa), Ad5/F35 (35kDa), and Ad5/F37 (38kDa) (Fig.
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4B). Trimerization of the fibers was observed in the samples that were not denatured for
western analysis and also correlate to the predicted sizes for Ad5 (192kDa), Ad5/F35
(105kDa), and Ad5/F37 (114kDa).
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Figure 4: Structure of Ad5ΔRGD, Ad5/F37, and Ad5/F35.
(A)The RGD domain is deleted in the penton base of Ad5ΔRGD. The Ad5/F37 hybrid
fiber is composed of the first 17 amino acids of the Ad5 fiber followed by amino acids
18-365 of the wild-type Ad37 fiber and a BGH pA signal. The Ad5/F35 hybrid fiber is
composed of the first 44 amino acids of the Ad5 fiber followed by amino acids 132-991
of the wild type Ad35 fiber and the Ad5 pA signal (aa 32775-33651). An EGFP
expression cassette was cloned in the antisense orientation into the E1 region. Expression
is driven by a chicken beta actin promoter/CMV enhancer/rabbit globin intron (CAG).
(B) Western analysis of the native and denatured fiber proteins of Ad5, Ad5/F37, and
Ad5/F35 reveal the expected trimer/monomer band sizes of 192/64, 114/38, and 105/35
KDa, respectively, using a monoclonal antibody to the retained N-terminus of the Ad5
fiber. (ΔRGD=deleted amino acids argenine, glycine, aspartic acid; pA= poly A tail;
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LITR=left inverted terminal repeat; RITR=right inverted terminal repeat; Ψ=packaging
signal; MLT=major late transcript; E1-E4=early regions 1-4)
Ad5/F35 Vector
Prior to examination of the tropism of each of the above vectors in the retina, we
confirmed that each vector binds its respective receptor in cell culture. In order to
examine whether our novel Ad5/F35 vector was redirected from CAR to CD46, we
infected murine HEPA 1c1c7 cells with either Ad5 or Ad5/F35. The multiplicity of
infection (MOI) for each vector was adjusted to attain a GFP-positive cell population of
approximately 10%. For Ad5 this was achieved at an MOI of 20 whereas for Ad5/F35 an
MOI of 750 was necessary for the same transduction frequency. When murine HEPA
1c1c7 cells were pre-transfected with a cassette expressing human CD46, infection by the
Ad5/F35 virus increased by nearly 3 fold relative to pre-transfection with a control
plasmid, that expresses LacZ. In contrast, a decrease in infection by the Ad5 virus was
observed when cells were pre-transfected with human CD46 relative to Lac Z (Fig. 5A).
We also noted that the process of transfection alone (with a control plasmid) was
sufficient to enhance infection by both viruses but transfection with CD46 had a
significantly greater effect on Ad5/F35 than on Ad5.
Ad35 fiber-binding has previously been shown to occur through the short consensus
repeat 1 (SCR1) and 2 (SCR2) region of CD46[102]. In order to examine the binding of
Ad5/F35 to SCR1/2, we pre-incubated murine HEPA 1c1c7 cells with the antibody
MEM258, which is known to bind SCR1. Rabbit anti sheep IgG was used as a nonspecific control. As above, cells were also pre-transfected with either a human CD46 or
lac Z-expressing plasmid. We found that whereas there was no significant change in Ad5
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infection following blocking of CD46 with MEM258, Ad5/F35 infection was reduced by
more than 2 fold (Fig. 5B). A detailed characterization of the Ad5/F37 virus utilized in
this study and specifically its ability to utilize sialic acid as a receptor has been described
by us previously[100].
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Figure 5: CD46 expression enhances Ad5/F35 transduction of cells.
(A) Transfecting HEPA 1c1c7 cells with a plasmid expressing CD46 improved
transduction of Ad5/F35 but not Ad5. (B) Pre-transfection of HEPA 1c1c7 cells with a
plasmid that expresses CD46 followed by blocking with an antibody that binds to the
SCR1 extracellular domain of CD46 reduces the efficiency of Ad5/F35 viral cell entry.
(*p≤0.05, **p≤0.01, ***p≤0.001)
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Ad5/F35 transduces human retinoblastoma cells (Y79) more efficiently than Ad5,
Ad5/F37, or Ad5ΔRGD
Previous studies have shown that CD46 is expressed on human retinoblastoma (Y79)
cells, allowing for efficient transduction of these cells by Ad5/F35 viruses[101]. We
confirmed that Y79 cells express CD46 and sialic acid along with moderate amounts of
CAR but very little αv integrin by immunohistochemistry (Fig. 6A). Y79 cells were
infected at an MOI of 500 with each recombinant virus for 24 hours and analyzed for
GFP expression by FACS. The number of GFP-expressing cells for Ad5, Ad5/F35,
Ad5/F37, and Ad5/ΔRGD was determined to be 10±1%, 31±2%, 2±1%, and 12±1%
respectively (Fig 6B). Collectively, these data suggest that our recombinant Ad5/F35
construct binds CD46 and efficiently transduces cells that express CD46 on their surface.
We determined that sialic acid is also expressed on Y79 cells, yet Ad5/F37 did not
transduce Y79 cells efficiently, perhaps because Y79 cells express very little integrin for
which Ad37 viruses have been shown to have a high affinity[64]. Interestingly, Ad5 and
Ad5ΔRGD had nearly identical transduction efficiency in Y79 cells.
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Figure 6: Y79 retinoblastoma cells express CD46 and are more efficiently transduced by
Ad5/F35 than Ad5, Ad5/F37, or Ad5ΔRGD.
(A) Immunostaining indicates that Y79 cells express CD46 and some sialic acid while
CAR and αv integrin are expressed at very low levels. (B) FACS analysis of GFP
expression following infection at an MOI of 500 reveals that Ad5/F35 more readily
transduces Y79 cells than Ad5, Ad5/F37, or Ad5ΔRGD. (*p≤0.05, **p≤0.01)
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In Vivo Studies
In order to study the kinetics of transgene expression from each of the viral constructs in
the retina in vivo, 109 viral particles were injected into the sub-retinal space of six week
old C57BL6J mice. Six days later, the eyes were harvested, flat mounted, and quantitated
for GFP fluorescence using Image J (nih.gov/ij). Diffusion of the virus through the retina
was measured as the total GFP-positive surface area relative to the surface area of the
total eyecup. The transduced area for each virus varied slightly and for Ad5, Ad5/F35,
Ad5/F37, and Ad5ΔRGD was determined to be 9±1%, 5±1%, 6±1%, and 9±2%,
respectively (Fig 7A and B). The mean GFP pixel intensity for Ad5, Ad5/F35, Ad5/F37,
and Ad5ΔRGD was 12±1, 5±0.4, 8±1, and 61±4 relative units, respectively (Fig. 7A and
C). To differentiate gene expression levels between retina and RPE, quantitative RTPCR was performed separately on retina and RPE/choroid. We found that relative to
Ad5, transgene expression from Ad5ΔRGD was increased 12±3 fold in the retina,
whereas transgene expression from Ad5/F35 and Ad5/F37 decreased 9±1 and 3±1 fold in
the retina, respectively (Fig. 7D). Although Ad5ΔRGD was originally designed to have
reduced tropism for RPE and hence potentially redirect viral tropism towards
photoreceptors, we found that relative to Ad5, transgene expression from Ad5ΔRGDtransduced RPE increased 11±7 fold (Fig. 7E). Hence, higher transduction of
photoreceptors may have been achieved in part by greater infection by the Ad5ΔRGD
virus overall in the retina. This is surprising given that an important component of Ad
entry, the integrin binding RGD domain in the penton base, is deleted in this virus. In
contrast, transgene expression in Ad5/F35 and Ad5/F37 infected RPE was reduced
160±38 and 4±2 fold, respectively (Fig. 7E).
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Figure 7: Following a sub-retinal injection Ad5ΔRGD has more robust expression in the
retina and RPE compared to Ad5, Ad5/F35, and Ad5/F37.
(A) Flatmounts showing area of transduction. (B) The percent of the eyecup, as
measured by image J, transduced by each virus only varies slightly. (C) The intensity of
GFP expression, measured as pixel intensity using image J, from Ad5ΔRGD is greatly
increased over Ad5, Ad5/F35, and Ad5/F37. (D) qRT-PCR analysis of GFP expression
reveals that the Ad5ΔRGD virus is able to express at higher levels in the retina than Ad5,
Ad5/F35, or Ad5/F37. (E) qRT-PCR of GFP expression shows that in the RPE, relative
to Ad5, both Ad5/F35 and Ad5/F37 are reduced, while Ad5ΔRGD is slightly elevated.
(*p≤0.05, **p≤0.01, ***p≤0.001)
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In order to identify the specific cell types in the retina infected by each virus, we prepared
frozen retinal sections from animals injected in the sub-retinal space. As expected, GFP
fluorescence was clearly visible in the RPE of all injected animals. However,
transduction of different cell types in the retina was also noted. As described previously,
Ad5 infected a small number of photoreceptor cells (Fig. 8A). However, contrary to
previous studies, our Ad5/F35 or Ad5/F37 virus did not significantly infect
photoreceptors, at least to the extent detectable by observation of direct GFP
fluorescence. Whereas Ad5/F35 only infected the RPE, Ad5/F37 infected primarily the
müller cells in the retina (in addition to the RPE) (Fig. 8B and C), based on cellular
morphology. Müller cell transduction was further confirmed by co-staining with
antibodies against glial fibrillary acidic protein (GFAP) and cellular retinaldehydebinding protein (CRALBP) (Fig. 9). GFP was readily detectable in photoreceptor cell
bodies and inner and outer segments in the retina transduced with Ad5ΔRGD with
occasional müller cell transduction. However, there was some variability in the GFP
expression pattern within the outer nuclear layer (ONL) with Ad5ΔRGD- in some cases
sporadic GFP-positive cell bodies had a cytoplasmic expression pattern and in other cases
perinuclear GFP was observed in the ONL. In both cases inner and outer segments were
also GFP positive (Fig. 8D and E).

	
  

40	
  

Fig. 8: Fluorescent microscopy of transverse sections of retinas treated with Ad5,
Ad5/F35, Ad5/F37, and Ad5ΔRGD show that while all transduce the RPE, each have a
distinct tropism for certain cell types in the retina.
(A) Ad5 transduces a small portion of photoreceptors and scattered müller cells. (B)
Ad5/F35 only transduces the RPE with no detectable GFP evident in the retina. (C)
Ad5/F37 transduces mainly müller cells in the retina (in addition to RPE). (D)
Ad5ΔRGD transduces mostly photoreceptors but also transduces scattered müller cells.
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(E) In some regions of the retina Ad5ΔRGD transduced photoreceptors show GFP in the
cytoplasm only in the ONL, as well as in inner/outer segments. (ONL=outer nuclear
layer; INL=inner nuclear layer; GCL=ganglion cell layer; RPE=retinal pigment
epithelium)

Figure 9: Müller cells are transduced by Ad5/F37.
(A) Ad5/F37 transduced retinal sections labeled with an antibody against CRALBP. A
gradient of CRALBP expression, with reduced expression towards the center of the
region of injection was observed. Down-regulation of genes involved in the
phototransduction cascade has been observed previously[103] following sub-retinal
injection. (B) Ad5/F37 transduced retinal sections labeled with GFAP antibody.
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The retinal cell layer most efficiently transduced by Ad5ΔRGD is the outer nuclear
layer
We found that Ad5ΔRGD has the greatest transgene expression in the retina relative to
Ad5, Ad5/F35 or Ad5/F37, and transduces a number of cell types. In order to determine
the proportion of transduced cells in the ONL versus the INL, we took a semiquantitative approach involving a modified stereological technique (microbrightfield).
Briefly, serial sections were taken through the entire quadrant of the eye showing GFP
expression. A stereological grid was placed over the retina of every tenth section of the
region of interest and the total number of GFP positive cells were counted and compared
to the total number of cells for both the ONL and INL. We found that of the 52739±0.04
total cells in the ONL, 11507±0.1 were transduced, i.e. 22% (Fig 10A, C). In the INL
there were 12816±0.06 total cells and of those 1381±0.3 were transduced, i.e.11% (Fig
10B, C). Transduced cells of the INL tended to occur in discrete patches and likely
corresponded to müller cells whereas those in the ONL were evenly distributed (Fig 10B
and D).

	
  

43	
  

Figure 10: Sections through the region of transduction used for modified stereology to
determine portion of cells transduced in the ONL and INL.
(A) Number of transduced cells relative to the total number of cells in the ONL. (B)
Number of transduced cells relative to total number of cells in the INL. (C) 22% of the
cells in the ONL are transduced while 11% are transduced in the INL. (D) Fluorescent
micrographs used to determine cells transduced in ONL/INL. (ONL=outer nuclear layer;
INL=inner nuclear layer; RPE=retinal pigment epithelium)
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Photoreceptor specific transgene expression from Ad5ΔRGD vectors
Having demonstrated that Ad5ΔRGD vectors can transduce retinal cells more effectively
than Ad5, Ad5/F35, or Ad5/F37, we sought to investigate the possibility of achieving
photoreceptor specific transgene expression from Ad vectors. Previously, we have
demonstrated photoreceptor specific transgene expression in vivo using Ad vectors
containing a 4.7Kb murine rod opsin promoter[82]. However, transgene expression from
such a promoter was achieved only in discrete patches across the retina. Hence, we
generated an Ad vector (Ad5sRhoGFPΔRGD) expressing GFP regulated by 257 bp from
the 5’ conserved enhancer/promoter region of the mouse rod opsin gene (Fig. 11A). This
promoter has previously been shown to be photoreceptor-specific in the context of adenoassociated virus (AAV)(21). A total of 109 Ad5sRhoGFPΔRGD viral particles were
injected into the subretinal space of adult C57BL6J mice and examined 14d post injection
in frozen sections. Substantial GFP expression restricted to the ONL that contains
primarily the photoreceptor cell bodies was detectable (Fig. 11B). In addition, we
observed significant levels of GFP in photoreceptor inner and outer segments.
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Figure 11: Structure of the Ad5sRhoGFPΔRGD construct.
(A) A 257bp mouse opsin enhancer/promoter (sRho) driving expression of an EGFP
cassette was inserted into the Ad5ΔRGD vector in an antisense orientation into the
deleted E1 region. (B) Fluorescent micrograph of transverse section through retina 14
days post sub-retinal injection of 109 viral particles indicates robust expression restricted
to only the photoreceptors.
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2.4 Discussion
The viability of adenovirus as a gene therapy vector for ocular disease has recently been
demonstrated in two clinical trials, one delivering PEDF for the treatment of age-related
macular degeneration and a second delivering thymidine kinase for the treatment of
retinoblastoma[56, 58]. Currently, 221 mutations have been implicated in retinal
degeneration (http://www.sph.uth.tmc.edu/retnet/disease.htm). Many of these proteins
are critical for proper functioning of the phototransduction cascade and expressed
exclusively within photoreceptors. One of the major drawbacks to the use of adenovirus
in the eye is its inefficient transduction of photoreceptor cells. Three adenoviral vectors
containing modification to the Ad5 capsid proteins have been previously described to
yield enhanced photoreceptor transduction. Here, for the first time, we directly compare
Ad5, Ad5/F35, Ad5/F37, and Ad5∆RGD using the same promoter, transgene expression
cassette, injection, and detection techniques. Our results indicate that each vector has a
distinct tropism for particular cell types of the retina. Our results differ from prior reports
that indicated Ad5/F35 and Ad5/F37 have enhanced transduction of photoreceptors
relative to Ad5.

It has previously been shown that Ad5/F35 transduces the RPE and photoreceptors[101].
In our study Ad5/F35 transduced exclusively the RPE and with 160 fold less efficiency
relative to Ad5. There are however differences between these studies: (1) We utilized
the CBA promoter whereas the CMV promoter was used in prior studies. However, we
have shown previously that unlike the CMV promoter, the CBA promoter allows us to
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observe Ad5 transduction of photoreceptors ; and (2) we did not amplify the GFP signal
through the use of an antibody. However, in our studies Ad5 expression is observed
without the need for a GFP antibody. Therefore, Ad5/F35 appears to be less efficient at
transducing photoreceptors than Ad5.

We have shown that, similar to the Ad5/F35 used in previous studies, Ad5/F35 more
efficiently transduces cells that express human CD46 than Ad5[101], Ad5/F37, or
Ad5ΔRGD. The need for a higher MOI for Ad5/F35 relative to Ad5 to achieve the same
level of transduction in HEPA 1c1c7 cells is further evidence of a re-direction of tropism
from the Ad5 receptor, and can possibly be explained further by previously published
observations of low expression of CD46 in murine hepatocytes[104]. While mice do
carry a CD46 gene, some report that expression is restricted to the testes[105] while
others indicate expression by photoreceptors[101]. We were not able to obtain a
commercially available antibody for mouse CD46 but did test several tissues from mice
for expression by quantitative RT-PCR using primers to mouse CD46. Our data agree
with reports that mouse testes have the most CD46 and that levels are much reduced in
liver, retina, and RPE/choroid (data not shown). A murine homologue to human CD46,
crry, has been shown to have a similar expression pattern and perform a comparable role
in the complement system[106]. However, it is not known whether Ad5/F35 is able to
bind crry. Expression in the retina of both crry in mice and CD46 in humans is most
abundant in the RPE where it is restricted to the basal and lateral surface of the RPE
cells[107]. Since Ad5/F35 is injected into the sub-retinal space it would be exposed to
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the apical side of the RPE, limiting access to crry. This could be another explanation for
less efficient transduction of the RPE by Ad5/F35.

Aside from the RPE, we observed Ad5/F37-mediated GFP expression in müller cell
processes at the inner and outer limiting membranes and possibly inner retinal neurons.
This is in contrast to what has been found previously[108] in which both the RPE and
photoreceptors were transduced. This could be due to several differences among our
approach: (1) We use the CBA promoter compared to their use of the CMV promoter;
(2) The single amino acid difference between the F37 fiber used in our study and that of
prior studies (ours has a threonine at position 10 while in previous studies there is an
aspartic acid) and, (3) our mode of injection was sub-retinal versus the previously used
intravitreal delivery. However, it would be somewhat surprising that viral diffusion
would bypass the photoreceptors to be taken up by müller cells following a sub-retinal
injection. We have seen the same pattern of expression following injection with an
Ad5/F17 virus[82], both classified as sub-group D adenoviruses. It has been shown that
Ad37 binds to sialic acid[67]. While sialic acid is present throughout the retina it does
not appear to be preferentially expressed at higher levels on müller cells (data not
shown). It has also been shown that Ad37 has a higher binding affinity to integrin than
Ad5[64]. This could explain our observation of reduced transduction of Y79 cells by
Ad5/F37, which do express sialic acid but very little αv integrin.

It has been shown that müller cells express 4 integrin subunits (α1, α2, α3, and β1)[109].
It would be interesting to see if this particular combination of integrin and sialic acid
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expression on müller cells is preferentially enhancing transduction for Ad5/F37 over the
other vectors tested. Müller cells have been shown to become phagocytic when foreign
particles are injected into the eye[110]. Therefore, another possible explanation could be
that müller cells are being activated by Ad5/F37, then phagocytosing the virus.

Our Ad5ΔRGD construct was designed to eliminate integrin binding with the intention of
reducing viral uptake by the RPE, diverting the virus to the juxtaposed photoreceptors.
To this end we do see significantly elevated expression in photoreceptors relative to all
the other vectors tested. More surprisingly, we see an increased amount of RPE
transduction relative to Ad5. This indicates that, at least in the context of the RPE,
integrin binding may not be critical for Ad5 uptake. Aside from increased photoreceptor
transduction compared to Ad5 we also see a different pattern of expression within the
cells. In some cases the entire photoreceptor cell body along with the inner/outer
segments contain GFP. In other regions GFP expression in the cell body appears to be
cytoplasmic along with the inner/outer segments expressing GFP. A possible explanation
for the two different patterns of expression could be a result of the amount of GFP
expressed by the cell. The GFP transgene used in our study does not have a nuclear
localization signal and we do not, therefore, have reason to believe that it enters the
nucleus with high efficiency. It is possible that nuclear uptake and/or binding of GFP is
concentration dependent and that exclusive perinuclear localization occurs in those
photoreceptors containing less viral particles per cell. That all 4 vectors have distinct
tropism in the retina yet all infect the RPE suggests a possible unknown mechanism for
viral uptake by the RPE. One role of the RPE is to phagocytose the outer segments of
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photoreceptors[111]. This may be one explanation for how any modified Ad vector
enters the RPE independent of its tropism in the retinal layers.

Placing GFP expression under the control of a 257 base pair enhancer/promoter of mouse
opsin (sRho) we were able to drive robust expression that was restricted to the
photoreceptors. The pattern of expression is consistent with that seen using AAV vectors
with the entire cell body and inner/outer segments containing GFP[112]. However, it is
not consistent with that reported for non-viral gene delivery vectors where the inner
segments lack GFP expression[111]. To our knowledge, this is the first report of robust
photoreceptor specific transgene expression from an adenovirus vector.

To summarize, our data suggest that changing either the fiber or deleting the RGD
domain in the penton base can be sufficient to enhance Ad transduction of distinct cell
types in the retina. We show that Ad5/F35 targets the RPE, Ad5/F37 the RPE and müller
cells, and Ad5ΔRGD the RPE, photoreceptors, and some müller cells. Finally, we show
that robust expression can be restricted to the photoreceptors by using a 257 base pair
mouse opsin promoter in the Ad5ΔRGD construct. This data is relevant for the design of
Ad based gene transfer vectors to target specifically those cell populations affected in the
various retinopathies.
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3.1 Abstract
Activation of the alternative pathway of the complement system has been implicated in
the pathogenesis of Age-related Macular Degeneration (AMD). Retinal pigment
epithelium (RPE) cells of AMD patients contain membrane attack complex (MAC) on
their surface. Membrane cofactor protein (CD46) preferentially regulates the alternative
pathway of complement. The aim of this study was to evaluate the potential of increasing
CD46 expression on RPE cells as an approach to reduce alternative pathway mediated
damage to RPE cells.
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3.2 Introduction
Gene transfer approaches to ocular tissues using adenovirus as the gene delivery vector
have been found to be safe in a number of clinical trials[56, 58]. Recombinant
adenovirus constructs have a significant tropism for retinal pigment epithelium (RPE)
cells[53] and can persist in this tissue in rodents for at least one year (latest time point
examined)[54] or potentially for the “lifetime” of the animal[51]. In addition, helperdependent adenovirus vectors can accommodate transgene expression cassettes up to 36
Kb[52, 55], allowing for the expression of multiple transgenes as well as the inclusion of
native gene regulatory elements.

Several diseases have been linked to activation of the complement cascade, a component
of the innate immune system, including: Atypical Hemolytic Uremic Syndrome (aHUS),
arthritis, multiple sclerosis, lupus, and age –related macular degeneration (AMD). AMD
is the leading cause of blindness amongst the elderly in the developed world[113, 114].
Currently, the only FDA-approved treatment for AMD targets the less prevalent yet
highly debilitating ‘wet’ form of the disease[115]. While this treatment (ranibizumab/
lucentis) is highly effective, it does not impact the 90% of AMD patients that suffer from
the ‘dry’ form of the disease. A window of opportunity exists for treating ‘dry’ AMD
before it’s progression to an advanced stage of ‘dry’ or the more severe ‘wet’ form.
Early signs of disease can be detected by the formation of extracellular deposits generally
referred to as ‘drusen’ between the retinal pigment epithelium (RPE) and bruch’s
membrane, abnormalities in pigmentation, or mottling.
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While there is considerable debate on the precise mechanism underlying drusen
formation, mostly composed of proteins and lipids, there is agreement that they represent
a site of chronic inflammation mediated by the complement cascade[116]. The
complement cascade is a component of the innate immune system that can be triggered
by pathogens (classical pathway) as well as constitutively or spontaneously (alternative
pathway). In addition to normal ‘tickover’, activation of the alternative pathway is
triggered by C3 hydrolysis- leading to a cascade of cleavage events that result in the
production of anaphylatoxins, opsonins and ultimately the formation of a lytic pore on the
cell surface termed membrane attack complex (MAC). MAC has been observed mainly
on the bruch’s membrane and drusen underlying the RPE in AMD patients[57].
Importantly, proteins of the complement pathway have been identified in drusen[117] and
prediction models strongly indicate a higher incidence of AMD in patients with
polymorphisms in genes encoding alternative pathway components such as, complement
factor H, complement factor B, and complement factor 3[77].

Because activation of the alternative pathway has been implicated in AMD, we wished to
identify a complement regulator that will specifically block the alternative arm of the
complement system and use adenovirus to locally deliver the regulator to the back of the
eye. Membrane cofactor protein (CD46) is a cofactor for factor I which has previously
been identified as a key regulator of the alternative pathway[118]. Mutations in CD46
have been identified as a major risk factor for developing diseases associated with
chronic alternative pathway activity, such as aHUS[119]. While the importance of CD46
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expression has been defined for aHUS, its role in AMD has not been fully evaluated.
Analysis of the expression pattern for CD46 in normal human eyes has revealed that it is
expressed on the basal and lateral surfaces of RPE cells[93]. Since the basal surface of
RPE cells are exposed to drusen, this places CD46 in a prime location to dampen
alternative pathway activity. In a state of chronic inflammation, such as AMD, the levels
of CD46 may not be sufficient to protect the RPE cells from complement mediated
attack. Therefore, increasing the expression of CD46 in RPE cells may be one way to
restore the balance between alternative complement activation and regulation in AMD
patients.

Both CD46 and factor H negatively regulate the alternative pathway by acting as cofactors for C3b cleavage. Polymorphisms in the soluble regulator factor H have been
implicated as a major risk factor for developing AMD. Using adenovirus to efficiently
deliver CD46, a membrane bound complement regulator, to RPE cells may provide
localized protection from complement attack by cleaving C3b. This may be a way to
compensate for factor H in patients with polymorphisms. To our knowledge this is the
first time adenovirus has been used to test the efficacy of CD46 for protecting against a
complement mediated disease. While we have focused on AMD our results may suggest
the need to extend testing into other disease models, such as aHUS. Currently, kidney
transplantation has been the most successful treatment for aHUS patients. Adenoviral
delivery of CD46 may be a viable option that bypasses the limited availability of kidney
donors for aHUS patients.
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Previously, we have described the development of a novel murine model of complement
activation to test the capacity for adenoviral delivery of the human complement regulator
CD59 to protect against human MAC deposition[120]. This humanized murine model
provides a convenient approach to evaluate the role of CD46 in the murine retina. Here,
we further adapt this model such that complement activation occurs primarily through the
alternative pathway and use this model to evaluate the role of human CD46 in protecting
murine RPE cells from alternative pathway mediated complement attack. To our
knowledge this is the first time adenoviral delivery of CD46 has been evaluated for its
role in protecting RPE cells from alternative complement pathway activity. Our results
highlight the need for further investigation of adenoviral delivery of CD46 and its
potential use as a therapeutic for AMD.

3.3 Results
Expression of human CD46 from adenovirus in human embryonic retinoblasts and
mouse hepatocytes
Human CD46 is a transmembrane protein ranging in size from 48-68kDa[118]. There are
4 isoforms that all contain 4 conserved short consensus sequences (SCR), an Oglycosylated serine/threonine/proline rich area, a hydrophobic transmembrane portion,
and an intracellular domain. In order to evaluate the ability of human CD46 (hCD46) to
protect tissues against human complement-mediated insult, we first cloned hCD46 into an
adenoviral vector under the control of a chicken β actin promoter (CAG) to generate
AdCAGCD46. A control adenovirus that does not have a transgene (AdCAGpA) and an
adenovirus expressing GFP (AdCAGGFP) were also generated, the GFP-expressing virus
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for the purpose of labeling the site of transduction following an in-vivo injection (fig
12A). Expression of hCD46 was confirmed by western blot of lysate collected from
AdCAGCD46-infected human embryonic retinoblasts (HERs). We observed a band at
63kDa corresponding to the predicted molecular weight of the BC isoform of
hCD46[118] (fig 12B). A faint band in the AdCAGpA and uninfected lanes was also
detected. This is not surprising since it has been shown that the majority of human cells
express CD46[121]. The ability of adenovirus-expressed hCD46 to localize to the cell
membrane was confirmed by immunocytochemistry of non-permeabilized mouse
hepatocytes (Hepa 1c1c7) infected with either AdCAGCD46 or AdCAGpA . The
AdCAGCD46-infected hepatocytes show robust expression on the cell membrane, while
no hCD46 is detected on AdCAGpA-infected cells (fig 12C).
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Figure 12: AdCAGCD46 is expressed in HER cells and on the membrane of mouse
Hepa 1c1c7 cells.
(A) Adenoviral constructs: expression cassettes for human CD46, GFP, and without
transgene were inserted into the E1-deleted region of Ad5. (B) Western blot for hCD46
showing expression in HER cells following infection with AdCAGCD46. (C) Mouse
Hepa1c1c7 cells infected with AdCAGCD46 and stained with mouse anti human CD46
(MEM258) showing incorporation of CD46 into the cell membrane. (CAG=chicken bactin promoter; pA=bovine growth hormone poly A signal; LITR=left inverted terminal
repeat; RITR=right inverted terminal repeat; Ψ=packaging signal; MLT=major late
transcript; E1-E4=early regions 1-4)
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AdCAGCD46 protects mouse hepatocyte (Hepa1c1c7) cells from lysis mediated by
the alternative, but not classical, complement pathway
It has previously been shown that hCD46 has a higher affinity for binding C3b relative to
C4b, resulting in increased inhibition of convertase formation of the alternative
pathway[118]. Therefore, we evaluated the ability of AdCAGCD46 to protect cells from
complement mediated cell lysis concomitantly from the classical and alternative
complement pathways, or specifically the alternative pathway. Hepa1c1c7 cells preincubated with either AdCAGCD46 or AdCAGpA for 3 days were treated with either
25µg/ml emmprin antibody followed by 10% normal human serum (NHS), or MgEGTAtreated NHS (for inhibition of the classical pathway) and cell lysis quantified by FACs
analysis of propidium iodide (PI) uptake. When the classical pathway of the complement
system was active, we observed no significant protection from lysis in AdCAGCD46infected cells relative to those infected with AdCAGpA (fig 13A). However, when the
classical pathway was inactivated such that cell lysis occurred primarily by the alternative
pathway, we observed a 39±0.88% (p=0.008) reduction in the amount of PI uptake by
AdCAGCD46 relative to AdCAGpA (fig 13B). The difference in PI uptake between
AdCAGCD46 and AdCAGpA-infected cells should correlate with the difference in the
amount of membrane attack complex (MAC) deposited on the membranes of these cells.
To test this hypothesis, we infected Hepa1c1c7 cells with either AdCAGCD46 or
AdCAGpA for 3 days then activated the alternative pathway by incubating the cells with
25µg/ml emmprin followed by 10% NHS and MgEGTA. We determined the amount of
human MAC deposition using a monoclonal antibody against the C5b9 complex. Cells
infected with AdCAGCD46 have less MAC deposited on their surface (fig 13C) than
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AdCAGpA-infected cells. Additionally, the morphology of the cells remains largely
unaffected by MAC deposition relative to those cells infected with AdCAGpA.
Together, these data suggest that AdCAGCD46 confers protection from MAC-mediated
cell lysis occurring mainly through the alternative pathway.
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Figure 13: AdCAGCD46 protects mouse Hepa1c1c7 cells from alternative pathway mediated, but not classical pathway-mediated, MAC deposition.
(A) FACS analysis of PI uptake showing that when all pathways of the complement
system are activated hCD46 has no significant effect on MAC deposition on mouse
Hepa1c1c7 cells. (B) FACS analysis of PI uptake showing that when the alternative arm
of the complement system alone is active, hCD46 protects mouse Hepa1c1c7 cells from
MAC deposition by 39±0.88% (p=0.008). (C) Following alternative pathway activation,
hCD46 expressing Hepa1c1c7 cells appear healthier and have less MAC deposited on the
membrane. (Representative of 3 separate experiments performed in duplicate each time).

	
  

62	
  

(NHS=normal human serum; HINHS=heat-inactivated normal human serum; ns=not
significant; PI= propidium iodide; BF=brightfield; MAC=membrane attack complex)
AdCAGCD46 protects mouse primary RPE cells from alternative pathway
mediated MAC deposition
Since MAC has been observed on RPE cells in AMD patients and the alternative pathway
has been implicated to play a pivotal role in this disease[84, 116], we wished to
determine whether AdCAGCD46-infected mouse primary RPE cells are protected from
human MAC deposition mediated primarily by the alternative complement pathway. We
have previously shown that RPE cells are more resistant to MAC deposition than
Hepa1c1c7 cells[120], requiring higher concentrations of antibody and serum. RPE cells
were pre-incubated with 50µg/ml emmprin followed by MgEGTA and 50% NHS. MAC
was detected by immunohistochemistry (IHC). Quantification of intensity of MAC
staining revealed a reduction of 21±1.9% (p=0.04) MAC deposition on RPE cells
infected with AdCAGCD46 relative to AdCAGpA (fig 14A, B). As the reduction in
MAC was less than that of hepatocytes, we considered the possibility that this might be
due to a lower infection rate of RPE cells and/or reduced expression of hCD46. To test
this, we confirmed the expression of hCD46 from AdCAGCD46 in mouse primary RPE
cells by IHC. AdCAGCD46 infected cells showed almost 100% transduction and
showed strong expression of hCD46 on the cell membrane, while AdCAGpA infected
cells had no detectable expression (Fig. 15A). It may be more likely then that the reduced
inhibition of MAC deposition on RPE cells may be due to the increased amount of
antibody (and, therefore, increased activation of Classical pathway) required to activate
complement on this cell type.
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Figure 14: AdCAGCD46 protects mouse primary RPE cells from alternative pathway
mediated MAC deposition.
(A) Staining intensity of MAC is not uniform on cells infected with AdCAGCD46 and
has areas of reduced MAC deposition. AdCAGpA infected cells display uniform MAC
deposition. (B) Quantification of MAC pixel intensity shows an overall reduction in
staining intensity of 21±1.9% (p=0.04) on AdCAGCD46 infected RPE cells compared to
AdCAGpA. (Representative of 3 separate experiments performed in duplicate each
time).
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Figure 15: hCD46 is expressed in mouse primary RPE cells following infection with
AdCAGCD46.
(A) Mouse primary RPE cells efficiently express hCD46 on their membranes following
infection with AdCAGCD46. No hCD46 is detectable in cells infected with AdCAGpA.
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hCD46 is expressed on the basal and lateral surface of mouse RPE cells following a
sub-retinal injection of AdCAGCD46
In the human eye, CD46 is expressed on both the basal and lateral surfaces of RPE
cells[93]. In order to determine if hCD46 can be expressed in a similar pattern in mouse
RPE cells in vivo, we injected AdCAGCD46 into the sub-retinal space of adult mice.
After 8 days the eyes were harvested and examined for CD46 expression. Flat mounts of
the eye-cups revealed robust expression in RPE cells with increased intensity of
expression observed at the intercellular junctions (Fig. 16A). To determine if expression
is also on the basal and lateral surfaces of these cells, cross sections were taken through
the injection site and compared with an un-injected region of the eye-cup. The injected
region demonstrates expression mainly on the basal and lateral surface of the RPE cells,
consistent with that seen in human eyes (Fig. 16B).
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Figure 16: hCD46 is expressed on mouse RPE cells following a sub-retinal injection of
40x
AdCAGCD46.
(A) Flat-mount of a mouse eye-cup with the RPE cells exposed reveals a patch of CD46
expression 8 days after a sub-retinal injection of AdCAGCD46. (B) Cross sections
through the injection site show that hCD46 expression is strongest on the basal and lateral
surface of the RPE cells and that there is no detectable hCD46 expression in the uninjected region of the same eye.
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AdCAGCD46 protects mouse RPE cells from alternative pathway mediated MAC
deposition following a sub-retinal injection
Since we were able to recapitulate the expression pattern of hCD46 in mouse RPE cells,
we then considered whether hCD46 expressed from an adenovirus on mouse RPE cells in
vivo could offer protection from human MAC deposited via the alternative pathway.
Adult mice were injected into the sub-retinal space with either AdCAGCD46 or
AdCAGpA. In order to identify the injection site, each virus was mixed with an
adenovirus expressing GFP. After 8 days the eyes were enucleated, and the lens and
cornea removed to expose the RPE cells. The eyecup was treated with 140µg/ml
emmprin followed by 50% NHS and MgEGTA. MAC formation was detected using a
monoclonal antibody to the C5b9 complex. Prior to serum treatment, GFP expression
was robust. After serum treatment GFP expression was patchy due to damage of RPE
cells by the serum. GFP could be seen at the site of injection for both AdCAGCD46 and
AdCAGpA (Fig. 17A). Within the region of AdCAGCD46 expression there was a
significant reduction in the amount of MAC staining relative to AdCAGpA injected eyes
(Fig. 17B, C). We determined a 24±4.5% (p=0.0001) reduction in MAC deposition in
AdCAGCD46 injected eyes relative to AdCAGpA (Fig. 17D).
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Figure 17: Sub-retinal delivery of AdCAGCD46 reduces the amount of alternative
pathway-meditaed MAC deposition on RPE cells.
(A) GFP expression 8 days after a sub-retinal injection of either
AdCAGCD46/AdCAGGFP or AdCAGpA/AdCAGGFP. (B) IHC for MAC complex on
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eye-cups reveals a visible decrease in MAC pixel intensity within the region of hCD46
expression relative to the uninjected region. No reduction is observed between the
injected and uninjected regions for the control (pA) virus. Arrows demarcate the
periphery of the injected area. For AdCAGCD46, this coincides with the region of
reduction in MAC deposition. (C) Higher power image of the boxed region in B showing
that MAC is more uniformly deposited on the RPE cells in the AdCAGpA injected eye
compared to AdCAGCD46. (D) Quantification of MAC pixel intensity showing a
24±4.5% (p=0.0001) reduction in MAC staining in AdCAGCD46-transduced eyecups
relative to AdCAGpA-injected. (Representative images for AdCAGpA n=7 and
AdCAGCD46 n=9).
3.4 Discussion
Recent evidence suggests that increased activity of the complement system plays a
significant role in the pathogenesis of AMD. Such evidence includes the presence of
fragments of the complement cascade closely associated with drusen[57, 116] or presence
of MAC on the surface of RPE and choroidal blood vessels[117]. Genetic studies have
identified polymorphisms in complement genes of both alternative and classical
pathways, including Factor H, Factor B, C2 and C3[77]. The most significant risk of
developing AMD, however, is associated with polymorphisms in the alternative pathway
regulator factor H[84]. As the complement cascade is an important first line of defense
for the immune system, we considered regulators that would allow it to function locally
in ocular tissues and conservatively by dampening the portion of the complement cascade
that has been implicated as being over-active in this disease, i.e. the alternative pathway.

We have previously shown localized protection of mouse RPE cells against human MAC
deposition in an ex vivo humanized mouse model of complement deposition[120]. In that
study, human CD59 expressed from an adenovirus specifically on RPE cells, efficiently
blocked MAC deposition occurring as a result of all complement pathways. With
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evidence accumulating implicating the alternative pathway in AMD, we chose to evaluate
the potential of a complement regulator known as membrane cofactor protein (CD46) that
has previously been shown to preferentially dampen the alternative pathway[118]. In our
study, CD46, despite robust expression on the membrane of mouse hepatocytes
transduced with a CD46-expressing adenovirus, displayed no inhibition of complementmediated cell lysis conferred in the presence of all pathways, but indicated 39±0.88%
protection against lysis when examined specifically in the context of the alternative
pathway.

One reason for this preference may be that CD46 has a higher binding affinity for the
alternative pathway component C3b relative to the classical component C4b. However,
another reason may be that it takes longer for CD46 to cleave C3b and C4b than it does
for a regulator such as CD59 to disrupt the MAC complex. This could be due to CD46
being a co-factor for cleavage, requiring binding of the serine protease factor I to cleave
C3b and C4b. Therefore, limiting the process of MAC deposition to the alternative
pathway may allow enough time for CD46 to bind C3b and recruit factor I before the
convertase is formed. Furthermore, it has been shown that after the convertase is formed,
CD46 can no longer bind to either C3b or C4b[122, 123]. This suggests that once
convertase has assembled on the cell membrane, the rate of C3 cleavage may become so
rapid that the amount of C3b becomes overwhelming for CD46. It is interesting to
speculate whether this may be the case on RPE cells in human AMD.
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CD46 in human retinal tissue is localized to the basal and lateral surface of RPE
cells[93]. This places CD46 close to the site of complement activation in AMD patients
in which MAC deposition has been observed in RPE cells, drusen, and choroidal
endothelial cells. It is possible that the levels of CD46 expression in RPE cells could be
reduced or insufficient in AMD patients. Of particular interest is the recent observation
that CD46 expression is reduced on the RPE of AMD patients[114]. Polymorphisms in
CD46 have been linked to the kidney disease aHUS[95], another disease resulting from
over-activation in the alternative arm of complement[119]. Renal allographs, which
provide wild type expression of CD46, have been a viable therapy for patients suffering
from aHUS due to CD46 polymorphisms[124, 125]. Our results show that CD46
expressed from an adenovirus in vivo in mice recapitulates the pattern of CD46
expression observed in human RPE, and that this expression is sufficient to provide
24±4.5% protection against an acute insult from human complement attack mediated by
the alternative pathway.

The strong linkage observed between polymorphisms in factor H and AMD prompt
consideration of CD46 as a viable therapeutic option, as both act at the same step of the
complement cascade. Previous studies have shown that CD46 can compensate for the
loss or reduction in factor H activity in human serum[118], a situation analogous to that
proposed for AMD patients with factor H polymorphisms.

In summary, we have shown that CD46 delivered to murine retina in vivo localizes to the
basal and lateral membrane of RPE cells and that this expression is sufficient to confer
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protection against human complement attack generated by the alternative pathway.
Considering the evidence for the role of the alternative pathway in AMD, as well as the
specificity of CD46 as a regulator of the alternative pathway, a precision that would
allow the rest of the complement system to remain active against invading pathogens, the
use of CD46 as a treatment for AMD prompts further investigation.
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4.1 Abstract
Evidence from genetic, proteomic, and IHC studies indicate a correlation between
complement activation and the progression of Age-related Macular Degeneration (AMD).
Previously, we have generated adenoviral vectors to examine the role of the membrane
bound complement regulators CD46, CD55, and CD59 for their ability to protect against
complement mediated injury. While each provided protection to RPE cells it was
restricted to only the cells expressing the regulator. In the following study we take what
we believe to be the smallest functional domain of each regulator and fuse them to make
one protein. This is the first description of a novel, chimeric, protein that has 3
regulatory domains theoretically making it capable of blocking complement activation at
3 separate steps of the cascade. Furthermore, we attached a secretory signal to the Nterminus and removed the membrane binding domains creating a protein capable of
diffusing away from the initial site of transduction to offer protection throughout the eye.
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4.2 Introduction
Age-related macular degeneration (AMD) is the leading cause of blindness amongst the
elderly in the developed world[113, 114]. Currently, the only FDA-approved treatment
for AMD targets the less prevalent yet highly debilitating ‘wet’ form of the disease[115].
While this treatment (ranibizumab/lucentis) is highly effective, it does not impact the
85% of AMD patients that suffer from the ‘dry’ form of the disease. Dry AMD can
persist for more than a decade with gradual visual loss, severely impacting the quality of
life for those living with it and their caretakers. Early signs of disease can be detected by
the formation of extracellular deposits generally referred to as ‘drusen’ between the
retinal pigment epithelium (RPE) and Bruchs membrane and loss of RPE cells
(geographic atrophy).

Several lines of evidence strongly suggest polymorphisms in complement proteins as a
major risk factor for developing AMD. Genetic association studies have revealed that
AMD patients are significantly more likely to have mutations in factor H, B, C3, and
factor I[75, 87, 92, 126]. Studies analyzing the peripheral blood in AMD patients reveal
decreased C3 and elevated levels of C3a, Bb, and C5a, indicating proteolytic cleavage of
C3[77]. Immunohistochemical (IHC)[116] and proteomic[127] studies have shown there
are cleavage fragments of activated complement in and around drusen. While RPE cells
are known to express complement components and regulators[93, 128] it has also been
shown that oxidative stress reduces expression levels of the regulators[129]. One
hypothesis for AMD disease progression is that the concomitant chronic complement
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activity along with a decrease in complement regulators eventually leads to RPE cell
stress that culminates in death. Therefore, a potential therapeutic approach is to regulate
complement activation on RPE cells.

Gene transfer approaches to ocular tissues using adenovirus as the gene delivery vector
has been found to be safe in a number of clinical trials[56, 58]. Recombinant adenovirus
constructs have a significant tropism for RPE cells[53], can accommodate transgene
expression cassettes up to 36 Kb[52, 55] and can persist in murine ocular tissues for at
least one year (latest time point examined)[54] or up to the ‘lifetime’ of the animal[51].
Furthermore, adenovirus infects a variety of cell types with expression observed within
24 hours of infection. Hence, in the following study we selected adenovirus as a vector
for proof of concept to develop a novel regulator of complement.

Previously, we have described independent studies where we examined human
complement regulators CD46, CD55, and CD59 for their ability to regulate complement
in the membrane bound form on mouse RPE cells[53, 120, 130]. CD46 prevents the
formation of C3 convertase by acting as a cofactor for factor I mediated decay of
C3b[118]. CD55 acts by dissociating the C3 convertase[131]. CD59 acts furthest in the
pathway by preventing the formation of the MAC complex[132]. While each regulator
was effective at blocking complement the protection was limited to the site where it was
expressed, yielding a ‘patch’ of protection in the RPE. This prompted us to develop a
secreted regulator capable of diffusing through the retina, offering protection to the entire
affected region. Here, we build upon our previous findings and on what is currently
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known about the complement regulatory sequence of each regulator. We describe a
novel protein where we have taken what we believe to be the smallest functional unit of
CD46, CD55, and CD59 and combined each via glycine linkers into one protein.
Furthermore, we removed the membrane anchors but retained a secretory signal at the Nterminus. This allows us to extend protection from the initial site of transduction to the
entire eye. By retaining only the domains of each regulator necessary for complement
regulation we were able to maintain a relatively small protein, 130Kd, compared to other
known soluble complement regulators such as factor H (150kDa)[133] and sCR1
(200kDa)[134]. Furthermore, there in no known natural regulator that possess the
activity of CD46, CD55, and CD59. Therefore, this is the first description of a protein
capable of blocking complement at 3 critical steps in the complement pathway. We have
termed this new protein soluble terminator of activated complement (STAC) and discuss
the therapeutic implications in the context of gene therapy for treating AMD.

4.3 Results
STAC construct and expression vector
STAC is composed of the complement regulatory domains of CD46, CD55, and CD59
while retaining the native secretory signal of CD59 at the N-terminus (figure 18). When
designing STAC we modified the sequence of each complement regulator in an attempt
to minimize the overall size of the protein by eliminating domains that are not critical for
complement regulation. The SCR domains of CD46 and CD55 are essential for
complement control while the serine threonine proline (STP) region is heavily
glycosylated[135, 136], playing a role in protein stability. With this in mind we removed
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the majority of the STR region and retained the full-length SCR domains for each
regulator. To separate each domain we added a series of 3 glycines as linkers. We chose
glycine because it is the smallest amino acid therefore is the least likely to cause steric
hindrance with protein folding.
The STAC transgene was placed into the deleted E1 region of Adenovirus under control
of a chicken beta actin promoter (AdCAGSTAC). As a negative control an empty vector
was generated that contains only the pA (AdCAGpA) and a GFP negative control vector
(AdCAGGFP)(figure 19A). In order to determine if AdCAGSTAC is expressed,
secreted, and contains the relevant CD46, CD55, and CD59 domains we infected human
RPE cells (ARPE19) then collected the media and probed it by western blot using
specific antibodies to the extra-cellular domains of each regulator (figure 18B). A strong
signal can be seen with each antibody at 130Kd and a faint band at close to 150Kd. The
two bands most likely represent different glycosylation states. This is not surprising
since a portion of the STP regions were retained and have been indicated as sites of N
and O linked glycosylation.
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Figure 18: STAC gene sequence.
CD59 contains the start codon, secretory signal and complement regulatory domains.
CD46 contains the 4 SCR motifs and STP rich region. CD55 contains the 4 SCR motifs
and STP rich region followed by two stop codons (TGA). The membrane anchors were
removed and each regulator separated by a series of 5 glycine amino acids.
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Figure 19: Adenovrial expression vectors.
A) STAC or GFP were placed into the deleted E1 region of first generation adenovirus
and expressed using a CMV enhancer/chicken β-actin promoter (CAG). B) Western blot
probed with antibodies to detect either CD46, CD55, or CD59 detect a strong band at
130kDa and a faint band at 150kDa. (CAG=chicken β-actin promoter; pA=bovine growth
hormone poly A signal; LITR=left inverted terminal repeat; RITR=right inverted
terminal repeat; Ψ=packaging signal; MLT=major late transcript; E1-E4=early regions 14)
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STAC protects Hepa1c1c7 cells from complement activity
In order to test the ability of STAC to prevent MAC deposition we infected ARPE19
cells with either AdCAGSTAC or AdCAGGFP then collected the media. The media was
transferred onto plated Hepa1c1c7 (a mouse liver cell line) and complement activated by
adding 10% normal human serum (NHS). Hepa cells incubated in STAC media showed
a 68% decrease in the amount of MAC formation on the surface of the cell compared to
GFP control (figure 20A and C). Furthermore, the morphology of the cells in the control
group changed dramatically, consistent with cell lysis, while the morphology of the
STAC group remained relatively unchanged (figure 20A inset).
In order to determine physiological relevance of decreased MAC from STAC inhibition
we measured the permeability of the Hepa cells following exposure to NHS. We infected
ARPE cells with either AdCAGSTAC or AdCAGGFP for 3 days then collected the
media and used it to incubate Hepa cells in increasing dilutions of NHS. Afterwards, we
measured the amount of propidium iodide (PI) taken up by the cells by FACS. We found
that STAC reduces the amount of PI uptake to nearly heat inactivated (Hi) levels up to a
concentration of 2% NHS (figure 20C).
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Figure 20: STAC protects Hepa1c1c7 cells from complement-mediated injury.
A) IHC for C5b9 following complement activation show decreased MAC in STAC
treated Hepa cells and relatively unchanged cell morphology (inset). B) Quantification
of pixel intensity of MAC shows a reduction to nearly Hi levels. C) FACS analysis for
PI uptake following exposure to increasing concentrations of NHS. STAC reduces PI
uptake to nearly Hi levels up to a concentration of 2% NHS. (Representative of 3 separate
experiments performed in duplicate each time). (NHS=normal human serum;
HINHS=heat-inactivated normal human serum; ns=not significant; PI= propidium iodide;
DAPI= 4’,6-diamidino-2-phenylindole; MAC=membrane attack complex)
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STAC protects in a humanized in-vivo mouse model of complement deposition
To test the ability of STAC for protecting against complement activation in-vivo we
developed a humanized mouse model. We injected 5x109 particles of AdCAGSTAC or
AdCAGGFP into the intrapeatoneal (IP) space of C57/Bl6J mice. An IP injection of
adenovirus results in a high degree of liver transduction, mainly by the Glisson’s capsule
that surrounds the liver (figure 21A). After 7 days an anti PECAM antibody (250ug in a
volume of 200ul) was injected into the left ventricle, causing binding of antibody to the
endothelial lining of blood vessels priming them for complement activation. NHS (90%
in PBS containing Ca and Mg) was injected into the left ventricle to cause complement
deposition on the lining of endothelial cells. Examining cross sections taken from the
central region of the left lobe of the liver revealed a 79% decrease in MAC deposition in
AdCAGSTAC injected group compared to AdCAGGFP (figure 21B and C).
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Figure 21: STAC protection of endothelial cells in a mouse in-vivo model of
complement activation.
A) GFP expression 7 days after an IP injection of AdCAGGFP showing transduction on
the liver capsule. B) Cross-sections taken through the center of the left liver lobe stained
for MAC. C) Quantification of MAC pixel intensity showing a reduction in
AdCAGSTAC injected group to nearly Hi levels in the center of the left liver lobe. (Data
represent 7 mice in AdCAGGFP and 8 mice in AdCAGSTAC) (MAC= membrane attack
complex)
4.4 Discussion
We have described a novel chimeric protein, STAC, which contains the relevant
complement regulatory domains of CD46, CD55, and CD59. Initial testing of STAC for
PI uptake indicates protection of 100% at 1% NHS which prompted us to test increasing
serum amounts, as our previous studies using the individual membrane bound regulators
did not show complete protection at this concentration. It required a concentration of 2%
NHS to see partial protection (66%) using STAC (figure 20C). It is unlikely that
removing the membrane anchor would lead to an increase in the ability to protect against
complement. One possibility for enhanced protection is that when one portion of STAC
binds to complement it becomes sequestered to the membrane. The glycine linkers may
allow flexibility between the functional domains so that each unit of STAC can operate to
prevent complement activity in the surrounding area. Since STAC contains 3 domains
that act on different portions of the cascade when one functional domain has blocked
complement another domain may engage. This could allow STAC to remain bound to
the membrane for a relatively long period of time, placing it directly at the site where it is
needed for complement regulation. Another possibility could be that there is synergistic
cooperation amongst the functional domains in STAC. Evidence for this comes from
previous studies using CD46 and CD55 where that the presence of both causes an
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additive protective effect[137]. The rationale for this is that while CD46 is able to bind
and cleave C3b into inactive products it is not able to bind to C3b once it has been
incorporated into the C3 convertase. CD55, on the other hand, efficiently disassembles
the C3 convertase but does not proteolytically cleave it into inactive components. This
means the C3 subunits are able reform and CD55 is required, once again, to disassemble
the convertase. Having both CD46 and CD55 present may allow any C3b that escapes
CD46 to be regenerated when CD55 disassembles the convertase. Since CD46 is
generating inactive C3b cleavage products the amount of convertase formation would be
reduced, minimizing the burden on CD55.

While the humanized liver assay demonstrated that STAC protects in an in vivo setting it
also gave us an opportunity for testing its ability to diffuse through tissue. As
demonstrated in figure 21 an IP injection of adenovirus mainly transduces the
collagenous Glisson’s capsule that surrounds the liver. Therefore, any protection into the
central portion of the liver would be due to diffusion of STAC away from the initial site
of transduction. There are two scenarios for STAC protection in the center of the liver:
1) STAC secreted from the Glisson’s capsule region of the liver diffuses between the
densely packed hepatocytes of the liver and enters the blood vessels to protect the
endothelial cells. 2) STAC secreted from the Glisson’s capsule region of the liver
diffuses into the circulatory system then perfuses the vasculature of the liver to offer
protection of endothelial cells. Either scenario would indicate that STAC is able to
readily diffuse through the liver and endothelial cells.
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Currently, there are 4 small molecules in clinical trials targeting the inhibition of
complement as a treatment for AMD (www.clinicaltrials.gov), further supporting the
convincing connection between complement regulation and AMD. Each is administered
through repeat injections either intravenously or into the vitreous. By taking a gene
therapy approach we are circumventing the need for frequent repeat administration,
substantially benefiting the patient. The small size of STAC should allow diffusion
through the retina, offering protection away from the initial site of expression minimizing
the number of injection sites. By generating a highly potent inhibitor of complement we
have increased the likelihood that complement will be dampened at the furthest site from
expression, where the concentration of STAC is the lowest. Future direction may be to
consider the best vector for delivery. While we have used adenovirus in our proof of
concept studies and it has shown efficacy in clinical trials it may also be desirable to
consider AAV vectors, which have achieved recent success in Leber’s congenital
amaurosis (LCA) patients[138]. Furthermore, AAV injected into the vitreous of patients
transduces mainly ganglion cells. This may be a more relevant cell type to target since
RPE cells in AMD patients are already compromised due to disease progression. Further
stress, due to viral entry, may exacerbate stress to the cells. Whether using adenovirus or
AAV STAC is a soluble and potent inhibitor of complement that deserves further
investigation as a potential therapy for AMD patients.
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Chapter 5:
Summary and Potential Future Direction
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Summary
Several polymorphisms have been identified in the retina leading to blindness. While the
majority of these mutations occur in photoreceptors (retnet.com) several have also been
identified in distinct cell types. Therefore, the ideal approach to correct the gene would
be to deliver to only those cells that are affected. Adenovirus as a gene therapy vector for
ocular disease has recently been demonstrated in two clinical trials, one delivering PEDF
for the treatment of age-related macular degeneration and a second delivering thymidine
kinase for the treatment of retinoblastoma[56, 58]. Three adenoviral vectors containing
modification to either the Ad5 fiber or penton base have been previously described to
yield enhanced photoreceptor transduction, Ad5/F37, Ad5/F35, and Ad5∆RGD. We
directly compared Ad5, Ad5/F35, Ad5/F37, and Ad5∆RGD using the same promoter,
transgene expression cassette, injection, and detection techniques. Unlike prior reports,
our results indicate that each vector has a distinct tropism for particular cell types of the
retina. We show that Ad5/F37 mainly transduces müller cells, Ad5/F35 mainly the RPE,
and Ad5∆RGD mainly photoreceptors. Furthermore, we were able to restrict expression
to only the photoreceptors by using Ad5∆RGD and a shortened version of the rhodopsin
promoter (figure 14).

The prevailing theory for the pathogenesis of AMD is that chronic activation of the
complement system, particularly the alternative arm, places stress on RPE cells leading to
cell death. Such evidence includes the presence of alternative pathway fragments closely
associated with drusen[57] or presence of MAC on the surface of RPE and choroidal
blood vessels[117]. With evidence accumulating implicating the alternative pathway in
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AMD, we chose to evaluate the potential of a complement regulator known as membrane
cofactor protein (CD46) that has previously been shown to preferentially dampen the
alternative pathway[118]. Furthermore, CD46 in human retinal tissue is localized to the
basal and lateral surface of RPE cells[93]. This places CD46 close to the site of
complement activation in AMD patients in which MAC deposition has been observed in
RPE cells, drusen, and choroidal endothelial cells. Importantly, a recent observation has
been made that CD46 expression is reduced on the RPE of AMD patients[115].
Therefore, we expressed CD46 from adenovirus and evaluated protection in RPE cells
and in an ex-vivo mouse model of AMD. We found CD46 to be effective at preventing
alternative pathway activation but not classical pathway. Since the alternative pathway
has been implicated in AMD this angle of gene therapy would target the damage caused
by the alternative pathway leaving the classical pathway to function normally.

In order to extend protection from complement away from the initial site of expression
we have described a novel chimeric protein, STAC, which contains the relevant
complement regulatory domains of CD46, CD55, and CD59. Initial testing of STAC for
PI uptake indicates protection of 100% at 1% NHS which prompted us to test increasing
serum amounts, as our previous studies using the individual membrane bound regulators
did not show complete protection at this concentration. It required a concentration of 2%
NHS to see partial protection using STAC. Using a humanized liver assay we
demonstrated that STAC protects in an in vivo setting. This model also gave us an
opportunity to test the ability of STAC to diffuse through tissue since an IP injection of
adenovirus mainly transduces the capsule that surrounds the liver (Fig. 21).
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Here for the first time we describe a novel secreted complement inhibitor having the
functional domains of CD46, CD55, and CD59 (STAC). No naturally occurring
complement regulator is known to have the ability to block complement at 3 separate
steps of the complement cascade. We show that STAC is highly effective at blocking
complement and, importantly, it is able to diffuse and offer protection at sites distant
from initial expression.

While there are currently 4 small molecules in clinical trials aimed at reducing
complement activity (www.clinical trials.gov) there are no trials taking a gene therapy
approach. Gene therapy would circumvent the need for repeat injections substantially
benefiting the patient. By generating a highly potent inhibitor of complement we have
increased the likelihood that complement will be dampened at the furthest site from
expression so that one injection is sufficient to offer therapeutic benefit.

Potential future direction
We have used the psuedotyped adenoviral vector that best transduces photoreceptors and
shown that we are able to then incorporate a cell specific promoter to limit expression to
only the photoreceptors. Since the photoreceptors represent the cell type in the retina
with the most gene mutations this was the most appropriate cell type to target first.
Further experiments should attempt to use specific promoters for the RPE or müller cells.
It would then be beneficial to test each in an animal model of photoreceptor, müller cell,
or RPE cell dysfunction to assess the efficacy for gene transfer. As the best mode of gene
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therapy would be to only treat those cells that are affected this would be the next step
towards clinical application.
We have shown that CD46 is capable of modulating the alternative arm of complement
but have not extended this finding into an in-vivo model. The laser model of CNV is
mediated through the alternative arm of complement[139], making it an appropriate
model to test CD46. Furthermore, for therapeutic implications it would be pivotal to
establish a link between CD46 and AMD pathogenesis. One way to investigate a
potential role could be to follow aHUS survival patients, known to develop the disease
via a CD46 polymorphism, into later stages of life and determine if they are at an
elevated risk Another way to correlate CD46 to AMD would be to partake in a more
thorough evaluation of the level of CD46 expression on RPE cells of AMD patients.
While some work has been done towards this end more work should be done to
corroborate the results.
We have tested and confirmed the ability of STAC to prevent complement-mediated
injury to cells and shown that it is highly effective using human serum. As STAC was
made using human genetic material human serum was the most appropriate for initial
validation. Although, in order to test in an in-vivo model of complement mediated injury
we must first show that STAC cross-reacts with the species for the animal model being
used. Therefore, STAC should be thoroughly evaluated using the serum from various
animal species to determine the ability to cross-react. Afterwards, the most appropriate
animal could be determined as an AMD model for in-vivo testing. While we have shown
STAC to be highly functional we have not tested the ability of each domain. At this point
it remains unclear how much protection each is offering. Finally, in order to direct STAC
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to the site of complement activity it may be beneficial to incorporate a recognition
domain for a receptor known to be up-regulated on cells that are undergoing complement
mediated cell lysis.

Materials and Methods
Cell lines
HEPA 1c1c7, Y79, and 293 cell lines were obtained from ATCC. Cell culture reagents
were purchased from Invitrogen Life Technologies. 293 and 911[140] cells were
maintained in DMEM/10%FBS. HEPA 1c1c7 cells in alpha MEM/10%FBS and Y79
cells in RPMI 1640 supplemented with L-Glutamine, D-Glucose, Na pyruvate (1mM),
and 15% FBS. Primary mouse RPE cells were obtained from 6-10 week old C57Bl/6
mice. Eyes were enucleated, lens, cornea removed to reveal the RPE cell layer. Eyecups were incubated in 200µl of 0.25% trypsin/EDTA for 1 hour at 37°C. RPE cells
were pulled off in sheets and homogenized in 20µl αMEM/10%FBS. The suspension
was placed in the center of an 8 well poly-D-lysine coated chamber slide (Becton
Dickenson) for 10 minutes to allow cells to adhere to the plate, and an additional 130µl
αMEM/10% FBS was added to each well. Cells were kept in a humidified incubator at
37°C with 5% CO2 for 3 days prior to use.

Recombinant adenovirus constructs
The hybrid 5/35 fiber was amplified by PCR from an Ad5/F35 plasmid (Obtained from
Andre Lieber). Using the primers AdE28403F (5’ TATTCAGCAGCACCTCCTTGCC
3’) and AdE30702R (5’ ATGTAGGCGTGGACTTCTCCTTCG 3’) to yield a product of
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1.4Kb. An 842bp Age1/Mfe1 fragment was then cloned into Age1/Mfe1 digested
p6.2FIB[100] to generate p6.2FIBF35. A 4.9kb Pac1/Srf1 fragment of p6.2FIBF35 was
then cloned into similarly digested Adeasy1[141] to create pAdEasyF35. This was then
recombined with pShCAGGFP[82] to generate AdF35CAGGFP. AdF37CAGGFP was
generated by recombination of pShCAGGFP and pAd5F37[100]. Ad5CAGGFPΔRGD
has been previously described[82]. The Ad5sRhoGFPΔRGD vector was made using a
similar strategy. The 257bp mouse opsin was PCR amplified from SB6.25 (A gift from
Wolfgang Baehr) using the primers sRHO-F (5’
CCCAGATCTCCCGAATTCCCAGAGGACTCTGG 3’) and sRHO-R (5’
CCCGTCGACCCCGGCGAGCTCAGCCACTGAC 3’). The PCR product was digested
with BglII/SalI and cloned into the corresponding sites of pShGFP[82]. The resulting
plasmid was named pShsRhoGFP. This was recombined with pAdeasyΔRGD[82] to
generate Ad5sRhoGFPΔRGD. Ad5F37 and Ad5ΔRGD were constructed using the
AdEasy system[141] and previously described[82, 100]. In all cases adenovirus was
recovered in 293 cells as previously described[100]. Viruses were purified using the
adenopure purification kit (Puresyn, Inc.), and concentrated using a 100kDa filter
(Millipore). Viral titers were determined using a Beckman Coulter DU530 UV/Vis mass
spectrophotometer at 260nm.
CD46
E1/E3-deleted adenovirus serotype 5 was used to express human CD46 (hCD46) or no
transgene. hCD46, ATCC (MGC-26544), was excised from pBluescriptR using EcoRI
and SspI and inserted into pCAGEN using EcoRI and EcoRV (gift from C Cepko,
Harvard Medical School, Boston MA) between a CMV enhancer/chicken β-actin
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promoter (CAG) and a rabbit globin polyadenylation (pA) termination sequence. The
sequence containing CAG, hCD46, and pA was excised from pCAGEN using SpeI and
HindIII and inserted into pShuttle[141] using XbaI and HindIII. The pShuttle was
recombined with Adeasy-1 then linearized and transfected into 293 cells. Virus
production has been previously described[100]. Following initial transfection virus was
amplified in 911 cells. Viral purification was performed using the adenopure purification
kit (Puresyn, Inc.) and viral titer determined at OD260 using a spectrophotometer then
plaque-purified, previously described[52]. The hCD46 and pA, previously
published[100], expressing viruses are subsequently referred to as AdCAGCD46 and
AdCAGpA, respectively.
STAC
The N-terminus of STAC contains the human CD59 (ATCC cat.# 10658204) start codon,
secretory signal peptide, and SCR domains while lacking the sequence for the C-terminal
26aa, which comprise the signal sequence for attachment of the GPI anchor. Therefore,
the CD59 coding region from pOTBCD59 spans nucleotides 165-479. The N-terminus
of human CD46 (ATCC cat.# 7491463) was attached via a glycine linker
(GGAGGCGGAGGTGGA) to the C-terminus of CD59. The start codon and first 33aa,
comprising the secretory signal peptide, were removed from the N-terminus of CD46.
The following 300aa were retained, which comprise the SCR domains and the
serine/threonine/proline (STP) rich domain. Therefore, the CD46 coding region from
pBluescriptRCD46 spans nucleotides 866-1767. The N-terminus of human CD55
(ATCC cat.# 5830488) was attached via a glycine linker (GGAGGCGGAGGTGGA) to
the C-terminus of CD46. The start codon and the first 33aa, comprising the secretory
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signal peptide, were removed from the N-terminus of CD55. The following 322aa were
retained, which comprise the SCR domains and the STP rich region. The C-terminal
26aa have been removed, which comprise the signal sequence for attachment of the GPI
anchor. Therefore, the CD55 coding region from pCMVsport6CD55 spans nucleotides
315-1283. Two stop codons (TGA) were added in tandem to the C-terminus. The Nterminus of STAC was flanked by an XhoI restriction site and the C-terminus by SspI and
SalI sites. The full length STAC sequence was synthesized by Genscript (Piscataway, NJ)
and inserted into the EcoRV site of a pUC57 plasmid. STAC was excised from pUC57
using XhoI and SspI then inserted into pShuttle[141] using XhoI and EcoRV between a
CMV enhancer/chicken β-actin promoter (CAG) and a rabbit globin polyadenylation
(pA) termination sequence to generate pShCAGSTAC. Adenovirus production E1/E3
deleted serotype 5 adenovirus was used to express STAC or GFP. The pShuttle[141]
containing each insert was recombined with Adeasy-1 then linearized and transfected into
293 cells. Virus production has been previously described[100]. Following initial
transfection virus was amplified in 911 cells. Viral purification was performed using the
adenopure purification kit (Puresyn, Inc.) and viral titer determined at OD260 using a
spectrophotometer.

Western blot
5x109 viral particles were suspended in 50µl of 100mM Tris-HCL, 0.5M NaCl, 0.1%
SDS, and 10% Triton X-100 containing leupeptin (10µg/ml), aprotinin (10µg/ml), and
PMSF (1mM). Samples were loaded onto a 10% Tris-Glycine polyacrylamide gel under
denaturing conditions. The fiber protein was detected using the monoclonal antibody,
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Ab-4 (Clone 4D2, Neomarkers) at a concentration of 1:1000, followed by HRPconjugated goat anti mouse (Jackson ImmunoResearch) secondary antibody. 911 cells
were infected with either AdCAGCD46 or AdCAGpA at a multiplicity of infection
(MOI) of 1000. After 24 hours, cells were collected by trypsin treatment and
centrifugation, cells lysed in lysis buffer (SDS/triton) containing protease inhibitors
(leupeptin, aprotinin, PMSF), and lysate run on a 12.5% tris HCL pre-cast gel (Biorad).
Following transfer, the nylon membrane was probed with a mouse anti human CD46
antibody (MEM258, serotec) at a dilution of 1:1000. An HRP conjugated secondary
antibody was used followed by detection with luminol (PIERCE chemiluminescent
subtrate kit). For Adenoviral constructs 911 cells were infected with AdCAGSTAC,
AdCAGsCD46, AdCAGsCD55, AdCAGsCD59, or AdCAGGFP at a multiplicity of
infection (MOI) of 1000. After 24 hours, cells were collected by trypsin treatment and
centrifugation, cells lysed in lysis buffer (SDS/triton) containing protease inhibitors
(leupeptin, aprotinin, PMSF), and lysate run on a 12.5% tris HCL pre-cast gel (Biorad).
Following transfer, the nylon membrane was probed with a mouse anti human CD46
antibody (MCA 2113, Serotec, Raleigh NC) at a dilution of 1:10,000, goat anti human
CD55 antibody (AF2009, R&D systems, Minneapolis MN) at a dilution of 1:20,000, or a
goat anti human CD59 antibody (SC-7077, Santa Cruz, Santa Cruz CA) at a dilution of
1:500 and incubated overnight at 4°C on a shaker plate. An HRP conjugated secondary
antibody was used followed by detection with luminol (Cat.#34080, Thermo Scientific,
Rockford IL).

In vitro CD46 transfection and blocking
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pBluescript containing human CD46 cDNA was obtained from ATCC (MGC-26544).
The cDNA was released by digestion with EcoRI and SspI and cloned into EcoRI/EcoRV
digested pCAGEN (A gift of Connie Cepko) to generate pCAGCD46. pCAGntLacZ was
generated by insertion of a NotI fragment of pBntLacZ (pBluescript containing LacZ
cDNA) into NotI digested pCAGEN. 6µg of either pCAGENCD46 or pCAGntLacZ was
transfected into 1x105 HEPA 1c1c7 cells using Lipofectamine 2000 (Invitrogen 11668027) and maintained in alpha MEM supplemented with 2%FBS at 37°C/5%CO2 for 48
hours. Cells were then infected with either Ad5CAGGFP (MOI 20) or Ad5F35CAGGFP
(MOI 750) for an additional 48 hours.

For blocking experiments
Cells were transfected as described above. After 48hrs the cells were treated with either
5ug/ml of mouse anti human CD46 (Serotec MCA2113) to block the SCR1 domain of
CD46 or rabbit anti sheep IgG (Jackson Immuno Research 313-005-006) as a nonspecific control for 30 minutes at 37°C 5% CO2. The cells were then infected with either
Ad5CAGGFP (MOI 20) or Ad5F35CAGGFP (MOI 750) as described previously. GFP
expression was analyzed using an Olympus IX51 microscope and by flow cytometry
using BDFACSCalibur.

Y79 cell transduction
4.5x105 Y79 cells were infected with either Ad5CAGGFP, Ad5F35CAGGFP,
Ad5F37CAGGFP, or Ad5ΔRGDCAGGFP at an MOI of 500. Infected cells were
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maintained in RPMI media at 37° 5%CO2 for 24hrs after which GFP expression was
analyzed using BDFACSCalibur.

In vivo transduction
All animal studies were in accordance with the policies set forth by the ARVO Statement
for the use of Animals in Ophthalmic and Vision Research and federal and state
guidelines. Unless otherwise specified, for each viral construct at least 6 eyes of 6wk old
C57BL/6J mice were injected with 1µl containing 1x109 viral particles. After 6 days the
eyes were harvested and fixed in 4% PFA.

To analyze surface area and efficiency of viral transduction 6 eyes were harvested for
each construct, the cornea and lens removed, and the eyes cut into 4 quadrants and flatmounted onto a coverglass. An image of each eyecup was captured using a Nikon
SMZ800 microscope and Olympus DP20 camera under brightfield and the GFP (2.5
second exposure) filter. To prepare for quantitative analysis all images were sized to 600
x 450 pixels using photoshop. Area of transduction was calculated using Image J version
1.41o (rsbweb.nih.gov/ij/). The percent area of transduction was calculated by dividing
the transduced region by the total surface area. The mean fluorescence of the transduced
area was calculated by converting the image to grayscale and calculation of the mean
pixel intensity using Image J. The surface plots were obtained using the Image J plug-in
feature titled ‘interactive 3D surface plots’.
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To compare viral transduction in the retina versus the RPE/choroid, 6 eyes were
harvested for each construct, lens and cornea removed, and the retina peeled away from
the RPE/choroid. The retina and RPE/choroid were placed in separate 1.5ml tubes and
submerged in liquid nitrogen for 15 seconds. Eyes were not visualized for GFP prior to
dissection in order to prevent UV damage and expedite removal of the retina/RPE
without protein degradation. An RNeasy kit (Qiagen 74104) was used to extract and
purify the RNA, after which 3ug of each sample was DNAse treated using Turbo DNAse
(Ambion 2238G). Samples were loaded in triplicate for RT-PCR (Biorad Icycler IQ5) to
detect GFP expression using a custom assay to EGFP obtained from Applied Biosystems
with the forward primer EGFP-ANYF (5’ GAGCGCACCATCTTCTTCAAG 3’) the
reverse primer EGFP-ANYR (5’ TGTCGCCCTCGAACTTCAC 3’) and the probe
EGFP-ANYM1 (5’ ACGACGGCAACTACA 3’). All samples were normalized to mouse
beta actin (Applied Biosystems cat. # 4352664).

To analyze the transduction pattern in the retina the quadrant containing the GFP region
was dissected from each flatmount used for the transduction study in figure 4 then
embedded in OCT. Serial 14µm transverse sections were made through the entire
quadrant and images taken using an Olympus BX51 microscope and Retiga 2000R FAST
camera with QCapture Pro 5.0 software. Exposure times were adjusted independently for
the RPE and retina for each virus to optimize visualization of the cell types transduced.

To determine the proportion of transduced cells in the INL and ONL versus the total
number of cells for each layer in Ad5ΔRGD we used a modified stereological technique.

	
  

101	
  

84 serial 14µm sections spanning the transduced area were used for analysis. The
fluorescent images were converted to 8 bit and analyzed with stereoinvestigator software
version 6.5.5.1. The optical dissector probe was used along with a sampling grid of
86.3µm x 20µm and a sampling periodicity of 10. Prior to sampling, the INL/ONL/RPE
were manually traced using the brightfield image to create a region of interest (ROI) for
each section. The brightfield image was then used to count the total number of cells and
the fluorescent image for GFP positive cells. The raw data, figure 6A, was automatically
calculated by the microbrightfield software using CE Gundersen variance. This provides
a high, median, and low estimate of cells for each section. Using microbrightfield
software for the optical dissector probe the raw data was converted into a 3D
reconstruction to estimate the total number of cells/transduced cells, figure 6C. This
takes into account the curvature of the tissue, based on the ROI, along with the CE
Gundersen variance. The coefficient of error was estimated automatically by the
microbrightfield software using the Scheaffer method. The Scheaffer method is designed
to calculate the CE for data points collected from a traced ROI taken from randomly
sampled areas through a non-uniformly shaped tissue. Therefore, the curvature of the
tissue is extrapolated from the traced images.

Immunohistochemistry
Y79 cells were plated at a density of 4.5x105 cells in poly-D-lysine coated chamber slides
(BD Biosciences 354632) for 24 hours then fixed in 10% formalin for 15 minutes prior to
staining. Tissue sections were fixed in 4%PFA then taken through a graded series of
sucrose (15% and 30%) prior to sectioning at 14µm. To detect sialic acid we used
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biotinylated Maackia Amurensis Lectin II (Mal II, Vector Laboratories B-1265)
(100µg/ml) followed by Cy3 conjugated streptavidin (1µg/ml). To detect integrin we
used anti-integrin alpha V mAb (Transduction Laboratories C75120) (1µg/ml) followed
by Cy3 conjugated goat anti mouse (1µg/ml). Detection of CD46 was achieved using
mouse anti human CD46 (Serotec, clone MEM-258, MCA2113) (20µg/ml) followed by
Cy3 conjugated goat anti mouse (1µg/ml). To detect the extracellular region of CAR we
used rabbit anti CAR (gift of Jeff Bergelson) (1:2000) followed by Cy3 conjugated goat
anti rabbit (1µg/ml). We used two antibodies to detect müller cells. We used rabbit anti
GFAP (Novus biologicals NB300-141B2) followed by Cy3 conjugated goat anti rabbit
(1µg/ml). We also used mouse anti CRALBP (Abcam Ab15051-50) followed by Cy3
conjugated goat anti mouse (1µg/ml). CRALBP staining was performed on 20µm frozen
retinal sections while all other staining was on 14µm sections. All negative controls were
obtained by omission of the primary antibody. To detect membrane expression of CD46
on hepa1c1c7 and primary RPE cell cultures, cells were incubated in mouse anti human
CD46 (clone MEM258, Serotec) (1:50) in 3% normal goat serum (NGS) (Jackson
Immunoresearch) at 4°C for 3 hours prior to fixation. Cells were fixed in 10% NBF
overnight at 4°C. Secondary detection was performed with Cy3 goat anti mouse
(37.5ng/ml) in 3% NGS for 1 hour. To detect CD46 in fixed 14µm frozen sections and
mouse eye-cups, samples were pre-treated with 6% NGS and incubated in mouse anti
human CD46 (clone E4.3, BD Pharmingen) (1:100) containing 0.5% triton overnight at
4°C. Secondary detection was performed with Cy3 goat anti mouse (37.5ng/ml) in 0.5%
triton for 1 hour. To detect the MAC complex, samples were incubated with mouse anti
human C5b-9 (clone aE11, Abcam) (1:100) containing 6% NGS and 0.05% triton for 2.5
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hours. Secondary detection was performed with Cy3 goat anti mouse (37.5ng/ml)
containing 3% NGS and 0.05% triton for 1.5 hours. For Hepa1c1c7 cells MAC detection
was performed using mouse anti human C5b9 (1:50) (ab66768, Abcam, Cambridge MA)
in 0.05% triton containing 6% normal goat serum (NGS) for 2.5 hours at room
temperature. Secondary detection was achieved using Cy3 conjugated goat anti mouse
(1:200) in 0.05% triton containing 3% NGS for 1 hour at room temperature. For MAC
detection using mouse liver sections the samples were blocked using 6% NGS in 0.5%
triton for 1 hour at room temperature then incubated in rabbit anti human C5b9 (1:400)
(Complement Technology, Tyler TX) in 0.5% triton for 2.5 hour at room temperature.
Secondary detection was achieved using Cy3 conjugated goat anti rabbit (1:200) for 1
hour at room temperature.

Complement assay on Hepa 1c1c7 cells
Hepa1c1c7 cells were infected (MOI 1000) for 3 days with AdCAGCD46 or AdCAGpA
in αMEM/2%FBS. For FACS analysis the cells were collected by trypsinization
(0.25%/EDTA), resuspended in 1xPBS containing 0.5% FBS, centrifuged at
1200RPM/4°C, and 5x105 cells re-suspended in 500µl ice-cold Gelatin Veronal Buffer
containing Ca2 and Mg2 (GVB2+) (Complement Technology). To activate all
complement pathways, 25µg/ml rat anti mouse emmprin (Serotec MCA2283) was added
for 30 minutes at 4°C followed by 10% Normal Human Serum (NHS) (Sigma), 37°C for
1 hour with constant rotary motion. Cells were treated similarly with 10% Heat
Inactivated NHS (HINHS) (56°C for 1 hour) as control. Cell lysis was determined by the
propidium iodide (PI) exclusion method. PI was added to each sample (1µl PI into 500µl
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GVB2+) and 2.5x104 cells were counted by FACS (FACSCalibur) for PI uptake
(CellQuest Pro software, Becton Dickinson).

To preferentially activate the alternative pathway, cells were collected as described above
and re-suspended in GVB2+. 5x105 cells were pre-incubated with 25µg/ml rat anti-mouse
emmprin antibody and incubated for 30 min. at 4°C. Either 10% NHS or 10% HINHS
containing 7mM Mg/10mM EGTA (MgEGTA) was added and incubated at 37°C for 1
hour.

For MAC staining of Hepa1c1c7, cells were plated into an 8 well chamber slide (Becton
Dickinson) and infected with either AdCAGCD46 or AdCAGpA for 3 days (MOI 1000).
Each well was incubated with 25µg/ml emmprin for 30 min. at 4°C followed by either
10% NHS or 10% HINHS in GVB2 at 37°C for 5 minutes with MgEGTA to de-activate
the classical pathway. Cells were washed twice with cold 1xPBS, fixed for 15 minutes in
10% neutral buffered formalin, and stored in 1xPBS. Cell lysis was determined using the
PI exclusion method as described above.

Complement assay on primary mouse RPE cells
Cells were infected with either AdCAGCD46 or AdCAGpA at an MOI of 1000 for 3d in
αMEM/10% FBS. The media was removed and 50µg/ml rat anti mouse emmprin added
and incubated at room temperature for 1 hour. Immediately following emmprin
treatment 50% NHS or 50% HINHS containing MgEGTA was added and cells incubated
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at 37°C for 1 hour. Cells were washed 3 times in cold 1xPBS, fixed in 10% NBF for 15
minutes, and stored in 1xPBS at 4°C.

Complement assay on mouse eye-cups
Eight days after subretinal injection of adenovirus mice were euthanized using CO2 and
the lens and cornea removed. The eye-cup was incubated in GVB2+ containing 140µg/ml
rat anti mouse emmprin for 1 hour at 4°C. Either 50% NHS or 50% HINHS was added
directly to the GVB2+/emmprin and incubated for 4 minutes at 37°C. MgEGTA was
added to each sample and incubated for an additional 56 minutes at 37°C. Samples were
washed 3 times in cold 1xPBS and fixed overnight in 4% paraformaldehyde at 4°C.

Sub-retinal injections
C57Bl/6 mice were purchased (Jackson Laboratories) and maintained in accordance with
federal, state, and local regulations. 6-10 week old mice were anesthetized by
intraperitoneal injection of xylazine (10mg/ml)/ketamine (1mg/ml). Subretinal injections
were performed as previously described[100] using the transcleral-transchoroidal
approach with a 32-gauge needle attached to a 5µl glass syringe (Hamilton). Either 1µl
of an empty vector control mixture containing 9 parts AdCAGpA (total 5x107 particles)
and 1 part AdCAGGFP (total 1x106 particles) or CD46 vector containing 9 parts
AdCAGCD6 (total 5x107 particles) and 1 part AdCAGGFP (total 1x106 particles) were
injected.

Soluble cell lysis assay
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A p100 of ARPE19 cells were infected at an MOI of 1000 using AdCAGsCD46,
AdCAGsCD55, AdCAGsCD59, AdCAGSTAC, or AdCAGGFP for 3 days in 6ml of
serum free DMEM without phenol red. After 3 days the media was collected, centrifuged
at 1200 RPM, then stored on ice. A p100 of Hepa-1c1c7 cells were plated at 50%
confluent in αMEM 10% FBS for 1 day then changed to αMEM 2%FBS for 2 days. The
αMEM was removed and cells were washed 3x with PBS then trypsinized. 2.5x105 cells
were added to a 15ml falcon tube then centrifuged at 1200 RPM for 2 minutes, and
resuspended in a total of 500ul of the media collected from the ARPE19 cells, containing
STAC or GFP control, plus appropriate concentration of normal human serum or heat
inactivated normal human serum. Cells were incubated at 37°C under constant gentle
rotary shaking for 1 hour. 2µg of propidium iodide (PI) was added to the cells and PI
uptake was measured by counting 25,000 cells using the LSRII (BD biosciences,
Rockville MD) flow cytometer.

Assay for MAC deposition in the liver
C57/Bl6 mice ranging in age from 6-10 weeks were injected with 5x109 particles of
either AdCAGSTAC or AdCAGpA in a volume of 200µl sterile PBS. After 7 days
200µg of anti mouse PECAM antibody was injected into the left ventricle and kept on
heating pad at 37°C for 4 hours. Mice were then perfused with 90% human serum
(Complement Technology Inc., Tyler TX) in a total volume of 1.5ml (1.4ml human
serum plus 0.1ml PBS containing calcium and magnesium) and incubated in bacterial
incubator at 37° for 15 minutes. The median and left lobe of the liver were removed and
fixed overnight in 4% paraformaldehyde (PFA). Serial sections were taken at 8µm
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through each lobe then used for MAC detection. Images were captured at 10x then MAC
pixel intensity, over entire section, was quantified using ImageJ software.

Statistical analysis
Except where otherwise stated, experiments were performed at least 3 times in duplicate.
Error bars represent the standard deviation from the mean. Where appropriate,
significance was calculated using Student’s t test with the exception of the stereological
data where the Scheaffer’s method was employed to determine the coefficient of error.
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