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PURPOSE. The risk for age-related macular degeneration has been tied to an overactive
complement system. Despite combined attempts by academia and industry to develop
therapeutics that modulate the complement response, particularly in the late geographic
atrophy form of advanced AMD, to date, there is no effective treatment. We have previ-
ously demonstrated that pathology in the smoke-induced ocular pathology (SIOP) model,
a model with similarities to dry AMD, is dependent on activation of the alternative
complement pathway and that a novel complement activation site targeted inhibitor of
the alternative pathway can be delivered to ocular tissues via an adeno-associated virus
(AAV).

METHODS. Two different viral vectors for specific tissue targeting were compared: AAV5-
VMD2-CR2-fH for delivery to the retinal pigment epithelium (RPE) and AAV2YF-smCBA-
CR2-fH for delivery to retinal ganglion cells (RGCs). Efficacy was tested in SIOP
(6 months of passive smoke inhalation), assessing visual function (optokinetic responses),
retinal structure (optical coherence tomography), and integrity of the RPE and Bruch’s
membrane (electron microscopy). Protein chemistry was used to assess complement acti-
vation, CR2-fH tissue distribution, and CR2-fH transport across the RPE.

RESULTS. RPE- but not RGC-mediated secretion of CR2-fH was found to reduce SIOP
and complement activation in RPE/choroid. Bioavailability of CR2-fH in RPE/choroid
could be confirmed only after AAV5-VMD2-CR2-fH treatment, and inefficient, adenosine
triphosphate–dependent transport of CR2-fH across the RPE was identified.

CONCLUSIONS. Our results suggest that complement inhibition for AMD-like pathology is
required basal to the RPE and argues in favor of AAV vector delivery to the RPE or outside
the blood-retina barrier.

Keywords: complement system, choroidal neovascularization, smoke-induced ocular
pathology, natural antibody-mediated targeting, alternative pathway inhibitor, encapsu-
lated ARPE-19 cells

Age-related macular degeneration (AMD) is a slowly
progressing neurodegenerative disease leading to loss

of vision in the center of the field of vision. In dry AMD,
which makes up 80% to 90% of total cases, this loss of
vision appears to start with pathology in the retinal pigment
epithelium (RPE) and the choriocapillaris, followed by the
slow degeneration and atrophy of the photoreceptors in the
macula.1 The changes in the RPE/choroid interface include
thickening of Bruch’s membrane,2 thinning of the choriocap-
illaris and loss of fenestrations,3 mitochondrial damage and
dysfunction,4 and a deterioration of the blood-retina barrier.5

Finally, complement dysregulation in those tissues appears
to contribute to the pathology.6

The complement system is an essential part of the innate
and adaptive immune system, and studies in experimen-
tal inflammatory injuries have taught us that the comple-
ment system plays a pivotal role in induction and expan-
sion of injury.7,8 The complement system is activated by
three pathways: the classical pathway, the lectin pathway,
and the alternative pathway (AP), which generate a cascade
of convertases belonging to a family of serine proteases, the
C3 and C5 convertases. Their sequential activation leads to
the production of biological effector molecules, the anaphy-
latoxins C3a and C5a, which activate and recruit immune
cells, the opsonins, which are C3 fragments that covalently
bind to cells and debris to facilitate their removal by immune
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cells, and the membrane attack complex (MAC), a nonspe-
cific pore that can lead to lysis of nonself cells.9 The AP is the
most potent driver of AMD pathology in patients and their
animal models.10,11 In order to prevent excessive AP comple-
ment activation, the system relies on the available cell-bound
and soluble inhibitors. Complement factor H (fH) can inhibit
the formation of the C3 convertase and accelerate its decay
and cleavage, whereas the complement receptor 1 and decay
accelerating factor (DAF/CD55) prevent the assembly of the
C3 convertase on the cell surface.12 Given its importance as
a complement regulator, fH is present in human and rodent
serum at a high concentration (300–600 μg/mL), and single-
nucleotide polymorphisms in fH pose risks for AMD.13

Based on the genetics of AMD, some of the major efforts
in the development of new therapeutics have been focused
on complement inhibitors. Approaches have included block-
ing complement components C3 and C5 (activators in the
common terminal pathway) or factor D (fD; AP activator),
using either humanized monoclonal antibodies (eculizumab
[intravenous injection] and LFG316 [intravitreal]) or their
FAB fragments (lampalizumab [intravitreal]), RNA aptamers
(ARC-1905 [intravitreal]), or synthetic cyclic peptide (APL-2
[intravitreal]). The three trials targeting C5 did not decrease
the growth rate of GA significantly,14 or the studies were
completed but results were not published (summarized in
Taskintuna et al.15). Despite having achieved significance
in a subgroup of patients with dry AMD with complement
factor I (CFI) risk variants treated with lampalizumab phase
II trial known as MAHALO, NCT01229215 in 2014,16 the
phase III clinical trials ultimately did not reach their clini-
cal endpoint.17 Three molecules are currently under inves-
tigation for all patients with GA, a pegylated peptide form
of APL-2, a pegylated anti-C5 aptamer, and soluble CD59 (a
MAC inhibitor),18 and two approaches are tailored toward
patients with loss-of-function variants in complement factor
H (CFH) (NCT04643886) and CFI (NCT04437368). We argue,
based on these results, that the target (reducing comple-
ment activation) is the correct one, but in most trials, the
drug and the delivery were insufficient. As the complement
system is a surveillance system, most of the complement
proteins are not engaged in active complement activa-
tion, suggesting that most of the drug is wasted on target
molecules that are irrelevant to pathophysiology. The second
complication is that complement components are made in
the eye and the liver and that some select complement
components can penetrate the Bruch’s membrane (BrM) to
reach the basal side of the RPE, whereas others do not, creat-
ing different complement compartments.19 And third, if the
targets of complement activation in dry AMD are the basal
side of the RPE, BrM, and choriocapillaris (CC), as suggested
by the distribution of complement activation products in
diseased eyes,20,21 intravitreal injections might not be appro-
priate for drug delivery due to the barrier function of the
external/outer limiting membrane22 and the RPE.23

We previously characterized an AP complement inhibitor
molecule that enables specific targeting to tissues under
complement attack. CR2-fH is a fusion protein that consists
of short consensus repeats (SCRs) 1 to 5 of mouse fH (the
domain required for its regulatory activity) linked to the
portion of the complement receptor 2 (CR2) that binds C3-
based opsonins.24 And while CR2-based inhibitors have a
circulatory half-life of ∼9 hours, their half-life in injured
tissues is ∼50 hours.25 Efficacy and targeting to sites of
complement activation have been confirmed in AMD models
both in vitro26,27 and in two in vivo models, the laser-

induced choroidal neovascularization (CNV) model, a model
for VEGF- and complement-dependent angiogenesis,28,29

and the smoke-induced ocular pathology (SIOP), a model
for oxidative and complement stress-mediated RPE, Bruch’s
membrane, and choriocapillaris damage.30 Therapeutic effi-
cacy could be demonstrated when applied systemically as
soluble protein,31,32 administered intraocularly or system-
ically using encapsulated ARPE-19 cells producing CR2-
fH,33,34 and using gene therapy.35 CR2-fH gene therapy was
tested using AAV5-VMD2-CR2-fH for delivery to RPE in the
mouse laser-induced CNV model and was considered safe
based on lack of anti-CR2-fH antibody production, effects
on structure, and function of the retina and the RPE.35

Here we investigate the placement of the therapeutics
for its optimal effect in the SIOP model; in other words,
will CR2-fH reach the tissue of complement activation opti-
mally when placed subretinally, or can intravitreal delivery
be employed?

METHODS

Adeno-Associated Virus Constructs

The plasmid construct of CR2-fH31 and the adeno-associated
virus 2/5 (AAV5) construct35 were previously described. In
short, CR2-fH is assembled based on the four N-terminal
SCRs of mouse CR2 (residues 1–257, accession number
M35684) followed by a (G4S)2 linker and the five N-terminal
SCRs of mouse fH (residues 1–303, accession number
NM009888). To ensure secretion, a CD5 signal peptide
sequence was added,36 and protein secretion into the apical
and basal compartment in polarized, infected RPE cells was
confirmed.35 Two vector backbones, AAV535 and AAV2YF,37

were utilized based on their ability to transduce RPE38

and retinal ganglion cells (RGCs) and secondary neurons
(together referred to as inner retinal cells),39,40 respectively.
Likewise, an RPE-specific promoter VMD2 (BEST1) and a
generic promoter smCBA were utilized to drive efficient
expression. The following three vectors were produced
at the Ophthalmology Vector Core at the University of
Florida: AAV5-VMD2-CR2-fH, AAV2YF-smCBA-CR2-fH, and
AAV5-VMD2-mCherry.

Mice

C57BL/6J (B6) mice were generated from breeding pairs
(Jackson Laboratory, Bar Harbor, ME, USA) to obtain mice
always raised within the same microenvironment. Mice
entered the study at 2 months of age, and both sexes were
included. All animal experiments were performed in accor-
dance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and approved by the
University Animal Care and Use Committee.

Viral Vector Injection

Subretinal and intravitreal injections were performed using
the trans-cornea route according to our published proto-
col.35 In short, mice were anesthetized using xylazine and
ketamine (20 and 80 mg/kg, respectively), both pupils
dilated (phenylephrine HCL, 2.5%, and atropine sulfate,
1%), and the ocular surface anesthetized (proparacaine
hydrochloride) and lubricated (hydroxypropyl methylcellu-
lose, 2.5%). Injections were made through a guide hole
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generated in the superior cornea (30 1
2 -gauge disposal

needle) using a 33-gauge unbeveled blunt needle affixed
to a Hamilton syringe (2.5 μL; Hamilton Co., Reno, NV,
USA) into the vitreous (intravitreal delivery) or the subreti-
nal space (subretinal delivery). Then, 1 μL of vector suspen-
sion was slowly injected into both eyes of each animal. For
subretinal injections, subretinal blebs formation is an indi-
cation of success, and retinal detachment was confirmed by
optical coherence tomography (OCT) and fundus photog-
raphy to document size and location. For subretinal injec-
tions, a concentration of 3 × 1011 viral genomes (vg)/mL
AAV5-VMD2-CR2-fH was found to be both efficacious and
safe.35 In preliminary experiments for intravitreal delivery,
viral concentrations ranging from 1 μL of 1 × 1013 vg
containing particles/mL (AAV2-smCBA-CR2-fH) to 1 μL of
1 × 1010 vg/mL were tested. A safe dose was considered the
number of vg/mL that produced the same number of infil-
trating cells on OCT when compared to a 1-μL injection with
PBS in the absence of oral steroid prophylaxis. A concentra-
tion of 3 × 1011 vg/mL AAV2-smCBA-CR2-fH was found to
be safe.

Exposure to Cigarette Smoke

One month following the adeno-associated virus (AAV)
delivery, mice were subjected to cigarette smoke exposure
(CSE) over a period of 6 months as published previously.30

Smoke exposure was carried out by burning 3R4F refer-
ence cigarettes (University of Kentucky, Louisville, KY, USA)
using a smoking machine (Model TE-10; Teague Enterprises,
Woodland, CA, USA) for 5 hours per day, 5 days per week.

Optical Coherence Tomography

OCT was used to quantify retinal thickness as described in
detail.30 In short, imaging was performed using an SD-OCT
Bioptigen Spectral Domain Ophthalmic Imaging System
(Bioptigen, Inc., Durham, NC, USA), collecting five separate
rectangular volume scans (33 B-scans, 1000 A-scans per B-
scan) that were averaged to obtain a high-resolution image.
Measurements were obtained 500 μm from the optic disc in
the nasal quadrant using calibrated vertical calipers.30

Optokinetic Response Test

Visual acuity and contrast sensitivity of mice were measured
using the OptoMotry device (Cerebral Mechanics, Leth-
bridge, Alberta, Canada) as previously described.30 In short,
optomotor responses are assessed under photopic condi-
tions (mean luminance of 52 cd m−2), utilizing to moving
sine-wave gratings. Two threshold responses were obtained:
visual acuity characterized as the spatial frequency thresh-
old of each animal (at a speed of 12 deg/s and 100%
contrast) and contrast sensitivity threshold (at a fixed spatial
frequency of 0.131 cyc/deg and 12 deg/s speed).

Electron Microscopy

Tissue preparation and ultrastructural analyses were
performed as previously described.32,41 Transmission elec-
tron microscopy images were captured using a JEOL JEM
1400 transmission electron microscope (JEOL USA, Inc.,
Peabody MA, USA) using SerialEM software (https://bio3d.
colorado.edu/SerialEM/). The resulting data sets (1200–1500
images per section) were assembled into mosaics using
the NCR Toolset (Scientific Computing and Imaging Insti-

tute, Salt Lake City, UT, USA).42,43 Structures were evalu-
ated using Adobe Photoshop (Adobe Systems, San Jose, CA,
USA) and ImageJ software (National Institutes of Health,
Bethesda, MD, USA) as published previously.30 BrM thick-
ness was determined by analyzing a ∼24-μm length section
of BrM per sample. BrM thickness in age-matched room air–
exposed mice was consistently 0.22 ± 0.04 μm, and a thick-
ness exceeding 0.28 μm was considered damaged.41 The
percentage of thickened BrM was assessed. Each stretch of
thickened BrM was called a deposit (see Fig. 3A), and for
those, their length and area were assessed. In addition, mito-
chondria in the RPE were identified, outlined, and evaluated
for morphologies indicating pathology using ImageJ’s shape
descriptor “circularity.” Mitochondria normally assume elon-
gated shapes. When form factors shift toward 1 (circu-
lar),44 this indicates mitochondrial swelling and resultant
pathologies.

Dot Blot and Western Analysis

To quantify complement activation in the eye, RPE/choroid
samples were collected, protein extracted, separated by
electrophoresis, and transferred to a Polyvinylidene Diflu-
oride (PVDF) membrane, and membranes were incubated
with primary antibody against C3d generated by us45 as
published previously.41 This antibody (group 2, clone 11)
recognizes the C3d epitope present in the C3α chain and its
breakdown fragments, which can be distinguished accord-
ing to their molecular weights.45 Due to the similar molec-
ular weights of C3dg (39 kD) and C3d (34 kD), the two
bands separate poorly and are evaluated together. To assess
leakage of the outer retina barrier, the amount of albumin
(Novus Biologicals, Littleton, CO, USA) present in the retina
was assessed. Proteins were visualized with horseradish
peroxidase–conjugated secondary antibodies (Santa Cruz
Biotechnology, Dallas, TX, USA) followed by incubation with
Clarity Western ECL Blotting Substrate (Bio-Rad, Hercules,
CA, USA) and chemiluminescent detection. Blots represent-
ing the different experimental groups were all exposed
together for the same length of time to allow for compar-
ison. Band intensities were determined using ImageJ and
normalized against β-actin.

To determine the amount of CR2-fH in the retina,
RPE/choroid, or ARPE-19 cell supernatants, protein samples
or apical and basal supernatants were collected, loaded
directly into the wells of a 96-well plate, and transferred
onto nitrocellulose membranes using the Bio-Dot Microfil-
tration Apparatus (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) as reported previously.35 CR2-fH was detected using an
anti-CR2 primary antibody (10 μg/mL; rat anti-mouse CD21,
clone 7G6; purified in-house36) and visualized as described
for Western blotting.

ARPE-19 Cell Cultures

ARPE-19 cells, a human RPE cell line, were expanded
and developed into monolayers as previously described.46

These cells generate a polarized RPE cell monolayer when
plated on Transwell filters (Corning #3450, Fisher Scien-
tific, Waltham, MA, USA) with robust RPE barrier properties
afforded by tight junctions and characterized by minimal
apical to basolateral movement of [carboxy-14C]-inulin.47

A dose of 10 μg/mL humanized CR2-fH was added to
the apical side, and supernatants (apical and basal) were
collected for analysis after 4 hours. Adenosine triphosphate
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(ATP)–dependent transport was assessed after pretreatment
with 30 mM NaN3, a mitochondrial inhibitor.48

Data Analysis and Statistics

Data are presented as mean ± SEM. Single comparisons were
analyzed using unpaired t-tests. Data consisting of multiple
groups were analyzed by ANOVA (with Bonferroni correc-
tion for multiple comparison), with mean value differences
considered significant at P ≤ 0.05 (StatView; SAS Institute,
Inc., Cary, NC, USA).

RESULTS

Subretinal Delivery of AAV5-VMD2-CR2-fH
Reduces SIOP

Secondhand smoke exposure for 6 months in mice leads
to pathology in the RPE that is dependent on the activa-
tion of the AP of complement.30 Those alterations include
a thickening of BrM and swelling of mitochondria as well
as lipid accumulation,49 leading to loss of contrast sensi-
tivity in the optokinetic response (OKR) and reduction in
ERG amplitudes.30 Previously, we have shown that treat-
ment with the AP inhibitor CR2-fH after 6 months of smoke
restored contrast sensitivity in the mice as well as allowed
for the repair of the RPE/BrM/choroid complex.32 Based
on these observations, we tested the effectiveness of AAV5-
VMD2-CR2-fH to prevent SIOP when delivered subretinally.
In previously published experiments, the equivalent effec-
tive concentration of subretinally injected AAV5-VMD2-CR2-
fH when compared to intravenously delivered protein31

to reduce CNV progression was determined to be 3 ×
1011 vg/mL.35 Since the same amount of intravenously deliv-
ered protein used for CNV is efficacious in SIOP, a dose
of 3 × 1011 vg/mL was used for the SIOP experiments here.

AAV5-VMD2-CR2-fH or AAV5-VMD2-mCherry was deliv-
ered subretinally in 2-month-old mice. One month later,
which is sufficient time for the retina to reattach and the
retinal response to return to baseline,35 half the animals
were exposed to long-term smoke inhalation as reported
previously, and the rest remained in room air.30 After the
completion of the 6-month smoke exposure period, optoki-
netic responses were assessed to determine visual func-
tion. As reported previously, spatial acuity in C57BL/6J mice
was not affected by CSE as compared to room air expo-
sure (Fig. 1A) or by the gene therapy, with all four groups
having indistinguishable spatial acuity. However, contrast
threshold (percent contrast required to elicit a response) was
elevated in CSE mice treated with mCherry, which exhib-
ited a significant increase in contrast threshold compared
to never-smokers (mCherry: 26.6 ± 3.5 vs. mCherry never-
smokers: 12.3 ± 1.16; P < 0.0001; Fig. 1B). Contrast thresh-
olds in CSE mice treated with CR2-fH were significantly
improved when compared to those treated with mCherry
(smoke + CR2-fH: 18.6 ±1.99; mCherry versus CR2-fH:
P < 0.003; Fig. 1B) and more similar to those of CR2-fH
age-matched never-smokers (smoke + CR2-fH: 18.6 ± 1.99;
room air + CR2-fH: 14.0 ± 2.00; Fig. 1B).

The structural alterations associated with SIOP30,32,41

were assessed in the four groups of animals. SD-OCT anal-
ysis, analyzing total retinal thickness, identified a smoke
effect (room air versus smoke: P < 0.001) but no treatment
effect (CR2-fH versus mCherry: room air, P = 0.86; smoke,
P = 0.43) (Fig. 2). We used transmission electron micro-

FIGURE 1. Effects of subretinal CR2-fH delivery on visual func-
tion in the SIOP model. Animals were injected at 2 months
of age with AAV5-VMD2 vectors expressing mCherry or CR2-fH,
followed by 6 months of smoke or room air exposure. After
completion of the study, animals were tested for spatial acuity and
contrast threshold using the Optomotry device. (A) Spatial acuity, as
assessed at 100% contrast, was not affected by smoke or treatment.
(B) Contrast threshold was determined at a fixed spatial frequency
(0.131 cyc/deg) and speed (12 deg/s). Smoke-exposed mice showed
a significant reduction in contrast sensitivity or an increase in thresh-
old compared to controls exposed to room air, which was prevented
in mice treated with CR2-fH when compared to mCherry. Data are
expressed as mean ± SEM (n = 4–6 eyes per condition).

FIGURE 2. Effects of smoke and subretinal CR2-fH delivery on reti-
nal thickness. Overall retinal thickness was assessed by optical
coherence tomography. While overall retinal thickness was reduced
in response to smoke, this effect could not be ameliorated by gene
therapy. Data are expressed as mean ± SEM (n = 4–6 eyes per
condition).
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FIGURE 3. Effects of smoke and subretinal CR2-fH delivery on BrM thickness and deposits and mitochondrial swelling. (A) Transmission
electron micrographs of the RPE obtained from C57BL/6J mice exposed to 6 months of room air or smoke in mCherry- and CR2-fH–treated
animals. The BrM in animals exposed to smoke exhibited pathologic changes, including a thickening or deposit formation in BrM. Two
deposits are indicated (*). BLI, basolaminarinfoldings; OS, outer segments. (B) BrM thickness (left graph) was examined and the percent
BrM along a given RPE cell that was damaged (exceeds the normal thickness [>0.28 μm]41 of BrM in age-matched room air–exposed mice),
and a smoke exposure and treatment effect are demonstrated. Width of the deposits (middle graph) and area of the deposits (right graph)
were likewise increased by smoke and reduced by CR2-fH. (C) Mitochondrial swelling in RPE cells was assessed using form factor analysis,
with swollen mitochondria becoming more round. Swelling is documented upon smoke exposure, and a treatment effect is demonstrated.
Data are expressed as mean ± SEM (n = 4–6 eyes per condition).

graphs obtained from SIOP animals treated with CR2-fH,
mCherry, and age-matched virus-injected never-smokers to
compare morphologic alterations in BrM (Fig. 3A). Smoke-
exposed mCherry-treated animals exhibited deposits in the
outer collagenous layer described by us previously,30 result-
ing in thickened BrM. The extent of thickened BrM increased
with smoke exposure, such that the percent thickened BrM
(>0.28 μm) increased to ∼40% in smoke-exposed mice
treated with mCherry, compared to ∼14% in smoke-exposed
mice treated with CR2-fH (Fig. 3B) (P < 0.005). Age-matched
never-smoked mice had a small amount of thickened BrM
(mCherry versus CR2-fH: P = 0.54). Each stretch of thick-
ened BrM (>0.28 μm) was called a deposit, which was char-

acterized based on width (in μm; smoke mCherry: 8.4 ±
1.00 versus smoke CR2-fH: 3.7 ±1.09; P = 0.007) and area
(in μm2; smoke mCherry: 7.5 ± 1.47 versus smoke CR2-
fH: 3.06 ± 1.06; P = 0.02). CR2-fH reduced these values
to baseline levels (width for CR2-fH, room air: 4.57 ± 1.01
versus smoke: 3.7 ± 1.09; P = 0.57 and area of deposits
for CR2-fH, room air: 3.14 ± 0.89 versus smoke: 3.06 ±
1.06; P = 0.96). Finally, the shape of the mitochondria in
the RPE cells in response to treatment was assessed using
form factor analysis in ImageJ. A form factor closer to 1
is associated with mitochondrial swelling.44 CSE resulted
in rounder mitochondria in mCherry-treated animals (room
air mCherry versus smoke Cherry: P < 0.0001), whereas
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FIGURE 4. RPE-mediated expression CR2-fH reduces complement activation in RPE/choroid. (A) Western blot band analysis of comple-
ment activation in RPE/choroid extracts (15 μg/lane) probed for with an antibody against C3d, which recognizes the C3d epitope in
C3α and its breakdown products. Band intensities were quantified and normalized with β-actin. Breakdown products of C3α were identified
according to molecular weight (MW). Biological replicates are presented. (B) C3α′1 and (C) C3dg/C3d were significantly elevated in smoke-
exposed mCherry-treated mice, whereas CR2-fH–treated mice had levels that were indistinguishable from room air–exposed controls. Data
are expressed as mean ± SEM (n = 4–5 independent samples per condition for protein analysis).

CR2-fH protected against this change (smoke mCherry
versus smoke CR2-fH: P < 0.0001) with room air CR2-fH
compared to smoke CR2-fH–treated animals being indistin-
guishable (P = 0.04).

The level of complement activation products in the
RPE/choroid fractions was assessed by Western blot-
ting. Smoke-exposed CR2-fH–injected mice had significantly
lower levels of C3α′1 (P < 0.02) and C3dg/C3d (P < 0.01)
present in the RPE/choroid fraction (Fig. 4) when compared
to mCherry-treated mice, with levels indistinguishable to
those obtained from animals raised in room air.

Intravitreal Delivery of AAV2-smCBA-CR2-fH Does
Not Reduce SIOP

Subretinal injections in patients might not be feasible for
a large population with dry AMD, and it is still not clear
whether subretinal delivery would protect the entire macular
region. Hence, here we tested whether intravitreally deliv-
ered AAV2-smCBA-CR2-fH would express sufficient amounts
of product in the inner retina to reach the RPE-BrM-choroid
area in a mouse. A dose of 3 × 1011 vg/mL was used for
the intravitreal delivery based on a comparable immune
response between this dose and PBS.

AAV2-smCBA-CR2-fH or PBS was delivered intravitreally
in 2-month-old mice followed by exposure to long-term
smoke inhalation.30 A no-injection control exposed to smoke
and a group of room air–exposed mice was included. After
the completion of the 6-month smoke exposure period,
optokinetic responses were assessed to determine visual
function as for the subretinal delivery group. As spatial
acuity in C57BL/6J mice is not affected by smoke expo-
sure (Fig. 1A), only contrast threshold was assessed. Contrast
threshold was elevated approximately twofold in CSE mice
treated irrespective of treatment (P < 0.05) (Fig. 5).

FIGURE 5. Effects of intravitreal CR2-fH delivery on visual func-
tion in the SIOP model. Animals were injected at 2 months of
age with AAV2-smCBA-CR2-fH vector or PBS or received no injec-
tion, followed by 6 months of smoke or room air exposure. After
completion of the exposure period, animals were tested as described
in Figure 1. Contrast sensitivity as measured by contrast thresh-
old revealed that all smoke-exposed mice, irrespective of treat-
ment, showed a significant elevation of threshold compared to
controls exposed to room air. Data are expressed as mean ± SEM
(n = 4–6 eyes per condition).

Electron microscopy analysis of the structure of the outer
retina was not performed, due to the lack of an effect on the
function of the retina. Assessment of the level of complement
activation products in the RPE/choroid fractions suggests
that minimal amounts of CR2-fH were delivered to the target
tissue to reduce complement activation. When compared to
PBS-injected mice, C3α′1 (P < 0.05) and C3dg/C3d (P < 0.1)
levels present in the RPE/choroid fraction (Figs. 6A–C) were
marginally reduced by the presence of CR2-fH.

Downloaded from iovs.arvojournals.org on 04/13/2021



Subretinal AAV-CR2-fH Protective in SIOP IOVS | April 2021 | Vol. 62 | No. 4 | Article 11 | 7

FIGURE 6. RGC-mediated expression CR2-fH has minimal effect on complement activation in RPE/choroid. (A) Western blot band analysis
of complement activation in RPE/choroid extracts was performed as described in Figure 4. Biological replicates are presented. (B) C3α′1
and (C) C3dg/C3d were significantly elevated in smoke-exposed PBS-treated mice. CR2-fH treatment had little effect, resulting in levels that
were mostly indistinguishable from those of PBS controls. Data are expressed as mean ± SEM (n = 4–5 independent samples per condition
for protein analysis).

Biodistribution of CR2-fH

We have previously shown that following subretinal injec-
tions of AAV5-VMD2-CR2-fH, the presence of the protein
can be demonstrated by staining flatmounts of RPE/choroid
eyecups with an anti-CR2 antibody or, more quantita-
tively, using dotblot analysis of retina and RPE/choroid.
In our published experiments, we showed that CR2-fH
was detectable in both retina and RPE/choroid fractions of
mice injected subretinally with AAV5-VMD2-CR2-fH, albeit
with higher levels present in the RPE/choroid.35 Here
we compared an equal amount of protein for retina and
RPE/choroid loaded from animals exposed to AAV5-VMD2-
CR2-fH or AAV2-smCBA-CR2-fH. As shown previously, for
AAV5-VMD2-CR2-fH–treated animals, most of the CR2-fH
protein, 7 months after virus treatment and smoke expo-
sure, was found in the RPE/choroid (Fig. 7A). This polar-
ity is not unexpected since we have shown previously that
in eyes of SIOP animals, complement activation products,
which would bind and retain CR2-fH, could only be docu-
mented by immunohistochemistry in the RPE/BrM/choroid
but not in the retina.30 In contrast, in AAV2-smCBA-CR2-
fH–treated animals, most of the CR2-fH protein, 7 months
after virus treatment and smoke exposure, was found in the
retina (Fig. 7A), with very little being extractable from the
RPE/choroid.

We have shown previously that CR2-fH delivered via
cell encapsulation technology into the vitreous of a mouse
can be visualized by immunohistochemistry throughout the
retina.33 This observation suggests that while CR2-fH can
diffuse throughout the retina, it is not transported across the
intact RPE. Here we tested whether CR2-fH delivered to the
apical side of an RPE monolayer can be detected on the basal
side. ARPE-19 cells were grown as monolayers on Transwell
plates for >4 weeks to ensure sufficient barrier formation
and lack of paracellular transport.47 Then, 10 μg/mL CR2-
fH was added to the apical compartment for 4 hours, after
which both the apical and basal supernatants were collected.
CR2-fH levels were assessed by dotblot analysis. Different
amounts of the apical compartment (1, 2.5, 5, and 10 μL)

were loaded when compared to the total volume of the basal
compartment (1000 μL). A small amount of CR2-fH (0.5%–1%
of the amount added to the apical compartment) could be
detected in the basal compartment (Fig. 7B). Martin et al.48

have shown that cells can take up full-length fH and that this
uptake can be inhibited by the mitochondrial poison NaN3.
To ensure that presence of CR2-fH in the basal compart-
ment is not due to leakage but active transport, the experi-
ment was repeated in the presence of 30 mM NaN3. Negligi-
ble amounts of CR2-fH were detected in the basal compart-
ment after inhibiting ATP-dependent processes (Fig. 7B).
Finally, to ensure the intactness of the RPE barrier in the
smoke-exposed mouse, the amount of albumin present in
the retina was used as a surrogate for blood-retina barrier
leakage.50 While significant leakage could be demonstrated
in animals exposed to laser damage (CNV, samples from
previous studies), levels of retinal albumin were indistin-
guishable between animals exposed to 6 months of smoke or
room air (Fig. 7C). Together, these results suggest that RGC
transduction leads to the expression of significant amounts
of CR2-fH, which, however, does not get across the barrier
provided by the RPE, and while a transport mechanism
across the RPE does appear to exist for soluble CR2-fH, the
effect, which is ATP dependent, appears very inefficient.

DISCUSSION

Complement activation is involved in the pathogenesis of
human AMD,51,52 which has prompted the search for an anti-
complement therapeutic for patients for this very prevalent
disease.53 We have used an animal model of dry AMD, the
SIOP model, which combines the AMD risk factor of smok-
ing and age (mice are 9–10 months of age by the end of
the experiment); it features pathologies commonly seen in
AMD (thickening of BrM, deposits, mitochondrial damage)
as well as vision loss, and the observed damage is comple-
ment dependent.30

The study was driven by asking if long-term delivery of
an alternative pathway inhibitor via gene therapy prevents
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FIGURE 7. Bioavailability of CR2-fH in RPE/choroid. (A) Equal amounts of protein (1.5 μg each) per fraction (retina or RPE/choroid) were
transferred onto nitrocellulose membranes using the Bio-Dot Microfiltration Apparatus and probed for CR2. Samples from animals injected
subretinally versus intravitreally were compared. After subretinal injections, most of the available CR2-positive material was found in the
RPE/choroid fraction, whereas in contrast, after intravitreal delivery of the vector, most of the CR2-positive material remained in the retina.
(B) ARPE-19 cell monolayers grown on Transwell plates were exposed to 10 μg CR2-fH in 1 mL media on the apical side, and apical and
basal supernatants (1 mL each) were collected after 4 hours. The entire 1-mL basal supernatant plus four aliquots from the apical (1, 2.5, 5,
and 10 μL) supernatant were transferred onto nitrocellulose membranes as described in (A) and probed for CR2. A qualitative comparison
of the dot intensity suggests that ∼0.5% to 1% of the amount added to the apical compartment could be detected in the basal compartment.
This transfer of CR2-fH is ATP dependent, since poisoning of mitochondria with NaN3 significantly reduced the amount of CR2-positive
material in the basal compartment. (C) To determine leakage of the blood-retina barrier (BRB) after 6 months of smoke exposure, equal
amounts of protein (10 μg each) per retina were loaded, separated, and transferred onto nitrocellulose membranes and probed for albumin.
Samples from animals raised in room air and smoke were compared, using samples from CNV animals with disrupted BRBs as positive
controls (P < 0.01 comparing CNV to room air or to smoke). Equal amounts of mouse albumin were found in the retina of SIOP animals
when compared to room air controls. Data are expressed as mean ± SEM normalized to β-actin (n = 3 independent samples per condition
for protein analysis), and lack of significance is indicated for room air to smoke comparison.

AMD-like pathology in the SIOP model and, if so, whether
intravitreally mediated expression can substitute for subreti-
nally mediated delivery. Two specific viral vectors that are
optimized for specific tissue targeting were compared: AAV5-
VMD2-CR2-fH for delivery to and expression from RPE
and AAV2YF-smCBA-CR2-fH optimized for delivery to and
expression from cells in the inner retina. The main results are
as follows: (1) RPE-mediated secretion of CR2-fH was found
to reduce smoke-induced vision loss (contrast threshold),
BrM thickening, and mitochondrial swelling; (2) reduction
in pathology was correlated with reduced complement acti-
vation in RPE/choroid; (3) inner retina–mediated secretion
of CR2-fH had no effect on smoke-induced vision loss and
minimally affected complement activation in RPE/choroid;
and (4) significant levels of CR2-fH are made by either vector.
(5) However, bioavailability of CR2-fH in RPE/choroid
could only be confirmed after AAV5-VMD2-CR2-fH injection.

(6) Finally, an inefficient, ATP-dependent transport of CR2-
fH across the RPE was identified. (7) Hence, our current
and previously published data together suggest that in this
model, complement activation occurs basal to the RPE (basal
RPE, BrM, and choriocapillaris) and hence requires a deliv-
ery mechanism that allows for the therapeutic to gain access
to this space. And finally, (8) if gene therapy is to be used
to treat early AMD, in which the blood-retina barrier is most
likely still intact, this argues in favor of AAV vector delivery
to the RPE or outside the blood-retina barrier such as the
suprachoroidal space.

The Complement Landscape of the Eye

The original focus on complement in the eye of patients with
AMD has been the presence of complement activation prod-
ucts in pathologic features of the eye such as drusen and
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Bruch’s membrane,54 as well as the reduction or mislocaliza-
tion of soluble and membrane-bound complement inhibitors
with age and disease progression.55–58 However, it became
clear that many of the complement proteins required for acti-
vation are not only made by the liver but also by ocular
cells.52 The RPE and choroid cells express classical path-
way and alternative pathway transcripts, including comple-
ment C3,52 and in iPSC-RPE cells, transcripts for all terminal
complement components required to form MAC (C5, C6, C7,
C8γ , and C9) have been reported.59

These observations have led researchers to revisit the
question as to whether local, systemic, or intracellular
complement activation, or all three, are involved in disease
pathogenesis. Complement activation products are elevated
in patients with disease,60 and levels of anaphylatoxins are
elevated in both the RPE/choroid and the serum of mice
with CNV.61 However, systemic complement has not been
shown to be the driver of disease in patients with liver trans-
plants; the risk of developing AMD is related to the CFH
genotype of the recipient.62 Likewise, in mice expressing
factor B only in the RPE, CNV was indistinguishable from
that in wild-type mice.63 Little is known about the poten-
tial for intracellular complement activation as a driver of
disease. RPE cells have been shown to take up comple-
ment components such as C364 and fH48 as well as CR2-
fH as shown here, and together with the ability of RPE
cells to produce complement components, this has led
to speculations of intracellular complement activation. In
T cells, a novel complement-metabolism-NLRP3 inflamma-
some axis has been reported that is triggered by intracel-
lular anaphylatoxins.65 Of note, in hTERT-RPE1, silencing of
fH impaired mitochondrial respiration and glycolysis, altered
expression of genes involved in mitophagy and mitochon-
drial dynamics, and impacted the cells’ antioxidant func-
tions.66 It will be of great interest to determine whether
intracellular CR2-fH can contribute to this noncanonical
signaling.

Irrespective of the source of complement, the barrier
function of the RPE, together with the diffusion proper-
ties of BrM, generates complement compartments. Clark and
Bishop11 have shown that BrM acts like a sieve and that
larger proteins, especially if glycosylated, cannot permeate.
Based on their observations, factor H–like 1, fD, and the
anaphylatoxin C5a can diffuse freely across BrM, whereas
factor I (fI), fH, fB, and C3a cannot. Hence, there exist four
complement compartments that potentially need to be regu-
lated: the retina-apical RPE, the intracellular RPE space itself,
the RPE-apical BrM, and the basal BrM-CC compartment,
with most complement proteins being synthesized locally
in the former three compartments and most derived from
the circulation in the latter. This compartmentalization also
needs to be kept in mind when designing therapeutics for
dry AMD and seems to play a role in interpreting the data
obtained here.

CR2-fH Gene Therapy

We have discussed the concept of anticomplement gene
therapy in AMD in a previous publication.35 With respect
to CR2-fH, we have emphasized the safety and efficacy of
the CR2-fH protein. Efficacy was already discussed here
earlier. In regards to safety, CR2-fH should not interfere
with complement-dependent homeostatic processes; it has
a short circulatory half-life in circulation and only binds to

sites of complement activation and not to healthy tissue.67

With respect to activity and efficacy, we and others have
shown that inhibiting the AP reduces complement activa-
tion to homeostatic levels rather than below.25,61 Finally,
CR2-fH has been shown to provide dose-dependent, linear
inhibition of C3 activation, whereas purified full-length fH
provided little inhibition, and the CR2 domain alone is inef-
fective.68

Here we examined two approaches to deliver CR2-fH,
keeping in mind the complement compartment hypothe-
sis outlined above. Gene therapy delivery to the RPE via
subretinal injection for a cytosolic RPE protein has gained US
Food and Drug Administration approval for Leber congenital
amaurosis type II.69 A clinical trial is under way for dry AMD
associated with low levels of factor I,70 the serine protease
that, together with fH, is responsible for the inactivation of
C3b. This trial uses subretinal delivery of an AAV vector
expressing human complement factor I. It is still unclear,
however, whether enough therapeutic protein is produced to
affect the area above the injection and what area beyond the
injection area might be affected based on product diffusion.
Gene delivery to inner retinal cells to date either has been
ineffective or has completed the phase I program; AAV2
driving soluble Flt-1 linked to IgG1-Fc using the chicken
β-actin promoter failed to reach clinical endpoints for the
treatment of wet AMD (NCT01024998),71 whereas AAV2-
mediated expression of sCD59 using the CAG promoter was
deemed promising for both the dry (NCT03144999) and wet
AMD (NCT03585556).72 Here we examined efficacy of AAV5-
VMD2-CR2-fH for delivery to RPE and AAV2YF-smCBA-CR2-
fH for delivery to inner retinal cells, using optimized AAV
serotypes and promoters ensuring cellular specificity. While
significant overall production of CR2-fH could be demon-
strated for both delivery systems, in the context of an intact
blood-retina barrier, most of CR2-fH is retained in the retina
upon inner retina–mediated expression, while the majority
of CR2-fH is present in the RPE/choroid upon RPE-mediated
expression. The molecular weight of CR2-fH is in the range
of a Fab fragment. If molecular weight was the main char-
acteristic for transport, in rhesus monkeys, microautoradio-
graphy using I125-labeled Fab antibody demonstrated that
the RPE provides a barrier for the Fab antibody, and Fab
antibody was found to be retained in the retina for up
to a week, suggesting limited transport across the RPE.73

Knowledge about transport of specific proteins across the
RPE, from apical to basal, is limited. Research has focused
mostly on photoreceptor outer segment shedding,74 as well
as exosome75 and glutamate uptake,76 although C3 uptake
by endocytosis77 has been reported. Release of material
includes the secretion of the RPE secretome,78 and exocyto-
sis contributes to the removal of phagocytic residual mate-
rial at the basolateral plasma membrane if proper lysoso-
mal degradation is inhibited.79 Finally, uptake and release
of C3H2O, which results from the slow spontaneous hydrol-
ysis of the internal thioester bond of native C3, has been
documented for ARPE-19 cells64 as well as uptake of fH,48

although polarity was not determined. And while the precise
mechanism of transport for CR2-fH across the RPE mono-
layer is unknown, our data nevertheless suggest that the
RPE can transport CR2-fH and probably other proteins from
apical to basal in an inefficient, ATP-dependent manner.
This limited transport, however, was not sufficient to
reduce complement-mediated pathology. Taken together,
our data suggest that CR2-fH is a superior AP inhibitor as it
inhibits AP activity in a dose-dependent manner, requiring
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significantly lower concentrations than endogenous fH, and
targets to sites of complement activation. Finally, due to the
lack of efficient transport of CR2-fH across the RPE and the
requirement for complement inhibition on the basal side of
the RPE, we argue in favor of AAV vector delivery to the
RPE or outside the blood-retina barrier. Additional studies on
CR2-fH diffusion across BrM would complete the argument.
While mouse and human BrM share the same pentameric
structure, nothing is known about the diffusion characteris-
tics in mouse when compared to human. However, based
on its weight (72 kDa), diffusion across human BrM is
predicted.19

We note that there are limitations to this study. The animal
model has some similarities to human dry AMD, although
the deposits in BrM are in the outer rather than the inner
collagenous layer, and the damage is not progressive, such
that retinal damage, geographic atrophy, or CNV cannot be
examined.30 We have not specifically addressed how comple-
ment inhibition reduces BrM thickness and mitochondrial
swelling in the RPE, other than to speculate that the mecha-
nism requires inhibition of the complement-oxidative stress
feedback loop postulated to be involved in disease.80 Smoke
has been shown to activate the AP by modifying C3 in a way
that reduces its ability to bind to fH.81 And in RPE culture
experiments, we showed that smoke exposure led to oxida-
tive stress, complement activation involving C3a receptor
and AP signaling, and endoplasmic reticulum stress and lipid
dysregulation, and the vicious cycle could be interrupted and
pathology prevented at any level.49 And while CR2-fH has
been shown to reduce anaphylatoxin generation in vitro49

and in vivo,61 in the present study, we did not address their
role in contributing to pathogenesis. Likewise, any poten-
tial effects of CR2-fH on the intracellular milieu of RPE or
inner retinal cells have not been investigated. Finally, due to
the length and complexity of the study (6 months of daily 5-
hour smoke exposure), the study was limited to a single dose
and to two delivery modalities. Thus, significantly higher
intravitreal doses of the virus, in which intraocular inflam-
mation should be controlled by oral steroid prophylaxis,
might provide protection. In addition, new viral vectors that
can penetrate the inner limiting membrane82 or techniques
to enhance AAV delivery to the RPE from the vitreous,
such as electric current application,83 should be examined
for more safe and efficient gene delivery from the vitreal
side.
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