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ABSTRACT
Purpose: Age-related macular degeneration is a slowly progressing disease. Studies have tied
disease risk to an overactive complement system. We have previously demonstrated that
pathology in two mouse models, the choroidal neovascularization (CNV) model and the smokeinduced ocular pathology (SIOP) model, can be reduced by specifically inhibiting the alternative
complement pathway (AP). Here we report on the development of a novel injury-site targeted
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inhibitor of the alternative pathway, and its characterization in models of retinal degeneration.
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Methods:
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Expression of the danger associated molecular pattern, a modified annexin IV, in injured ARPE-

re

19 cells was confirmed by immunohistochemistry and complementation assays using B4 IgM

lP

mAb. Subsequently, a construct was prepared consisting of B4 single chain antibody (scFv)

na

linked to a fragment of the alternative pathway inhibitor, fH (B4-scFv-fH). ARPE-19 cells stably
expressing B4-scFv-fH were microencapsulated and administered intravitreally or

ur

subcutaneously into C57BL/6J mice, followed by CNV induction or smoke exposure.

Jo

Progression of CNV was analyzed using optical coherence tomography, and SIOP using
structure-function analyses. B4-scFv-fH targeting and AP specificity was assessed by Western
blot and binding experiments.
Results: B4-scFv-fH was secreted from encapsulated RPE and inhibited complement in RPE
monolayers. B4-scFv-fH capsules reduced CNV and SIOP, and western blotting for C3a, C3d,
IgM and IgG confirmed a reduction in complement activation and antibody binding in
RPE/choroid.

Conclusions: Data supports a role for natural antibodies and neoepitope expression in ocular
disease, and describes a novel strategy to target AP-specific complement inhibition to diseased
tissue in the eye.
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Precis: AMD risk is tied to an overactive complement system, and ocular injury is reduced by

ro

alternative pathway (AP) inhibition in experimental models. We developed a novel inhibitor of
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the AP that targets an injury-specific danger associated molecular pattern, and characterized it in

Jo

ur

na

lP

re

disease models.

INTRODUCTION
Age-related macular degeneration (AMD) is a slowly progressing neurodegenerative disease
(Sieving, 2005) that occurs in two forms: wet and dry, with the dry form making up 80-90% of
total cases (Brown et al., 2005). RPE/choroid interface disturbances are common to both forms
of the disease, and include thickening of Bruch’s membrane, which includes sub-RPE deposits
and drusen formation, and deterioration of the blood retina barrier. The main pathological
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difference between dry and wet AMD is that dry AMD RPE pathology leads to the slow

ro

degeneration and atrophy of the photoreceptors in the macula by mechanisms not fully
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understood, whereas in wet AMD, damage is caused by fluid leakage from choroidal

re

neovascularization (CNV) in the macula.
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The complement system is an essential part of the innate and adaptive immune system, and it is
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now accepted that an overactive complement system is tied to the incidence of AMD, based on

ur

histological, biochemical and genetic data (Scholl et al., 2008). Complement has important roles
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in many homoeostatic mechanisms (Fearon, 1998; Holers, 2000), but inappropriate or excessive
complement activation is involved in the pathogenesis of autoimmune, inflammatory and
ischemic diseases (Holers, 2003). Complement is activated by three pathways: classical (CP),
lectin (LP) and alternative pathway (AP) (Muller-Eberhard, 1988). Importantly, while CP/LP
activation is specific, requiring an initial interaction with specific ligands, including IgG or IgM
bound to their respective ligands on surfaces, AP activation can occur spontaneously or as part of
the AP amplification loop. All activation pathways lead to the formation of biological effector
molecules, including the anaphylatoxins C3a and C5a which recruit and activate immune cells,
opsonins C3b, iC3b, C3dg and C3d, which become covalently bound to activating surfaces and
act as ligands for receptors on immune cells, and the cytolytic membrane attack complex (MAC).

Evidence indicates that the AP is the most potent driver of AMD in both patients and animal
models.(Clark and Bishop, 2018; Tan et al., 2016).
It is of interest that recent studies have suggested that autoantibodies (aAbs) and hence the
corresponding ligands play a role in AMD pathogenesis. AMD patients, both early- and latestage, have elevated levels of IgG aAbs when compared to controls (Patel et al., 2005), with
reactivities that include GFAP (Joachim et al., 2007), carboxyethylpyrrole (CEP) (Gu et al.,
-

-enolase (Joachim et al., 2007), annexin II (Umeda et al., 2005), and
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2003),

ro

cardiolipin (Ozkan et al., 2012). Proof of concept that aAbs are involved in disease was provided

-p

by immunizing mice with CEP-adducted BSA with the subsequent development of ocular
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pathology similar to dry AMD 15, and pathology in the smoke-induced ocular pathology model,

lP

which is complement dependent, was amplified by immunization with oxidized elastin peptides

na

(Annamalai et al., 2020a; Hollyfield et al., 2010). There is a distinction between so called self-
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reactive natural antibodies (nAbs) and aAbs. nAbs have a germline/near germline sequence, are
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polyreactive with low affinity, recognize antigens without prior exposure, and are predominantly
IgM. Autoantibodies are generally specific high affinity somatically mutated IgG (Elkon and
Casali, 2008). While the host defense system utilizes nAbs to respond to common microbial
pathogens (recognition of non-self) (Baumgarth et al., 2005), there is evidence that they also
contribute to tissue homeostasis. In particular, and relevant to this report, nAbs contribute to
tissue homeostasis by activating complement on apoptotic or damaged cells and thus tagging
them for removal (Silverman et al., 2009). Interestingly, in naive mice, nAbs to neoepitopes or
damage associated molecular patterns (DAMPs) are dominated by specificities to
phosphorylcholine (PC) and malondialdehyde (MDA) (Chen et al., 2009), but also include
cardiolipin, phosphatidylserine and annexin IV (e.g. (Elvington et al., 2012)). Relevant to AMD,

an antigen microarray analysis revealed a small set of nAbs that correlated with dry or wet AMD
diagnoses (Morohoshi et al., 2012). Finally, in oxidatively stressed RPE cells we have shown
that a natural antibody termed C2-IgM detects MDA and PC epitopes and triggers complement
activation via the LP pathway. Furthermore, in a mouse model, C2-IgM augmented CNV
development in rag1-/- mice (Joseph et al., 2013).
We previously developed an AP complement inhibitor molecule that enables specific tissue
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targeting. This inhibitor termed CR2-fH was efficacious in both in vitro (Joseph et al., 2013;

ro

Thurman et al., 2009) and in vivo models of AMD (Rohrer et al., 2009; Woodell et al., 2016).
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CR2-fH consists of the N-terminus of mouse complement factor H (short consensus repeats

re

[SCR] 1-5), which contains the AP-inhibitory domain, linked to a complement receptor 2 (CR2)

lP

fragment that binds complement C3 activation products (Holers et al., 2013). Hence, the CR2

na

domain targets the inhibitor fH to sites of complement activation, where it locally inhibits AP

ur

activation (Rohrer et al., 2009). In vivo, we have shown that when injected intravenously, CR2-
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fH reduces CNV development by reducing complement activation and VEGF production
(Rohrer et al., 2012; Rohrer et al., 2009). CR2-fH also promoted the regression of deposits in
BrM generated in response to long-term smoke inhalation (smoke induced ocular pathology,
SIOP) in mice (Woodell et al., 2016). Finally, we have demonstrated efficacy of administration
of encapsulated ARPE-19 cells producing CR2-fH inhibitor in the mouse CNV and the SIOP
model (Annamalai et al., 2018; Annamalai et al., 2020b). In a separate animal model, we have
demonstrated that in addition to complement C3 activation products, DAMPs can also be used
for therapeutic targeting. Specifically, a specific self-reactive pathogenic IgM (termed B4) has
been investigated. B4 was identified from hybridomas created from B cells of unmanipulated
C57BL/6 mice and was demonstrated to recognize mouse annexin IV (Kulik et al., 2009). A

single-chain variable fragment of B4 (B4-scFv) has been shown to bind directly to recombinant
annexin IV, to competitively inhibit the binding of B4 mAb to annexin IV, and when linked to a
complement inhibitor to reduce complement activation in a dose-dependent manner in a
zymozan assay (Atkinson et al., 2015) and to inhibit complement activation and injury in animal
models (Alawieh et al., 2018; Atkinson et al., 2015).
Here we combine three therapeutic approaches for AMD; first, fH as an AP inhibitor to reduce
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complement activation. Second, a targeting domain for fH, which is a previously characterized
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natural antibody recognizing the DAMP annexin IV on oxidatively stressed surfaces (B4)
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(Elvington et al., 2012). And third, the use of encapsulated cells for the long-term production of

re

the therapeutic in vivo (Annamalai et al., 2018). Together, we will investigate the efficacy of B4-

lP

scFv-fH delivery via cell-encapsulation of genetically modified ARPE-19 cells in mouse models

Cell culture.
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METHODS

ur

na

of AMD.

ARPE-19 cells (ATCC® CRL-2302™; American Type Culture Collection, Manassas, VA)
were expanded in Dulbecco’s modified Eagle’s medium F12 (Invitrogen) with 10% fetal bovine
serum (FBS) and antibiotics as described before (Thurman et al., 2009).

IgMs used in vitro and in vivo

The B4 IgM mAb derived from hybridomas was previously described (Kulik et al., 2009) and
found to be specific for post-translationally modified annexin IV. Two IgM antibodies were used
as isotype controls; F632 and F1102 IgM mAb and gave identical (negative) results in all
experiments used (data not shown), and will be referred to as control IgM antibody. F632 IgM
was raised against 4-hydroxy-3-nitrophenylacetyl (NP)-KLH, F1102 IgM against dinitrophenol,
and were described previously (Atkinson et al., 2015; Joseph et al., 2013). Purification of B4 and

re

-p

Transepithelial resistance (TER) measurements.

ro

of

control IgMs was performed as described previously (Elvington et al., 2012).
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ARPE-19 cells were grown as mature monolayers on 6-well Transwell inserts (0.4 μm PET, 24
mm insert; Corning, Corning, NY) as previously described (Ablonczy and Crosson, 2007). After

na

5-6 weeks, and 2-3 days prior to experiments, cells were changed to serum-free media.

ur

Complement was activated using 0.5 mM H2O2 and 10% normal human serum (NHS; pooled
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NHS from Quidel Corporation, Santa Clara, CA) as reported previously (Thurman et al., 2009).
Complement attack results in sublytic complement activation, leading to VEGF release and a
concomitant reduction in barrier function (Thurman et al., 2009), making TER measurements a
convenient readout for the level of complement activation (Joseph et al., 2013). TER was
determined by measuring the resistance across the monolayer with an EVOM volt-ohmmeter
(World Precision Instruments, Sarasota, FL).(Thurman et al., 2009) To analyze the involvement
of immunoglobulins (Ig) in triggering complement activation, Ig-depleted serum was obtained
from Sunnylab (Sittingbourne, UK); and reconstitution experiments were performed by adding
back antigen-specific (B4 IgM) or control IgMs (see previous section).

Immunofluorescence staining.
Surface exposure of IgM-specific epitopes was examined by immunofluorescence microscopy as
published previously (Joseph et al., 2013). To trigger DAMP expression, ARPE-19 cells were
grown on 35-mm lysine-coated glass-bottom culture dishes (MatTek Corporation; Ashland, MA)
and treated with 0.5 mM H2O2 or 10% smoke extract for 10 minutes. Expression of B4 DAMP
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was determined using IgM B4 mAb (1:100 IgM B4) followed by FITC-labeled goat anti-mouse
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IgM (1:200; Zymed Laboratories; Invitrogen, Carlsbad, CA). Alternatively, cells were exposed
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B4-scFv-fH, followed by FITC-labeled mouse anti-His IgG (1:200; Abcam,

re

Cambridge, MA). As a negative control, primary antibody or B4-scFv-fH were omitted. Staining

lP

was also performed on CNV lesions (see below for induction of CNV) as reported previously

na

(Joseph et al., 2013), incubating eyecups with IgM B4 mAb (1:200), followed by anti-mouse

ur

IgM (1:200). Omission of primary antibody served as the negative control. Staining of cells and

Valley, PA).
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flatmounts was examined by confocal microscopy (Olympus FluoView, Olympus, Center

Stably transfected ARPE-19 cells expressing B4scFv-fH.
The B4-scFv expression plasmid (PBM vector) was constructed from sequences isolated from
the corresponding B4 hybridoma as described (Atkinson et al., 2015). For construction of the
B4-scFv-fH expression plasmid, the B4-scFv sequence was linked to the 5 N-terminal SCRs of
mouse fH (residues 1-303 of mature protein, RefSeq NM009888) by overlapping PCR with the
linker (G4S2)2, and OKT3 light chain signal peptide sequence added to the 5′ end of the VH

chain. A His tag encoding sequence was added to the C terminus of the fH sequence.
Recombinant protein was expressed in CHO cells and purified by anti-His tag affinity
chromatography as described (Atkinson et al., 2005).
ARPE-19 cells (ATCC® CRL-2302™; American Type Culture Collection, Manassas, VA), a
human RPE cell line was used for encapsulation as described previously (Annamalai et al., 2018;
Belhaj et al., 2020). These cells were grown in DMEM-F12 (Gibco, Thermo Fisher, Waltham,
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MA) with 10% fetal bovine serum (FBS) and 1 x Penicillin/streptomycin. The B4-scFv-fH

ro

plasmid construct was transfected into ARPE-19 cells with FuGene HD transfection reagent

-p

according to the manufacturer’s instructions (Roche Applied Science, Indianapolis, IN), and

re

stable expression of a mixed population of drug resistant cells was generated using kanamycin

lP

selection. B4-scFv-fH secretion into the apical and basal compartment was monitored in

ur

na

polarized RPE grown on transwell plates (Fig. 4) (Thurman et al., 2009).
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Dot Blot and Western Analysis

To determine whether stably transfected cells produce detectable B4-scFv-fH, apical and basal
supernatants were collected and probed as reported previously (Annamalai et al., 2018), using an
antibody against the His tag (1:1000; TaKaRa, Mountain View CA). To determine complement
activation and antibody deposition in the eye, RPE/choroid samples were collected, protein
extracted, separated by electrophoresis and transferred to a PVDF membrane, and membranes
incubated with primary antibody against C3d (clone 11) (Thurman et al., 2013), IgG or IgM as
published previously (Annamalai et al., 2020a) and corresponding C3

fragments identified

according to molecular weight (Thurman et al., 2013). To determine a potential immune

response, supernatant from B4-scFv-fH-expressing cultured ARPE-19 cells were separated by
electrophoresis, and membranes probed with the primary antibody against His, or serum (1:50)
from mice treated with B4-scFv-fH or empty capsules. Proteins were visualized with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Dallas TX) followed by
incubation with Clarity™ Western ECL Blotting Substrate and chemiluminescent detection.
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C3a Elisa
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The C3a Elisa was carried out according to the manufacturer instructions using the mouse
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complement C3 Elisa from LifeSpan Biosciences, Inc, and as reported previously (Annamalai et

re

al., 2018). In short, the RPE/choroid tissues were quickly rinsed with ice cold PBS to remove

lP

excess blood. Tissues were lysed by ultrasonication using 500

ur

na

homogenate was centrifuged at 5000g for 5 minutes and then subjected to the assay procedure as

set at 450 nm.
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concentrations was used as a standard. Measurements were obtained using the microplate reader

Cell encapsulation
Cell encapsulation was performed using our published protocol (Annamalai et al., 2018) (Belhaj
et al., 2020). In short, stably transfected ARPE-19 cells were suspended at 1x106 cells in 300
alginate solution (high mannuronic acid content, low viscosity; Sigma-Aldrich, St. Louis,
MO) and pumped through a needle (30G blunt tip; Small Parts, Inc., Logansport, IN) into a
gelling bath (10 mM HEPES buffered saline containing 100 mM CaCl2 [Sigma-Aldrich] and
0.5% w/v poly-L-ornithine [PLO; Alfa Aesar, Haverhill, MA]). To produce microcapsules with a

size of 150 m, the following parameters were used: flow rate of 60 mm/h and voltage of 8.0
kV. PLO in the gelling bath forms a second coating to the microcapsules using a one-step
method for adjusting the porosity. Cell recovery from microcapsules and cell viability in
microcapsules has already been confirmed (Annamalai et al., 2018).

Mice

of

C57BL/6J (B6) and B6 rag1-/- mice were generated from breeding pairs (Jackson Laboratory;

ro

Bar Harbor, ME). Mice entered the study at 3 months of age, and both sexes were included. All

-p

animal experiments were performed in accordance with the ARVO Statement for the Use of

re

Animals in Ophthalmic and Vision Research and were approved by the University Animal Care

na
ur

Capsule Injections

lP

and Use Committee.
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Two delivery sites were used, intraocular and subcutaneous. Intravitreal injections were
performed under visual inspection as previously described (Annamalai et al., 2018). In short,
mice were anesthetized by intraperitoneal injection (xylazine and ketamine, 20 and 80 mg/kg
respectively), eyes dilated (2.5% phenylephrine HCL and 1% atropine sulfate),
injections administered behind the limbus using a 27 gauge needle attached to a Hamilton
syringe through a preformed guide hole made with a 26 x 3/8 gauge beveled needle. Antibiotic
ointment was used as a precaution. The same effective concentration established in an earlier
study for a different complement inhibitor (~10 capsules

) was used (Annamalai et al., 2018).

For subcutaneous injections, 50 capsules/100
(BD Biosciences, Franklin Lakes, NJ) and drawn up in an insulin syringe. Mice were

anesthetized with isoflurane and injected into the back, pinching the skin and injecting the
microcapsules into the pouch (Reuter, 2011).

Laser choroidal neovascularization
One month following the intravitreal injection, argon laser photocoagulation (532 nm, 100 µm

of

spot size, 0.1 s duration, 100 mW) was used to generate 4 laser spots around the optic nerve of

ro

each eye (Rohrer et al., 2009). As previously described, bubble formation at the site of the laser
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burn was used to confirm Bruch’s membrane rupture, and only those lesions were assessed for

lP

re

lesion growth (Nozaki et al., 2006a).

na

Reconstitution experiments

ur

Rag1-/- mice used in the CNV study were treated on days 0, 2 and 4 after the induction of laser
L PBS) using intraperitoneal (IP)

Jo

CNV with B4 IgM or control IgM (100

injections. IP injections have been shown to be effective for antibody delivery to CNV lesions in
C57BL/6J mice (Campa et al., 2008), and for the reconstitution of rag1-/- mice with specific
antibodies (Joseph et al., 2013).

Exposure to Cigarette Smoke.
One month following the subcutaneous injection, mice were subjected to cigarette smoke
exposure (CSE). CSE , which was carried out for 5 hours per day, 5 days per week, by burning
3R4F reference cigarettes (University of Kentucky, Louisville, KY) using a smoking machine

(Model TE-10; Teague Enterprises, Woodland, CA) over a period of 6 months as published
previously (Woodell et al., 2013).

Assessment of CNV lesion volume by confocal microscopy
Relative CNV size was determined in flat-mount preparations of RPE-choroid stained with
isolectin B (which binds to terminal -D-galactose residues on endothelial cells and selectively

of

labels the murine vasculature) (Nozaki et al., 2006b). This methodology was described by us

ro

previously in detail (Rohrer et al., 2012; Rohrer et al., 2009). In brief, immersion-fixed (4%
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paraformaldehyde) eyecups were labeled with Isolectin B (1:100 of 1 mg/mL solution; Sigma-

re

Aldrich, St. Louis, MO), flattened using relaxing cuts and examined by confocal microscopy

lP

(Leica TCS SP2 AOBS, Leica Bannockburn, IL ). Z-

na

sections) through the depth of the lesions were obtained, and pixel intensity against depth was

ur

obtained, from which the area under the curve (indirect volume measurement) was calculated.
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Data are expressed as mean ± SEM per eye. Individual CNV lesions were also photographed
using a fluorescent microscope (Zeiss, Thornwood, New York).

Assessment of CNV lesion diameters by Optical Coherence Tomography
Optical coherence tomography (OCT) was used to analyze CNV lesion size on day 5 post laser
treatment using an SD-OCT Bioptigen® Spectral Domain Ophthalmic Imaging System
(Bioptigen Inc., Durham NC) as previously described (Coughlin et al., 2016; Schnabolk et al.,
2015; Schnabolk et al., 2014), examining acquired rectangular volume scans (images set at 1.6
x1.6 mm, consisting of 100 B-scans, 1000 A-scans per B scan) using Image J software (Wayne

Rasband, National Institutes of Health, Bethesda, MD). The area around the hyporeflective spot
produced on the fundus image was measured with vertical calipers set at 0.100 mm at the site of
each lesion. (Giani et al., 2011) Diameter obtained in number of pixels (1.6 x 1.6
2

.
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Optokinetic Response Test

ro

Visual acuity and contrast sensitivity of mice were measured under photopic conditions (mean

-p

luminance of 52 cd m−2) by observing reflexive optomotor responses to moving sine-wave

re

gratings (OptoMotry, Cerebral Mechanics, Lethbridge, AB) as previously described.(Woodell et

lP

al., 2013) In short, visual acuity was measured by finding the spatial frequency threshold of each
animal at a constant speed (12 deg/s) and contrast (100%) with a staircase procedure. Contrast

na

sensitivity was determined by taking the reciprocal of the contrast threshold at a fixed spatial

Jo

ur

frequency (0.131 cyc/deg) and speed (12 deg/s).

Electron Microscopy
Tissue preparation and ultrastructural analyses were performed as previously described (Woodell
et al., 2016). Transmission electron microscopy (TEM) images were captured using a JEOL
JEM 1400 transmission electron microscope (JEOL USA Inc., Peabody MA) using SerialEM
software (https://bio3d.colorado.edu/SerialEM/), capturing 1200–1500 images per section,
yielding datasets that were then processed with the NCR Toolset (Scientific Computing and
Imaging Institute, Salt Lake City, UT) (Anderson et al., 2009; Stoppelkamp et al., 2010) to
generate image mosaics. Images were evaluated using Adobe® Photoshop® (Adobe Systems,

San Jose, CA) and ImageJ software (National Institutes of Health) as published
previously.(Woodell et al., 2013) For each animal, BrM thickness was determined by analyzing
∼24 μm length sections of damaged BrM areas of each sample. Areas of each BrM sample were

membrane of the RPE and choriocapillaris as boundaries. BrM thickness in age-matched room
air exposed mice was

and a

ro

of

considered damaged (Annamalai et al., 2020a).

-p

Data Analysis and Statistics
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Data are presented as mean ±SEM. Single comparisons were analyzed using unpaired t-tests.

lP

Data consisting of multiple groups were analyzed by ANOVA (Fisher PLSD), with mean value

Jo

RESULTS

ur

na

differences considered significant at P ≤ 0.05 (StatView, SAS Institute, Inc., Cary, NC).

Identification of ligands for a natural IgM on RPE cells in vitro and in vivo.
Complement activation on the RPE cell surface has been shown to be involved in AMD-related
pathology. Previously, we have shown that oxidative stress generated by either H2O2 (Thurman
et al., 2009) or smoke exposure (Kunchithapautham et al., 2014) can sensitize ARPE-19 cells
grown in monolayers to complement attack. In follow-up experiments aimed at identifying
stress/injury related ligands on the cell surface of RPE cells, as well as the complement pathway
involved leading to complement activation upon H2O2 exposure, we showed that the LP initiated
the complement cascade which was then amplified by the AP, and further that LP activation

required natural antibody recognition of neoepitopes (Joseph et al., 2013). One of the
neoepitopes generated on RPE cells upon H2O2 exposure is recognized by the C2 IgM mAb, an
antibody previously characterized as recognizing a subset of phospholipids that included
phosphatidylcholine (PC) and malondialdehyde (MDA), an end-product of lipid peroxidation
(Joseph et al., 2013). A second self-reactive IgM mAb known as B4 has been shown to recognize
a post-ischemic neoepitope identified as post translationally modified annexin IV in mouse cells

of

(Elvington et al., 2012; Kulik et al., 2009). Here we further demonstrate the presence of the B4
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epitope on oxidatively-stressed human RPE cells and characterize its involvement in

-p

complement activation.
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Immunohistochemistry was performed to determine the reactivity of IgM B4 on oxidatively

lP

stressed ARPE-19 cell monolayers. B4 neoepitope was identified in a punctate pattern across the

na

apical surface on H2O2- or smoke-treated cells, with little or no presentation of a B4 epitope

ur

expressed on control uninjured cells (Fig. 1, top row).
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We have shown that the LP receptors ficolin/MASP or MBL/MASP require immunoglobulins,
and specifically natural IgM, to initiate complement activation on the cell surface of RPE cells
(Joseph et al., 2013). As a physiological readout for complement activation we have used the
readout of TER. In this assay, oxidative stress generated by H2O2 reduces endogenous
complement inhibition at the cell surface of ARPE-19 monolayers, triggering sublytic
complement activation that results in secretion and mobilization of VEGF (Bandyopadhyay and
Rohrer, 2012; Thurman et al., 2009), which in turn reduces TER due to its effect on tight
junction stability (Ablonczy and Crosson, 2007). Using TER reduction as the readout, we had
shown previously that while complement-sufficient serum reduced TER by 40-50%, Ig-depleted
serum was ineffective. Importantly, C2 IgM-C2 addition to Ig-depleted serum reconstituted

activity in the TER assay (Joseph et al., 2013). Here we extended this analysis to B4 IgM mAb.
First, we reconfirmed that 4 hours after the addition of H2O2 and complement-sufficient serum
(complete NHS), TER was reduced by ~50%, whereas the addition of H2O2 and Ig-depleted
serum had no effect (Fig. 2A). However, addition of B4 IgM mAb to Ig-depleted serum
reconstituted activity in the TER assay to levels indistinguishable from normal human serum.
The control antibody had no effect, and TER under control conditions was identical to that of Ig-

of

depleted serum (Fig. 2A).
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MDA-neoepitopes have been identified in mouse CNV lesions by immunohistochemistry
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(Weismann et al., 2011) as well as in BrM or AMD patients (Weismann et al., 2011). Also,
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annexins have been identified in Bruch's membrane and drusen in human patients (Rayborn et

lP

al., 2006). The functional consequence of antibody binding to MDA neoepitopes has been

na

analyzed by us, and we showed that CNV lesions in rag1-/- mice can be augmented by injections

ur

of C2 IgM mAb. Rag1-/- mice produce no mature T-cells or B-cells and are therefore antibodydeficient. In other disease models (Elvington et al., 2012) as well as the CNV lesion model

Jo

(Joseph et al., 2013), rag1-/- mice have been used in reconstitution experiments to demonstrate
that particular self-reactive antibodies are involved in the development of disease. Here, we
examined C57BL/6J mouse CNV laser lesions by immunohistochemistry for labeling with the
B4 mAb. Diffuse labeling with B4 mAb was seen in CNV lesions as opposed to the area
surrounding the lesion (Fig. 3A). When CNV lesions were examined in rag1-/- mice after 3
administrations of B4 mAb every 48 hours, CNV lesions were significantly increased compared
to rag1-/- mice treated with either PBS or control IgM (P<0.01) (Fig. 3B). Administration of B4
mAb to wildtype mice had no effect (data not shown).

Generation of encapsulated ARPE-19 cells
ARPE-19 cells were transfected using FuGene HD, and stable expression in a mixed population
was enforced by antibiotic selection as reported previously (Annamalai et al., 2018). Secretion of
B4-scFv-fH from ARPE-19 monolayers was confirmed by dotblot analysis of both apical and
basal supernatants collected from cells grown on transwell plates as stable monolayers (Fig. 4A).
Following confirmation of stable secretion of scFv-fH, complement inhibitory activity was

of

confirmed in the TER assay. Specifically, we determined that the amount of B4-scFv-fH secreted

ro

by ARPE-19 cells is sufficient to protect against the drop in TER induced by H2O2 and
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complement-sufficient serum exposure. Forty-eight hours after the previous media change,

re

media was collected from B4-scFv-fH transfected and control cells. The undiluted media was

lP

added to naïve monolayer which were subsequently exposed to 0.5 mM H2O2 and 5% NHS,

na

which reduced TER. Monolayers treated with B4-scFv-fH were significantly protected indicating

ur

that ARPE-19 cells secrete functional intact complement inhibitor at concentrations sufficient to

Jo

reduce complement activation in vitro (Fig. 2B). When using purified B4-scFv-fH to identify
binding sites on oxidatively stressed ARPE-19 cell monolayers, a similar staining patters as for
the B4IgM mAb was identified. Again, a punctate pattern across the apical surface on H2O2- or
smoke-treated cells was identified, with little or no binding to non-stressed cells (Fig. 1, bottom
row).

Intravitreal delivery of encapsulated ARPE-19 cells reduces CNV

We have previously determined that the appropriate size of capsules suitable for injection
through a 27 gauge needle is

, and have documented the presence of the intact capsules

in the mouse vitreous after injection by OCT (Annamalai et al., 2018).
Here we evaluated the effect of encapsulated ARPE-19 cells expressing B4-scFv-fH on CNV
lesion size 5 days following laser-induced photocoagulation. The same concentration of B4scFv-fH-expressing ARPE-19 cells that was shown to be efficacious for CR2-fH (10 capsules in
injected intravitreally and outcomes compared to control (empty) ARPE-19

of

1

ro

cells. After ~1 month, CNV was induced by laser-photocoagulation of Bruch’s membrane (BrM)
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in all four quadrants of the eye, and on day 5, CNV lesion sizes were assessed using OCT. B4-

lP

capsules) treatment (Fig. 5A, B).

re

scFv-fH treatment significantly decreased (P <0.05) lesion sizes compared to control (empty

na

The presence of B4-scFv-fH, complement activation products and IgG/IgM in the RPE/choroid

ur

fractions was assessed by dot blot, ELISA and Western blotting. Dot blot analysis showed the

Jo

presence of B4-scFv-fH in the RPE/choroid of injected animals as expected (Fig. 6A), with less
being present in the retina. Factor H inhibits and inactivates the alternative pathway C3
convertase that generates C3b

and C3a, the

(~101 kDa) is then subsequently cleaved to generate

(63 kDa) by factor I and cofactor,

followed by cleavage by factor I and CR1 to C3dg (39 kDa) and by tryptic enzymes to C3dg (34
kD) (Thurman et al., 2013). Western blot analyses to detect the proteolytic cleavage products of
C3

the C3d domain (Thurman et al., 2013), demonstrated that B4-

scFc-fH injected mice had significantly lower levels of C3

(P <0.01),

(P <0.05) and

C3dg/C3d (P <0.01) in the RPE/choroid fraction (Fig. 6B, B’), indicative of reduced C3
activation. Please note that due to the similar molecular weights of C3dg and C3d, the two bands

could not be cleanly resolved and are reported together. As assayed by a sensitive ELISA
determinations, there was a significant increase in the level of C3a in the RPE/choroid in mice
with, compared to mice without, CNV (P <0.0001). C3a levels were completely normalized back
to baseline by B4-scFv-fH (empty capsules versus B4-scFv-fH: P <0.0001; B4-scFv-fH versus
control: P =0.19; Fig. 6C). The targeting of B4-scFv-fH to CNV lesions suggests that
complement is activated in an IgG- and/or IgM-dependent manner (Saeed et al., 2017). The same

of

RPE/choroid samples were probed for the presence of IgG and IgM antibodies using quantitative

ro

Western blotting (Fig. 6D, D’). B4-scFv-fH significantly decreased both IgG and IgM levels in

re
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the RPE/choroid fraction when compared to the empty capsules (P <0.001).

lP

Subcutaneous delivery of encapsulated ARPE-19 cells reduces SIOP
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Neoepitopes generated by smoke are recognized by B4 mAb (Fig. 1A), and smoke exposure in

ur

animals leads to complement-dependent pathology in the RPE (Woodell et al., 2013) that is

Jo

treatable with the AP inhibitor CR2-fH (a C3d targeted inhibitor) (Woodell et al., 2016). Based
on these observations, we tested the effectiveness of encapsulated ARPE-19 cells expressing B4scFv-fH to prevent SIOP when delivered systemically. We investigated systemic capsule
delivery as an alternative means of intraocular treatment for two reasons. First, long-term
stability (6 months) of alginate capsules in the eye cannot be guaranteed, and accidental release
of cells into the vitreous may have unwanted consequences; and second, complement activation
occurs on the basal side of the RPE, as well as on BrM and the choriocapillaris, and delivery of
B4-scFv-fH across the blood retina barrier is not guaranteed. In previously published
experiments, the equivalent effective concentration of subcutaneously injected CR2-fH
expressing capsulated cells (described in (Annamalai et al., 2018)) when compared to

intravenously delivered protein (described in (Rohrer et al., 2009)) to reduce CNV progression
was determined to be ~1000 capsules (Annamalai et al., 2020b).
Encapsulated ARPE-19 cells expressing B4-scFv-fH were deposited subcutaneously in matrigel
in the neck region of 2 month-old mice. After ~1 month, animals were exposed to long-term
smoke inhalation as reported previously (Woodell et al., 2013). After the completion of the 6month smoke exposure, animals were assessed for visual function using optokinetic responses,

ro

of

followed by tissue analysis and assessment of anti-drug antibodies.
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To ensure lack of antibody development against B4-scFv-fH, we assessed whether mice generate

re

antibodies against the fusion protein 7 months after the deposition of the capsules. No IgG or

lP

IgM antibodies recognizing B4-scFv-fH could be detected in serum from experimental animals

na

(Fig. 4B).

ur

As reported previously, spatial acuity in C57BL/6J mice was not affected by CSE as compared to

Jo

room air exposure (data not shown). However, contrast threshold (% contrast required to elicit a
response) was reduced in CSE mice treated with empty capsules, which exhibited a significant
decrease in contrast sensitivity compared to never-smokers (empty capsules: 51.7 ±7.0 versus
never-smokers: 8.78 ±0.43; P<0.0001; Fig. 7A). Importantly, contrast threshold in CSE mice
treated with B4-scFv-fH had significantly improved levels of contrast sensitivity threshold when
compared to those treated with empty capsules (smoke+B4-scFv-fH: 18.0 ±2.26; empty capsules
versus B4-scFv-fH: P <0.0001; Fig. 7B) and more similar to those of age-matched neversmokers.
Loss in contrast sensitivity in SIOP has previously been shown to be associated with specific
morphological alterations in BrM, and those changes can be prevented in animals without a

functional complement AP (fB-/- mice) (Woodell et al., 2013). Here, we asked whether
thickening of BrM can be prevented by treatment with B4-scFv-fH. Transmission electron
micrographs obtained from animals treated with empty capsules, capsules containing B4-scFvfH cells and age-matched never-smokers were compared (Fig. 7B). The extent of thickened BrM
increased with smoke exposure. Specifically, the percent thickened BrM (>0.28

(Annamalai

et al., 2020a)) increased to ~60% in smoke exposed mice treated with empty capsules, compared

of

to ~28% in smoke exposed mice treated with capsules containing B4-scFv-fH cells (Fig. 7D)

ro

(P<0.005). Age-matched never smoked mice had a small amount of thickened BrM of 23%
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(empty capsules versus B4-scFv-fH: P <0.005; empty capsules versus never smokers: P <0.005;

re

never smokers versus B4-scFv-fH: P =0.49). Overall, there is a good correlation between

lP

contrast sensitivity and % thickened BrM among the three groups (R2=0.6702). Within this
width and area of deposits in the smoke-exposed mice

na

thickened BrM (>

was identified, that was reduced by B4-scFv-fH (empty capsules versus B4-scFv-fH: P <0.001;

Jo

ur

empty capsules versus never smokers: P <0.003; never smokers versus B4-scFv-fH: P =0.11).

The presence of B4-scFv-fH, complement activation products and antibody binding in the
RPE/choroid fractions was assessed by dot blot and Western blotting. As with CNV animals
(above), B4-scFv-fH in the RPE/choroid of injected animals was detected (Fig. 8C). Likewise,
western blot analyses demonstrated that B4-scFc-fH injected mice had significantly lower levels
of C3

(P <0.05),

(P <0.01) and C3dg/C3d (P <0.05) present in the RPE/choroid

fraction (Fig. 8A). Finally, since B4-scFv-fH binding to neoepitopes in the RPE/choroid is
expected to reduce endogenous antibody binding in addition to preventing complement
activation, RPE/choroid fractions were analyzed for the presence of IgG and IgM. Significantly

decreased levels of both IgG and IgM were seen in RPE/choroid fractions after 6 months of
smoke exposure with B4-scFc-fH treatment when compared to empty capsules (IgM: P <0.05;
IgG: P <0.001; Fig. 8B). Finally, to confirm the presence of B4-scFv-fH in the RPE/choroid
fractions after 6 months, the tissue samples that were probed for the complement activation
products and IgG/IgM binding were investigated for the His-tag in the B4-scFv-fH protein using

of

Dot blot analysis (Fig. 8C).
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DISCUSSION
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It has been shown that complement activation is involved in the pathogenesis of human AMD

lP

(Anderson et al., 2010; Despriet et al., 2006) as well as in the animal models of wet (Rohrer et
al., 2011) and dry AMD (Woodell et al., 2013) examined here. Binding sites for a natural

na

antibody against malondialdehyde (MDA) exist in human eyes with AMD (Weismann et al.,

ur

2011), and a natural IgM antibody against the same neoepitope can activate complement on RPE
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cells (Joseph et al., 2013) and also augment CNV in rag1-/- mice (Joseph et al., 2013). Here, we
tested whether a novel IgM mAb that recognizes an annexin IV neoepitope expressed after
intestinal, cardiac and cerebral ischemia-reperfusion (Atkinson et al., 2015; Kulik et al.,
2009)(Elvington et al., 2012) has a pathogenic role in AMD models, and whether this antibody
can be used as a vehicle to deliver a complement inhibitor to damaged ocular tissues. The main
results of the current study are: (1) Oxidative stress due to oxidant or smoke exposure generates
the annexin IV neoepitope recognized by B4 mAb on ARPE-19 cells; (2) Self-reactive
antibodies present in normal serum recognize the B4 annexin IV surface epitope and triggers
complement activation; (3) B4 mAb recognizes neoepitopes in CNV lesions, and when injected
into antibody-deficient, rag1-/- mice increases CNV development; (4) A B4-scFv-fH fusion

protein was generated and confirmed to inhibit complement activation on stressed ARPE-19
cells; (5) Encapsulated ARPE-19 cells stably expressing B4-scFv-fH can be used to provide
targeted complement inhibition locally or globally, without inducing an immune response against
the drug; (6) B4-scFv-fH produced in the vitreous by the ARPE-19 cells reduces CNV lesion
size and reduces CNV-induced increase in complement activation; and (7) B4-scFv-fH produced
systemically by ARPE-19 cells reduces SIOP and reduces smoke-induced increase in ocular IgG

of

and IgM binding and complement activation. In summary, these results provide further proof that

ro

natural antibodies play an important role in ocular sterile inflammatory conditions such as CNV
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and SIOP, and further that these antibodies can be used to target a complement inhibitor to sites

re

of inflammation as a means of reducing local complement activation in the eye. From a

lP

translational perspective, it is also important to note that an epitope recognized by B4 mAb has

na

been shown to be presented in an injury specific manner in human brain and liver tissue after
ischemia and reperfusion (Marshall et al., 2018), but B4 mAb binding has not yet been explored

ur

in human donor eyes. And finally, we have shown viability of cell encapsulation method in the

Jo

SIOP model, a model in which ocular pathology is AP activity-dependent (Woodell et al., 2016).
For the inhibitor to gain access to the RPE, Bruch’s membrane and choroid in the SIOP model,
in which the blood-retina barrier is presumed to be relatively intact, the capsules were delivered
subcutaneously, as we have shown previously that inhibitor generated in the vitreous does not
reach those structures in intact eyes (Annamalai et al., 2018). Please note that the pros and cons
on the use of the ECT technique using alignate capsules were discussed previously (Annamalai
et al., 2018), and we only emphasize here again that for use in humans, non-degradable implants
like those used by Neurotech, would be used for both intravitreal and extraocular delivery (Tao
et al., 2002).

Autoantibodies in disease models
There is evidence that neoepitopes such as malondialdehyde (Weismann et al., 2011) are
generated in AMD, that peptides from many different proteins can be found in drusen, (Crabb et
al., 2002) and that nAb profiles might correlate with AMD (Morohoshi et al., 2012). While it is
unclear how nAbs may contribute to disease, we have generated sufficient data to suggest that

of

binding of nAbs to DMAPs in ocular tissues triggers complement activation, leading to

ro

pathology. Here, as well as in previous publications, we have shown that stress can lead to the
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presentation of neoepitopes on cell surfaces of cells involved in pathology. Specifically,

re

previously we have shown that PC/MDA (recognized by C2 mAb; (Joseph et al., 2013)) is

lP

presented on RPE cells stressed with either H2O2 or smoke exposure, or in CNV lesions and here

na

we showed the same for annexin IV (B4 mAb). Using a combination of depletion and

ur

reconstitution strategies in vitro, we previously demonstrated that the complement activation
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pathway involved in TER reduction in RPE cells is dependent on ficolin and/or MBL triggering
of the LP via antibody-binding to the cell surface (Joseph et al., 2013). In that study we showed
that Ig-depleted serum was not sufficient to activate the complement cascade, but reconstitution
of the media with IgM-C2 (Joseph et al., 2013) was able to do so. Similarly, we showed
previously that Ig-deficient rag1-/- mice could be reconstituted with IgM-C2 (Joseph et al., 2013)
to increase CNV lesions, whereas a control IgM mAb was ineffective. While in rag1-/- mice, this
augmentation in CNV lesion size has not been proven to be complement dependent, in C57BL/6J
mice, we have shown that mechanism to involve the classical and or lectin pathway for initiation
(Rohrer et al., 2011) and the alternative pathway for amplification (Rohrer et al., 2009). Here, we
repeated these experiments with IgM B4 and documented the same results in cells and mice.

Thus, we have uncovered a similar mechanism in human RPE cells as well as mouse
RPE/choroid whereby which the binding of autoantibodies to DAMPs generated by oxidative
stress initiates complement- and VEGF-dependent damage. IgM B4 binding to DAMPs on RPE
cells exposed to smoke extracts suggests that a similar mechanism might be involved in smokeinduced ocular pathology (SIOP) induced by long-term second hand smoke exposure. Indeed, in
this model, we find dependence of pathology on the alternative pathway (Woodell et al., 2013),
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C3d-deposition (Woodell et al., 2013), as well as IgM and IgG (IgG1, IgG2a/b and IgG3)

ro

binding in RPE, Bruch’s membrane and choroid (Annamalai et al., 2020a). While both IgM and
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IgG can activate the lectin and classical pathway of complement (Muller-Eberhard, 1988),
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leading to complement dependent cytotoxicity, the different mouse IgG isotypes differ in their
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capacity to do so (Michaelsen et al., 2004). Likewise, IgGs can interact with Fc
triggering antibody-dependent cell-mediated cytotoxicity (ADCC), and again, IgG antibody

na

subtypes differ (Ding et al., 2008). Hence, additional experiments using FcγRIII−/− mice together

ur

with the use of complement inhibitors might be able to further distinguish between these two
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pathways of antibody-dependent cell damage.

Autoantibodies as targeting moieties
We have shown previously that we can target the C3d neoepitopes present in CNV lesions
(Rohrer et al., 2009) as well as injured tissue in the SIOP model (Woodell et al., 2016), both
therapeutically in form of the fusion protein CR2-fH (Alawieh et al., 2015; Rohrer et al., 2009;
Woodell et al., 2016) and for imaging purposes using an antibody against C3d (Thurman et al.,
2013). We have now extended this concept targeting a stress-related DAMP, and designed a
single-chain variable fragment (scFv) antibody based on IgM B4 fused to the inhibitory domain

of factor H (fH). Proof of concept for this strategy was provided by us previously, using the scFv
antibody based on IgM B4 fused to a pan-complement inhibitor (Crry). B4-scFv-Crry was found
to significantly reduce neuroinflammation after stroke in mice (Alawieh et al., 2018). Here, B4scFv-fH was first tested for its ability to bind to stressed RPE cells and to inhibit complement.
B4-scFv-fH, which is His tagged, was shown to bind to epitopes generated by H2O2 or smoke
exposure by anti-His immunohistochemistry (Fig. 1, bottom row) on RPE monolayers. Purified
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B4-scFv-fH protein was shown to reduce complement activation triggered in stressed RPE cell

ro

monolayers exposed to H2O2 and 10% complement-sufficient normal human serum (Fig. 2B),
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and ARPE-19 cells stably transfected with the B4-scFv-fH construct secrete sufficient amounts

re

of the inhibitor towards the apical side within 48 hours (only time point tested) to protect naïve

na
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ARPE-19 cells against complement activation in the same assay.
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These ARPE-19 cells stably transfected with the B4-scFv-fH construct were used for therapeutic
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purposes in two animal models, the short-term angiogenic model of choroidal neovascularization
(wet AMD) and the long-term oxidative stress model of smoke-induced ocular pathology. The
cell encapsulation technology, together with its pros and cons was discussed by us in a previous
publication (Annamalai et al., 2018). In short, we confirmed cell survival in the capsules, longterm secretion of protein, and lack of antibody generation against the active compound, and
identified an efficacious number of capsules per eye (Annamalai et al., 2018). Important also for
our results here, is that the therapeutic dose of CR2-fH blunted the injury-induced complement
activation, but did not reduce complement below baseline or homeostatic levels. Homeostatic
levels will allow for both aspects of complement, normal homeostatic functions as well as low
level surveillance of the immune system (Ricklin et al., 2010).

ECT-mediated delivery of B4-scFv-fH either intraocularly or systemically resulted in B4-scFvfH binding to RPE/choroid as show by dot blot analysis. Lower levels of B4-scFv-fH were
recovered from equal protein of the retina when compared to the RPE/choroid fraction,
presumably since the neoepitopes are generated in the latter tissues (Joseph et al., 2013; Woodell
et al., 2013). ECT-mediated delivery of B4-scFv-fH reduced CNV lesion sizes and reduced
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thickening of BrM and the width and size of the deposits, a surrogate of pathology seen in human

ro

(BrM thickening, drusen formation). Likewise, a functional readout, contrast sensitivity was
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improved. These structural and functional improvements were accompanied by a reduction in

re

IgM, IgG and C3 breakdown products in the RPE/choroid fraction of eyes with CNV or SIOP. A

lP

head-to-head comparison between the different targeting moieties (CR2 or B4-scFv) has not yet

na

been performed, and is beyond the scope of this study. However, different outcomes might be

ur

anticipated. First, CR2 targets all sites with C3 deposition, including those that might be
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important for repair as opsonization of tissue is required for removal by macrophages. In
contrast, neoepitopes are not known to contribute to repair processes. Second, the CR2 binding
site (opsonins) are generated at more distal point in the complement-mediated inflammatory
pathway, whereas those for B4-scFv are generated at more proximal point. Third, as complement
inhibition is reducing the presence of opsonins, CR2-fH efficacy might be self-limiting, while
B4-scFv binds until epitopes until the stressor is eliminated. Fourth, we have shown in mouse
that the circulatory half-life of B4-scFv-Crry when compared to CR2-Crry is considerably
shorter, which reduces potential systemic effects. Important within the context of systemic
safety, DAMP targeting may be less immunosuppressive since not all sites of C3 deposition will
be targeted with complement inhibition, exemplified by the observation that B4-scFv-Crry did

not affect host immune resistance to infection in a model of polymicrobial sepsis (Atkinson et
al., 2015). Fifth, B4-scFv, unlike CR2 may also increase the fusion protein’s therapeutic
potential by competing with pathogenic IgM binding to the neoepitopes, which in turn will
reduce activation of the LP and CP, which can reduce inflammation, endothelial activation and
cell trafficking (Li et al., 2009). Sixth, DAMP-mediated targeting may be more specific for sites
of stress/injury since CR2 has been show to also bind to other ligands including
(Delcayre et al., 1991), CD23 (Aubry et al., 1992), DNA containing complexes (Holers

of

IFN

ro

and Kulik, 2007), Epstein-Barr virus (Lowell et al., 1989), as well as sites of spontaneous
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complement activation such the extracellular matrix of the choroid (Mullins et al., 2014).
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Seventh, both functional arms of this kind of construct can be modified in terms of target

lP

specificity (Husain and Ellerman, 2018) as well as the complement pathway/product inhibited,

na

making this approach more versatile. And finally, antibody-based therapeutics exhibit intrinsic

Jo

be confirmed for the

ur

low toxicity as they are naturally occurring (Fischer and Leger, 2007), although this will have to

We note that there are limitations to this study. While we have shown that IgM-B4 can augment
CNV in rag1-/- mice, the same needs to be completed for the SIOP model. We have not
specifically addressed how complement inhibition reduces angiogenesis and BrM thickness,
other than to speculate that the mechanism occurs in an IgG/IgM dependent manner. B4-scFv-fH
also reduces anaphylatoxin generation; in the present study, we only measured the levels of C3a,
but not C5a anaphylatoxins generated, and did not address their role in contributing to
pathogenesis. IgM B4 is the second neoepitope we have examined in the context of the mouse
CNV model (IgM C2); it would be of great interest to determine whether C2-scFv-fH would

provide better protection than B4-scFv-fH, or whether targeting the two neoepitopes should be
combined. Nevertheless, we provided evidence that the B4 neoepitope is present on both human
and mouse target cells, and that B4-scFv can be used effectively to deliver the AP-inhibitor
factor H to sites of complement activation in the eye, reducing complement activation, IgG/IgM

ro

of

deposition and resulting pathology long-term.
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Figure Legends
Figure 1. B4 neoepitopes (modified annexin IV) are present on oxidatively stressed, but not
healthy, ARPE-19 cells. Top row. Immunofluorescence staining of ARPE cells using the B4

of

IgM antibody in the presence and absence of H2O2 or 10% smoke extract. Specific staining was

ro

revealed in oxidatively stressed cells when compared to control (healthy) cells. Incubation
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without primary antibody was performed as a negative control. Bottom row. The B4-scFv-fH
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re

(B4-fH) similarly recognized epitopes present on stressed ARPE cells.
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Figure 2. Complement activation on stressed cells requires natural antibodies. (A) TER

ur

measurements were performed using 10% complement sufficient serum (complete) as well as
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10% serum from which all antibodies were depleted (Ig-depleted [Igd] normal human serum
[NHS]). TER is reduced in by complement activation (elicited by complete NHS in the presence
of oxidative stress [0.5 mM H2O2]) as shown previously (Thurman et al., 2009). Reduction in
TER is obliterated in Ig-depleted serum (Joseph et al., 2013). Reconstitution with the IgM
natural antibody B4, activated the complement cascade in this assay, whereas the control IgM
antibody was ineffective. (B) Media from ARPE-19 monolayers stably transfected with B4-scFvfH plasmid or control cells was collected after a 48 hour secretion period. B4-scFv-fH protein
containing media or control media was transferred to new monolayers prior to complement
activation by 5% complete NHS and 0.5 mM H2O2. The amount of B4-scFv-fH protein secreted

was sufficient to protect against complement activation when compared to control. Data (mean
±SEM) representing wells from 3 independent experiments are shown.

Figure 3. B4 neoepitopes are generated in CNV lesions and IgM-B4 mAb augments lesion
size when administered to rag1-/- mice. (A) Immunofluorescence staining of CNV lesions
using IgM B4 mAb and control mAb. (B) Antibody-deficient rag1-/- mice were reconstituted
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with three injections of IgM B4 or control IgM during the course of CNV development. IgM B4

ro

injections resulted in a significant increase in lesion size when compared to the control antibody.
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Lesion sizes (volume) were assessed using isolectin-B4 staining in RPE/choroid flatmounts. Data

na
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(mean ± SEM) representing spots from 6 animals per group are shown.
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Figure 4. Encapsulated cell technology to deliver B4-scFv-fH. (A) ARPE-19 cells stably

Jo

expressing B4-scFv-fH were encapsulated in alginate as published (Annamalai et al., 2018). Top
row. Supernatant from encapsulated cells was collected and a dilution series probed for the
presence of B4-scFv-fH using an antibody against the His tag. Bottom row. Stably transfected
ARPE-19 cells secrete B4-scFv-fH towards both the apical and basal side when grown as
monolayers on transwell plates (supernatants from 3 different cultures). (B) Long-term systemic
B4-scFv-fH expression does not result in systemic response. Seven month following deposition
on capsules containing ARPE-19 cells stably expressing B4-scFv-fH, or empty capsules, sera
was collected. Three concentrations of cell supernatants from (A) (20, 25 and 30
probed with a His-tag specific antibody to identify the molecular weight of B4-scFv-fH (72-75
kDa) protein in control lanes (panel 1). Two concentrations of supernatant (20 and 30 mL) were

probed with sera from mice injected with either B4-scFv-fH (panels 2 and 3) or empty capsules
(panels 4 and 5) as a source of primary antibody and with either IgG or IgM as a secondary
antibody.

Figure 5. Effects of intravitreal delivery of B4-scFv-fH on CNV development. ARPE-19
cells stably expressing B4-scFv-fH were encapsulated in alginate and delivered intravitreally as
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published (Annamalai et al., 2018). (A) B4-scFv-fH capsule treatment resulted in a significant
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decrease in lesion size when compared to treatment with empty capsules. (B) Lesion sizes
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(diameter) assessed using OCT images, demonstrating efficacy of B4-scFv-fH at reducing lesion
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size. Data are expressed as mean ± SEM (n = 12).

Figure 6. Effects of intravitreal delivery of B4-scFv-fH on complement activation, IgM/IgG

ur

deposition. (A) Dot blots of RPE/choroid and retina samples from B4-scFv-fH treated and

Jo

empty capsule treated mice 6 days after CNV induction. Two independent samples per condition
were probed for the presence of B4-scFv-fH using anti-His-tag antibody, confirming expression
of B4-scFv-fH from the ARPE-19 cells in the vitreous and retention of the inhibitor in
RPE/choroid. (B, B’) Western blot and band density analysis of complement activation. Equal
the C3d domain
(Thurman et al., 2013), and band intensities
-actin. All
breakdown products of C3 , identified according to MW (C3

, were

significantly reduced in B4-scFv-fH treated animals compared to empty capsule treated animals.

(C) C3a, as assessed by ELISA revealed a significant increase in C3a after CNV induction in the
empty capsule-treated mice, which was normalized to baseline levels in the B4-scFv-fH treated
group. (D, D’) Western blot and band density analysis of antibody deposition. IgG and IgM
levels were elevated by CNV and reduced in B4-scFv-fH treated mice. Data are expressed as
mean ± SEM (n = 5 independent samples per condition for protein analysis, and 3 independent

of

samples are shown per condition in Western blots).

ro

Figure 7. Effects of systemic delivery of B4-scFv-fH on visual function and Bruch’s

-p

membrane thickness in the SIOP model. (A) Contrast sensitivity was measured by measuring

re

the contrast threshold at a fixed spatial frequency (0.131 cyc/deg) and speed (12 deg/sec). We

lP

previously determined that this spatial frequency falls within the range of maximal contrast

na

sensitivity for 9-month-old WT mice (data not shown). Smoke exposed mice showed a

ur

significant reduction in contrast sensitivity compared to controls exposed to room air, which was

Jo

prevented in mice treated with B4-scFv-fH. (B) Transmission electron micrographs of the RPE
obtained from C57BL/6J mice exposed to 6 months of smoke in the absence (empty) and
presence of B4-scFv-fH (B4-scFv-fH). The RPE/BrM/CC in animals exposed to smoke exhibit
pathological changes, including a thickening of BrM, which becomes disorganized, and loses its
pentalaminar structure at its ticker points. (C) BrM thickness was examined and the percent BrM
along a given RPE cell that is damaged (exceed the normal thickness

(Annamalai et

al., 2020a) of BrM in age-matched room air exposed mice (Annamalai et al., 2020a)) is
established. (D) In addition, width of BrM deposits (see arrowhead in C) and their area was
determined. For all three features, a smoke exposure and treatment effect is demonstrated. Data
are expressed as mean ± SEM (n = 4-5 eyes per condition).

Figure 8. Effects of systemic delivery of B4-scFv-fH on complement activation, IgM/IgG
deposition and B4-scFv-fH binding in RPE/choroid of the SIOP model. (A, A’) Western blot
and corresponding band density analysis of complement activation. Equal amounts of
lane) were loaded per lane, probed for the C3d domain, and band

breakdown products of C3 , identified according to MW (

of

-actin. All
, were

ro

significantly reduced in B4-scFv-fH treated animals compared to empty capsule treated animals.

-p

(B, B’) Western blot and band density analysis of antibody deposition. IgG and IgM levels were

re

elevated in smoke exposed mice and reduced in B4-scFv-fH treated smoke exposed mice. (C)

lP

Dot blots of RPE/choroid and retina samples from B4-scFv-fH treated and empty capsule treated

na

mice. Samples were probed for the presence of B4-scFv-fH using anti-His-tag antibody,

ur

confirming expression of B4-scFv-fH. Data are expressed as mean ± SEM (n = 4-5 independent

Jo

samples per condition for protein analysis, and 3 independent samples are shown per consition in
Western blots).
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Precis: AMD risk is tied to an overactive complement system, and ocular injury is reduced by
alternative pathway (AP) inhibition in experimental models. We developed a novel inhibitor of
the AP that targets an injury-specific danger associated molecular pattern, and characterized it in
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disease models.

