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Purrose. Due to the slowly progressing nature of age-related macular degeneration
(AMD) and critical differences in ocular anatomy between humans and animals, it has
been difficult to model disease progression, hampering the development of novel ther-
apeutics aimed at impacting drusen biogenesis. To determine whether “drusen-in-a-
dish” model systems are of utility in screening potential therapeutics aimed at early—
intermediate dry AMD, we developed a detailed characterization of the protein, glyco-
protein, and lipid composition of sub-retinal pigment epithelium (RPE) deposits grown
by monolayers of ex vivo porcine RPE with human drusen in AMD globes.

MerHoDS. Immunohistochemistry and imaging mass spectrometry (IMS) were performed
on 20-week aged monolayers of porcine RPE and human donor globes recovered from
an 81-year-old non-transplant donor with confirmed diagnosis of bilateral dry AMD. The
presence of major protein, glycoprotein, and lipid species was compared between porcine
sub-RPE deposits and human drusen with reference to macular/peripheral eccentricity.

Resurrs. The protein and glycoprotein composition of porcine sub-RPE deposits closely
mimics human drusen identified in donor globes with dry AMD, including the pres-
ence of major complement components (C9, CFH, CHI), apolipoproteins (ApoE, Apo)),
extracellular matrix proteins (vitronectin, collagen VI), and calcification (hydroxyapatite).
Sub-RPE deposits were additionally rich in long-chain ceramide species (Cer, CerPE, PD),
which have only recently been described in human drusen.

Concrusions. Due to their compositional similarity to human drusen, ex vivo “drusen-in-
a-dish” systems represent a potentially robust and cost-effective model for both studying
the pathobiology of drusen biogenesis and screening novel therapeutics aimed at limiting
drusen formation.

Keywords: retinal pigment epithelium, age-related macular degeneration, primary RPE,
cell culture model, sub-RPE deposits

ge-related macular degeneration (AMD) is a leading

cause of visual impairment in the elderly and has been
estimated to affect approximately 8.7% of all individuals
between the ages of 45 and 85 years.!'> The atrophic, or
“dry,” form of AMD represents approximately 85% to 90%
of all cases and clinically is most commonly characterized
by the deposition of lipoproteinaceous material beneath the
retinal pigment epithelium (RPE) that accumulates to form
drusen.>~¢ Although the role that drusen play in the patho-
genesis of AMD is complex, the deposited materials are
hypothesized to inhibit nutrient and oxygen cycling across
Bruch’s membrane (BrM)—a multilaminar structure consist-
ing of alternating layers of collagen and laminin that sepa-
rates the RPE from the underlying choriocapillaris—leading
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to degeneration of the RPE and overlaying photorecep-
tors.””? In intermediate- to late-stage dry AMD, degenera-
tion of the RPE and neural retina within the macula and
fovea advances, leading to geographic atrophy, and is asso-
ciated with slowly progressing (i.e., occurring over years
or decades) but irreversible loss of central vision.® 1011 In
approximately 10% to 15% of AMD patients, the disease
progresses to an exudative, or “wet,” form characterized by
the abnormal growth of blood vessels from the choroid
extending into the neural retina. This neovascularization
occurs most frequently in areas of widespread geographic
atrophy where BrM is already severely compromised, lead-
ing to rapid (i.e., over a period days or weeks) vision
loss primarily due to inflammation caused by edema and
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sub-retinal hemorrhaging.>® Although wet AMD is the faster
progressing of the two forms, it can be managed effec-
tively through periodic injections of vascular endothelial
growth factor (VEGF) inhibitors to limit neovascularization.
Dry AMD remains without any effective treatments; however,
the only currently approved therapy of dietary supplemen-
tation with Age-Related Eye Disease Study (AREDS) vita-
mins, which include zinc, carotenoids, and antioxidants, may
be beneficial in slowing the degeneration of the RPE and
photoreceptors.*-8:12-16

Due to the important role that drusen deposition likely
plays in the development and progression of AMD, and
despite the precise mechanism of their accumulation being
a subject of widespread debate, their overall composition
has been well documented. Although the deposits are vari-
able based on anatomical location and drusen subtype, they
are generally comprised of approximately 40% to 60% lipids
(e.g., esterified cholesterol, phosphatidylcholine), with the
remaining druse volume consisting of various proteins (e.g.,
apolipoproteins, components of the complement cascade,
extracellular matrix and basement membrane proteins) and
minerals (e.g., hydroxyapatite).®17:18

Although numerous animal models accurately recapitu-
late certain aspects of AMD pathology—including the accu-
mulation of sub-RPE deposits and RPE death—all have
major limitations that impact their utility for screening
the safety and efficacy of novel treatments, such as gene
and cell therapies.*°-%> The first major limitation facing
the use of animals to model AMD is that the hallmark
pathologic lesions of disease occur specifically within the
macula, a specialized anatomical feature that, with the
exception of non-human primates (NHPs), does not exist
in the animal species most commonly utilized for research,
such as rodents, rabbits, or swine. Second, as AMD is a
complex disease with numerous genetic and environmen-
tal risk factors contributing to disease progression, no single
causative alleles have been identified that could be exploited
to generate transgenic animal models with a consistent
AMD phenotype.?*~? Finally, the largest contributor and
most predictive risk factor for developing AMD is advanced
age, which presents a serious hurdle to modeling disease
progression in animals, as small animal species do not
live long enough to develop age-related ocular patholo-
gies, and aging-out NHPs is financially and practically
prohibitive.>

As a consequence of these limitations, there is substan-
tial motivation for the development of alternative strate-
gies to model AMD pathogenesis and screen novel thera-
peutics aimed at halting or reversing disease progression.
In particular, our groups and others have focused on the
development of cost-scalable cell culture model systems
capable of recapitulating the major pathogenic lesions of
AMD, including those derived from human donor tissues,
human induced pluripotent stem cells (iPSCs), and animal
tissues, all of which offer advantages and limitations. Ideally,
human tissues would be used to model dry AMD, and
primary human fetal RPE has been shown to develop tight
junctions with apical-basolateral polarity when cultured as
monolayers on semipermeable membrane supports, with the
development of apolipoprotein E (ApoE)-positive sub-RPE
deposits that trigger complement system activation occur-
ring within 1 to 3 months3'= Cultures of RPE isolated
from adult postmortem tissues have also been used to probe
how RPE function is altered (e.g., mitochondrial dysfunc-
tion, differential expression of proteins) in AMD versus
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healthy donor RPE and provides an opportunity to corre-
late genetic and epigenetic risk variants directly to RPE
physiology.3*40 Unfortunately, in addition to being costly,
human RPE is an incredibly scarce resource, especially when
required to be derived from donors with a confirmed diag-
nosis of AMD and within short time scales postmortem to
allow for viable cultures, which significantly limits its util-
ity in most laboratories. Human iPSC-derived RPE offers
a more abundant option for the use of human tissues for
both dry AMD pathology research as well as drug devel-
opment. Indeed, human iPSC-derived RPE has been used
to explore changes in RPE cell morphology and physiol-
ogy due to variants in genetic loci associated with dry
AMD risk (e.g., CFH, ARMS2/HTRA1), revealing abnormali-
ties in antioxidant defense capacity, mitochondrial function,
and complement protein expression and activation.3%41-43
iPSC-derived RPE cultured from individuals with various
complement factor H (CFH) risk alleles has also been used
to demonstrate that individuals with high-risk CFH alleles
are more likely to develop a dry AMD phenotype typified
by the accumulation of sub-RPE deposits and RPE atrophy
upon complement stimulation, and they have been used in
the identification of two potential new therapeutic agents
(L-745, 870) aimed at modulating drusen formation’%4
Although these tissues offer a functionally infinite source
of human RPE, the process of inducing pluripotency, differ-
entiating iPSCs, and experimentally validating the resultant
unique cell lines (e.g., haplobanking, checking for pres-
ence of residual episomal vectors) is laborious and time
consuming, restricting their use as a model system for mass
screening.®5

The use of primary RPE tissues derived from animals
bridges the gap between scarce, costly human tissues and
semi-immortalized human-derived cell lines, such as iPSCs.
When cultured on semipermeable inserts, primary RPE cells
from a variety of animal sources, including NHPs, mice, and
pigs, have been documented to develop polarized monolay-
ers with features that mimic RPE in situ, including the forma-
tion of sub-RPE deposits containing known components
of human drusen (e.g., apolipoproteins, lipids, hypoxyap-
atite).*-%® Such findings suggest that these cultures may
have value as tools for therapeutic development and espe-
cially high-throughput drug screening. Herein, we aimed
to expand upon these studies by extensively characteriz-
ing a porcine “drusen-in-a-dish” model. Specifically, using
a combination of postmortem histology and imaging mass
spectrometry (IMS), we aimed to characterize the protein,
lipid, and mineral composition of spontaneously occurring
sub-RPE deposits in ex vivo cultures of primary porcine
RPE, focusing on targets (e.g., complement components,
apolipoproteins, neutral lipids) (Table 1) selected based on
previous published reports describing the presence of each
molecule in human drusen.®17:18 Importantly, we compared
the composition of laboratory-grown sub-RPE deposits to
drusen identified in human donor globes with confirmed
diagnoses of AMD, giving particular emphasis to ocular
eccentricity, which allowed us to maintain spatial resolution
and determine whether “drusen in a dish” are more composi-
tionally similar to specific drusen subtypes involved in AMD
progression (e.g., soft macular drusen) than those associ-
ated with normal aging (e.g., hard peripheral drusen). As
such, this study provides valuable additional characteriza-
tion of RPE “drusen-in-a-dish” culture models and validates
whether they might be utilized for high-throughput, cost-
scalable screening of novel therapeutics aimed at preventing
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Reagent Specificity Figure Concentration Reactivity Supplier Identifier
Complement factor H (CFH)  Complement factor H 1A-1C 1:100 H Thermo Fisher Invitrogen GAU
monoclonal antibody Scientific 018-03-03
Complement factor I (CFI) Complement factor I 1A-1C 1:100 H,M, P Thermo Fisher Invitrogen
polyclonal antibody Scientific PA5-96371
Complement component 9 Complement component 1D-1F 1:100 H, M, R Thermo Fisher Invitrogen
(C9) polyclonal antibody 9 Scientific PA5-29093
Apolipoprotein E (ApoE) Apolipoprotein E 2A-2C 1:100 H, P Thermo Fisher Invitrogen
polyclonal antibody Scientific PA5-18361
Apolipoprotein J (Apo)) Apolipoprotein J 2D-2F 1:100 H,M, P Thermo Fisher Invitrogen
polyclonal antibody Scientific PA5-46931
Vitronectin polyclonal Vitronectin 3A-3C 1:100 H, M, R, P  Thermo Fisher Proteintech
antibody Scientific 15833-1-AP
Collagen type VI polyclonal Collagen VI 3D-3F 1:100 H, P Thermo Fisher Proteintech
antibody Scientific 14853-1-AP
Laminin monoclonal Laminin 5 3D-3F 1:100 H, M, P Thermo Fisher Invitrogen
antibody Scientific MA1-06100
Collagen type IV polyclonal Collagen IV 3G-31 1:100 H, M, R, B, Thermo Fisher Invitrogen
antibody mammal Scientific PA1-28534
Collagen type V polyclonal Collagen V 3J-3L 1:200 H, B Thermo Fisher Rockland 600-
antibody Scientific 401107-01
Lens culinaris agglutinin Mannose, glucose 4A-4C 100 pg/mL N/A Thermo Fisher Invitrogen
(LCA)—FITC Scientific L32475
Concanavalin A a-Mannopyranosyl, 4D-4F 100 pg/mL N/A Thermo Fisher Invitrogen
(ConA)—Alexa Fluor 594 a-glucopyranosyl Scientific C11253
Ricinus communis Galactose, 4G-41 200 pg/mL N/A Vector FL-1081-1
agglutinin I N-acetylgalactosamine Laboratories
(RCA D—FITC
Sambucus nigra lectin Sialic acid linked to 4J-4L 100 pg/mL N/A Vector CL-1303-1
(SNA)—CY3 N-acetylgalactosamine Laboratories
and galactose
Limax flavus lectin Sialic acid 5A-5C 100 pg/mL N/A EY F-5101-1
(LFA)—FITC Laboratories
Wheat germ agglutinin N-Acetylglucosamine, 5D-5F 50 pg/mL N/A Thermo Fisher Invitrogen
(WGA)—Alexa Fluor 594 N-acetylneuraminic Scientific W11262
acid (sialic acid)
Succinylated wheat germ N-Acetylglucosamine 5G-51 100 pg/mL N/A Vector FL-1021S-5
agglutinin (sSWGA)—FITC Laboratories
Peanut agglutinin Terminal S-galactose 5J-5L 50 pg/mL N/A Thermo Fisher Invitrogen
(PNA)—Alexa Fluor 594 Scientific 132459
Alizarin Red S Calcium 6A-6C 1 mg/mL N/A Millipore Sigma  Sigma-Aldrich
A5533

Species reactivity values are reported based on the manufacturers’ and published literature. Lectins and dyes do not have specific species
reactivities and are labeled as N/A. B, bovine; H, human; M, mouse; P, pig; R, rat.

accumulation or decreasing the load of high-risk drusen in
AMD.

MATERIALS AND METHODS
Primary Porcine RPE Isolation and Culture

Primary porcine RPE isolation and culture were performed
according to our previously published protocol>* In brief,
fresh porcine eyes (<6 hours postmortem) were obtained
from a local abattoir and were transported on wet ice (~4°C)
for immediate dissection. Following thorough disinfected by
immersion in povidone iodine prep solution, the RPE was
exposed via mechanical removal of the cornea, lens, vitre-
ous body, and retina. The primary RPE was isolated from
the remaining globe via enzymatic dissociation using two
30-minute incubations in freshly prepared 0.25% trypsin in
L-15 media at 37°C. Dissociated RPE cells were recovered,

incubated for 2 minutes in 1% DNase I, and purified via
centrifugation on a 40% Percoll cushion with 0.01-M Na,POy4
and 0.15-M NaCl (pH 7.4). Isolated and purified RPE was
resuspended in Dulbecco’s Modified Eagle Medium, high-
glucose, HEPES cell culture medium with 10% fetal bovine
serum and 1% antibiotic-antimycotic and plated on the
upper chambers of 24-well polyethylene terephthalate (PET)
Transwell membranes at a concentration of 25,000 cells per
well (100,000 cells/mL media). At this seeding density, RPE
cells do not proliferate but form a monolayer with continu-
ous cobblestone morphology and dense pigmentation while
also expressing markers of tight junction integrity (e.g., Zo-
1) and RPE identity (e.g., Mitf) that can be maintained with-
out passaging in a 5% CO, and 37°C incubator with full
media changes performed every 3 to 5 days (Supplemen-
tary Figs. S1A-S1C). Three separate isolations of primary
porcine RPE were performed and utilized throughout the
study.
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Tissue Fixation, Preparation, and Cryosectioning

At 20 weeks after isolation, RPE cultures were washed
once in PBS and fixed for histological analysis in 4%
paraformaldehyde in 0.1-M Sorensen’s phosphate buffer for
30 minutes at room temperature. Transwell membranes were
cryoprotected via sucrose series (30 minutes in 10% sucrose,
30 minutes in 20% sucrose, and overnight in 30% sucrose)
and cryosectioned at 6-pm thickness according to previously
published protocols.*

Human donor globes recovered from a non-transplant
81-year-old donor (VisionGift, Portland, OR, USA) with
confirmed diagnosis of bilateral dry AMD were delivered
fresh on wet ice within 24 hours postmortem and immedi-
ately prepared for fixation. The anterior chamber, iris, lens,
and vitreous were removed mechanically, and the remaining
posterior poles were fixed in 4% paraformaldehyde in 0.1-
M Sorensen’s phosphate buffer overnight at 4°C. Eyes were
cryoprotected via sucrose series (10%, 20%, and 30% sucrose
overnight at 4°C) and sectioned sagitally at 14-um thick-
ness onto glass microscope slides (Fisherbrand Superfrost
Plus; Fisher Scientific, Waltham, MA, USA). On histological
sections, the drusen location was defined by the proximity
of each deposit to the fovea, with drusen located within a
6 mm diameter area centered on the fovea being defined as
“central” (which contains the macula), and drusen located
between 6 mm of the fovea extending laterally to the ora
serrata defined as “peripheral.”° All experiments conformed
to all relevant regulations governing the use of animal and
human tissues in research and were performed in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and with an exemption for
the use of postmortem human tissue from the Institutional
Review Board of the Medical College of Wisconsin.

Immunofluorescence and Lectin Histochemistry

Antibody staining procedures of cryosectioned RPE and
human donor tissue were carried out according to previ-
ously published protocols (Table 1).% Secondary antibody
controls are presented for all antibodies in Supplementary
Figure S3. Lectin staining was performed based on previ-
ously published lectin staining of human drusen.’! Briefly,
cryosections were rehydrated with PBS for 30 minutes and
blocked for 15 minutes with 1 mg/mL BSA in PBS. Sections
were washed twice with PBS for 10 minutes and incubated
for 30 minutes at room temperature with the appropriate
lectin in PBS containing 1 mg/mL BSA (Table 1). Slides were
washed three times for 10 minutes each with PBS, counter-
stained with Hoechst, and washed three more times with
PBS before being mounted. Staining was imaged using a
confocal microscope and imaging software (Nikon Eclipse
80i and NIS-Elements; Nikon, Tokyo, Japan). In some cases,
exposure was modified slightly for primary RPE imaging
versus human tissue imaging for image clarity. Z-stacks were
compressed using ImageJ/Fiji image processing software
(National Institutes of Health, Bethesda, MD). Unstained
control sections can be found in Supplementary Figures S3
to S4.

MALDI-IMS and Optical Imaging

Autofluorescence images were taken of the section
prior to matrix application using the standard 4/,6-
diamidino-2-phenylindole (DAPI), enhanced green fluores-
cent protein, and DSRed fluorescent filters and bright-
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field in a ZEISS Axioscan Z1 slide scanner (Carl Zeiss
Microscopy, Oberkochen, Germany). The matrices, 2,5-
dihydroxyacetophenone (DHA) and 1,5-diaminonaphalene
(DAN), were applied using a custom in-house-designed
sublimation device for positive and negative ion mode
analysis, respectively. Data were acquired on a timsTOF
fleX instrument (Bruker Daltonics, Bremen, Germany) with
methods optimized for a 5-um pixel size.’’ Data were
acquired over a mass/charge ratio (m/z) of 500 to 2000
with 80 shots per pixel in regions identified as containing
RPE cells using the pre-autofluorescence images. MALDI-
IMS images were generated using SCiLS software (Bruker
Daltonics), and the brightfield and autofluorescence images
were processed using QuPath (https://qupath.github.io/).
All MALDI-IMS experiments were performed untargeted,
and molecular identifications were based on exact mass
with a mass error of 2.26 to 5.60 ppm. All data have been
deposited to Zenodo and are publicly accessible.

RESULTS

Localization of Complement Cascade Protein
Components in Porcine Ex Vivo Sub-RPE Deposits
and Human Drusen

Dysregulation of the complement cascade has been demon-
strated to play a critical role in the physiopathology of
AMD. Several known alleles, including complement factor
H (e.g., Y402H), confer a significantly higher (>sevenfold)
risk of disease progression through a variety of different
mechanisms, including recruitment of immune cells to the
choroidal space, promotion of chronic ocular inflammation,
and increased oxidative stress.’>>* As a consequence of
their prominence in AMD pathology and the widespread
interest in exploring whether inhibitors of various comple-
ment components may have therapeutic benefits in prevent-
ing disease progression, we first characterized the tissue
localization of complement component 9 (C9), comple-
ment factor I (CFI), and CFH. We compared three indepen-
dent preparations of 20-week-old primary RPE monolayer
cultures (i.e., derived from separate batches of porcine eyes
at different time points) to two globes from one human
donor with a history of bilateral early dry AMD. Similar
to previous reports that have found complement proteins
to be relatively abundant within human drusen, C9 was
observed to be present within deposits at all globe eccentric-
ities; small (<10 pm) punctate basal linear deposits (BLinDs)
were mainly observed in the region of the macula (Fig. 1A)
and larger (>30 pm) C9-filled drusen were present more
peripherally (Fig. 1B).!” Primary RPE grown as a monolayer
on PET membranes does not exhibit any obvious regional
differences, as both small and large sub-RPE deposits were
distributed relatively evenly across the membrane at 20
weeks.” Deposits typically accumulated between the basal
lamina of the RPE monolayer and the upper aspect of
the Transwell membrane, which in our culture system is
mechanically analogous to BrM in that it provides a rigid,
semipermeable barrier on which the RPE monolayers are
supported and across which nutrients and oxygen can pass
(Supplementary Fig. S2). C9 was similarly localized through-
out both small and large sub-RPE deposits in all three
independent monolayer preparations, suggesting that this
common component of both macular and peripheral human
drusen (Figs. 1A, 1B) is also common in spontaneous sub-
RPE deposits (Fig. 1C, white arrows).
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Primary RPE
Preparation 2

Primary RPE
Preparation 3

Ficure 1. Complement protein expression in sub-RPE deposits. (A-F) Primary porcine RPE cultured on Transwell membranes and human
tissue was probed for C9 (A-C, white arrows), CFH (D-F, red and yellow arrows), and CFI (D-F, green and white arrows); corresponding
brightfield images are shown. All tissues were counterstained with Hoechst to visualize nuclei. Scale bars: ~10 pm.

CFI was also present in both macular and peripheral
human tissues, but with strikingly different localization.
CFI expression was punctate and restricted to BLinDs
(Figs. 1D, 1E, white arrow) and sub-retinal drusenoid
deposits (also known as reticular pseudodrusen) (Fig. 1D,
red arrow) within the macular region but was distributed
more widely across the apex of large peripheral drusen,
frequently in areas of extensive RPE atrophy (Fig. 1E, white
arrow). We observed that this latter expression pattern was
closely recapitulated in all three preparations of primary
porcine RPE monolayer, with CFI localized to a thin layer
overlaying the sub-RPE deposits (Fig. 1F, white arrows), indi-
cating that in this respect cultured sub-RPE may exhibit a
more peripheral drusen phenotype.

CFH staining was observed to be indistinguishable from
background autofluorescence in human donor globes at
both macular and peripheral eccentricities, indicating that
the protein is either largely absent or present at low levels
within this specimen, as has been observed previously
in other histological studies of donor globes with early
AMD.>® CFH-positive puncta were observed sporadically
across membranes from all three primary RPE preparations,
being observed in some deposits but not in others even
within the same histological section (Fig. 1F, red arrows).
Interestingly, punctate CFH staining was also observed at
the bottom aspect of the PET membrane and especially in
areas with visible pores (Fig. 1F, yellow arrows), indicating
that CFH may be being secreted basally from the RPE mono-
layers.

Apolipoproteins Have Comparable Localization
Patterns in Primary Human Drusen as in
Monolayers of Cultured Porcine RPE

Various apolipoproteins and lipid species are thought to
be critical for the onset and progression of AMD. It has
been proposed that age-related alterations (e.g., thicken-
ing, stiffening) of BrM and the choriocapillaris impair the
transport and clearance of lipids and their carriers into the
plasma, leading to the abnormal retention of cholesterol-rich

apolipoprotein containing particles within the RPE, catalyz-
ing the subsequent formation of BlinDs and drusen.!7-%7:58
As a consequence, both the presence and localization of
apolipoproteins (specifically, ApoE and ApoJ) in “drusen-in-
a-dish” model systems relative to their distribution in human
donor tissue are of importance to the utility of a model
for screening therapeutics aimed at altering lipid export,
such as ApoA to Apol mimetic peptides.”® As expected,
drusen located within both the macular and peripheral
regions of human donor eyes were found to be posi-
tive for the presence of lipid carriers ApoE and Apo].
Staining was observed to be more intense and uniformly
distributed in larger peripheral drusen than in macular
drusen and BLinDs, where the signal was more punctate
(Figs. 2A, 2B, 2D, 2E, white arrows). Encouragingly, across all
three independently cultured preparations of RPE monolay-
ers, we routinely observed ApoE and ApoJ immunofluores-
cence signals distributed evenly throughout and restricted to
the sub-RPE deposits (Figs. 2C, 2F, white arrows), indicating
that these proteins may be equally important for formation
and growth of “drusen” in a cell culture environment as in
situ in AMD.

Abnormal Deposition of Extracellular Matrix
Proteins Occurs Consistently in Cultured Sub-RPE
Deposits Compared to Primary Human Macular
and Peripheral Drusen

Twenty-week-old RPE monolayers and human AMD globes
were also probed for the presence of several extracellu-
lar matrix proteins that are critical in maintaining home-
ostasis of the RPE basal lamina and BrM.!” Vitronectin,
which participates in photoreceptor outer segment phago-
cytosis and RPE attachment to BrM, was observed through-
out the RPE, BrM, and choroid within the macula, but it
was largely absent from the drusen themselves (Fig. 3A,
white arrow). By contrast, at more peripheral locations,
vitronectin protein was distributed prominently through-
out large drusen with relatively lower intensity staining
observed in neighboring tissues, such as the RPE (Fig. 3B,
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Ficure 2. Apolipoprotein expression in sub-RPE deposits. (A-F) Primary porcine RPE cultured on Transwell membranes and human tissue
was probed for ApoE (A-C, white arrows) and ApoJ (D-F, white arrows); corresponding brightfield images are shown. All tissues were
counterstained with Hoechst to visualize nuclei. Scale bars: ~10 um.

white arrow). In cultured RPE from all three preparations,
vitronectin was present prominently throughout the Tran-
swell membrane, indicating that the protein was secreted
basally from the polarized monolayers. Interestingly, sub-
RPE deposits in cultured monolayers were observed that
recapitulated either a macular or peripheral drusen pheno-
type, with examples of deposits in which vitronectin was
located only on the deposit margins (Fig. 3C, white arrows),
was distributed evenly throughout the deposit (Fig. 3C, red
arrowheads), or was absent from the deposits altogether
(Fig. 3C, yellow arrow), indicating a high degree of hetero-
geneity.

Collagen VI aggregates have been implicated in AMD
pathology and were observed to be present within the basal
aspects of both human macular and peripheral drusen (Figs.
3D, 3E, white arrows), whereas in primary RPE cultures
collagen VI was distributed evenly throughout the cellu-
lar monolayer (Fig. 3F, white arrows), was secreted basally
through the membrane (yellow arrows), and was concen-
trated in many sub-RPE deposits (red arrows), compared to
secondary-only staining controls (Supplementary Fig. 3).%°

Sub-RPE deposits grown in cultured monolayers also
demonstrated clear aggregation of both collagen types IV
and V that were consistent across all three independent
preparations of primary porcine RPE (Figs. 3I-L, white
arrows). This is in contrast to the human tissue sections,
where collagen types IV and V appear to be absent from both
macular and peripheral human drusen (Figs. 3G, 3H, 3], 3K,
red arrows) and the epithelial basal laminar.

Lectin Staining Reveals Widespread Accumulation
of Glycans in Human Macular and Peripheral
Drusen That are Recapitulated by Porcine
Sub-RPE Deposits

As glycans and glycoproteins have been shown to accumu-
late in drusen recovered from human donor tissue, herein
we employed a panel of lectins and agglutinins to probe

for the presence of polysaccharide and carbohydrate species
within 20-week aged sub-RPE deposits compared to drusen
of human dry AMD donor globes.”"®! The lectins included
in our panel were selected based on having known bind-
ing targets and the likelihood that glycoproteins containing
such moieties may reasonably be expected to accumulate in
either human drusen or sub-RPE deposits. Sambucus nigra
agglutinin (SNA) (Figs. 4A-C) and Limax flavus agglutinin
(LFA) (Figs. 4D-F) were chosen specifically because they
preferentially bind glycoconjugates containing sialic acid or
other sialylated glycans, which are known to be present
throughout the inter-photoreceptor matrix. Similarly, Rici-
nus communis agglutinin I (RCA D (Figs. 4G-1) and peanut
agglutinin (PNA) (Figs. 4J-L) bind galactose-galactosamine
disaccharides or terminal N-acetylgalactosamine residues,
which are enriched in the rod and cone inner/outer
segments.®>% SNA lectin was observed to strongly (Figs.
4A, 4B, white arrows) and specifically (Supplementary Fig.
S4) stain the majority of drusen observed at both macu-
lar and peripheral eccentricates in human AMD globes. It
was also uniformly present throughout sub-RPE deposits
across all three independent porcine RPE isolations (Fig. 4C,
yellow arrows), indicating that sialylated glycans are a key
drusen component and are accurately recapitulated by our
model porcine RPE system. Interestingly, within individual
histological sections, we observed that some large periph-
eral drusen were negative for SNA (Fig. 4B, green arrows),
suggesting that accumulation of sialylated glycans may occur
preferentially in certain drusen subtypes (e.g., soft versus
hard).

LFA lectin similarly stained both human drusen and
porcine sub-RPE deposits, although staining intensity was
lower and the distribution more heterogeneous, especially in
large peripheral drusen (Figs. 4D-F, white arrows), indicat-
ing an asymmetric deposition of glycoconjugates containing
terminal «2,6-linked sialic acid residues.

RCA I-positive material was observed in drusen at periph-
eral locations (Fig. 4G, white arrows) but not macular (Fig.
4H, red arrows), indicating a differential accumulation of
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Ficure 3. Extracellular matrix protein expression in sub-RPE deposits. (A-L) Primary porcine RPE cultured on Transwell membranes and
human tissue was probed for a variety of extracellular matrix and basement membrane proteins including vitronectin (A-C), collagen VI
(D-F), collagen IV (G-I), and collagen V (J-L); corresponding brightfield images are shown. The white arrowbeads indicate areas of increased
vitronectin expression. The yellow arrows indicate areas of decreased vitronectin expression. The white arrows indicate regions of protein
accumulation or aggregation. All tissues were counterstained with Hoechst to visualize nuclei. Scale bars: ~10 nm.

B-linked terminal p-galactose containing moieties across
the retina. Sub-RPE deposits crossed all three independent
preparations of porcine RPE and were observed to uniformly
and strongly stain with RCA I (Fig. 41, white arrows), indicat-
ing that lab grown sub-RPE deposits may more closely mimic
peripheral than macular drusen. By contrast, PNA lectin,
which binds terminal p-galactose residues known to pref-
erentially localize to the extracellular matrix surrounding
cone photoreceptors, was observed to be effectively absent
in all drusen observed in human donor globes regardless of
location (Figs. 4J, 4K, yellow arrows) but was widespread
throughout porcine sub-RPE deposits, despite the absence
of any photoreceptor contribution (Fig. 4L, white arrows).*

We additionally stained using lectins that bind various
oligomannose-type and hybrid- and biantennary-complex—
type N-glycans (concanavalin A [ConA]) or glycoconju-
gates that prominently feature N-acetylglucosamine (Lens
culinaris agglutinin [LCA] and succinylated wheat germ

agglutinin [SWGA]) or branched poly-N-acetyllactosamine
residues (WGA), which have been described previously to
be present in drusen from human AMD donors but the
cellular/tissue origins of which remain uncertain.>' ConA-
positive (Figs. 5A-C, white arrows) and LCA-positive (Figs.
5D-F, white arrows) material was observed in both small
macular and large peripheral drusen and was observed
uniformly across sub-RPE deposits from all three prepara-
tions, indicating that accumulation of oligomannose-rich and
fucosylated N-glycans may be a uniform feature of drusen
regardless of type and is accurately recapitulated in sub-RPE
deposits. By contrast, WGA- and sWGA-positive material was
largely absent from macular drusen but was observed exten-
sively throughout peripheral drusen, albeit with differen-
tial expression patterns, wherein WGA staining was largely
uniform and sWGA staining was punctate throughout large
peripheral basal laminar deposits (Figs. 5G-L, white arrows).
This finding indicates that accumulation of glucosamine-
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Ficure 4. Lectin staining of sub-RPE deposits and human drusen. (A-L) Primary porcine RPE cultured on Transwell membranes and human
tissue was probed with a variety of lectins and agglutinins, including SNA (A-C), LFA (D-F), RCA I (G-I), and PNA (J-L); corresponding
brightfield images are shown. White arrows indicate regions of lectin binding. The white arrowbeads indicate drusen with decreased SNA
binding. All tissues were counterstained with Hoechst to visualize nuclei. Scale bars: ~10 pm.

and lactosamine-containing glycoconjugates may be more a
feature of peripheral (likely hard) drusen and also occurs
in porcine monolayers, where WGA- and sWGA-positive
material was routinely observed across all preparations
(Figs. 51, 5L).

Sub-RPE Deposits in Ex Vivo Monolayers
Demonstrate Limited Calcification

Alizarin Red was used to probe for the presence of calcium
mineralization within sub-RPE deposits and drusen, a hall-
mark of end-stage AMD wherein calcified drusen are
frequently associated with areas of degenerating RPE.*:%5
Interestingly, in the context of previous reports that have
demonstrated the presence of calcium-containing species,
such as hydroxyapatite, throughout human drusen, Alizarin
Red staining did not reveal any obvious positive material in
the macular region of the donor globes (Fig. 6A), although

some signal was observed in human peripheral drusen (Fig.
6B, white arrow). Similarly, although some areas of calcium
deposition were present in porcine sub-RPE deposits, these
were sporadic and uncommon, indicating that 20 weeks of
culture may not be sufficient for mineralization to occur
(Fig. 6C, white arrows).

Lipid Accumulation in Sub-RPE Deposits and
Pores of the Transwell Membrane in RPE
Monolayers More Closely Resembles Human
Macular Drusen

To probe for the presence of polar and neutral lipid species,
such as esterified cholesterol, sections were stained with Nile
red, a vital dye that fluoresces yellow to deep red in the
presence of various lipid species. In sections of human AMD
globes from the macula, diffuse Nile red staining was evident
throughout BrM (Fig. 7A, green arrows), and more punc-
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FIGure 5. Lectin staining of sub-RPE deposits and human drusen. (A-L) Primary porcine RPE cultured on Transwell membranes and human
tissue were probed with a variety of lectins and agglutinins including ConA (A-C), LCA (D-F), sWGA (G-I), and WGA (J-L); corresponding
brightfield images are shown. White arrows indicate regions of lectin binding. All tissues were counterstained with Hoechst to visualize
nuclei. Scale bars: ~10 pm.
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Ficure 6. Calcium deposits in sub-RPE deposits and human drusen. (A-C) Human tissue from macula lutea (A) and periphery (B) and
primary porcine RPE cultured on Transwell membranes (C) were probed for calcium deposits using Alizarin Red stain and are shown with
corresponding brightfield images. The white arrows indicate regions of positive Alizarin Red staining. All tissues were counterstained with
Hoechst to visualize nuclei. Scale bars: ~10 pm.
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Ficure 7. Lipid deposition in sub-RPE deposits and human drusen. (A-C) Human tissue from macula lutea (A) and periphery (B) and
primary porcine RPE cultured on Transwell membranes (C) were probed for lipids using Nile red stain and are shown with corresponding
brightfield images. The white arrows indicate regions of positive Nile red staining. The arrowhbeads indicate enriched lipid staining in BrM.
All tissues were counterstained with Hoechst to visualize nuclei. Scale bars: ~10 um.

tate lipid accumulation was also evident in BLinDs (Fig. 7A,
white arrow) and sub-retinal drusenoid deposits (Fig. 7A,
red arrow). A similar staining pattern was observed in 20-
week-old cultures of primary porcine RPE, wherein punctate
Nile red staining was evident within and on the margins of
the sub-RPE deposits (Fig. 7C, white arrows). Interestingly,
there was also diffuse staining throughout the pores of the
Transwell membrane, strongly suggesting that RPE monolay-
ers basally secrete lipid species. In contrast, Nile red stain-
ing appeared to be absent from human drusen observed at
peripheral eccentricities (Fig. 7, yellow arrows) and did not
exceed background autofluorescence levels throughout the
RPE and BrM (Supplementary Fig. S4). This finding indi-
cates that lipid deposition is more a feature of soft macu-

lar than hard peripheral drusen and that in this important
respect “drusen in a dish” may be more representative of
pathogenic deposits associated with increased risk of AMD
progression.%-8

IMS Reveals Accumulation of Multiple
Very-Long-Chain Ceramide Species at the Margins
of Sub-RPE Deposits

Building upon evidence of lipid deposition provided by our
Nile red staining, we performed IMS in order to accurately
identify the various lipid species that accumulate in sub-RPE
deposits (Fig. 8). The signal at m/z 549.1067 was detected
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IMS analysis of lipid localization in sub-RPE deposits. Brightfield (column 1), autofluorescence (column 2), and MALDI-IMS

(columns 3-6) images of sub-RPE deposits on Transwell membranes. Arrows indicate the locations of deposits. IMS images show signals
specific for the membrane (m/z 549.1067) and lipids surrounding deposits (m/z 616.4747, m/z 687.5482, m/z 715.5789, m/z 799.6718, and
m/z 885.5519). IMS overlays show RPE and deposit signal locations relative to the membrane, visualized using a heatmap with a mass
window of 60 ppm. Identifications were based on accurate mass assignments (mass error = 2.26-5.60 ppm) to lipids in the LIPID MAPS

database, and all ceramide lipids have been reported in neural retina, RPE, and choroid, as well as in drusen and basal laminar deposits.

70,97
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Measured Theoretical Mass Error Human Retina Human Retina Seen in Human
Lipid Mass (m/z) Mass (m/z) (ppm) Mass (m/z)" Location” Deposits?
CerP 34:1 616.4747 616.4712 5.68 616.471 RPE, choroid Yes
CerPE 36:1 687.5482 687.5447 5.09 687.543 RPE, choroid Yes'
CerPE 38:1 715.5789 715.5760 4.05 715.576 RPE, HFL, INL Yes'
2MeN-CerPE 42:1 799.6718 799.6694 3.00 799.667 RPE Yest
PI 38:4 885.5519 885.5499 2.26 885.549 RPE, HFL, ONL, GCL No

Summary table describes the lipid species and actual mass measured via IMS in sub-RPE deposits in porcine RPE monolayers with
reference to theoretical mass based on a given error. Also listed are previously reported locations of these species in human drusen based
on the cited works. GCL, ganglion cell layer; HFL, Henle fiber layer; INL, inner nuclear layer; ONL, outer nuclear layer.

in the region of the membrane and served as a guide in
the IMS overlay images to visually observe signals above the
membrane due to deposit formation. The ceramides (Fig.
8, Table 2) included ceramide—phosphate (CerP 34:1 at m/z
616.4747) and ceramide-phosphatidylethanolamines (CerPE
36:1 and CerPE 38:1 at m/z 687.5482 and m/z 715.5789,
respectively). Two additional signals were detected at m/z
799.6718 and m/z 885.5519, corresponding to 2MeN-CerPE
(42:1) and PI (38:4), respectively; however, the former signal
is likely due to fragmentation of sphingomyelin (42:1)
during the MALDI process.”” In line with the Nile red
staining and our previously published RPE culture proto-
col, detectable signals corresponding to the accumulation
of lipid species (i.e., ceramides) appeared only at the
margins of the sub-RPE deposits, with no signals detectable
within the deposits themselves. Although we were unable
to perform IMS directly on the human donor globes due
to differences in fixation protocols, with the exception of
PI 38:4, all of these ceramide species have previously been
reported to be present in ocular tissues, including the neural
retina, RPE, and choroid (summarized in Table 2) and
have been observed in human drusen and basal laminar
deposits.”®

DiscussioN

Due to its complex nature, wherein disease onset and
progression are impacted by multiple environmental and
genetic risk factors, the dry form of AMD has proven partic-
ularly difficult to accurately model in a research environ-
ment. Although several animal models have been devel-
oped that recapitulate certain aspects of AMD pathology,
including sub-RPE basal linear/laminar deposits, comple-
ment dysregulation, hypo-/hyperpigmentation, photorecep-
tor/RPE atrophy, and inflammation, no model fully encom-
passes all aspects of AMD disease progression.®19-22:25
A problem facing the development of novel therapeutics
targeting pathogenic accumulation of drusen within the
central retina, such as gene or cell therapies aimed at reduc-
ing druse volume, is that rodent models—which are most
commonly utilized due to their small size, low maintenance
costs, and ease of genetic manipulation—are anatomically
dissimilar from humans. Specifically, they do not possess a
fovea, and the rod-dominant mouse/rat retina more closely
resembles the human near-periphery in terms of rod-to-
cone ratio (30:1).2>°%7! Furthermore, the accumulation of
basal linear/laminar deposits in transgenic animal models,
such as complement knockout (e.g., Cfh™/~) or chemokine
knockout (Ccr12™/~ or Cx3crl™~) mice or wild-type aged
animals, including NHPs, takes years (>12-16 months) or

decades (>15 years) to occur, effectively limiting their util-
ity for even low-throughput screening of new therapeutic
approaches.?572-74

As a consequence of these limitations, our research group
and others have focused on the development of cell culture
models of dry AMD, which if properly characterized may
offer a cost-scalable and manipulatable model system that
can be used for high-throughput screening of novel AMD
therapeutics before progression to preclinical animal stud-
ies. These systems typically consist of RPE cell monolay-
ers grown on a porous support, such as a PET membrane,
and are cultured with or without additives (e.g., rod outer
segments, nicotinamide) over a period of several weeks.
The majority of studies have been performed using ARPE-
19 cells, a spontaneously arising immortalized line, which
have been used to study epithelial-mesenchymal transition,
complement activation, phagocytosis defect, and inflamma-
tory processes, all of which have been implicated in AMD
disease progression.>$7>-8! However, in recent years, it has
been recognized that there are numerous disadvantages
to the use of this cell line, including an abnormal kary-
otype, poor phenotypic fidelity, and an altered transcrip-
tomic/proteomic profile that differentiate it from human
primary RPE cells.3482.83

As a consequence, our group and others have focused on
the use of either iPSC-derived or primary RPE cells harvested
from donor globes. Although ideally such studies would
exclusively utilize human primary RPE to maximize clinical
relevance, human donor globes are costly, relatively scarce
(especially when a confirmed diagnosis of AMD is required),
and often not viable for culture due to longer than ideal (>6
hours) postmortem time to recovery.>*~% We have instead
built upon several previous studies by culturing primary
RPE from porcine globes—which are inexpensive and read-
ily available from any abattoir—as a model for AMD. Follow-
ing on from our recently published study that detailed the
dynamics of sub-RPE deposit accumulation in porcine RPE
monolayers over a period of 6 months using repetitive vital
lipid staining and cross-sectional immunohistochemistry to
probe for major protein components (e.g., CFH, ApoE, Apo)),
we selected the 20-week time point to perform a more
detailed characterization of sub-RPE deposit contents.>
Specifically, we wished to further describe the protein, lipid,
and glycoprotein contents of spontaneously accumulating
sub-RPE deposits by combining multiple histopathological
approaches with IMS, with a view to determining whether
they are truly representative of human primary drusen in dry
AMD and whether sub-RPE deposits more accurately reca-
pitulate either macular soft or peripheral hard drusen. Our
goal was to better delineate whether such “drusen-in-a-dish”
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model systems derived from primary animal tissues could
be utilized to screen novel therapies targeting either drusen
deposition of clearance, such as ApoE-I mimetic peptides, or
complement inhibitors. 88485

Sub-RPE deposits that spontaneously accumulate in
primary porcine monolayer cultures were observed
to express numerous known components of primary
human drusen, including multiple complement proteins,
apolipoproteins, glycans, and extracellular matrix proteins.!”
Importantly, despite being an artificial model system with
the only organic components being the RPE cells and the
presence of fetal bovine serum in the media, the distribution
of several protein/glycan species was remarkably similar
between porcine RPE cultured on PET membranes and
primary RPE in situ on BrM. For example, vitronectin stain-
ing was evident throughout the RPE, drusen, and choroid
in human globes and was similarly distributed throughout
the sub-RPE deposits and pores of the PET membrane in
porcine cultures (Fig. 3), indicating that the model system
effectively mimics vitronectin deposition and secretion
into drusen and across BrM, which has been implicated in
AMD development.®-%8 Similarly, apolipoproteins, which
have been reported by numerous groups using histology
and mass spectrometry to be highly enriched in human
drusen, were observed almost uniformly in both human
donor globes at macular and peripheral eccentricities and
in sub-RPE deposits across the monolayer.

There were several components, however, such as colla-
gen types IV and V, that showed major differences between
cultured sub-RPE deposits and human drusen, such as when
both were absent in donor eyes, despite collagen species
being reported previously in basal lamina deposits and the
epithelial basal laminar.® Although collagen IV and VI have
been shown to play roles in AMD disease pathology, it is
possible that collagen aggregates are not common within
human basal laminar or linear deposits, usually remaining
within or below BrM, and so were not observed in our
specific tissue samples.®*:°°-92 In contrast, large aggregations
of collagen type IV and V were documented in primary
porcine sub-RPE deposits. Although the nature of these
deposits is currently unknown, widespread accumulation of
various collagen species indicates aberrations in extracel-
lular matrix deposition and trafficking and may potentially
be associated with cellular senescence. Alternatively, these
deposits may be a byproduct of the highly artificial nature of
culturing RPE in monolayers on porous supports, where the
composition of the surrounding media (the likely origin of
the materials that ultimately accumulate in sub-RPE deposit)
differs substantially from the local environment in situ in the
eye.

Although utilizing immunohistochemistry, lectins stains,
and the lysochrome dye Nile red to characterize the compo-
sition of sub-RPE deposits in porcine monolayers versus
human donor globes is a relatively low-technology solu-
tion that is able to provide only qualitative information as
to composition, it has the distinct advantage of being able
to preserve spatial information regarding the composition
of drusen relative to ocular location or membrane posi-
tion. This is in contrast to techniques such as traditional
bulk mass spectrometry, which can determine the relative
compositions of peptides or lipids but typically does so
by sampling drusen recovered from multiple regions across
multiple donor globes (or membranes). In this manner, we
were able to determine, for the first time to the best of
our knowledge, that sub-RPE deposits across the membrane
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are relatively heterogeneous, with some more closely resem-
bling peripheral or macular drusen from humans. One possi-
ble explanation for the observed mix of sub-RPE deposit
compositions across the culture monolayers may stem from
the method by which primary RPE is harvested in bulk
from multiple globes before being cultured. Specifically,
each of the three independent preparations of RPE mono-
layers utilized in this study involved the enzymatic isolation
and pooling of RPE cells recovered from approximately 50
porcine globes, meaning that each monolayer was a hetero-
geneous mix of RPE cells taken from across the globe with-
out regard for location and so may exhibit either central or
peripheral phenotype when depositing materials that subse-
quently accumulate into sub-RPE deposits.

As lectin and agglutinin binding has been documented
and well characterized in human drusen, this tool was also
employed to further characterize the compositional simi-
larities of primary porcine sub-RPE deposits and human
drusen.’"°! In many cases, lectins and agglutinins that have
been documented to stain human drusen have also stained
porcine sub-RPE deposits with similar binding patterns
(LCA, ConA, RCA I, LFA, WGA, and sWGA). However, both
SNA and PNA revealed differential patterns of staining, with
both being more consistently observed in sub-RPE deposits
than in human drusen. This is particularly interesting in the
case of PNA lectin, which has been demonstrated not to bind
to soft or hard drusen in human eyes but stained positively
in primary porcine sub-RPE deposits. That this occurred
despite the absence of photoreceptors in our culture system
to provide a source of terminal p-galactose residues, which
are enriched in the cone outer segment sheath, provides
further evidence that drusen accumulation in both human
AMD eyes and ex vivo culture models occurs independently
and that drusen components are derived only from the RPE
and underlying choroidal circulation, rather than contain-
ing recycle material from spent outer segment discs. The
accumulation of p-galactose containing glycoproteins in sub-
RPE deposits, but not in human drusen, does however serve
to highlight that ex vivo culture systems, although one of
the best tools we have for studying drusen pathobiology in
AMD, do not perfectly recapitulate the human disease envi-
ronment, resulting in distinct compositional differences that
must be accounted for when proposing the use of any ex
vivo model for screening novel therapeutics.

IMS was employed to investigate in detail the spatial
distribution of lipid species within the sub-RPE deposits
accumulating under the cultured porcine monolayers, and
it clearly showed specific lipids surrounding the deposits
above the Transwell membrane. A majority of the observed
signals corresponded to ceramides, a class of biologically
active lipids known to be involved in cell differentiation and
migration inflammation, apoptosis, autophagy, and endo-
plasmic reticulum stress, among other functions, and which
have been observed previously in the human drusen and
BLinD (unpublished data courtesy of Kevin Schey, Vander-
bilt University).”>?>%% Furthermore, ceramide dysfunction
has been implicated in a number of diseases, including
cancer, heart disease, multiple sclerosis, and age-related
disease.”? Interestingly, the species observed in this study are
characterized as long-chain ceramides, which, despite being
some of the most abundant types of ceramides detected by
animal or human cells, have very unclear physiological roles
in both normal tissue homeostasis and disease. As such it
is not possible to determine the importance of such long-
chain ceramides in the formation or maintenance of drusen
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TaBLe 3. Comparison of Human Drusen and Sub-RPE Deposit Composition

Macular Drusen (MD)

Peripheral Drusen (PD)

Sub-RPE Deposits (SRDs) SRD Resemblance

Antibody
C9 +++ +++
CFH — —
CHI +++ +++
ApoE ++ +++
ApoJ ++ +++
Vitronectin +, S 44+
Collagen VI ++ ++
Collagen IV —
Collagen V — _

Lectin
SNA +++ +
LFL T+t +
RCAI — ++
PNA —_ —
ConA +++ +++
LCA + +
SWGA + 4+
WGA + 4+

Dye
Alizarin Red — +
Nile red ++, S

+++ MD and PD
+,S None
+++ MD and PD
+++ PD > MD
+++ PD > MD
+,S MD
++, S MD and PD
++4 None
+++ None
+++ MD > PD
++ MD > PD
+++ PD
++4 None
+++ MD and PD
+ MD and PD
++ PD > MD
++ PD > MD
+ PD
++, S MD

Qualitative abundance of each protein or lectin positive materials in human macular drusen, human peripheral drusen, and ex vivo
porcine sub-RPE deposits (SRDs). + indicates rare or sporadically observed in MD, PD, or SRDs; ++, commonly observed in majority of
MD/PD/SRDs; +++, homogeneously or uniformly expressed in MD, PD, or SRDs; S, likely secreted and observed within BrM (MD or PD)
or Transwell membrane (SRDs); —, absent or indistinguishable from background autofluorescence; >, SRDs more closely resemble either

MD or PD; none, SRDs do not resemble either MD or PD.

in human eyes with AMD or sub-RPE deposits in our model
culture system.”>? It should also be noted that, whereas
IMS is able to accurately (mass error = 2.26-5.60 ppm)
identify individual species of lipids and demonstrate their
spatial distribution within the tissue, the technique does not
provide information regarding the absolute abundance of
each lipid species, which cannot be inferred from signal
intensity alone. As such, although our data strongly indicate
that long-chain ceramides are present in porcine sub-RPE
deposits, further experiments using liquid chromatography—
tandem mass spectrometry would be required to quantify
the abundance of each species and so determine whether
they represent trace elements or major constituents of sub-
RPE deposits and human drusen. One intriguing observa-
tion from the imaging mass spectrometry data however, is
that all the ceramide species appear to surround rather than
be located within the sub-RPE deposits. While the reason
behind this spatial localization is also unclear, it potentially
indicates that ceramides or other sphingolipid species may
be forming a membrane or hydrophobic barrier surround-
ing the inner protein/glycoprotein/mineral-containing core
of the deposit.

Based on the totality of the immunohistochemical and
IMS data collected as part of this study, it is clear that
porcine sub-RPE deposits do not specifically mimic either
macular or peripheral drusen but instead express proteins,
glycoproteins, and lipid species that are observed in both
soft macular and hard peripheral drusen (Table 3). This
finding is perhaps unsurprising, because many components
are apparently present in both types of drusen, includ-
ing C9; CFI; collagen VI; oligomannose-type, hybrid-type,
and biantennary complex-type N-glycans (ConA); and N-
acetylglucosamine glycoconjugates (LCA), so they would
also be expected to be present in laboratory-grown sub-RPE

deposits. Given that monolayers are created from dissoci-
ated suspensions of RPE cells harvested enzymatically from
across the globe without regard to eccentricity and are plated
together, it is also unsurprising that the composition of sub-
RPE deposits across each well is relatively heterogeneous,
with some deposits closely resembling lipid-containing soft
macular drusen (e.g., Nile red positive) and other semi-
calcified hard peripheral drusen (e.g., Alizarin Red positive).
As a consequence, if “drusen-in-a-dish” model systems are
to be maximally useful for screening therapeutic molecules
aimed at altering drusen formation or accumulation, it may
be necessary to modify the current culture protocol. Sub-RPE
deposits could be forced to more closely resemble the target
drusen population—such as by supplementing cultures with
lipids to drive formation of more soft macular-reminiscent
deposits—or RPE cells could be isolated from specific areas
of the globe during enzymatic recovery, such as from under-
neath the porcine visual streak only.

One obvious limitation of the “drusen-in-a-dish” model
as presented here is the time scale (20 weeks) over which
monolayers are cultured before being harvested for immuno-
histochemistry and IMS, which may limit the utility of the
model for high-throughput screening of novel therapeutics
aimed at modulating drusen contents. The 20-week time
point used in this study was selected based on a recently
published work by our group that described the kinetics of
sub-RPE deposit accumulation over a 24-week time course
that revealed deposit number and area peak around 20
weeks.”> Although it may be possible to select an earlier
time point for read-out with the understanding that fewer
sub-RPE deposits will be present for analysis, ideally it
would beneficial to investigate methodologies to acceler-
ate deposit formation, which may potentially be achieved
through manipulation of the culture media to include higher
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concentrations of relevant lipid or protein species, for exam-
ple. However, although these studies would greatly improve
the usability of the described “drusen-in-a-dish” system, they
fall outside the scope of the current study.

Another limitation of the current study is that we were
only able to directly compare the composition of sub-RPE
deposits to hard and soft drusen identified in a pair of globes
recovered from a single human donor. The small sample
size was primarily driven by our desire to compare sub-
RPE deposit composition to human drusen from a donor
with confirmed dry AMD but without other ocular complica-
tions (e.g., choroidal neovascularization, diabetic retinopa-
thy) in order to maximize the likelihood of resolving drusen
in situ without confounding tissue damage caused by unre-
lated pathologies. Although we feel adherence to such strict
inclusion criteria was necessary to the goals of this study
(where we needed to be able to accurately identify drusen by
type and location), it severely limited our donor pool. Never-
theless, given that the majority of druse contents observed
in this study have been observed in other published stud-
ies assessing the protein, glycoprotein, or lipid contents of
human drusen, we do not feel that the small sample size
detracts from the overall generalizability of our findings that
porcine sub-RPE deposits are compositionally highly similar
to primary human drusen.

In conclusion, the authors believe that this study repre-
sents the most comprehensive characterization of a “drusen-
in-a-dish” model system to date and confirms that sub-RPE
deposits grown in a laboratory environment by monolayers
of primary RPE cells show a high degree of compositional
similarity to macular and peripheral drusen observed in
human AMD. Importantly, sub-RPE deposits grown ex vivo
occur spontaneously and consistently, potentially allowing
these model systems to be used to probe questions relating
to the pathobiology of drusen formation or screen the effects
of novel therapeutics aimed at modulating drusen accumu-
lation/clearance in a controlled environment and without
reliance on scarce human donor tissue. Although accumu-
lation of sub-RPE deposits occurs relatively rapidly (over
several weeks) compared with in vivo formation in human
AMD patients (where it occurs over decades), future studies
may be necessary to try to accelerate the formation of sub-
RPE deposit formation through manipulation of the culture
system, such as through feeding monolayers with specific
protein (e.g., complement components) or lipid (e.g., ester-
ified cholesterol species) components in the media in order
to increase the throughput of the model.
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