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ZUSAMMENFASSUNG

Zusammenfassung

Im Menschen basiert das hochaufgeloste Sehen auf einer spezialisierten anatomi-
schen Struktur der Netzhaut, der sogenannten Makula. Obwohl sie nur einen
Durchmesser von 5,5 mm hat, ist die Makula unentbehrlich fiir Sehvorgiange bei
denen ein Objekt fixiert wird, wie zum Beispiel beim Lesen oder dem Erkennen
von Gesichtern. Ein Verlust der Makula fiihrt daher bei Betroffenen zu starken
Einschrankungen im Alltag, auch wenn das periphere Sehen erhalten ist und so

zumindest eine raumliche Orientierung noch moglich ist.

Makuladegeneration tritt fiir gewohnlich entweder als multifaktorielle Alterser-
krankung (altersbedingte Makuladegeneration, AMD) oder aber als vererbte, sel-
tene Erkrankung auf (die haufigste ist dabei Morbus Stargardt, STGD1). AMD
kann in eine ,feuchte“ (exudative) Form und eine ,trockene“ (nicht-exudative)
Form unterteilt werden. Die feuchte Form ist charakterisiert durch die Neubildung
von BlutgefiBen mit dadurch bedingter Odembildung und Einblutungen, wihrend
die trockene Form durch eine ortliche Degeneration von Photorezeptoren, retina-
len Pigmentepithelzellen und des versorgenden Kapillarbetts gekennzeichnet ist.
Der erbliche M. Stargardt hat ein dhnliches klinisches Bild wie die trockene AMD,
obwohl die zugrundeliegenden Krankheitsmechanismen unterschiedlich sind. Bis-
lang sind sowohl AMD, als auch M. Stargardt nicht heilbar. Da die feuchte AMD
aber von einen Uberschuss an Wachstumsfaktoren, wie z. B. dem vascular endo-
thelial growth factor (VEGF), begleitet ist, erlaubt eine wiederholte intravitreale
Gabe von anti-VEGF Therapeutika die akuten, durch das Odem bedingten Sehsto-

rungen zu beseitigen und den Krankheitsverlauf zu verlangsamen.

Die vorliegende Doktorarbeit beschiftigt sich mit den pathologischen Verande-
rungen und der pharmakologischen Therapie der Makuladegeneration und unter-
sucht dabei drei Aspekte:

1) Licht- und elektronenmikroskopische Untersuchung der Pathomechanis-
men bei AMD und M. Stargardt anhand von menschlichem Spendermateri-
al bzw. von drei Stargardt Mausmodellen

2) Aufklarung der subzellularen Ursprungs der Nahinfrarot-Autofluoreszenz
(NIR-AF), die zur Diagnostik und Verlaufsbeobachtung bei retinalen Er-
krankungen wie AMD und M. Stargardt eingesetzt wird
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3) Untersuchung der unerwiinschte Arzneimittelwirkungen auf ultrastruktu-
reller Ebene nach der intravitrealen Gabe von anti-VEGF Wirkstoffen fiir
die Behandlung der feuchten AMD

Eine licht- und elektronenmikroskopische Untersuchung von menschlichem Au-
gengewebe mit und ohne AMD zeigte, dass sowohl in der trockenen, als auch der
feuchten Form der AMD, der Verlust der Choriocapillaris, dem versorgenden Ka-
pillarbett, der retinalen Degeneration vorausgeht. Diese Studie beantwortete die
lange unbeantwortete Frage welches retinale Gewebe bei der AMD zuerst degene-
riert. Der Verlauf von M. Stargardt wurde mit Hilfe von 3 haufig verwendeten
Stargardt Mausmodellen untersucht. Diese Untersuchung zeigte auffillige patho-
logische Veranderungen, die aber nur in einem albino und nicht in zwei pigmen-
tierten Mausmodellen auftraten. Dies unterstreicht den vorteilhaften Einfluss, den

okulares Melanin womoglich auf die Krankheitsauspragung hat.

Weiterhin konnte gezeigt werden, dass NIR-AF keine intrinsische Eigenschaft von
Melanin ist, wie bislang angenommen wurde, sondern vielmehr eine Konsequenz
von Melaninschidigung aufgrund von Licht und/oder oxidativem Stress. Weiter-
hin stellte sich heraus, dass NIR-AF nicht nur von Melanosomen, sondern auch
von Lipofuszin, einem Nebenprodukt des Sehzyklus, das sich im Alter oder bei
bestimmten Krankheiten im retinalen Pigmentepithel ansammelt, herriihren
kann. Diese Erkenntnisse sind sowohl fiir die Aufklairung der Pathomechanismen
bei Melanin- und Lipofuszin-assoziierten Krankheiten, als auch fiir die Verbesse-

rung der NIR-AF basierten Diagnostik relevant.

Dariiber hinaus legten friihere ultrastrukturelle Untersuchungen von unerwiinsch-
ten Arzneimittelwirkungen des Immunglobulin G (IgG)-basierten anti-VEGF
Wirkstoffes Bevacizumab nahe, dass das IgG-Fc Fragment (engl. fragment
crystallisable) an der Entstehung der beobachteten unerwiinschten Wirkungen
beteiligt ist. Dies wurde anhand von Studien bestitigt, bei denen ultrastrukturelle
Veranderungen nach intravitrealer Gabe von anti-VEGF Wirkstoffen mit und ohne
Fc Fragment in Affenaugen bzw. nach intravitrealer Gabe von isoliertem Fc Frag-
ment in Rattenaugen untersucht wurden. Diese Arbeiten unterstreichen die Rolle
des Fc Fragments bei unerwiinschten Arzneimittelwirkungen von IgG-basierten

pharmakologischen Wirkstoffen, die in der Augenheilkunde Anwendung finden.
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Zusammengefasst untersucht die vorliegende Doktorarbeit Schliisselereignisse im
Pathomechanismus der AMD (Reihenfolge des Gewebeverlustes) und des M. Star-
gardt (angedeutete Schutzwirkung des Melanins), klart die subzellulare Herkunft
des NIR-AF Signals auf, das fiir augenheilkundliche Diagnostik und Verlaufsbe-
obachtung herangezogen wird, und bestatigt die Beteiligung des Fc Fragments an
unerwiinschten Arzneimittelwirkungen, die nach der intravitrealen Gabe von anti-
VEGF Wirkstoffen beobachtet wurden.




SUMMARY

Summary

In humans, high-resolution vision relies on a specialised anatomical structure of
the retina, the so called macula. While only 5.5 mm in diameter, the macula is in-
dispensable for visual tasks depending on visual fixation of an object, such as read-
ing and facial recognition. Loss of the macula therefore heavily impairs affected
individuals, even though peripheral vision is not inhibited and spatial orientation

is still possible.

Macular degeneration usually arises either as multifactorial age-dependent disease
(age-related macular degeneration, AMD) or as rare hereditary disease (the most
common one being Stargardt disease, STGD1). AMD can be sub-classified in a
“wet” (exudative) form that is characterised by neovascularisation with collateral
oedema and bleeding, and a “dry” (non-exudative) form defined by local degenera-
tion of photoreceptors, retinal pigment epithelium cells and the supporting capil-
lary bed. Inherited Stargardt disease has a similar clinical presentation to dry
AMD, even though the underlying disease mechanisms differ. To date, no cure for
AMD or Stargardt disease is available. However, since wet AMD is accompanied
with a surplus of growth factors, e.g. vascular endothelial growth factor (VEGF),
the repeated intravitreal application of anti-VEGF therapeutics allows for a rever-
sal of acute visual distortions due to oedema and a reduction of disease progres-

sion.

This thesis deals with the pathologic processes and pharmacological therapy of

macular degeneration and therefore investigates three aspects:

1) pathomechanisms in AMD and Stargardt disease, investigated by light- and
electron microscopy on human donor samples and three Stargardt mouse
models, respectively

2) resolving the subcellular origin of near-infrared autofluorescence (NIR-AF)
used in diagnostics and monitoring of retinal diseases, such as AMD and
STGD1

3) adverse events on the ultrastructural level after intravitreal use of anti-

VEGF compounds for treatment of wet AMD

A light and electron microscopic investigation of human ocular tissue with and

without AMD revealed that a loss of choriocapillaris, the nourishing capillary bed
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underneath the retina, precedes retinal degeneration in both the wet and the dry
form of AMD. This study answered the open question of which retinal tissue is the
first to degenerate in AMD. Stargardt disease progression was investigated in three
commonly used Stargardt mouse models and revealed distinctive pathologic
changes only present in an albino, but not in two pigmented mouse models, high-

lighting the potential beneficial impact of ocular melanin in disease modulation.

NIR-AF was shown to not be an intrinsic property of melanin, as previously
thought, but rather a consequence of melanin damage due to photic and/or oxida-
tive stress. Furthermore, NIR-AF was found to not only stem from melanosomes,
but also partly from lipofuscin, a byproduct of the visual cycle that accumulates
with age and/or disease in the retinal pigment epithelium. These findings are rele-
vant for both elucidating the pathomechanisms in melanin- and lipofuscin-

associated retinal diseases and the refinement of NIR-AF based diagnostics.

And lastly, previous ultrastructural investigations of adverse events of the immu-
noglobulin G (IgG)-based anti-VEGF compound bevacizumab suggested that the
fragment crystallisable (Fc) unit is involved in the development of said adverse
events. This was confirmed by studies analysing ultrastructural changes after in-
travitreal application of anti-VEGF compounds with and without Fc fragment in
monkey eyes and intravitreal application of isolated Fc fragments in rat eyes.
These works emphasize the role of the Fc fragment in adverse events of IgG-based

pharmacological compounds used in ophthalmology.

To conclude, the present thesis investigates key events in the pathomechanisms of
AMD (order of tissue loss) and STGD1 (indicated protective role of melanin), iden-
tifies the subcellular origin of the NIR-AF signal used in ophthalmologic diagnos-
tics and disease monitoring and confirms the involvement of the Fc fragment in

adverse events observed after intravitreal application of anti-VEGF compounds.
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INTRODUCTION

1 Introduction

1.1 Ocular anatomy

The mammalian eyeball is enclosed by a three-layered wall consisting of the exte-
rior fibrous tunic (subdivided into cornea and sclera), the uvea in the middle (con-
sisting of choroid, ciliary body, iris) and the retina, the innermost layer (Fig. 1).
The space inside the eyeball between lens and retina is filled by a clear, gelatinous

mass called vitreous body.
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Figure 1: Schematic view of the primate eye (not to scale). Own work.

The retina is a highly organised nervous tissue consisting of light-sensitive photo-
receptor cells, bipolar, horizontal and amacrine cells that are the first processing
unit for the visual signal, Miiller glia that are essential for structural integrity and
light transmission and ganglion cells that transmit the visual signal towards the
brain (Fig. 2). The big vessels of the retinal vasculature can be found in the inner-
most layers, the nerve fibre layer and the ganglion cell layer, while retinal capillar-

ies can be found above and below the inner nuclear layer.

There are two types of photoreceptors: rod cells that function in low-light condi-
tions and mediate night vision and cone cells that function in bright-light condi-
tions and are responsible for colour vision. Both photoreceptor types are not
equally distributed in the human retina. While rods are mostly present in the pe-
ripheral part of the retina, cones are predominantly found in the central parts. An
outstanding anatomic feature of the primate central retina, that also has the high-

est density of cones, is the macula that will be described below in section 1.3.
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A specialised subunit of the photoreceptor cell, the so-called outer segment, con-
tains 1000 — 2000 stacked discs. In rod cells, these discs are separate and not
connected to the plasma membrane, while in cone cells, the discs are continuous
invaginations of the plasma membrane. In the disc membranes, the visual pig-
ments, the most well-known being rhodopsin in rods, and further auxiliary pro-
teins are located.
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Figure 2: Schematic view of the human retina and underlying structures (not to scale). Own work,
partially based on data published in [7].
The photoreceptors and the underlying retinal pigment epithelium (RPE) form a

functional unit (reviewed in [8]). The main functions of the RPE comprise:

- The visual cycle, the “recycling” of all-trans-retinal released by the photore-
ceptors after photo transduction to 11-cis-retinal that can be reused to form
new visual pigments (reviewed in [9]).

- Formation of the outer blood-retina barrier while transporting water and

lactate from the retina to the blood and nutrients like glucose and do-
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cosahexaenoic acid from the blood to the retina. In fact, recent findings in-
dicate that RPE and photoreceptors share a “metabolic ecosystem” in which
the RPE transports glucose to the photoreceptors that convert it to lactate
by glycolysis; the lactate is then partly used by Miiller cells and the RPE as
fuel [10].

- Phagocytosis of photoreceptor outer segment tips that are shed as part of
the continual renewal of the outer segment. Since photoreceptor outer seg-
ments contain high levels of photosensitive material like polyunsaturated
fatty acids and are exposed to intense light levels each day, photo-damaged
material can accumulate. Thus, outer segment tips are shed each morning
after light onset and phagocytosed by the RPE, while the outer segment is
replenished at its base (reviewed in [11]). A complete renewal of the outer
segment is thereby achieved within 10 days [12]. Since each adult human
RPE cell covers about 35 photoreceptors, it is estimated that each RPE cell
phagocytoses hundreds of thousands outer segment discs during its lifetime
[11].

- Secretion of a variety of growth factors such as fibroblast growth factors,
pigment epithelium-derived factor, ciliary neurotrophic factor, platelet-
derived growth factor, vascular endothelial growth factor, tissue inhibitor
matrix protease, complement factor H, interleukin 8 and monocyte chemo-
tactic protein 1 among others. These factors are closely regulated in the
healthy eye to ensure the stability of the photoreceptors, the stability of the
supplying capillary bed (the so-called choriocapillaris, see below) and the

immune modulation.

The RPE forms a cuboidal monolayer and gained its name “pigment epithelium”
from the fact that the RPE cells are highly pigmented. An overview over the RPE

pigmentation will be given in section 1.2.

The RPE is situated on Bruch’s membrane, which is not a membrane in the molec-
ular biological sense, but in the histological sense; it is composed of 5 distinct lay-
ers of extracellular matrix material as illustrated in Fig. 3: 1) the basement mem-
brane of the RPE, 2) the inner collagenous zone, 3) the central band of elastic fi-
bres, 4) the outer collagenous zone and 5) the basement membrane of the endo-
thelial cells of the choriocapillaris. With age, undegradable material beneath the

RPE can accumulate either between the plasma membrane and the basement

10
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membrane of the RPE (basal laminar deposits) or between the basement mem-
brane of the RPE and the inner collagenous zone (basal linear deposits) [13]. The
latter type of deposit can form so-called drusen that are big enough to be observa-
ble by funduscopy and, when being large or present in high numbers, can be asso-

ciated with age-related retinal disease, as will be expanded on in section 1.4.1 [13,

14].
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Figure 3: Schematic view of the choriocapillaris/RPE/photoreceptor-interface (not to scale). RPE
cells contain melanin (black), lipofuscin (yellow-orange) and melanolipofuscin (yellow-orange with
black core) granules in the apical part of the cytoplasm. Microvilli contain elongated spindle-shaped
melanin granules. Bruch’s membrane consists of five distinct layers (for details, please refer to the
main text). Fenestration of choriocapillaris predominantly exists on the RPE-side of the vessels

(arrowheads). Own work.

Directly beneath Bruch’s membrane, the choriocapillaris, a capillary bed, is locat-
ed. The choriocapillaris supplies approximately 50% of the needed oxygen during
dark adaption [15]. To facilitate this, the blood flow rate in the choriocapillaris is

remarkably high and the vessels are fenestrated (Fig. 3). Since the retina is one of

11
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the most metabolically active tissues in the human body with a high oxygen con-
sumption, a generous supply of oxygen and nutrients from the choriocapillaris al-
lows for a less dense retinal vasculature hence reducing light scattering effects by

retinal blood vessels.

Photoreceptors, RPE, Bruch’s membrane and choriocapillaris share a mutualistic
relationship: impairment/loss of one structure leads to impairment/loss of the
other structures [16]. The choriocapillaris marks the beginning of the choroid that
consists of connective tissue, blood vessels and melanocytes with melanosomes.
The melanin in the melanocytes is assumed to have two main functions: reducing
uncontrolled scattered light that might result in disrupted perception and acting as
an antioxidant, since the choroid is highly perfused due to the high oxygen need of
the retina. However, in many vertebrates, part of the choroidal pigmentation is
missing and replaced by a special structure named tapetum lucidum, which re-
flects light in a controlled manner and supports superior night vision in these spe-

cies (reviewed in [17]).

1.2 Pigmentation of the retinal pigment epithelium

The RPE differs from all other pigmented cells in its embryonic origin: while mel-
anocytes (including the melanocytes of the choroid) are derived from the neural

crest, the RPE is derived from the neural ectoderm [18].

Most melanised tissues, such as hair and skin, express tyrosinase, the canonical
key enzyme of melanogenesis, over the entire lifespan and therefore can continu-
ously synthesise melanin. In the RPE however, tyrosinase-expression was only
found pre-natal (reviewed in [19]) and thus, according to established scientific
doctrine, there is no melanin biosynthesis in the RPE after birth [20-22]. Howev-
er, post-natal melanin biosynthesis has been described in several species [19, 23-
26] and tyrosinase-independent melanin biosynthesis in RPE cells was seen in
vitro [27].

RPE melanosomes are located both within the cell body and within the microvilli
that encircle the photoreceptor outer segments (Fig. 3). Melanosomes can be spin-
dle-shaped (in microvilli, cell body) or spherical (only in cell body). The amount of
melanin in the RPE in humans is independent of race [28]. In the past, it was as-
sumed that human RPE melanin exclusively consists of the dark-brown/black

eumelanin, but at least for Caucasian donors it was shown that RPE melanin also
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contains small amounts of pheomelanin, a red-coloured melanin type [29]. Ocular
melanin has a variety of functions, including scavenging of extra light and reactive
oxygen species [18, 22, 30], and its anti-oxidative properties are well documented
[31-34]. However, once melanin ages, its former anti-oxidative character switches

to pro-oxidative [35-37].

@ all-trans-retinal ‘ bisretinoid precursor
@ all-trans-retinol R phosphatidylethanolamine

w N-retinylidene-phosphatidylethanolamine

Figure 4: Scheme of proposed bisretinoid synthesis in the photoreceptor disc. All-trans-retinal (at-
RAL, light blue) is released from opsin (green) into the disc membrane of the photoreceptor. atRAL
can either go to the cytoplasmic leaflet, where it is reduced by retinol dehydrogenase 8 (RDHS,
magenta) to all-trans-retinol (atROL, orange) or it can go to the luminal leaflet where it binds to
phosphatidylethanolamine (purple) forming N-retinylidene-phosphatidylethanolamine (NretPE) via
Schiff-base formation. In the presence of functioning ATP-binding cassette A4 (ABCA4, cyan),
NretPE is flipped to the cytoplasmic leaflet and atRAL can dissociate and is reduced by RDHS8 to
atROL. When no functioning ABCA4 is present, NretPE accumulates and can spontaneously react

with atRAL to form a bisretinoid precursor molecule (dark blue). Modified from [38].

During life, an additional pigment, the so-called age-pigment lipofuscin accumu-
lates within the RPE. In general, lipofuscin is considered to be a complex mixture
of undegradable proteins and lipids that accumulates within the lysosomes of
post-mitotic cells such as heart muscle cells and neurons [39]. It is characterised
by its yellow-brown colour and a typical golden-orange autofluorescence. Howev-
er, RPE lipofuscin was shown to contain only minimal amounts of protein and in-
stead consisting mostly of lipids [40]. The major lipid components are bisretin-
oids, a family of undegradable molecules derived from retinal, emerging from side-
reactions of the visual cycle in the outer segment discs [41] (Fig. 4). The newly
formed bisretinoids reach the RPE by the daily occurring phagocytosis of shed
outer segment tips. An essential role in the formation of bisretinoids plays the en-

zyme ATP-binding cassette A4 (ABCA4), a flippase located in the rims of photore-
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ceptor outer segments discs. The role of this protein in inherited retinal disease

will be discussed in section 1.4.2.

Apart from the universally accepted mechanism illustrated in Fig. 4, other path-
ways of lipofuscin biosynthesis have been proposed: A 2012 study found that
Abca4/- mice reared in total darkness accumulate levels of bisretinoids similar to
those in Abca47/- mice reared in cyclic light, suggesting that lipofuscin is also de-
rived from free 11-cis-retinal [42]. Furthermore, a recent study found that ABCA4
is also located in the lysosomal compartment of the RPE [43]. Interestingly, mice
expressing ABCA4 in the RPE but not in the photoreceptors (RPE-Abca4-
Tg/Abca4~/- mice) have lower levels of bisretinoids and RPE autofluorescence
than littermates expressing no ABCA4 at all [43], suggesting that RPE-localised
ABCA4 is also involved in lipofuscin formation, but the mechanism still has to be

elucidated.

Lipofuscin is often considered to be a cytotoxic compound since lipofuscin can in-
hibit photoreceptor phagocytosis [44] and cause photo-oxidative damage [45].
RPE lipofuscin can also fuse to melanin, creating a melanolipofuscin granule con-
sisting of a melanin core and a lipofuscin shell. Analytical electron microscopy and
nano-secondary ion mass spectrometry analyses of human RPE pigments con-
firmed that the elemental composition of melanin and melanin in melano-
lipofuscin, as well as of lipofuscin and lipofuscin in melanolipofuscin, are extreme-
ly similar, respectively [46, 47]. However, the melanin in melanolipofuscin has
significantly elevated phosphorus levels (usually considered to be a marker for li-
pid content) compared to melanosomes, while the lipofuscin in melanolipofuscin
has significantly elevated nitrogen levels (usually considered to be a marker for
protein content) compared to lipofuscin granules [46, 47]. A2E (N-retinylidene-N-
retinylethanolamin), the best studied bisretinoid compound of lipofuscin, has de-
tergent-like effects on biomembranes [48, 49], disturbs the mitochondrial ATP-
synthesis [50], reduces lysosomal activity in the RPE [51, 52], and has pro-
apoptotic [53] as well as pro-angiogenic [54, 55] properties. After illumination of
A2E-laden cells with blue light, DNA damage [56], changed expression of genes
related to stress and immune response as well as apoptosis [57], and finally cell
death [58-60] were documented. While noxious characteristics of lipofuscin and
its constituent A2E have been extensively described [44, 45, 48-60], lipofuscin

autofluorescence topography does not correlate to age-related photoreceptor loss
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in the human [61]. Therefore, the relevancy of lipofuscin and melanolipofuscin for

the development of age-related changes in the retina has recently been debated.

RPE pigments are increasingly used as a marker for the state of the RPE in medi-
cal patient care by monitoring pigment autofluorescence (AF) in the back of the
eye (fundus autofluorescence). Lipofuscin can be excited with short-wavelength
light (SW; excitation wavelength: 488 nm, emission wavelength: > 500 nm) [62],
while near infrared (NIR)-AF is thought to present melanin (excitation wave-
length: 787 nm, emission wavelength: > 800 nm) [63, 64]. SW-AF is routinely
used not only to monitor the accumulation and distribution of lipofuscin in the
RPE, but also as a substitute marker for the whole RPE. Thereby, SW-AF finds use
in a broad spectrum of retinal disorders to judge the state of RPE, including but
not limited to drug toxicity, tissue defects as well as inherited and acquired retinal
dystrophies [65]. NIR-AF as a marker for melanin is a relatively new modality and
while it has been established that not only RPE melanin, but also choroidal mela-
nin can add to the signal, the exact ratio, as well as other potential contributors to
the signal are still under discussion [66]. Nevertheless, NIR-AF has proven to
show characteristic changes in a variety of retinal diseases that oftentimes precede
changes in SW-AF patterns [67-72]. Two of these diseases, namely age-related
macular degeneration and Stargardt disease, are in the focus of this thesis and will
be introduced in section 1.4. The question whether NIR-AF is in fact only derived

from melanin will be answered in section 3.2.

1.3 High-resolution central vision in the primate — the macula

A histologically distinct area of the primate retina that is not present in the eyes of
other mammals is the macula (reviewed in [73]). It has its name from the high
concentration of the carotenoids lutein, zeaxanthin and meso-zeaxanthin which
give this area a yellowish colour; thus the name “yellow spot” or in Latin macula

lutea.

In the macula’s centre, the inner neuroretinal layers up to the outer plexiform lay-
er are radially displaced, resulting in the formation of a pit (Fig. 5). The bottom of
the pit, the foveola, is made up of densely packed cones and Miiller cells and is the
region of high-resolution central colour vision. Outer and inner segments are
elongated in the foveola and the resulting curve is referred to as foveola externa.

The foveola is surrounded by the fovea that contains the foveal slope which en-
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compasses all retinal layers. In this area, the ganglion and outer plexiform layers
are very thick and the first rods appear. The fovea is enclosed by the parafovea
with the thickest ganglion cell layer and increasing numbers of rods. The outer-
most area of the macula is the perifovea in which the ganglion cell layer decreases

to a thickness of one cell layer and where rods outnumber cones.
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Figure 5: Schematic view of the primate macula (not to scale). Top: Schematic view of the fundus
of a right eye. The centre of the anatomic macula comprises the perifovea, parafovea, fovea and
foveola that are organised in concentric circles. The foveola is located approximately 4 mm tem-
poral from the centre of the optic disc, the point where ganglion cell axons leave the eye and start
forming the optic nerve. The superior and inferior temporal branches of the central retinal artery
and vein surround the macula. Bottom: Schematic transversal view of the macula with approximate
dimensions. GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL:
outer plexiform layer, ONL: outer nuclear layer, IS: inner segments, OS: outer segments, RPE:

retinal pigment epithelium. Own work based on data published in [73].

By the radial displacement of overlaying cell layers, any light scattering effects of
these cell portions are prevented. Not only the organization of the retinal layers is

shifted in the macula, but also the retinal vasculature is diminished; only capillar-
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ies can be found in the macula, while the big retinal vessels surround the macula
(Fig. 5). The fovea however, is completely avascular (foveal avascular zone), mak-
ing the foveal cells fully dependent on the choriocapillaris for oxygen and nutrition
supply.

The diminishment of potential light scattering elements in combination with the
high density of cones and a low ratio of cones to ganglion cells (which means that
signals from several cones do not converge to one ganglion cell, but rather each
cone is connected to two to three ganglion cells [74]) allows the achievement of

high visual acuity.

The human macula has a diameter of about 5.5 mm, while the foveola has a diam-
eter of about 0.35 mm. Although very small in size, this tissue is crucial for every-
day visual tasks relying on high-resolution and high-acuity, such as reading and
face recognition. This is also reflected in the fact that the fovea occupies only
0.02% of the total retinal area, while it contains 25% of ganglion cells [73]. If the
macula is damaged, central vision is heavily impaired. A group of diseases that

damage the macula are summarised under the term macular degeneration.

1.4 Macular degeneration

Macular degeneration is an umbrella term that comprises several different diseas-
es with different aetiology. The most common one is the acquired age-related
macular degeneration (AMD), a multifactorial disease that is the major cause for
legal blindness in the elderly in industrialised nations [75]. Much rarer are the in-
herited juvenile macular degenerations that are associated with mutations in cer-
tain genes and typically present during childhood, such as Stargardt disease, X-
linked juvenile retinoschisis, and Best vitelliform macular dystrophy [76]. Other
causes for macular degeneration are for instance pathologic myopia [77], drug tox-

icity [78] and presumed ocular histoplasmosis syndrome [79].

Since AMD and the subtype 1 of Stargardt disease (STGD1) share certain charac-
teristics, both diseases are in the focus of this thesis. An examination of the disease
progression in both AMD and STGD1 will be performed in section 3.1.

1.4.1 Age-related macular degeneration (AMD)

AMD has a global prevalence of 8.7% in individuals aged 45 to 85 years [80]. It is
estimated that in the year 2040 288 million people will be affected [80]. There are

17



INTRODUCTION

several risk factors for the development and progression for AMD being discussed.
A 2010 meta-analysis suggested that advanced age, smoking, previous cataract
surgery and a familial history of AMD are strong and consistent risk factors for
AMD, while a high body mass index, a history of cardiovascular disease, hyperten-
sion and plasma fibrinogen were identified as moderate risk factors [81]. However,
a randomised clinical trial found no link between cataract surgery and the progres-
sion from early to advanced AMD [82]. On the other hand, a prospective popula-
tion-based cohort study found that a diet with high amounts of vegetables, fruit
and fish significantly reduces the risk of developing AMD [83]. Genes involved in
predisposition to AMD encode for proteins involved in the complement system
(e.g. CFH, C3, CFI, C2/CFB), cholesterol and fat metabolism (e.g. APOE, CETP,
LIPC), extracellular matrix (e.g. TIMP3) and yet unknown functions (ARMS2,
HTRA1) [84-87].

AMD can be divided into an early, an intermediate and a late stage (Fig. 6, re-
viewed in [75]). In early AMD, the characteristic hallmark is the formation of me-
dium-sized drusen, extensive basal linear deposits beneath the RPE, in both eyes
(section 1.1). However, few small drusen in a single eye are not considered to be
AMD, since drusen formation in itself is considered to be a part of normal aging
[14]. Intermediate AMD is defined by the presence of at least one large druse and
several medium sized drusen [75]. Late stage AMD can have two distinctive forms,
either dry (non-neovascular, non-exudative) or wet (neovascular, exudative). Dry
AMD is characterised by a local degeneration of choriocapillaris, RPE and photo-
receptor cells (geographic atrophy, GA), while the most common form of wet AMD
in western countries is the formation of choroidal neovascularisation (CNV) that
causes oedema and bleeding [75]. In Asia, a subtype termed polypoidal choroidal
vasculopathy, characterised by haemorrhagic and/or serous detachments of the
RPE, represents a larger share of wet AMD cases [88, 89]. Even though wet AMD
accounts for the minority of all AMD cases, this form is devastating since it can
lead to fast progressing vision loss. Dry AMD advances slower and thus high acuity
vision can be retained longer. Prevalence for AMD in Germany was estimated as
11.4 — 11.9% for the early and 0.2% for the late form [90, 91]. Hereafter, the term
wet AMD will be used to exclusively refer to the CNV-form that is prevalent in Eu-

rope.
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early to intermediate AMD

Figure 6: Schematic depiction of AMD stages (not to scale). In early to intermediate AMD, for-
mation of drusen is characteristic. The stage of disease is only defined by number and size of
drusen per eye. The overlaying RPE and retina are not injured in this state. In late stage dry AMD,
drusen become larger or even confluent and RPE and photoreceptor cells are lost (geographic
atrophy, GA). In late stage wet AMD, neovessels grow from the choriocapillaris through Bruch’s
membrane (choroidal neovascularisation, CNV) and can either remain below the RPE (occult CNV)
or break through the RPE into the subretinal space (classic CNV, shown in image). Neovessels are
malformed and can leak blood and plasma fluid, resulting in oedema (yellow material in subretinal

space). Own work.

As aforementioned, AMD is considered to be a multifactorial disease with ad-
vanced age being one of the main risk factors [81]. One of the ultrastructural hall-
marks of the aged retina is the accumulation of the age pigments lipofuscin and
melanolipofuscin in the RPE (discussed in section 1.2) throughout life. An early
onset of accumulation of these age pigments can be found in young individuals

with certain genetic mutations, leading to Stargardt disease.

1.4.2 Stargardt disease (STGD1)

One of the most common hereditary diseases that lead to macular degeneration is
Stargardt disease 1 (STGD1, OMIM #248200), affecting approximately 1 in 10,000
individuals [92]. The name refers to the German ophthalmologist Karl Bruno Star-
gardt, who described 7 patients from two families affected by the disorder in 1909

[93]. The autosomal recessive disease is caused by mutations in the ABCA4 gene
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[94] which encodes a flippase located in the rims of the photoreceptor discs that is
part of the visual cycle (Fig. 4). A lack of functional ABCA4 protein leads to for-
mation of bisretinoids that are the main constituents of the age pigment lipofuscin
(section 1.2). It is thought that the early accumulation of extensive lipofuscin and
the resulting potential cytotoxic burden early in life leads to the retinal degenera-

tion.

To date, over 1200 disease-causing and disease-associated mutations have been
identified in the ABCA4 gene [95]. Most of these mutations are related to STGD1,
but some are also found in cone-rod dystrophy, retinitis pigmentosa and AMD
[06-100]. A genotype-phenotype model, linking the severity of the mutations in
ABCA4 to the extent of the retinal damage and thus the resulting disease, has been
proposed [96, 101, 102].

Since there is such a huge genetic variety in STGD1 patients, it is plausible that
there is also a huge phenotypic variety. Onset varies from early-onset (during
childhood) to late-onset (later adulthood, historically also referred to as fundus
flavimaculatus [103]), with a generally better prognosis associated with later on-
set. Typical features include yellow-white flecks in the fundus, atrophic lesions in
the macula and progressive loss of visual acuity. Drusen, as they are common in
AMD, are not described in STGD1. Since the clinical presentation of late-onset
STGD1 and dry AMD can be extremely similar, it is suspected that a considerable
amount of late-onset STGD1 patients is misdiagnosed with dry AMD [104, 105].

Even though this thesis is focused on Stargardt disease 1, two additional sub-
classifications of Stargardt disease, which are much rarer and both inherited in an
autosomal dominant manner, will be briefly described for the sake of complete-
ness: Stargardt disease 3 (OMIM #600110) is caused by mutations in ELOVL4
(Elongation of very long chain fatty acids-like 4), a gene important for the for-
mation of very long polyunsaturated fatty acids with 28 and more carbon atoms
that are incorporated into photoreceptor membranes (reviewed in [106]). Star-
gardt disease 4 (OMIM #603786) is caused by mutations in PROM1 (Prominin-1)
[107] which encodes a protein crucial in the photoreceptor disc morphogenesis
[108] and involved in regulating autophagosome maturation and trafficking in the
RPE [109]. Another classification, Stargardt disease 2, was found to be in error

and was therefore abolished.
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Both Stargardt disease 3 and 4 are caused by mutations in genes relevant for the
photoreceptor outer segment formation; thus, the mutations themselves directly
induce retinal degeneration since the daily outer segment renewal is hampered in
their presence. Stargardt disease 1 differs in the sense that the underlying muta-
tions do not affect the upkeep of the retinal structure, but instead provoke in-
creased accumulation of lipofuscin in the RPE, which can be interpreted as accel-
erated aging. This underlines the similarity to particularly the dry form of AMD,
since both diseases are characterised by formation of geographic atrophy second-

ary to lipofuscin accumulation.

1.5 AMD and STGD1 intervention

1.5.1 Current treatment options for AMD and STGD1

For patients with dry AMD or STGD1, there is currently no treatment available.
Patients with intermediate AMD can benefit from nutritional supplements con-
taining antioxidants and zinc, which can slow the progression from intermediate
to advanced AMD [110]. For STGD1 patients, light protection is discussed to be an
option to reduce disease progression [111]. However, a whole range of different
approaches, including but not limited to gene therapy, stem-cell transplantation
and visual cycle inhibitors are under pre-clinical and early clinical investigation for

both diseases (extensively reviewed in [112]).

To date, there is no cure for wet AMD, but symptoms may be alleviated. In the
past, approaches like laser photocoagulation, photodynamic therapy, surgical re-
moval of CNV membranes and others were used, but with limited success since the
progression of vision loss could at most be reduced but not halted, let alone re-
versed (reviewed in [113] and [114]). Today, to stop the growth and exudation of
the CNV, current standard treatment is the repeated intravitreal application of
anti-vascular endothelial growth factor (anti-VEGF) therapeutics (reviewed in
[115] and [116]). With these drugs, acute deterioration in vision due to oedema can
be reversed and disease progression can be reduced. However, since this approach
does not resolve the underlying cause of the disease, treatment has to be continued
for years with oftentimes monthly or bi-monthly intravitreal injections. This does
not only result in a high treatment burden for the patient, but some studies sug-
gest that long-term anti-VEGF treatment can lead to the development of yet un-

treatable geographic atrophy [117-119].
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The first approved anti-VEGF drug for treatment of wet AMD was pegaptanib
(Macugen®, OSI Pharmaceutical /Pfizer, FDA approval in 2004, EMA approval in
2006). Pegaptanib is a PEGylated aptamer that binds specifically to VEGF-A;¢s.
Since newer drugs are more potent, it is hardly used in wet AMD management an-

ymore.

Ranibizumab (Lucentis®, Genentech/Novartis) was the next drug approved in
2006 and 2007 by the FDA and EMA, respectively. Ranibizumab is a 48.3 kDa Fab
fragment of a humanised monoclonal antibody that binds to all isoforms of VEGF-
A (Fig. 7).

In 2011/2012, aflibercept (Eylea®, Regeneron/Bayer) was approved by the FDA
and EMA, respectively. Aflibercept is a recombinant fusion protein consisting of
the VEGF-binding portions of human VEGF receptor 1 and 2 and a human Immu-
noglobulin G (IgG) backbone with a molecular weight of 115 kDa (Fig. 7). This
molecule binds to VEGF-A, VEGF-B and placental growth factor with high affinity.

Due to the higher potency, a better treatment response was expected.

A) B) C)
Fab Fab

Fab Fc

Figure 7: Schematic structures of the most commonly used anti-VEGF drugs ranibizumab (A),
aflibercept (B) and bevacizumab (C). Domains of heavy chains are depicted in orange, while do-
mains of light chains are painted in yellow. Inter-chain disulphide bridges are shown as black bars.
Antigen binding domains are shown in dark blue. Aflibercept is a fusion protein that is composed of
an IgG Fc backbone and domain 3 of VEGF receptor 2 (R2d3) and domain 2 of VEGF receptor 1
(R1d2). Own work.

Another frequently used drug, though off-label, is bevacizumab (Avastin®, Roche),
a 149 kDa recombinant, humanised monoclonal antibody targeted towards all
isoforms of VEGF-A (Fig. 7). Bevacizumab is only approved for the treatment of
certain types of metastatic cancer, but since the individual intravitreal dose is very

cheap (for instance, ranibizumab is 20x to 50x more expensive than bevacizumab,
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depending on the country [120]), it is frequently used for several ocular diseases

and was in fact used even before approval of ranibizumab [121].

An additional drug called conbercept (Lumitin®, Chengdu Kanghong Biotech), a
143 kDa fusion protein similar to aflibercept, was approved for the treatment of

wet AMD in China in 2013, but is not used in the rest of the world [122].

Ranibizumab, aflibercept and bevacizumab show similar clinical outcome and all
three are routinely used for wet AMD management [123, 124]. In fact, if a patient
does not respond to a certain anti-VEGF drug, switching to another one is worth
considering [125-130]. Instead, the question which treatment scheme (for instance
monthly, as needed (pro re nata), treat-and-extent or observe-and-plan) is the

most beneficial one has come into focus (reviewed in [131-133]).

Ophthalmologic use of anti-VEGF compounds is not limited to the treatment of
wet AMD, but also includes other vascular and oedema-related diseases like dia-
betic macular oedema, retinal vein occlusion, retinopathy of prematurity and oth-
ers [134-140].

Novel anti-VEGF drugs for wet AMD are currently under clinical investigation.
The most advanced ones are brolucizumab (Novartis), a 26.3 kDa single-chain var-
iable fragment (scFv) and abicipar pegol (Allergan), a 34 kDa designed ankyrin
repeat protein (DARPin, both agents reviewed in [141]). The low molecular weight
of both substances allows higher molar concentrations to be prepared in a single
intravitreal injection, which may allow elongated intervals between injections and
thus reduce treatment burden for the patients. Brolucizumab was non-inferior to
aflibercept in two double-masked randomized phase III trials and over 50% of
brolucizumab-treated eyes could be maintained on an every-12-weeks dosing in-
terval without reactivation of the disease [142]. The compound is currently under
FDA review and if approved, market launch is expected by the end of 2019 [143].
Abicipar pegol has reached study completion status in two phase III trials (Clini-

calTrials.gov Identifiers: NCT02462486, NCT02462928).

Since VEGF is not the only growth factor involved in CNV formation, other thera-
peutic routes are also being pursued. One drug under clinical investigation is the
bispecific antibody faricimab (Roche) that is designed for intraocular use against
both VEGF and angiopoietin 2 (Ang-2), a growth factor involved in vascular desta-

bilization (reviewed in [144]). The compound consists of two Fab fragments tar-
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geted against VEGF-A and Ang-2, respectively, and an engineered Fc fragment,
reducing systemic availability and inflammatory potential [145]. Phase II results of
faricimab for diabetic macular oedema have recently been published [146], phase
IT results for wet AMD are still awaited (ClinicalTrials.gov Identifier:
NCT03038880). Nevertheless, phase III studies for wet AMD have started in early
2019 (ClinicalTrials.gov Identifiers: NCT03823287, NCT03823300).

1.5.2 Adverse events after intravitreal anti-VEGF for wet AMD

Several types of ocular adverse events have been reported after intravitreal anti-
VEGF application, including transient elevation of the intraocular pressure [124,
147], subconjunctival haemorrhage [148], rhegmatogenous retinal detachment
[147] and endophthalmitis [124], but incidence was generally low. It should be
noted that these types of adverse events are common after intravitreal injections,
so distinguishing between events due to the procedure and due to the applied
compound is challenging. However, in animal studies involving Macaca fascicu-
laris (cynomolgus monkey) that were intravitreally injected with bevacizumab,
ultrastructural analysis revealed that thrombotic microangiopathy, degranulation
of platelets and neutrophils, blood flow alterations, signs of haemolysis and im-

mune complex formation were present [149-152].

Systemic adverse events after intravenous application of bevacizumab include hy-
pertension, fatigue, infections, thrombosis, bleeding, gastrointestinal events in-
cluding bowel perforation, proteinuria, delayed wound healing, fistula formation
and others [153]. To potentially cause systemic adverse events after intravitreal
injection, anti-VEGF drugs must leave the eye and reach systemic circulation. In
AMD patients, bevacizumab, aflibercept and ranibizumab can all be found in blood
plasma and also reduce free VEGF levels after a single intravitreal application
[154]. The reductive effect was highest for aflibercept and minimal compared to
baseline for ranibizumab [154]. Furthermore, both bevacizumab and aflibercept
accumulate in the blood plasma after repeated intravitreal injection and lead to a
more pronounced reduction of free VEGF levels, while ranibizumab does not have
this effect [154]. Similar results were found in patients treated for diabetic macular
oedema [155]. So not only ocular, but potentially also systemic adverse events can

arise after intravitreal application of anti-VEGF drugs.
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A 2014 Cochrane review found no differences concerning deaths and serious sys-
temic adverse events within the first two years of intravitreal treatment between
ranibizumab and bevacizumab, except for gastrointestinal disorders, for which
there was a higher risk after bevacizumab [156]. Systematic reviews of long-term
safety data for aflibercept are not yet available, since the drug was only approved
in 2011/2012. However, recent studies indicate that the intravitreal injection of
bevacizumab leads to higher mortality of patients with a history of stroke or tran-
sient ischemic attack [157] and is also associated with myocardial infarct within
2 months after injection, independent of indication for bevacizumab treatment
[158].

Adverse events after intravitreal anti-VEGF are rare, but potentially severe since
they encompass cardiovascular events like thrombotic events, stroke, myocardial
infarct and others. It is important to note that due to demographic change, the
prevalence of AMD is expected to rise [159] and that the elderly often show
comorbidity with diabetes, hypertension and a history of cardiovascular events
putting them at a higher risk. Since anti-VEGF treatment due to wet AMD has to
be continued for years, medications with a favourable safety-profile confirmed by

long-term safety data exceeding 2 years are indispensable.

An investigation of ultrastructural ocular adverse events after the application of
aflibercept and ranibizumab in comparison to previous results from bevacizumab
and an investigation of the role of the Fc fragment in adverse events will be de-

scribed in section 3.3.
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2 Objectives

This thesis aims to elucidate the disease progression of the blinding diseases AMD
and STGD1 (section 3.1), specifying the subcellular origin of NIR-AF that is
thought to primarily emerge from RPE melanin (section 3.2) and to investigate the
mechanism behind adverse events of certain frequently used anti-VEGF drugs for

the management of wet AMD (section 3.3).
In the first part of this thesis, the disease progressions of AMD and STGD1 are de-

scribed (section 3.1). The natural progression of retinal degeneration was investi-
gated in human donor eye tissue with and without AMD in order to answer the
long asked question whether RPE or choriocapillaris degeneration is the initial
step in retinal degeneration due to AMD [1] (section 3.1.1). Since STGD1 is a rare
disease and thus human donor tissue of affected individuals is scarce, three fre-
quently used STGD1 mouse models and a single human STGD1 eye were employed
for immunohistochemical and light, fluorescence and electron microscopic inves-

tigation of pathologic processes [5] (section 3.1.2).

The second part of this thesis deals with a histological approach to identify the
subcellular origin of NIR-AF seen in fundus autofluorescence [6] (section 3.2).
While it was already established that the majority of NIR-AF originates from the
RPE melanin, the extent of contribution of choroidal melanin and potential yet
unidentified fluorophores was still unclear. Especially the contribution of
lipofuscin to the NIR-AF was suggested, but not confirmed. Correlation of fluores-
cence and electron microscopy of murine and human tissue, as well as isolated

porcine ocular melanosomes was therefore used to address this question.

The third part of this thesis is concerned with adverse events after intravitreal an-
ti-VEGF treatment (section 3.3). To better characterise the adverse event profiles
of the frequently used anti-VEGF drugs aflibercept and ranibizumab, eyes of in-
travitreally injected monkeys were investigated by immunohistochemistry and
light and electron microscopy [2, 3]. Pathologic changes in the retina/choroid [2]
(section 3.3.1) and the iris/ciliary body [3] (section 3.3.2) were investigated. Since
these two works found that aflibercept induces more ocular adverse events than
ranibizumab and earlier studies revealed similar adverse events after treatment
with bevacizumab [150-152], a study to investigate the effect of isolated Fc frag-

ment (that is part of the IgG backbone in aflibercept and bevacizumab, but lacks in
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ranibizumab) injected intravitreally into the rat eye was conducted [4] (sec-
tion 3.3.3).

In sum, the present thesis highlights key events in the course of AMD and STGD1
that might give rise to a better understanding of these diseases and also investi-
gates medical interventions and disease monitoring approaches to advance patient

diagnostics and treatment.
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3 Results and discussion

3.1 Disease progression in AMD and STGD1

Understanding the cellular and molecular changes in disease is crucial for develop-
ing new therapeutic options. It is well established that photoreceptors, RPE,
Bruch’s membrane and choriocapillaris form an interdependent complex, which
means that damage/loss of one tissue results in damage/loss of the other tissues
(reviewed in [16]).

Loss of RPE and choriocapillaris has been identified as first step in retinal degen-
eration in AMD in the past, but it has been unclear which of the two tissues is the
first one to perish [160, 161]. Yet knowing the exact order of tissue degeneration
would give crucial information about possible underlying mechanistic causes.
Therefore, a correlated light and electron microscopic study was performed, inves-
tigating tissue of 12 eyes diagnosed with AMD (8 eyes wet AMD, 4 eyes dry AMD;
ages 71 to 100 years, mean age 82 + 15 years) and 9 age-matched control eyes
without known eye disease (ages 57 to 85 years, mean age 75 + 10 years) [1] (sec-
tion 3.1.1).

In light microscopic sections, the tissue was graded according to its degradation
state using a five—stage model, in order to identify transition sites which were lat-
er-on investigated in depth. The focus was put on the transition sites, since there,
within < 50 um distance, very abrupt switches between degradation stages oc-
curred. The grading model can be summarised as: healthy (stage I), normal age-
related early changes (stage II), occult CNV, i.e. growth of new vessels beneath the
RPE but not within the subretinal space (stage III), GA, i.e. loss of outer and inner
segments of photoreceptors and RPE (stage IV), and classic CNV, i.e. growth of
new vessels into the neuroretina (stage V). The tissue was investigated for pres-
ence of photoreceptors, RPE cells, deposits between RPE and Bruch’s membrane,
choriocapillaris vessels, as well as area size of choriocapillaris vessels and chori-

ocapillaris fenestration among others.

Two approaches were taken: 1) Investigation of whole sections of AMD eyes com-
pared to control eyes, independent of degeneration grading, to obtain overall in-
formation of differences between healthy and diseased tissue. 2) Comparison of

stages identified at transition sites to gain insight into the disease progress.
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Analysis of whole sections revealed a loss of photoreceptors, RPE, choriocapillaris
vessel area and choriocapillaris fenestration, as well as a pronounced formation of
basal deposits within Bruch’s membrane in AMD tissue compared to control. For
transition sites, data for each single stage were pooled, independent of the transi-
tion partner stage, giving information about histological changes with AMD pro-
gression. Choriocapillaris was found to be reduced even when RPE was still com-
pletely present, in fact, even control tissue from age-matched donors already
showed a slight reduction of choriocapillaris. Interestingly, stages I and II of AMD
donors already had loss of choriocapillaris vessels compared to age-matched
healthy control tissue that was also graded as stage I and II. When stage II in tran-
sition to stage IV (border zone of GA) was compared to stage II in transition to
stage V (border zone of CNV), it became evident that stage II in transition to stage
IV (GA) has a more pronounced loss of RPE and choriocapillaris than stage II in
transition to stage V (CNV). This suggests that the type of subsequent degenera-
tion is already foreshadowed in stage II areas that by definition only show early
degenerative changes. However, it is yet unknown whether the border regions re-

ally depict spatiotemporal preliminary stages, but it seems likely.

This work confirms that the loss of choriocapillaris is the very first step in retinal
degeneration due to AMD before subsequent loss of RPE and photoreceptors. This
work also confirms that even healthy aged tissue shows a slight reduction in chori-
ocapillaris, as was also described before [161, 162]. This involvement of chori-
ocapillaris in both the dry and wet form of AMD supports the idea that AMD can

be considered to be a vascular disease, as has previously been suggested [163-165].

One interesting finding in two investigated sections was the survival of isolated
photoreceptor-RPE interfaces in the midst of scar tissue due to CNV formation: in
these areas, photoreceptors with underlying continuous RPE layer were situated
above intact CNV vessels (healthy endothelial cells, presence of pericytes), whereas
in the immediate surroundings, photoreceptors and RPE were absent and CNV
vessels were damaged (dead endothelial cells, loss of cell contacts between endo-
thelial cells). This observation highlights the natural function of CNV formation as
a response to hypoxic conditions in AMD [166]. And indeed, subclinical CNV
without exudation and stable visual acuity has been repeatedly found in patients
with unilateral wet AMD and has been shown to often remain stable for years [167,
168].
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A difficulty in the investigation of the natural disease process in STGD1 is the scar-
city of donor tissue from affected individuals. Before the start of the present thesis,
histological characterisations of eyes from only three individual STGD1 donors
have been published [169-171]. Therefore, a different approach was chosen: three
STGD1 mouse models frequently used in pre-clinical research, namely pigmented
Abca4/-, albino Abca4/- and pigmented Abca4”/-.Rdh8/- mice [172-174], were
longitudinally investigated by light, fluorescence, and electron microscopic meth-
ods up to an age of 25 months [5] (section 3.1.2). In addition, a single human do-
nor STGD1 eye was included, which unfortunately had a very long death-to-

fixation time of 48 hours, so only a limited set of meaningful analysis was possible.

None of the currently existing STGD1 mouse models fully reflect the situation in
human STGD1 patients (Table 1). The three different STGD1 mouse models were
described to vary in their phenotype: although all three strains show the typical
increased accumulation of lipofuscin compared to their respective wildtype [172,
175, 176], only the albino Abca4/- and pigmented Abca4/-.Rdh8/- mice were de-
scribed to show overall retinal degeneration with 7 and 3 months, respectively
[172, 177]. Pigmented Abca4”/- mice lack any signs of retinal degeneration [174,
175].

However, in our hands, the pigmented Abca4/-.Rdh87/- mice did not present the
published retinal rosette formation with 6 weeks and overall retinal degeneration
with 3 months [174], but instead showed a later onset of degeneration, comparable

to albino Abca4/- mice.

A longitudinal analysis revealed the earliest retinal changes, indicative of retinal
degeneration, in albino Abca4”/- mice as young as 4 months. These changes in-
cluded ruptured photoreceptor inner segments, disorganised and shortened pho-
toreceptor outer segments, RPE cell-cell contact weakening, and cell detachment.
Photoreceptor outer segment disorganisation and shortening, as well as RPE de-
tachment first became apparent in 6-month-old pigmented Abca4/-.Rdh8~/- mice
and never appeared in pigmented Abca4”/- mice. Ruptured inner segments and
RPE cell-cell contact did not appear in pigmented mice. Pigmented
Abcaq/-.Rdh8~/- mice additionally had hypertrophic RPE and the highest levels of
lipofuscin, quantified as percentage of the RPE cytoplasm occupied by lipofuscin
and the lipofuscin-moiety of melanolipofuscin. Most of the encountered retinal

changes in STGD1 mice were previously described in models of oxidative stress of
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the RPE [178-181] and in fact oxidative stress levels were highest in albino Abca4~-
and pigmented Abca4/-.Rdh8~- mice.

Table 1: Overview of characteristics of STGD1 patients and published STGD1 mouse models

STGD1 pigmented albino pigmented pigmented
patient Abcad™ Abcad”  Abcad”.Rdh8" Abcaq”V"V?!
Abca4 null mutations 2
in both alleles no S yes yes no
gggglsonal mutated o o o ye53 o
Accumulation of
lipofuscin yes yes yes yes yes
Retinal degeneration yes no yes yes no
Presence of ocular
melanin yes yes no yes yes

1 The pigmented Abca4”""Y model [182] has a homozygous knock-in of the L541P;A1038V muta-
tion that leads to early-onset STGD1 in humans [98]. Phenotypically, this model does not differ
from the pigmented Abca4” model, probably due to degradation of the mutated ABCA4 protein
[182]. To my knowledge, this model has not been used in the literature besides the initial descrip-
tion and was therefore not included in the present work even though it was published prior to the
start of my study.

2 Both alleles affected by ABCA4 null mutations were only found in patients diagnosed with auto-
somal recessive retinitis pigmentosa; STGD1 patients have one allele with a null mutation in
ABCA4 at most [96, 97, 101, 183, 184].

3 Mutations in RDHS8 are not known to be involved in human diseases (OMIM *608575).

The fact that signs for retinal degeneration were earliest identifiable in albino
Abca4/- mice was somewhat surprising, since pigmented Abca4/-.Rdh8/- mice
were described to have a rather prominent retinal degeneration [174] and their
genetically induced elevated levels of all-trans-retinal were shown to be highly tox-
ic [185, 186]. Melanin is a known anti-oxidative agent [31, 32] that also fulfils a
cytoprotective function against oxidative stress in RPE cells [33]. The striking evi-
dence for oxidative stress and early onset of oxidative stress related pathologies in
albino Abca4~- mice supports the hypothesis of RPE melanin being a key factor in
retinal health. However, an important limitation of the study is the differing genet-
ic background of the STGD1 model strains. Since the main goal of this study was
an ultrastructural comparison of existing and utilised STGD1 mouse models, the
Abca4 and Rdh8 mutations were not moved onto coisogenic pigmented and albino
strains. For instance, BALB/c mice (background of albino Abca4~/- mice) were

shown to have a lower resistance to light-induced retinal damage that is independ-
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ent of pigmentation, compared to 129 mice (background of pigmented Abca4~/-
mice) [187]. To verify the protective role of RPE melanin against retinal degenera-

tion, further research is therefore needed.

To conclude, the two publications discussed in this section identify the loss of cho-
riocapillaris as the initial step in retinal degeneration in both wet and dry AMD [1]
(section 3.1.1) and emphasize on the relevance of melanin for retinal health [5]

(section 3.1.2).
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3.1.1 Choriocapillaris breakdown precedes retinal degeneration in age-
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This work presents a combined light and electron microscopical approach to investigate the initial
breakdown of the retinal pigment epithelium (RPE) and choriocapillaris (CC) in age-related macular
degeneration (AMD). Perimacular sections of 12 dry and wet AMD eyes (82 + 15 years) and 7 age-
matched controls (75 + 10 years) without retinal pathology were investigated. Disease progression
was classified into 5 stages of retinal degeneration to investigate the concurrent CC breakdown. Special
emphasis was laid on transitions where intact CC—RPE—retina complexes went over into highly atro-
phied areas. AMD sections showed elevated loss of photoreceptors, RPE and CC (p < 0.01), and thickened
Bruch’s membrane with increased basal laminar and linear deposits compared with controls. Up to 27%
of the CC was lost in controls although RPE and retina were still intact. This primary loss of CC further
increased with AMD (up to 100%). The data implicate that CC breakdown already occurs during normal
aging and precedes degeneration of the RPE and retina with AMD, defining AMD as a vascular disease.
Particular attention should be given to the investigation of early AMD stages and transitional stages to

the late stage that reveal a possible sequence of degenerative steps with aging and AMD.

© 2014 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Age-related macular degeneration (AMD) is the major cause of
vision loss in the elderly individuals of the western world (Kocur
and Resnikoff, 2002; Prokofyeva and Zrenner, 2011). It is a multi-
factorial late-onset disease (Herrmann et al., 2013), the main factors
being smoking, obesity, and genetic predisposition (Liu et al., 2012),
but primarily aging. AMD is characterized by changes in the retinal
pigment epithelium (RPE), Bruch’s membrane (BM), and chorioca-
pillaris (CC), which together facilitate retinal degeneration pre-
dominantly in the macular region of the eye.

The RPE and CC share a mutualistic relationship, if one is
compromised, the other will follow and thus both may degenerate
within a short time of each other (Bhutto and Lutty, 2012). Many
research and review articles have addressed the factors for onset
and progression of AMD in the last 10 years, however, the actual
order of degeneration in the choroid—RPE—retina interface is still
not fully understood (Bhutto and Lutty, 2012; Lutty et al., 1999).

* This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).

* Corresponding author at: Section for Experimental Vitreoretinal Surgery, Center
for Ophthalmology, University of Tuebingen, Schleichstr.12/1, 72076 Tuebingen,
Germany. Tel.: +49 7071 2984774; fax: +49 7071 4554.

E-mail address: antje.biesemeier@med.uni-tuebingen.de (A. Biesemeier).

Actually, also in the brain, loss of microvascular density and
basement membrane thickening with aging precede cerebrovas-
cular dysfunction and successive age-related neurodegeneration,
for example, in vascular dementia and Alzheimer’s disease (Brown
and Thore, 2010). Smoking, obesity, and hypertension contribute to
both Alzheimer's disease (Sierra, 2012) and AMD, and both diseases
are associated with amyloid and heavy metal deposition. These
examples already reflect the obvious, but until now rarely studied
communalities within these and other age-related neurodegener-
ative disorders. The present work aimed to investigate different
stages of AMD in human donor eye tissue by light and electron
microscopy to find out whether CC breakdown precedes RPE
degeneration with age and AMD. In addition, high-resolution
overview images of AMD histology are presented, which show
sites of the degenerating retina which are directly facing other areas
with surviving photoreceptors (Supplementary Figs. 1-3).

2. Methods
2.1. Donor eyes
Perimacular regions (about 7 mm from the foveal center) of 12

AMD donor eyes (8 wet AMD; 4 dry AMD) and 23 controls without
known ophthalmic pathology were excised and fixed for electron

0197-4580/$ — see front matter © 2014 The Authors. Published by Elsevier Inc. All rights reserved.
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Table 1
Donor demographics and overview of measured stages [-V

Donor Age (y) Sex AMD type Postmortem Cause of death Stages

number time (h) investigated

Al 71 M Wet 7 Unknown 1L =1V, IV

A2 72 F Dry 48 Cerebral vascular infarction I, =1V, IV

A3 74 F Wet 10 Liver cancer IL =1V, IV

A4 75 F Wet 9 Septic shock secondary 11, =111, 11

to urinary tract infection
A5 76 M Wet 95 Respiratory failure, COPD I, -V, v
I, =V, v

A6 80 M Wet 6.5 Pneumonia vV, V,V

A7 83 F Wet 13 Unknown I, =1V, IV

A8 84 M Dry 7.5 COPD, seizure IL 1,1

A9 90 F Dry 11 Colicystitis, presented to ER I, =1V, IV

Al0 91 F Wet 235 CAD-MI IL 11V, IV=V, V

All 93 F Dry 7 Congestive heart failure I, =1V, IV

Al12 100 F Wet 7 Leukemia I, I-11, 1=V, vV

Key: AMD, age-related macular degeneration; CAD-MI, coronary artery disease-myocardial infarcation; COPD, chronic obstructive pulmonary disease; F, female; M, male.

microscopy (EM). If possible, the samples were excised right at the
border between atrophied and healthier regions (only in AMD eyes)
to facilitate investigation of the transition areas.

2.1.1. AMD eyes

Glutaraldehyde-fixed tissue samples of the perimacular central
region of 12 AMD donor eyes (age 71-100 years; mean 82 =+
15 years; Table 1) were obtained from the Cole Eye Institute of the
Cleveland Clinic Foundation (USA). The death to fixation time was
13 + 12 hours. The eyes were investigated by experienced oph-
thalmologists who stated the AMD type of both eyes including the
different types of lesions found in each eye. The pathology reports
also stated the cause of death and further diseases. Written
informed consent of the donors for use in medical research and
additional approval of the Institutional Review Board of the Uni-
versity of Tuebingen were obtained. The experiments were per-
formed in adherence to the tenets of the Declaration of Helsinki.

2.1.2. Control eyes

Healthy donor eyes without known ophthalmic diseases were
sectioned and investigated histologically. All eyes showing increased
age-related lesions like RPE detachment or outer segment loss, or
even geographic atrophy (GA) or choroidal neovascularization (CNV)
and thus, resembling clinically unrecognized AMD or another pa-
thology were excluded from the cohort of control eyes. Finally, 9 age-
matched eyes aged 57—85 years (mean age 75 + 10 years; death to
fixation time 19 + 10 hours; not significant [NS] to AMD) were in-
tegrated in this study and served as healthy controls (Table 2).

The eyes were obtained from the Institute of Anatomy and the
Eye Hospital Tuebingen with informed consent of the donors and
approval of the Institutional Review Board of the University of
Tuebingen. They were opened with a circular slit at the limbus and

fixed overnight at 4 °C in 4% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4). Then the iris and vitreous were removed and the
perimacular region was excised according to the AMD samples and
further prepared for EM as follows.

2.2. Embedding

Small pieces (1.5 mm?) of already fixed perimacular tissue
samples were washed 3 times in 0.1 M cacodylate buffer, postfixed
in 1% osmium tetroxide, stained with uranyl acetate and dehy-
drated in a graded series of ethanol and propylenoxide and
embedded in Epon. All EM reagents were purchased from FLUKA
(Sigma-Aldrich, St. Louis, MO, USA) and PLANO (Wetzlar, Germany).

2.3. Correlative light and electron microscopy

For each eye, one representative 2—3 mm long semithin peri-
macular section of the retina—choroid complex was stained with
toluidin blue and completely photographed with 600 = magnifica-
tion by light microscopy. The images were rearranged with the
photomerge function of Adobe Photoshop CS3 or the Microsoft ICE
tool yielding a panorama overview containing up to 200 single
images (examples in Figs. 1-6 and the Supplementary Figs. 1-3,
with about 50 single images each). By zooming into this panorama,
different topics were addressed individually and in context with the
surrounding tissue. For example, the presence or absence of pho-
toreceptors, RPE, basal deposits, and CC were quantified in whole
semithin sections (about 2—3 mm length of BM), within central
areas of the single stages and, if apparent, directly at the transitions
(investigated over a length of 200 um of BM; frames in Fig. 1A).

Three subsequent ultrathin sections were investigated by EM
yielding subcellular information of the same area, for example,

Table 2

Control donor demographics. All donors showed foremost stage Il
Donor number Age (y) Sex AMD type Postmortem time (h) Cause of death Stages investigated
C1 57 M No AMD 16 Hemorrhagic shock LI
c2 67 F No AMD 21 Respiratory failure I 1=, 1
3 68 F No AMD 6 Massive hemorrhage I, 1, 1
c4 75 M No AMD 38 Cerebral edema I, I, 1
C5 78 M No AMD 21 Circulatory failure I 1=11, 11
6 80 M No AMD 22 Aspiration and/or laryngeal cancer I 10, 11
Cc7 80 M No AMD 26 Circulatory failure I, 10, 11
c8 81 M No AMD 8 Cardiac failure I, I, 11
c9 85 F No AMD Unknown Unknown I, 10, 11

Key: AMD, age-related macular degeneration; F, female; M, male.
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Fig. 1. The 5 stages of degeneration in AMD. (A) Light microscopical panorama image of a section from a dry AMD donor: shown is a transition between a highly atrophied region on the
left (photoreceptors, RPE, and CC lumina are completely absent) and a histologically complete area on the right (complete photoreceptors, confluent RPE, open capillaries, basal deposits
begin to detach the RPE from the BM). According to the scheme in (C) they were defined as stages IV and 11, respectively. (B) Light microscopical panorama image of a section from a wet
AMD donor: on the left, the RPE is still in contact with the Bruch’s membrane and is separated from the photoreceptors by a subretinal space (*, stage I1). This area goes over into an area
with occult CNV as the RPE layer is separated from the Bruch’s membrane by a CNV sheet with newly formed blood vessels (arrowheads). In the center region of stage III, some
photoreceptor inner segments are still recognizable. On the right, stage Ill goes over into stage V, where the RPE and photoreceptor layer have completely disappeared leaving behind the
CNV vessels and a retinal scar. The choroid shows highly enlarged deeper blood vessels and only a few melanocytes. # Breaks are sectioning artefacts. (C) Diagram showing the 5
histologic stages categorized for this work. They are based on RPE and photoreceptor ultrastructure and used for follow-up investigation of CC loss. A relation to inner retinal layers was
not intended and thus of the retinal layers only the photoreceptors are shown. Stage I: control histology showing complete photoreceptors, an even RPE monolayer and regular CC
vessels; basal deposits if apparent are few in number or very thin. Stage II: age-related changes shown by lost outer segments, RPE detachment or hypertrophy, basal deposits, enlarged
Bruch’s membrane or loss or shrinkage of CC vessels. Stage IlI: occult CNV with newly-formed capillaries between CC and RPE. Stage IV: geographic atrophy with loss of photoreceptor
inner and outer segments, RPE, and CC vessels. If basal deposits are present, this stage is also associated with remnant basal deposits (as shown in (A). Stage V: classic CNV with newly
formed blood vessels growing into the retina through the, not always present, RPE layer (see digital version for color images). High-resolution whole section panorama images of the
tissues illustrated in A and B are provided in the Supplementary Figs. 1 and 2, respectively. Abbreviations: AMD, age-related macular degeneration; BM, Bruch’s membrane; CC cho-
riocapillaris; CNV, choroidal neovascularization; IS, inner segments; OS, outer segments; PN, photoreceptor nuclei; RPE, retinal pigment epithelium.

integrity of the endothelium and number of fenestrations. If a 2.4. Grading of histologic stages

panorama overview was also needed for the EM investigations, for

example, for proper investigation of vessels and photoreceptors After a first examination of both AMD and control panorama
within the same image, it was made using the multiple image overviews, 3 independent areas of 200 um length were selected per
alignment function of the iTEM 5.0 (Olympus) software (Fig. 6B). Of section, and each graded in 1 of 5 stages of retinal and RPE degeneration
each one representative semi and ultrathin section per donor, by 2 independent researchers. The stages were defined as follows:
semiquantitative evaluations were performed as follows (2.4—2.7).
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Fig. 2. Light microscopic image of how CC and RPE layer presence were measured: almost 100% of Bruch's membrane (arrowhead) is covered with RPE cells in the stage II area,
whereas the RPE is missing completely in the stage IV area, The choriocapillaris was measured as follows: the green brackets (L__J) include the vessel lumina plus the endothelium

and typical pillars with a width of less than 10 pm. The red brackets (m—

) illustrate the areas of degenerated (no endothelium) or shrunken capillaries, which can be empty or

contain extracellular matrix or alien cells. In stage II, about 90% of the CC is present, whereas in stage IV about 40% of the CC has disappeared. Photoreceptors (PR) were measured as
follows: nuclei were counted in rows (filled circles), inner segments per pm BM, (dotted line) and outer segments per pm BM (as the inner segments, not shown) (see digital version
for color and magnified images). The whole section panorama image of this donor tissue is presented in Supplementary Fig. 3). Abbreviations: BM, Bruch’s membrane; CC cho-

riocapillaris; RPE, retinal pigment epithelium,

Stage I: healthy (photoreceptors contain clearly distinguishable
inner and outer segments, the RPE builds a continuous monolayer,
no, or few deposits between the RPE and Bruch’s membrane).

Stage II: normal age-related early retinal and RPE damage, that
is, either changes in the structure of photoreceptors (shortened
outer segments, first loss of photoreceptors foremost at transitions
of AMD sections) or an irregular or hyperplastic but still confluent
RPE monolayer or thickened BM.

All control sections used in this study were selected to fit in one
of the first 2 stages I and Il. Samples of control donors, which
showed any AMD-related pathology like RPE or retinal degenera-
tion were excluded from the examination.

Stage III: occult CNV (or type 1 neovascularization [Freund et al.,
2010]), that is, blood vessel outgrowth through a thickened BM,
with vessels close to the RPE but not infiltrating the subretinal
space. Photoreceptors already impaired, but present.

Stage IV: GA, that is photoreceptor outer segments, inner seg-
ments, and the RPE are completely absent and degenerated leaving
behind only single cells if any. The subretinal space is more or less
abolished when the outer nuclear layer is touching Bruch’s
membrane.

Stage V: classic CNV (or type 2 neovascularization [Freund et al.,
2010]), that is, the outgrowth of blood vessels through the not al-
ways present RPE layer into a highly damaged retina.

These 5 stages were put into a scheme, which is illustrated in
Fig. 1c. This scheme is adapted from Sarks (1976) and shows the
progression of the disease as a function of RPE and retinal destruction.

Seven sections of 7 different AMD donors were investigated
more thoroughly, yielding changes in the RPE and choriocapillaris
directly at transitions between different stages (Fig. 2). Transitions
from stages [I-IV were most common (5 donors), followed by stage
[I-V (2 donors). Transitions from [ to II, IV to V and III to V occurred
only once.

The following questions were addressed:

1) CC breakdown was investigated in relation to the RPE or retinal
presence to answer the question whether the RPE or CC dies
first with AMD progression.

2) The same stage of AMD progression was investigated and
compared with samples of different donors, for example, dif-
ferences in stage Il of donors with dry or wet AMD help to
explain the progression in the given direction.

2.5, Quantification of photoreceptors, RPE, BM, and CC

Fig. 2 shows how transition stages between healthier and
more damaged areas, here stage Il to stage IV, were analyzed. The
spaces covered by photoreceptors, RPE, basal deposits, or CC were
investigated and correlated to each other using the common unit
“percent of BM length”. This nomenclature gives no information
about the morphology or quality of tissue, but it indicates
whether a certain tissue layer is present or absent in this area.
Using this approach, the “kinetics” of degeneration, for example,
whether the RPE or CC fades away first were investigated
histologically.

2.5.1. Measurement of photoreceptors

The area covered by outer and inner segments was measured
per pm length of BM in semithin sections. Photoreceptor nuclei
were counted in nuclei per row.

2.5.2. Bruch’s membrane and basal depositions

The thickness of BM was measured in the semithin sections at 3
positions per section yielding the distance between the CC basal
membrane and the RPE basal membrane. If BM was thickened, that
area was investigated on a semiquantitative basis as performed in
Curcio et al. (1998) and van der Schaft et al. (1992): that is, (0) no
deposit, (1) patchy deposit <125 pum length, (2) thin continuous
with >125 um length and <2 pum height, (3) thick continuous with
=2 um height. The type of deposit (linear, laminar) was addressed
at 20, 000x magnification in the EM. Basal linear deposits (lin) were
defined as being between the RPE basal lamina and the inner
collagenous layer of BM (Green and Enger, 1993). Basal laminar
deposit was defined as being between the RPE basal lamina and the
RPE cell membrane (Loffler and Lee, 1986).

2.5.3. Measurements in the CC

The areas of the lumina of the CC capillaries were measured
(um?/um BM). Additionally, 2 markers for CC integrity, fenestration
and length of CC layer present were addressed as follows.

The number of fenestrations per um of CC endothelium was
counted in 30 images with 50,000x magnification. Only fenestra-
tions facing the RPE side were counted, also if further fenestrations
were visible on the choroid-faced side.
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Fig. 3. Loss of choriocapillaris vessels. (A) Light microscopical image of geographic at-
rophy in AMD. Photoreceptors and the RPE are completely lost, leaving a scar. The CC is
highly impaired, only one shrunken capillary (resembling that shown in (C) remains on
the left side), whereas the CC is completely absent in the rest of the image showing
foremost ghost vessels with loss of endothelia. The arrowheads point to deeper choroidal
vessels with intact endothelia. Nevertheless, typical pillars (p) can be recognized
showing where the vessels were originally situated. Using LM, the elastica of Bruch’s
membrane (BM) can be clearly recognized (e). (B) EM image of an AMD section where 1
capillary is entirely lost between 2 complete capillaries (black arrows). The space left is
filled with macrophage-like cells. The arrowhead points to a pillar (p). By EM, BM can
further be investigated: the elastic layer is calcified, basal laminae of RPE (BLR) and CC are
not always discernible and fuse with the collagenous material. (C) EM image of another
AMD eye, where a choriocapillaris lumen has shrunk to about 1/4 of its original size. Its
basal membrane (BLC) surrounds only the small remaining capillary. The space between
the remaining vessel and the original flanking pillar (p) is not yet filled with extracellular
material. BM is slightly thickened, only the basal membrane of the RPE (BLR) is still
completely discernible. Basal laminar deposits (BLD-arrowhead) are present. Abbrevia-
tions: AMD, age-related macular degeneration; CC choriocapillaris; EM, electron mi-
croscopy; LM, light microscopy; RPE, retinal pigment epithelium.

The whole length of the capillary layer including endothelial cell
bodies and pillars was quantified (Fig. 2). CC was defined as being
present when the capillaries were covered by a light microscopi-
cally visible endothelium and filling the whole space between 2
pillars of Bruch’s membrane (green brackets in Fig. 2 L_1). If a
capillary was shrunken, that is, a space appeared between pillar and
endothelial wall, or a vessel was completely absent (no capillary on

a length of more than 10 pum between neighboring capillaries) then
this area was defined as lacking CC (red brackets in Fig. 2 ). If
unclear, this was controlled by EM. Examples of such absent or
shrunken capillaries in higher magnification are illustrated in Fig. 3.
In comparison to measuring only the area of CC vessel lumina, this
approach yields additional information on the overall composition
and integrity of the whole CC layer and thus more accurately de-
scribes CC density. It is also less vulnerable for postmortem arte-
facts like capillary collapse. Percent coverage of CC length can also
more easily be compared with RPE length as it is used in the ana-
lyses for Figs. 7—9, where local degradation of either RPE and/or CC
is investigated.

2.6. Statistical analysis

Statistics were performed using either Student t test for para-
metric analyses or the Wilcoxon—Mann—Whitney test for
nonparametric data sets. The null hypothesis was that the AMD
affected samples were histologically not different from the control
samples. All p-values <0.05 were stated significantly different (er-
ror probability 5%). Linear regression analyses yielded the inter-
dependency of RPE and CC survival in the different stages.

3. Results
3.1. Whole section analysis

Histologic changes in AMD compared with healthy control were
addressed in whole perimacular sections of 12 AMD donor eyes and
9 control eyes.

All control sections did fit in one of the 2 first stages I and II. They
showed a complete retina and RPE over section length (each about
100%), basal deposits were not present or few in number and area,
leading to a mean thickness of BM of 3 + 1 um.

Compared with controls, AMD sections showed areas with loss
of photoreceptors (nuclei, inner, and outer segments, all p < 0.01),
RPE (p = 0.009), and CC (p < 0.0001). Bruch’s membrane was
thickened and basal deposits were more pronounced in AMD sec-
tions (p = 0.006 to controls).

In 7 of the 12 AMD sections such degenerative areas were
directly facing other areas with intact retina—choroid complexes.
These transitions are described in detail in Section 3.2.

3.1.1. Choriocapillaris

Loss of choriocapillaris density was identified as empty spaces
beside shrunken capillaries or enlarged pillars (Fig. 3). With AMD,
the areas covered by CC lumina were halved in value compared
with controls (p < 0.0001, Fig. 4A and B). Also the number of fen-
estrations in the remaining vessel endothelia was greatly decreased
(p < 0.0001, Fig. 4C and D). A detailed analysis of CC breakdown in
relation to the RPE is presented in Section 3.2 (Figs. 8 and 9).

3.1.2. Bruch’s membrane and basal deposits

Semithin sections revealed the thickness of Bruch’'s membrane
and the abundance of basal deposits, whereas EM sections clarified
whether basal laminar or linear deposits were accumulating
(Fig. 5). In Table 3, the results per donor are presented. Healthy
control sections showed foremost small amounts of deposit for-
mation, which were predominantly composed of basal laminar
material. The AMD samples showed higher amounts of deposit
formation, which were often continuously spread over the whole
section length. All contained laminar deposits.
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Fig. 4. Changes in the choriocapillaris. (A, B) Light microscopical analysis of CC area in pm?/um BM (dashed line), p < 0.0001. CC lumina are shaded white and marked with an
asterisk. (C, D) Electron microscopical analysis of CC fenestration (arrows) per pm length of the CC endothelium (dashed line, en). The asterisk marks the CC lumen, p < 0.0001. (see
digital version for color images). Abbreviations: BM, Bruch’s membrane; CC choriocapillaris.

3.1.3. Retinal pigment epithelium

The RPE was present in controls and early AMD but completely
lost in areas of severe degeneration (97% + 7% present in control;
63.7% + 27% present in AMD sections; p = 0.009 to control).

In the earlier AMD stages, the RPE showed more morphologic
changes rather than the absence of cells. The cells were often hy-
pertrophic, microvilli clumped together or completely absent.
Heavy deposition of basal waste was often associated with basal
detachment of single, hypertrophic cells into the subretinal space.
However, areas where the photoreceptors were already completely
degenerated and the nuclei of the remnant retinal cells did reach to
the underlying tissue were also free of the RPE in most cases. In
these areas, the subretinal space had completely collapsed. On the
other hand, when the subretinal space was still separating the
degenerating photoreceptors from the underlying tissue, the RPE
was also still present (Figs. 1 and 6, Supplementary Fig. 2).

3.14. Photoreceptor layer

The photoreceptors of AMD donors were highly degenerated as
compared with those in controls (Table 4). When investigating
photoreceptor loss, it was obvious that outer segments were the first

Fig. 5. EM micrograph of an AMD eye showing basal deposits: basal laminar deposits
(lam) are located between the basal membrane of the RPE (arrows) and the RPE labyrinth.
Basal linear deposits (lin) reside between the basal membrane of the RPE and the inner
collagenous layer of Bruch’s membrane (BM).

to be lost with AMD. Already in stage II, first lesions could be observed,
but mainly at the transitions going over into more damaged areas
(stage II, 64% + 42% of BM; stage IV, 0%). The inner segments were
much more robust but absent with late stage AMD (stage [ 76% + 33%
BM; stage IV 10% + 22% BM). Photoreceptor nuclei were also lost with
late stage AMD (6 =+ 2 rows of nuclei in controls; IV 2.8 + 3 rows of
nuclei; V 0 rows;). Statistics showed significances between stages I or
Il as compared with stages IV and V, respectively (all p < 0.001).

In the late stage CNV, surviving photoreceptors, where just the
outer segments were missing, were only observed at 3 small areas
(80—500 pm; Fig. 1B, Fig. 6A and B, and Supplementary Fig. 2). Here,
the RPE cells were also still present forming a continuous layer and
were separated from the photoreceptors by a clearly recognizable
subretinal space. However, up to 50-um thick CNV sheets separated
them from the remnant CC vessels. These comparatively healthy areas
were surrounded by otherwise highly degenerated neo-
vascularization scars. In the morphologically more intact areas,
functional CNV vessels (defined as containing an intact endothelium,
an open lumen and pericytes, and optionally with red blood cells;
vessels 2—4 in Fig. 6A—C) were also observed more frequently than in
scar tissue, where CNV vessels were often degenerating and showed
leaky endothelia as judged by either loss of cell connections or death
of whole endothelial cells (Fig. 6D and E, and Supplementary Fig. 2).
CNV vessel morphology resembled mostly that of capillaries of the CC,
but often they also displayed very large lumina and endothelial walls
of different thickness. In addition, artery-like and venule-like vessels
were observed. Typical pericytes such as that shown in Fig. 6C were
seldom seen, but fibroblast-like cells were often found accompanying
the endothelial membrane of CNV vessels (Fig. 6D and E).

3.2. Analysis of transitional stages

3.2.1. Combined analysis of choriocapillaris and RPE in transition
stages

Outside of transitions, areas where either the RPE or CC was
missing whereas the other survived were equally abundant, thus a
primary destruction of either tissue was hard to identify. Thus, the
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Fig. 6. Choroidal neovascularization can support retinal survival in certain areas. (A) Light microscopical panorama image showing an area where photoreceptors with inner
segments and RPE can survive, functional CNV vessels (2, 3, 4), one of them with erythrocytes, can be observed (box magnification in B and C). This area is surrounded on both sides
by highly atrophied tissue. CNV vessels 1 (and 5, 6, 7, 8 in the Supplementary Fig. 2) show endothelial lesions (magnification in D, E). Note also the broken elastic layer of BM close to
vessel 1. (B) Electron microscopical panorama image showing the surviving area in higher magnification. Photoreceptors show an outer limiting membrane (OLM), nuclei, and inner
segments (IS) of the photoreceptor cells. Remnants of the outer segments formed reticular drusen (subretinal drusenoid deposit, Curcio et al,, 2012) in the subretinal space (*).
Between the RPE and the elastic layer of Bruch’s membrane (BM) functional CNV vessels can be observed. CC choriocapillaris (C) Higher magnification of the box in B showing CNV
vessel 3 with the typical architecture of an intact and functional vessel: it has a thicker endothelial wall (en) compared with the other CNV vessels. The lumen is open and wide and
contains red blood cells. On the left border, a pericyte (P) can be observed. It is separated from the vessel and covered by the same basal membrane. (D) CNV vessel 1 shows an intact
endothelium in about 75% of the vessel area. However, some cells appear abnormal, for example, a fibroblastic cell of unknown origin (*) is connected to the endothelial cells of the
vessel wall and they are covered by the same basal membrane. (E) With higher magnification it can be observed that the endothelial cells lack cell connections and are thus leaky. In
addition, the left endothelial cell is disintegrating. Abbreviations: CNV, choroidal neovascularization; RPE, retinal pigment epithelium.

changes with AMD progression were investigated at transitions
between 2 stages. Seven AMD donors showed such transitions
(Table 1). As an example, the mean values for transitions between
stage Il and IV and transitions between stage Il and V are illus-
trated in Fig. 7. RPE and CC loss from stage II to stage IV are sig-
nificant. The data indicate also that the CC is always more
damaged in stage Il compared with the RPE (NS) suggesting first
loss of CC followed by RPE. It also shows that the RPE in stage II of

donors with GA is already more damaged compared with the RPE
in stage Il of CNV.

In Fig. 8A, the transition data were resorted according to the
single stages (independent of their transition partner stage)
yielding changes to the RPE and CC with AMD progression.

The data confirm the results of Fig. 7 and additionally prove that
even control sections could suffer from initial loss of intact vessels
with an otherwise intact RPE layer. This is also illustrated in the
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To investigate whether the RPE or CC was surviving whereas the
other one had already disappeared, those areas were measured where
either the RPE or the CC, both or none of these layers were lost. For
better understanding refer to Fig. 9A. Fig. 9B—C illustrates the relation
of the present and lost RPE and CC for the different stages of
destruction in dry and wet AMD and for control sections. Again, sec-
tions which appeared normal at first sight already contained areas
where the CC area was decreased (control and stage [ [0%—30%]). This
can only be investigated using detailed analyses as performed in Fig. 9.
In early AMD (stage II) of both wet and dry AMD donors, RPE cells also
showed first lesions but CC area loss was still more prominent. In wet
AMD (Stage III, V), the CC was affected more severely compared with
the RPE, which was counterbalanced by blood vessel outgrowth.

4. Discussion

The main focus of the present work was to find out whether RPE
or CC loss precedes retinal degeneration with AMD, independent of
the AMD type. Already in the late 60s, scientists were discussing
whether the CC (Duke-Elder, 1966) or BM and RPE (Hogan, 1967,
1972) were the initiators of AMD (Sarks, 1976). However, this
question still remains to be solved as the RPE and CC share a
mutualistic relationship (Bhutto and Lutty, 2012).

Early AMD is described as affecting primarily the RPE and
Bruch's membrane. Changes in the RPE are thought to lead to
oxidative stress and deposition of undegradable material between
the RPE and Bruch’s membrane, where it can build basal deposits
and large drusen. However, drusen formation can also occur as a
result of normal physiological outflow stopped by a barrier yielding
particle fusion and formation of lipoprotein-derived debris, which
does not have to be oxidized. This “response-to-retention” model
reflects the likely source of soft drusen and basal linear deposits
more accurately (Curcio et al.,, 2011).

% CC survival

Fig. 8. The presence of CC and RPE in relation to the length of BM sorted by stage. (A)
Controls (c) already show a slightly decreased CC compared with RPE (* p = 0.01). In
the AMD stages I-III, this effect is even more obvious (e.g., stage Il © p = 0.007), Stage IV
GA shows lower values for RPE, respectively (NS). Note, that data are only taken from
transition stages, that is, for control n = 10 areas of 5 donors (10/5); stage I n = 1/1,
stage Il n = 9/7, stage Ill n = 1/1, stage IV n = 5/5, and stage V n = 4/3. Statistics for
transitions from Il to IV, Il to V, and IV to V are shown in Table 6. (B) Positive correlation
of the survival of RPE and CC in the different AMD stages and controls (R* = 0.89).
Abbreviations: AMD, age-related macular degeneration; BM, Bruch's membrane; CC
choriocapillaris; GA, geographic atrophy; RPE, retinal pigment epithelium.

Together with increasing thickness of BM with age, these deposits
are responsible for diminished transport of nutrients and metabolites
through the blood-retinal barrier leading to more oxidative stress in
the retina-choroid complex. Finally, these cumulative reactions may
result in (dry) AMD. In this scenario, the main initiator is supposed to
be the RPE, but meanwhile the occurrence of deposits and drusen was
also correlated to the capillary layer of the choroid, the chorioca-
pillaris. It was found that deposits often form at the pillars between
single CC vessels (Kochounian et al., 2009; Lengyel et al., 2004; Sarks,
1999), where a rapid removal of the material by the bloodstream is
inhibited. A concurrent thinning (Margolis and Spaide, 2009) and loss
of capillaries with age is discussed controversially (Jonas et al., 2014),
but would further lead to impaired blood perfusion (Grunwald et al.,
1998) and probably also to additional waste accumulation in BM. This
impaired blood perfusion is further increased with AMD
(Machalinska et al., 2011; Metelitsina et al.,2008; Mullins et al., 2011).
Others found elevated levels of circulating endothelial cells as a
marker of chronical vascular dysfunction in both wet and dry AMD
patients (Machalinska et al., 2011).

In our opinion, in wet AMD, the loss of the CC is counteracted
by the formation and growth of new blood vessels into the
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No deposit is indicated by (0), Patchy deposit <125 pm length is indicated by (1),
Thin continuous with >125 pm length and <2 pm height is indicated by (2), thick
continuous with >2 pm height is indicated by (3).

Key: CNV, choroidal neovascularization; EM, electron microscopy; LAM, laminar;
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Fig.9. The order of CC and RPE loss. (A) The presence (“survival”) of RPE and CC per pm
of BM was measured. Areas where both layers were lost were labeled violet in the
diagram in part (B). Areas where both layers were present were labeled green. Areas
where only the RPE was lost whereas the underlying CC was still there were labeled
red. Vice versa, areas where the RPE was still there but the underlying CC lost were
stained blue. (B) The diagram shows the mean values of the previously mentioned 4
situations per stage. Controls and stage I sections thus show both the surviving RPE and
CC in over 70% of the area investigated. There are no areas where both layers were
missing; however, in about 13% (control) and 29% (Stage I) the CC was missing although
the RPE was still there. Also stage IIl, the initial stage of wet AMD still showed a high
amount of viable RPE and CC (over 50%), but the CC was already highly impaired
(40% + 5% where both layers are already completely lost). In the late stages of AMD (IV,
V), most of the areas investigated had completely degenerated (violet). Depending on
the AMD type either the RPE (dry AMD; IV) or the CC (wet AMD; V) was additionally
affected more severely. Control (c) n = 10 areas of 5 donors (10/5); I, n = 1/1; I, n = 9/
7; 1, n = 1/1; IV, n = 5/5; and V, n = 4/3. (C) The scheme of degenerative stages is
presented below the diagram to illustrate the given order of stages for better under-
standing (see digital version for color images). Statistics are given in Table 7. Abbre-
viations: AMD, age-related macular degeneration; BM, Bruch’s membrane; CC
choriocapillaris; RPE, retinal pigment epithelium.

subretinal space where they should substitute the CC function,
probably leading to longer survival of the RPE and retina, as
indicated in Fig. 6 and Supplementary Fig. 2. Unfortunately, these
newly formed blood vessels are often stunted and unfunctional
and instead of restoring the transport of metabolites to and from
the retina, they promote blood leakage, accumulation of extra-
cellular matrix and the invasion of macrophages and finally lead
to scar formation and vision loss (Fig. 6, Supplementary Fig. 2).
Our suggestions concerning the extended survival of retinal
layers with early CNV are only based on 2 sections investigated in
this work and will thus not be discussed further. However, they
are in line with the excellent previous work that showed that
CNV is a stereotypic and nonspecific wound healing response to a
specific stimulus, here AMD (reviewed in Grossniklaus and Green,
2004).

LIN, linear; NI, not investigated.
2 Grading according to data presented by experts in the field (Curcio et al., 1998;
van der Schaft et al., 1992).

4.1. The scheme of degenerative stages

We graded the different eye samples from control and AMD
donors according to a scheme, which was adapted from the
groundbreaking work of Sarks (1976). She used sections stained for
different BM markers to investigate the influence of basal deposits
on retinal degeneration. Accordingly, her scheme of 6 degeneration
stages included (I) no deposit, (II) patchy deposits, (III) thin
continuous deposits, first clumping of pigment, (IV) thick contin-
uous deposits with occult CNV, (V) basal deposits with loss of the
overlying RPE (GA), and finally (VI) disciform degeneration in
classic CNV. This scheme has been adapted by different groups
before, yielding comparable data sets acquired by different
methods (Rudolf et al., 2013; Vogt et al., 2011).

The progression of degeneration in this work was graded in 5
stages and as a function of the RPE and retinal damage rather than
deposit formation. Nevertheless, the progression of stages was
intriguingly similar.

Note that the terms “occult” and “classic” CNV are derived from a
fluorescein angiography-based classification system. They were
originally defined as areas with “poorly-defined” or “well-demar-
cated choroidal hyperfluorescent” margins, respectively (as defined
by the Macular Photocoagulation Study Group [1991, 1996]).
Meanwhile, histologic data and multimodal imaging devices, such

Table 4

Loss of photoreceptors with AMD, whereas controls show complete photoreceptors
all over the section lengths, AMD sections showed increasing loss of nuclei < inner <
outer segments compared with controls

Mean + SD Mean + SD p-value
control AMD
Photoreceptor nuclei present 87 +19 38 + 30 <0.0001
(>7 rows)
Inner segments present 100 +0 41 + 43 <0.0001
(% per BM length)
Outer segments present 100 £ 0 30 + 44 0.0001

(% per BM length)

Key: AMD, age-related macular degeneration; BM, Bruch’s membrane; SD, standard
deviation.
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Table 5 Table 7
Correlation of CC and RPE within single stages Statistics given for data in Fig. 9 (p-values)
Stage Correlation R? AMD stages 1=V -V V=V
Stage 2 y = 0.18x + 38 0.18 Only CC lost (%) 0.001 0.05 NS
Stage 4 y = -0.45x + 21 0.03 Only RPE lost (%) 0.04 NS NS
Stage 5 y=036x+ 15 0.55 Both survive (%) 0.0001 0.008 NS
Key: CC, choriocapillaris; RPE, retinal pigment epithelium. Both lost (%) il 0.001 NS
Control-AMD C-ll C-Iv v
as spectral domain optical coherence tomography (SD-OCT), show Only CC lost (%) 0.02 NS NS
more clearly the lesion composition with wet AMD. Thus, a new Onlg RPE losr(Q%%S) 330 g-g(lm 0-82000
. : y Both survive .001 <0.0001 <0.0001
classification system has been proposed by Freund et al. (2010) and Both lost (%) o1 00001 00001

should be adapted regularly according to the newly emerging
criteria. This classification system is based on 3 different types of
CNV: (1) Type 1, vessels confined to the sub-RPE space; (2) vessels
proliferating through the RPE into the subretinal space; and (3)
intraretinal neovascularization. Although we used the definitions
used by Sarks (1976), we also included the new nomenclature in the
hope that it will spread when used regularly.

4.2, The impact of capillary loss

Loss of CC vessels was observed in all investigated stages, but was
more pronounced with late AMD. It was unexpected that control
donors also showed loss of capillaries in about 13% of the investi-
gation area. However, increasing variability of CC density, including
up to 50% loss in CCin the 10th decade of life (Ramrattan et al., 1994)
has also been observed before and would suggest that loss of cap-
illaries with age may be an initiating factor of AMD, thus also making
dry AMD a vascular disease (Friedman, 1997; Machalinska et al.,
2011; Verhoeff and Grossman, 1937). Also McLeod et al. (2009)
investigated the border regions of macular degeneration in com-
parison with healthy controls and likewise found loss of a viable CC
in alkaline phosphatase stained eyes with GA but even more with
CNV.In Fig. 3 of McLeod et al. (2009) they also show initial loss of CC
in controls. The same is true for Curcio et al.,(2000) who investigated
RPE and CC atrophy in peripapillary regions of non-AMD donor eyes.
They also found preliminary but unsuspicious choriocapillaris loss in
areas with an otherwise normal RPE.

Mullins et al. (2011) performed immunchistological in-
vestigations on cryosections of early AMD donors and found a
decreasing CC density and increased accumulation of deposits with
AMD compared with controls. By differentiation of viable (UEA-1
positive) and non-viable “ghost” vessels they also showed that
drusen density was negatively correlated to healthy CC density but
positively correlated to CC death. But whether drusen formation
was the cause or consequence of CC death could not be answered by
their studies. Our data are also in accordance with this excellent
publication. Although we did not investigate the EEA-1 or alkaline-
phosphatase status of our capillaries, we were able to judge CC
health by endothelial cell ultrastructure and determined an
increasing loss of viable capillaries with age and AMD by measuring
significant changes in CC area, length, and fenestration, which is
also in accordance with McLeod et al. (2002),

Table 6
Statistics given for data in Fig. 8 (p-values)
CC (%) RPE (%)

C-lI NS <0.001
C-Iv <0.0001 <0.0001
c-v <0.0001 <0.0001
AMD [I-1V 0.004 <0.0001
AMD [1-V 0.01 0.001
AMD V-V NS 0.04

Key: AMD, age-related macular degeneration; CC, choriocapillaris; NS, not signifi-
cant; RPE, retinal pigment epithelium.

Key: AMD, age-related macular degeneration; CC, choriocapillaris; NS, not signifi-
cant; RPE, retinal pigment epithelium.

Although an intense correlation of basal depositions with AMD
stages was not intended in this work, the presented data show
that a continuous low layer of basal deposits could already be
involved in CC loss and AMD onset, and huge drusen might only
be a severe form of this condition. Thus, we suggest that CC loss
is actually the cause, rather than the effect of drusen. This is also
in accordance with the hypothesis that severe deposits grow close
to pillars and already impaired CC vasculature. Further
outstanding work on deposit formation, composition, and impact
on RPE and CC loss in AMD can be obtained in previous publi-
cations, (Curcio and Millican, 1999; Lengyel et al., 2007; Russell
et al, 2000; Sarks et al., 2007; Spaide and Curcio, 2010; Spraul
et al., 1998).

Meanwhile, gene expression analyses demonstrated a clear
decrease in the expression of endothelium-expressed genes in eyes
of early AMD donors with concomitant increase in RPE-related
genes (Whitmore et al., 2013). This work further suggests loss or
dedifferentiation of choroidal endothelial cells before the loss of the
RPE (Whitmore et al., 2013).

4.3. Impact of the RPE and the value of investigating transitions

As expected and in accordance with the literature, we found a
longer survival of the RPE and predominant loss of the CC in CNV
and RPE loss with surviving CC in GA. Interestingly, the RPE of stage
Il in GA donor eyes was more highly impaired compared with the
RPE in stage Il of CNV donors (Fig. 7) implicating that the pro-
gression in either direction, wet or dry, can already be fore-
shadowed in areas with early degeneration (stage II). Thus,
investigation of transitions between early stages 1 or Il to later
stages IlI, IV, and/or V have to be analyzed more thoroughly to
understand the regulatory events leading to either dry or wet AMD.
However, the transitions were mostly very abrupt (<50 pm dis-
tance) and a clear transition zone between surviving photoreceptor
and retinal scarring could hardly be observed. Such abrupt transi-
tions with AMD-like changes in the retina—RPE—CC complex were
also shown for age-related peripapillary chorioretinal atrophy of
eyes without AMD (Curcio et al., 2000). Thus, the first 200 um of
each stage had to be investigated instead and correlated to each
other but also to more central areas of each zone. And indeed,
values taken at either side of the transitions did differ from values
taken in the central parts of the different stages (e.g., the RPE loss
was more severe in central parts of a stage compared with its
border region to a healthier area, data not shown). The data show
the importance of investigating early stages of AMD and their
transitions to end stage degeneration, as it is only here that the
possible reasons of the progression of the disease become visible.
But note that it is only an assumption that the margins of the lesion
represent a directional or temporal intermediate between health
and disease, as this is not really known.
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4.4. Strength and weaknesses of the study

Sample number: Although this study investigated only a small
number of donor eyes, the data of the single donors were investi-
gated with high accuracy using light and electron microscopy and
they nicely represent a common behavior of degeneration in the
RPE and CC of AMD donor eyes. However, statistics applied in this
work should be handled with care because of sample size, extensive
mixed statistical approaches accounting for dependencies, as those
performed by Vogt et al. (2011) were not applicable. Instead, linear
regression analyses account for CC and RPE dependency in the
different stages.

Reproducibility: Nevertheless, the values for BM thickness and
basal deposits (Ramrattan et al., 1994; Spraul et al., 1996), density of
CC vessels (Mullins et al., 2011) and the correlation of RPE and CC
loss (Bhutto and Lutty, 2012; McLeod et al., 2009) investigated here
were very close to results published before by the experts in this
field. This shows the high reproducibility of our work in comparison
with other morphologic methodologies but also with clinical im-
aging techniques like optical coherence tomography (OCT) (Brown
et al,, 2009) or angiography (Curcio et al., 1998), which can also be
applied to donor eyes. Thus, a correlation of different light, fluo-
rescence, and electron microscopical work is of high value.

Postmortem effects: Note that postmortem times could affect
ultrastructure especially that of blood vessels yielding collapsed
lumina or invisibility of fenestrations. However, this would affect
both controls and AMD donors, and it is not the case here, as
shrunken vessels mostly show still intact margins like cell mem-
branes, fenestration and a basal lamina, and appear thus morpho-
logically viable (Fig. 3). In addition, they are facing neighboring
intact vessels without damage. Besides, the approach used in this
work is not solely based on vessel lumen area but addresses the
whole CC layer integrity (“length/BM"), which would not be
changed by postmortem artefacts. Both approaches show an about
60% loss CC in AMD compared with controls.

Correlative light and electron microscopy: The combination of
light and electron microscopy in neighboring sections of the same
tissue block is only possible in plastic sections (here epon) and was
a great plus, as both the overview information and the ultrastruc-
tural resolution complement each other. They show per se an
excellent contrast and ultrastructure compared with stained
paraffin or frozen sections. Thus, ghost vessels can be recognized
without further staining. However, other cell types, such as those
present in BM, can only be fully addressed with antibody labeling
which was not performed here. In addition, all histologic analyses
represent only one stage in time, thus a progression over time
cannot be addressed by either of the discussed methods.

Grading: Our grading primarily addressed the presence of cell
layers rather than the viability andfor morphology of these cells.
However, it is an estimate of where RPE cells in particular were still
viable enough to remain at their destined position, and where or-
ganelles like the melanosomes could still participate in anti-
oxidative defense and retinal survival.

Nevertheless, the work shows a practicable method for the
investigation of AMD progression. It addresses the importance of
investigating border areas between healthy and atrophied regions
in AMD samples. With this approach, we showed that loss of cho-
riocapillaris vessels with age occurs and could serve as an indicator
and prevalence factor for AMD.

4.5, Summary
Initial CC breakdown is shown to precede RPE and retinal

degeneration, as judged from the comparison of control and AMD
sections in different stages of destruction. Thus, AMD is presumed

to be a vascular disease as has already been postulated before
(Friedman, 1997; Verhoeff and Grossman, 1937). Special emphasis
should be laid on AMD sections where different stages of degen-
eration pass over into each other. By comparing these interfaces
using the given approach, a possible sequence of degenerative steps
with aging and AMD can be revealed.
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Supplementary Fig. 1. Dry AMD: whole section light microscopical panora-
ma image of a dry AMD donor, female, 93-year-old. The right part of the image
is exemplarily shown in Fig. 1A. Abbreviation: AMD, age-related macular degen-
eration.

Supplementary Fig. 2. Wet AMD: whole section light microscopical panora-
ma image of a wet AMD donor, male, 76-year-old. The middle part of the image
is exemplarily shown in Fig. 1B. The box with the numbered CNV vessels refers to
the vessels investigated for Fig. 6 in the text. CNV 1, 5, 6, 7, and 8 show endothe-
lial lesions when investigated with EM. CNV vessels 2, 3, and 4 are intact. Abbre-
viations: AMD, age-related macular degeneration; CNV, choroidal neovasculariza-
tion; EM, electron microscopy.

Supplementary Fig. 3. Wet AMD: whole section light microscopical panora-
ma image of a wet AMD donor, male, 71-year-old. The left part of the image is
exemplarily shown in Fig. 2. Abbreviation: AMD, age-related macular degenera-
tion.
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Background. Stargardt disease (SD) is characterized by the accumulation of the
age-pigment lipofuscin in the retinal pigment epithelium (RPE) and subsequent
neuroretinal degeneration. The disease leads to vision loss early in life. Here, we
investigate age-dependent ultrastructural changes in three SD mouse models: albino
Abcad” and pigmented Abca4” and Abca4”".Rdh&”" mice. Since we found indications
for oxidative stress primarily in albino SD mice, we tested RPE melanin for its
antioxidative capabilities.

Methods. SD mouse eyes were investigated by light, fluorescence and electron mi-
croscopy and were compared to the respective albino and pigmented wild type mice
and to a human donor SD eye. To confirm the role of RPE melanin in scavenging
oxidative stress, melanin from S. officinalis as a standard and porcine RPE were tested
for their capability to quench superoxide anions.

Results. Histological alterations indicative of oxidative stress and/or lysosomal dysfunc-
tion were present in albino Abca4”" and Abca4”".Rdh8” mice. Retinal damage, such
as inner segment rupture and pyknotic or free photoreceptor nuclei in the subretinal
space and RPE vacuolization were exclusively found in albino Abca4”" mice. Shortened
and disorganized photoreceptor outer segments and dead RPE cells were found in
albino Abca4™ and Abcad4”".Rdh8”" mice, with earlier onset in albino Abca4” mice.
Undegraded phagosomes and lipofuscin accumulation were present in the RPE of
all three SD strains, but numbers were highest in Abea4”".Rdh8”" mice. Lipofuscin
morphology differed between SD strains: (melano-)lipofuscin granules in pigmented
Abca4”" mice had a homogenous electron density and sharp demarcations, while
lipofuscin in albino Abea4”" mice had a flocculent electron density and often lacked a
surrounding membrane, indicating loss of lysosomal integrity. Young Abca4™".Rdh8"
mice showed (melano-)lipofuscin granules with homogenous electron density, while in
aged animals granules with flocculent electron density predominated. Both strains of
pigmented SD mice had melanolipofuscin clusters as found in the human SD eye. Like
melanin from §. officinalis, porcine RPE melanin can also quench superoxide anions.

How to ciie this article Taubitz et al. (2018), Ultrastructural alterations in the retinal pigment epithelium and photoreceptors of a Star-
gardt patient and three Stargardt mouse models: indication for the central role of RPE melanin in oxidative stress. Peer] 6:e5215; DOL
10.7717/peerj.5215
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Discussion. The presented pathologies in albino Abcad” and Abca4”".Rdh&”" mice
suggest oxidative stress and/or lysosomal dysfunction within the RPE. Since albino
Abca4”” mice have the earliest onset and severest damage and as absence of melanin and
also melanin turnover with age are known to diminish RPEs anti-oxidative properties,
we assume that RPE melanin plays a role in SD related damages. A lack of pathology in
pigmented Abca4”" mice due to lower stress levels as compared to the Abca4”.Rdh8”
mice underlines this hypothesis. It is also supported by the finding that RPE melanin
can quench superoxide anions. We therefore suppose that RPE melanin is important
in retinal health and we discuss its role as an oxidative stress scavenger.

Subjects Cell Biology, Neuroscience, Ophthalmology, Pathology, Histology

Keywords Lipofuscin, Melanolipofuscin, Stargardt disease, Lysosomes, Oxidative stress, Melanin,
Retinal degeneration

INTRODUCTION

Stargardt disease (STGD1, OMIM #248200) is one of the most frequent inherited macular
dystrophies in humans and affects 1 in 8,000-10,000 individuals (Blacharski, 1988). It is
caused by mutations in the ATP-binding cassette A4 (ABCA4) gene, which encodes for a
transmembrane protein located in the rim of photoreceptor disks (Allikmets et al., 1997;
Molday, Zhong & Quazi, 2009). The ABCA4 protein is involved in all-trans retinal transport
through the photoreceptor disk membrane and is thus part of the visual cycle. Disrupted
ABCA4 function leads to accumulation of all-trans retinal within the disk and facilitates
formation of N-retinylidene-N-retinylethanolamine (A2E) and other bisretinoids (Sparrow
et al., 2012). These substances are major components of lipofuscin, a cytotoxic age pigment
that accumulates in the retinal pigment epithelium (RPE) and leads to RPE dysfunction
and subsequent RPE and photoreceptor degeneration (Sparrow et al., 2012). Owing to the
burden of cytotoxic lipofuscin accumulation early in life, Stargardt patients suffer from
early onset macular degeneration, resulting in progressive bilateral vision loss.

The first animal model generated for Stargardt disease was the pigmented Abcad—/~
mouse (Weng et al., 1999). This model shows several typical pathological changes related
to Stargardt disease, including accumulation of lipofuscin granules in the RPE, elevated
levels of A2E and other bisretinoid fluorophores and delayed dark adaption (Charbel Issa
et al., 2013). Since this mouse strain lacks retinal degeneration (Charbel Issa et al., 2013;
Weng et al., 1999), it is considered as a model for the early stage of Stargardt disease.

A second Abca4—/~ mouse strain, the albino Abca4~/~ mouse, was generated by
crossbreeding pigmented Abca4~/~ mice with Balb/c mice (Radu et al., 2004). This albino
Abca4~/~ mouse model differs from the pigmented Abca4—/~ mouse model in several
aspects. Albino Abca4~/~ mice have lower levels of the lipofuscin component A2E,
but higher levels of A2E oxidation products, so called A2E oxiranes than pigmented
Abca4™/~ mice (Radu et al., 2004). Tt was previously shown that lipofuscin can generate
reactive oxygen species, including singlet oxygen, after exposure to blue light (Rozanowska
et al., 1995) and that A2E is oxidized by singlet oxygen to A2E oxiranes in vitro

Taubitz et al. (2018), PeerJ, DOI 10.7717/peer|.5215 2/33
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(Ben-Shabat et al., 2002). As a consequence, A2E can auto-oxidize to A2E oxiranes

in the presence of light. Since A2E oxiranes are highly reactive and can cause DNA
fragmentation (Sparrow et al., 2003a; Sparrow, Zhou ¢ Cai, 2003b), this might be an
important mechanism of A2E cytotoxicity. In contrast to pigmented Abca4~/~ mice,
albino Abca4~/~ mice show a mild retinal degeneration, starting at an age of 7 months
(Radu et al., 2011) and leading to a loss of approximately 30 to 40% of photoreceptor
nuclei at the age of 11 months compared to WT (Radu et al., 2008; Wu, Nagasaki ¢
Sparrow, 2010). Furthermore, albino Abca4~/~ mice show a range of signs of chronic
inflammation in the RPE including upregulated expression of oxidative stress genes,
elevated levels of the oxidative stress markers malondialdehyde and 4-hydroxynonenal,
activation of complement, downregulation of complement regulatory proteins and
monocyte chemoattractant protein-1, increased C-reactive protein immunoreactivity
and thickening of Bruch’s Membrane (Radu et al., 2011).

A third Stargardt disease mouse model is the pigmented Abca4~/~.Rdh8~/~ mouse
strain, generated by crossbreeding Abca4~/~ mice with Rdh8~/~ mice (Maeda et al., 2008).
Abca4™/~.Rdh8~/~ mice are described to have reduced all-trans retinal clearance and higher
amounts of A2E, A2E-precursors and retinal dimer conjugates than WT and pigmented
Abca4™/~ mice (Maeda et al., 2008). Regional retinal degeneration and rosette formation is
observed by as early as 6 weeks of age and leads to advanced retinal degeneration by the age
of 3 months (Maeda et al., 2008). Furthermore, drusen formation and thickening of Bruch’s
membrane in 3-month-old animals and choroidal neovascularization in 10-month-old
animals are described (Maeda et al., 2008).

So far, ultrastructural changes were not investigated in detail in all three mentioned
Stargardt disease mouse models, although they are widely used in the search of therapy
options for SD. In this study, we conducted light and fluorescence microscopic as well as
ultrastructural analysis of age-related retinal and RPE changes in these mouse strains. For
comparison, we investigated tissue of the respective WT mouse strains and a single eye of a
human donor with Stargardt disease. So far, electron microscopic examinations of human
Stargardt eyes are scarce (Birnbach et al., 1994; Bonilha et al., 20165 Eagle Jr et al., 1980).

We found early onset of histologic alterations typical for oxidative stress and lysosomal
impairment in albino Abca4~/~ mice. Similar alterations were found with later onset
and less severity in pigmented Abca4~/~.Rdh8~/~ mice and were lacking in pigmented
Abca4~/~ mice. Since both the absence of melanin and melanin ageing are known to
diminish the antioxidative properties of the RPE, these finding underline the importance
of RPE melanin for retinal health and disease.

MATERIALS AND METHODS

Animals

Pigmented Abca4~/~ mice (12954/Svjae-Abcad™ ") were kindly donated by P. Charbel
Issa (University of Oxford, Oxford, England). Albino Abca4~/~ mice (BALB/c-Abca4
tmiGht) were kindly donated by G. Travis and R. Radu (University of California, Los Angeles,
CA). Double knock-out Abca4=/=.Rdh8~/~ (12954/Sv]ae- Abcad™Ght*C57BL/6]-
Rdh8'™!XPal) mice were kindly donated by K. Palczewski (Case Western Reserve University,
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Cleveland, Ohio). Control albino WT mice (Balb/c) were purchased from Charles River
(Sulzfeld, Germany) and control pigmented WT mice (12952) were purchased from Harlan
Laboratories (Hillcrest, UK). The knock-out mouse strains were bred in our in-house
facility. Light cycling was 12 h light (approximately 50 lux in cages)/12 h dark, food and
water were available ad libitum. All procedures involving animals were in accordance with
the German laws governing the use of experimental animals and were previously approved
by the local agency for animal welfare (Einrichtung fiir Tierschutz, Tierirztlichen Dienst
und Labortierkunde der Eberhard Karls Universitit Tiibingen, Tuebingen, Germany) and
the local authorities (Regierungsprisidium Tiibingen, Tuebingen, Germany).

Sample preparation and light, fluorescence and electron microscopy
Animals were sacrificed by carbon dioxide inhalation and subsequent cervical dislocation
and the eyes were immediately enucleated.

For light and electron microscopy, eyes were fixed overnight at 4 °C in 5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.4). After washing in cacodylate buffer, the cornea and
lens were removed and eye cups were hemisected. Halves were post-fixed in 1% osmium
tetroxide in 0.1 M cacodylate buffer and bloc-stained with uranyl acetate. Samples were
dehydrated in a graded series of ethanol and propylene oxide and embedded in Epon.
Reagents were purchased from AppliChem (Darmstadt, Germany), Merck (Darmstadt,
Germany) and Serva (Heidelberg, Germany). Light microscopy on toluidine blue stained
semi-thin sections (500 nm) was performed with a Zeiss Axioskop (Zeiss, Jena, Germany).
Ultrathin sections (70 nm) were mounted on copper slot grids (Plano, Wetzlar, Germany)
and stained with lead citrate and examined with a Zeiss 900 electron microscope (Zeiss,
Jena, Germany).

For fluorescence microscopy and immunohistochemistry, eyes were fixed in 4.5%
formaldehyde (Carl Roth, Karlsruhe, Germany) and embedded in paraffin wax, cut
into 5 pm thick sections for fluorescence microscopy and 4 pm thick sections for
immunohistochemistry. Samples for fluorescence microscopy were deparaffinized
according to standard procedures, cover-slipped with FluorSave (Calbiochem, La Jolla,
CA, USA) and were investigated with a Zeiss Axioplan2 imaging microscope (Zeiss, Jena,
Germany). Lipofuscin autofluorescence was visualized with a custom lipofuscin filter set
(excitation 360 nm, emission 540 nm).

Immunohistochemistry

Sections were deparaffinized, rehydrated and subjected to heat induced antigen retrieval
in a pressure cooker for 2 min in either citrate buffer at pH 6 (anti-HNE, anti-MDA) or
Tris buffer at pH 9 (anti-NITT). Sections were incubated overnight at 4 °C with either
rabbit anti-HNE (4-hydroxy-2-noneal, HNE11-S, alpha diagnostic international; major
product of endogenous lipid peroxidation, 1:3,500), rabbit anti-MDA (malondialdehyde,
MDAL11-S, alpha diagnostic international; byproduct of endogenous lipid peroxidation,
1:2,000) or rabbit anti-NITT (nitrotyrosine, NITT12-A, alpha diagnostic international;
peroxynitrite-induced nitration of tyrosine residues in proteins, 1:1,000). Dilution of
primary antibodies was done with antibody diluent with background-reducing components
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(Dako S3022; Agilent, Santa Clara, CA, USA). The primary antibodies were detected with
the Dako REAL™ Detection System, Alkaline Phosphatase/RED, Rabbit/Mouse according
to the manufacturer’s instructions. In brief, sections were incubated with biotinylated
goat anti-mouse and anti-rabbit immunoglobulins for 15 min at room temperature with
subsequent incubation with streptavidin conjugated to alkaline phosphatase for 15 min
at room temperature. Reaction products were visualized with freshly prepared substrate
working solution supplemented with levamisole to block endogenous peroxidases. Sections
were counterstained with hematoxylin solution modified according to Gill IIT (Merck,
Darmstadt, Germany). To control for non-specific binding, control sections were prepared
without incubation with primary antibodies. Sections were investigated using a Zeiss
Axioskop (Zeiss, Jena, Germany).

Quantification of photoreceptor nuclei and outer segment length by
light microscopy
Semi-thin sections of whole eye cups (up to 400 pm from the optic nerve head) were
photographed using a 63x oil objective. Areas adjacent to the optic nerve and to the ora
serrata were excluded from analysis due to the physiological thinning of the retina.

Photoreceptor nuclei were counted semi-automatically in an average of 11 digital images
per section in on average three eyes per age group using Fiji software (Schindelin et al.,
2012). In each image, a region of interest with a width of 100 pm along the outer nuclear
layer was defined and total photoreceptor nuclei within the region of interest were counted
as number of photoreceptor nuclei per 100 pm width of retina. The total numbers of
eyes investigated by light microscopy and used for photoreceptor nuclei quantification per
strain were 34 eyes (albino Abca4~/~ mice), 30 eyes (pigmented Abcad4~/~ mice) and 47
eyes (Abcad™/~.Rdh8~/~ mice).

Outer segment layer length was measured manually in 11-16 positions per section in an
average of two eyes per age group using Fiji software.

Electron microscopic investigation

Whole sections of mouse eyes were thoroughly investigated by electron microscopy. Total
numbers of eyes investigated by electron microscopy for the different strains were 12 eyes
(pigmented Abcad '), 16 eyes (albino Abcad=/), 16 eyes (Abca4*f*.Rdh8*/*), six eyes
(albino WT) and three eyes (pigmented WT). Sections were examined for changes in
photoreceptor, RPE and Bruch’s membrane structure. Lipid droplets in RPE cells were
counted and their diameter measured in whole sections. Thickness of Bruch’s membrane
was measured in 15 consecutive images. All measurements were performed with iTEM 5.0
Software (Olympus Soft Imaging Solutions, Muenster; Germany).

Quantification of the area in RPE cytoplasm occupied by
lipofuscin-like material

Lipofuscin-like material (derived from both lipofuscin and melanolipofuscin granules,
hereafter referred to as lipofuscin) was quantified in young (aged 4 to 6 months) and
old (aged 12 months) Stargardt mice in an average of 5 eyes per group. Thirty electron
micrographs of the RPE (magnificationx 20.000) per eye were taken in a way so only
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cytoplasm and no nuclei, microvilli and basal labyrinth were visible. To compensate for
vignetting, only an oval region of interest in the image center was analyzed. The Trainable
Weka Segmentation (Arganda-Carreras et al., 2017) plugin for Fiji software, a machine
learning tool, was used to determine the area of lipofuscin per image. A representative
subset of images was used to train the tool to specifically recognize lipofuscin, so melanin was
excluded from the analysis. A combination of the mean, median, maximum, minimum,
variance and the anisotropic diffusion-, entropy- and neighbor algorithms was used.
Segmentation calculations were performed on a 16 virtual central processing units system
with 64 GB working memory (de.NBI Cloud Tiibingen, https://denbi.uni-tuebingen.de).

Human tissue

Glutaraldehyde-fixed perimacular tissue of a 72-year-old donor with clinically diagnosed
Stargardt disease was obtained through Foundation Fighting Blindness (Columbia, MD,
USA). Post mortem time until fixation was 48 h. Written informed consent of the donor for
use in medical research and approval of the Institutional Review Board of the University
of Tuebingen (Ethik-Kommission an der Medizinischen Fakultit der Eberhard-Karls-
Universitiat und am Universitdtsklinikum Tiibingen, Tuebingen, Germany, approval
number 462/2009B02) were obtained. The experiments were performed in adherence
to the tenets of the Declaration of Helsinki. Human tissue was embedded for standard
electron microscopy as described above. For investigation of lipofuscin autofluorescence in
semi-thin sections, heavy-metal treatment during embedding (osmium tetroxide, uranyl
acetate) was omitted.

Isolation of porcine RPE melanin

RPE melanin from pig eyes was isolated as described by (Boulton ¢ Marshall, 1985)
with modifications (Zareba et al., 2006). In brief, pig eyes were opened close to the ora
serrata and the anterior segment and vitreous were discarded. The retina was removed
with forceps and the eye cup washed with PBS (Gibco, Carlsbad, CA, USA). Eye cups
were filled with trypsin/EDTA (Gibco, Carlsbad, CA, USA) and incubated for 10 min at
37 °C. RPE cells were isolated by pipetting jet streams onto the cell layer and collected in
DMEM supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) to stop
the enzymatic reaction. RPE cell pellets were homogenized using a tissue grinder. Cell
debris were removed by centrifugation for 7 min at 60 g and the obtained supernatant was
centrifuged for 10 min at 6,000 g to pellet all pigment granules. The pellet was collected in
0.3 M sucrose, loaded on a two-step sucrose gradient (1 M and 2 M) and centrifuged for
1 h at 103.000 g. Isolated RPE melanin granules were washed in PBS and the final granule
concentration was determined using a hemocytometer.

Quenching of superoxide in an NBT assay

Quenching capability of melanin was investigated with the photochemical nitroblue
tetrazolium (NBT) assay (Cheng et al., 2015). In this assay, superoxide generated by
illumination of riboflavin reduces pale-yellow NBT to blue-violet formazan. The reaction
mixture had a final concentration of 0.1 mM EDTA, 13 pM methionine, 75 pM NBT and
4 mM riboflavin in PBS pH 7.4. EDTA, methionine, NBT and riboflavin were purchased
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from Sigma-Aldrich (St. Louis, MO, USA). The reaction mixture was illuminated for
15 min with blue light from an LED lamp at 2.5 mW/cm? (450 nm, SunaEco 1500 Ocean
Blue XP, Tropic Marin, Wartenberg, Germany). Uniform illumination of the samples
was ensured by placing the samples on a horizontally aligned rotator. The formazan was
quantified at 560 nm (Synergy HT, BioTek, Winooski, VT, USA).

Controls included positive controls (all reagents, no melanin, illuminated), negative
controls (all reagents, no melanin, kept in the dark) and blanks (no riboflavin, melanin,
illuminated) to compensate for melanin absorption at readout.

Statistical analysis

Statistical analysis was performed with JMP 13 (SAS, Cary, NC, USA). All data sets were
tested for normal distribution to decide on using parametric or non-parametric testing.
Since all data sets were not normally distributed and contained several groups, we used the
Steel-Dwass All Pairs test, a multiple non-parametrical test with alpha correction. The null
hypothesis was that the groups were not significantly different. Values are given as mean
+standard deviation, p < 0.05 was considered statistically significant.

RESULTS

Photoreceptors

Light microscopic investigation of tissue of 12-month-old animals (Fig. 1A) showed
overall typical histology in pigmented Abca4~/~ mice compared to pigmented WT as
already published in (Charbel Issa et al., 2013) (not shown). Albino Abca4~/~ mice had
shortened outer segments whereas Abca4~/~.Rdh8~/~ showed a hypertrophy of the RPE
(Fig. 1A, Fig. S1).

Outer segment length was measured in light microscopy. Compared to age-matched
albino WT animals, albino Abca4~/~ mice aged 4 months showed a significant reduction
in outer segment length (albino Abca4~/~ 4 months 22.3 = 3.2 jum, albino WT 4 months
26.2 £ 2.5 pm, p <0.001, Fig. 1B). In Abca4~/~ .Rdh8/~ mice, outer segment shortening
had later onset: no difference was found for 3-month-old animals, whereas 6-month-old
animals had shortened outer segments (Abca4~/~.Rdh8~/~ 3-month-old 32.1 &+ 2.7
wm, pigmented WT 3-month-old 32.6 & 1.6 um, not significant; Abca4~/~.Rdh8~/~
6-month-old 27.7 + 2.0 pm, pigmented WT 12-month-old 33.9 & 2.0 um, p < 0.0001,
Fig. 1B). Pigmented Abca4~/~ had no outer segment shortening compared to pigmented
WT.

A detailed analysis of the age-dependent reduction of photoreceptor nuclei numbers of
the three different Stargardt mouse strains revealed similar retinal degeneration courses for
both albino Abca4~/~ and Abca4~/~.Rdh8~/~ mice (Fig. 1C) as compared to the pigmented
Abca4~/~ mice for which it is known that they do not present signs of retinal degeneration
(Charbel Issa et al., 2013; Weng et al., 1999). We quantified total photoreceptor nuclei
numbers, as opposed to the more commonly used outer nuclear layer thickness, to account
for nuclei disorganization and gaps between nuclei that occurred in albino Abca4~/~ and,
to a lesser extent, in Abca4~/~.Rdh8~/~ mice.
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Figure 1 Retinal degeneration in Stargardt mice. (A) Representative light micrographs of 12-month-old
pigmented and albino Abca4~/~ and Abcad4~/~.Rdh8~/~ mice. Albino Abca4~/~ mice have shorter outer
segments whereas Abca4~/~.Rdh8~/~ mice have hypertrophic RPE. (B) Quantification of outer segment
length in Stargardt mice compared to WT animals. In albino Abca4~/~ mice, outer segment length is al-
ready reduced in 4-month-old animals, compared to albino WT. (continued on next page...)

Full-size & DOI: 10.7717/peerj.5215/fig-1
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Figure 1 (...continued)

Abca4~'~ .Rdh8~/~ mice show a significant reduction of outer segment length between 3 and 6 months

(n = on average 2 eyes/age group, #p < 0.001, Steel-Dwass All Pairs test). (C) Quantification of numbers
of photoreceptor nuclei per 100 jum width of retina. Linear regression and 95% confidence interval are
shown (n = on average 3 eyes/age group). (D) A pyknotic nucleus is present (black arrowhead) next to a
cone nucleus (white arrowhead) (albino Abca4 /-, 4 months). (E) Photoreceptor nuclei are located next
to unusually thinned RPE cells (albino Abca4~/~, 4 months). IS, inner segments; OS, outer segments; RPE,
retinal pigment epithelium; N, nucleus.

On the ultrastructural level, shrunken, electron dense nuclei, resembling pyknosis, were
only found in albino Abca4=/~ animals (Fig. 1D). Furthermore, isolated photoreceptor
nuclei were present in the subretinal space next to unusually thinned RPE cells, even
in young albino Abca4~/~ animals (Fig. 1E). In our colony of Abea4~/~.Rdh8~/~mice,
we could not find the previously described rosette formation at 3 weeks and the rather
prominent retinal degeneration beginning at 3 months (Maeda er al., 2008). Rosette
formation was only seen in a single 12-month-old animal. Instead, RPE hypertrophy was
regularly seen in Abca4™/~.Rdh8/~animals (Fig. 1A, Fig. S1).

Genotype and age-dependent alterations of the disc membrane stacking were apparent
on the ultrastructural level (Fig. 2A, Table 1). Those alterations seemed to start at the
outer segment tips (next to the RPE) and spread towards the base of the outer segment.
Alterations in outer segment tip organization were never seen in pigmented WT and
pigmented Abca4~/~ mice. In albino WT and Abca4~/~.Rdh8~/~ animals, it was not seen
in the youngest animals investigated (3—4 months), but in animals aged 6~7 months and
older. In albino Abcad™/~ mice, outer segment tip disorganization was already present in
4-month-old animals, the youngest group investigated in this strain.

In albino Abca4~/~ and Abcad4—/~.Rdh8 /= animals, alterations in overall disc
membrane stacking were observed starting with 6 months but were lacking in pigmented
and albino WT and pigmented Abca4~/~ animals.

Inner segments of photoreceptors appeared swollen and/or ruptured in albino Abead—/~
mice (Fig. 2B). In pigmented Abca4~/~ mice and Abca4~/~.Rdh8~/~ mice, inner segment
damages were only occasionally observed (Table 1).

In albino Abca4~/~ mice, agglomerated electron dense material was occasionally present
between inner segment and outer segment (Fig. 2C) and disk membrane renewal seemed
to be somewhat disturbed as disk membrane swirls were sporadically present at the nascent
part of the outer segment (Fig. 2D). These changes were not present in albino WT and
pigmented Stargardt mice. Quter segment tips were in contact to RPE microvilli in all
mouse strains and age groups.

Vacuole-like structures within the RPE

In semi-thin sections of albino Abca4=/~ mice, vacuole-like structures within the

RPE monolayer were apparent in animals as young as 6 months (Fig. 3A). Electron
microscopic investigation revealed that the vacuole-like structures were an enlargement
of the intercellular space between RPE cells and were apically limited by the junctional
complex (Fig. 3B3). Sometimes vacuole-like structures were also seen within the cytoplasm,
usually in proximity to the lateral plasma membrane and probably also of intercellular
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Figure 2 Morphological changes in inner and outer segments of albino Abca4~/~ mice. (A) Disc mem-
brane stacking in outer segments gets more disorganized towards the RPE (albino Abca4~/~, 6 months).
(B) Inner segments are ruptured (arrowheads) (albino Abca4~/~, 4 months). (C) Electron dense agglom-
erations (arrowhead) are seen between inner and outer segment (albino Abca4~/~, 6 months). (D) Newly
synthesized disk membranes are disorganized and accumulate outside of the outer segment (arrowhead)
(albino Abca4~/~, 9 months). IS, inner segments; OS, outer segments.

Full-size &a DOTI: 10.7717/peer;j.5215/fig-2

space origin. The contents of the vacuole-like structures varied between empty (not shown),
filled with membranous material (Fig. 3B) and filled with a variety of fibrillous, granular,
lamellar and amorphous materials (Fig. 3C). Different types of contents were often seen
within the same eye. Ultrastructurally, vacuole-like structures were apparent in albino
Abca4~/~ mice of all age groups, but were barely present in pigmented Abca4~/~ and
Abcad4~/~.Rdh8~/~ mice (Fig. 3D). The number of vacuole-like structures increased with
age, though there was a considerable variance between eyes of the same age. Vacuole-like
structures were considerably fewer in albino WT mice.

Lipofuscin
To compare the lipofuscin autofluorescence between the different Stargardt mouse
strains, paraffin sections of 12-month-old animals were investigated by fluorescence
microscopy (Fig. 4A). In pigmented Abca4~/~ sections, the lipofuscin autofluorescence
was clearly defined, indicating the presence of granules with well-defined borders. In
albino Abca4~/~ sections, the lipofuscin autofluorescence was predominantly blurry. In
Abca4=/~.Rdh8~/~ sections, both clearly defined and blurry lipofuscin autofluorescence
were present. Autofluorescence in albino Abca4~/~ and Abca4~/~.Rdh8~/ tissue was
elevated compared to pigmented Abca4 ™/~ tissue.

The morphological appearance of lipofuscin granules in the different Stargardt mouse
strains was investigated by electron microscopy. Typical morphological appearances are
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Figure 3 Vacuole-like structures in RPE cells are most prominent in albino Abca4~/~ mice. (A) In
light microscopic images, vacuole-like structures (black arrowheads) within the RPE layer are present in
albino Abca4~/ mice (6 months). (B) A vacuole-like structure (asterisk) turns out to be an enlargement of
the intercellular space. Inset: apically, the vacuole-like structure is limited by a junctional complex con-
sisting of a desmosome (arrow), zonula adherens (white arrowhead) and tight junction (black arrowhead)
(albino Abca4~/~, 9 months). (C) Vacuole-like structures are regularly filled with very heterogeneous
types of material and are surrounded by a membrane (albino Abca4~/~, 15 months). (D) Quantification
in electron microscopy revealed that vacuole-like structures are barely present in pigmented Abca4~/~ and
Abca4~/~.Rdh8~/~ mice (n = on average 2 eyes/age group). OS, outer segments; RPE, retinal pigment ep-
ithelium; BM, Bruch’s membrane.

Full-size & DOI: 10.7717/peer;j.5215/fig-3

illustrated in Fig. 4B and age-dependent quantification of the different identified lipofuscin
subtypes can be found in Table 1.

In pigmented Abca4~/~ mice, we found exclusively lipofuscin with homogenous electron
density and clearly defined margins indicating an intact limiting membrane (Fig. 4B), as
previously described (Charbel Issa et al., 2013). Most of the lipofuscin was fused to melanin
and formed melanolipofuscin.
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Figure 4 Lipofuscin in Stargardt mice is highly variable in fluorescence and electron microscopy.

(A) Comparison of lipofuscin autofluorescence in paraffin-embedded sections of 12-month-old Star-
gardt mice. (B) Lipofuscin and melanolipofuscin have different morphologies in the different Stargardt
mouse strains. In pigmented Abca4~/~ mice, lipofuscin has a homogenous electron-density and sharp
demarcations (black arrowheads), while in albino Abca4~/~ mice, most lipofuscin granules have a floccu-
lent electron-density with unclear demarcations (white arrowheads). While in young Abca4~/~.Rdh8~/~
mice, only granules with homogenous electron density can be found, both lipofuscin morphologies can be
found in aged animals. M: melanin granules (pigmented and albino Abca4~/~, 9 months, Abca4~/~.Rdh8
~/=, 12 months). (C) Membranes surrounding lipofuscin and melanolipofuscin with flocculent electron
density are often damaged (white arrowheads) (Abca4~/~.Rdh8~/~, 21 months). (D) In very old Stargardt
mice, the RPE cytoplasm is abnormally electron dense. Borders of individual lipofuscin granules are barely

visible (Abca4~/~.Rdh8 ~/~, 23 months).
Full-size & DOI: 10.7717/peerj.5215/fig-4
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Figure 5 Quantification of the RPE area occupied by lipofuscin in young and old Stargardt mouse
strains. Lipofuscin granules and lipofuscin moieties of melanolipofuscin granules were taken into account.
(n= on average 5 eyes/age group, # p < 0.05, * p < 0.0001, Steel-Dwass All Pairs test).
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In albino Abca4=/~ mice, lipofuscin with homogenous electron density was also seen.
However, the majority of lipofuscin granules belonged to another type that had a flocculent
electron density (Fig. 4B, Table 1). The margins of this type of lipofuscin were often not
clearly defined, suggesting loss of the lysosomal membrane. As albino Abca4~/~ mice
accumulated lipofuscin with age, the amount of lipofuscin with flocculent electron density
increased while the amount of lipofuscin with homogenous electron density seemed to stay
constant (Table 1).

In Abcad~/~.Rdh8~/~ mice, the first type of lipofuscin with homogenous electron
density had a considerable variability between age groups (Table 1). After the age of 12
months, the second type of lipofuscin with flocculent electron density was also present
(Table 1). As in pigmented Abca4—/~ mice, most of the lipofuscin was fused to melanin
and formed melanolipofuscin.

Membranes enclosing lipofuscin of the flocculent electron density type were often
damaged or absent (Fig. 4C). In very old animals (aged 23 months and older), the RPE
cytoplasm was abnormally electron dense (Fig. 4D). Clear demarcations between lipofuscin
granules and the cytoplasm were hardly visible.

The area of RPE cytoplasm occupied by lipofuscin (both derived from lipofuscin and
melanolipofuscin granules) was quantified in electron micrographs of young (4—6 months)
and old (12 months) Stargardt mice (Fig. 5). In both age groups, Abcad™/~.Rdh8~/~
mice had the highest levels of lipofuscin (young 16.9% =+ 8.3%, old 26.9% =+ 5.3%). In
young animals, albino Abca4~/~ mice had almost twice the levels of pigmented Abcad =/~
mice (albino Abcad™/~ 7.5% =+ 3.9%, pigmented Abcad™/~ 3.9% =+ 2.7%, p < 0.0001).
In 12-month-old animals, the difference of lipofuscin levels in albino and pigmented
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Figure 6 RPE integrity is compromised in albino Abca4~/~ mice. (A) Detached and lysed RPE cell sit-
uated in the subretinal space (albino Abca4~/~, 4 months). (B) RPE cells of all Stargardt mouse strains
regularly contain undigested outer segments in the basal part. Few cells in albino Abca4~/~ mice contain
several large undigested outer segments (arrowheads) that claimed the majority of the cytoplasm (albino
Abca4™/~, 4 months). (C) Expansion of the basal labyrinth along the lateral cell borders is regularly seen in
albino Abca4~/~ animals (9 months). Arrowheads indicate the cell border. Basal infoldings were filled with
a homogenous material (arrow). (D) Basal labyrinth expansion is reduced in the Stargardt mouse strains
compared to the respective wild types. OS, outer segments; RPE, retinal pigment epithelium; BM, Bruch’s
membrane.

Full-size & DOI: 10.7717/peerj.5215/fig-6

Abca4~/~ mice was lower but nevertheless statistically significant (albino Abca4~/~ 11.0%
+ 5.5%, pigmented Abcad™/~ 9.3% + 5.5%, p < 0.05).

Lipid droplets

Lipid droplets were frequently seen in RPE cells of all investigated mouse strains, especially
in albino Abca4~/~ mice (Table 1). In pigmented and albino WT animals, lipid droplets
were small (median diameter: albino WT 235 nm, pigmented WT 353 nm) and the majority
of droplets was fused to lipofuscin (albino WT 59% and pigmented WT 82% of total lipid
droplets, Fig. S2). They were found in both apical and basal parts of the RPE cells, with
a tendency to be more often apically located (Table 1). In Stargardt mouse strains, lipid
droplets were bigger (median diameter: pigmented Abca4~/~ 555 nm, albino Abcad~/~
705 nm, Abca4~/~.Rdh8~/~ 687 nm) and only sporadically seen in the apical part of the
RPE (Table 1, Fig. $2). Fusion with lipofuscin was rarely seen in albino Abca4~/~ mice
(3% of total lipid droplets) and absent in pigmented Stargardt mice.

RPE integrity and Bruch’s membrane

Dead RPE cells were regularly encountered in eyes of albino Abca4~/~ mice of all ages
(Fig. 6A, Table 1). In contrast, dead RPE cells were only found in aged Abca4~/~ .Rdh8~/~
mice (12 months and older). In pigmented Abca4~/~ and young Abca4~/~.Rdh8/~ mice,
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Figure 7 Thickening of Bruch’s Membrane is comparable in all Stargardt mouse strains. (A) Represen-
tative electron microscopic images of Bruch’s membrane in 12-month-old Stargardt mice. Thickness of
Bruch’s membrane was measured from the basement membrane of the RPE to the basement membrane
of the endothelial cell of the choriocapillaris (indicated by bars). (B) Thickness of Bruch’s membrane in-
creases in all Stargardt mice to the same extent. There is no significant difference between the different
Stargardt mouse strains. (n = on average 2 eyes/age group) RPE, retinal pigment epithelium; CC, chorio-
capillaris.

Full-size G DOI: 10.7717/peerj.5215/fig-7

dead RPE cells were not found. Locally, RPE cells were unusually thin in albino Abca4~/~
mice (Fig. 1E).

RPE cells regularly contained undegraded phagosomes in the basal area of the cytoplasm
in all three Stargardt mouse strains (Table 1). RPE cells, whose cytoplasm was largely
occupied by extensive undegraded phagosomes, were found in albino Abca4~/~ and
Abca4™/~.Rdh8~/~ mice (Fig. 6B). The highest numbers of undegraded phagosomes were
found in Abca4~/~.Rdh8/~ mice (Table 1).

Irregularly shaped basal infoldings were frequently seen in albino Abca4~/~ mice, but
rarely in pigmented Stargardt mice (Table 1). The irregular shape was due to the basal
infoldings expanding to the lateral side of the cells (Fig. 6C). In general, basal infoldings
were reduced in number and expansion in all Stargardt mouse strains compared to wild
types (Fig. 6D).

Bruch’s membrane became thicker with age in all Stargardt mouse strains (Fig. 7). There
was no significant difference between the different strains.
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Figure 8 Histopathology and pigment changes in a human donor eye with late Stargardt disease. (A)
Light microscopic panorama picture of a 72-year-old human donor Stargardt retina: The left area is his-
tologically complete with photoreceptors and a confluent RPE layer. On the right, a typical geographic at-
rophy with lack of photoreceptors and RPE is present. (B) Electron microscopic overview of the RPE of a
human donor eye with Stargardt disease. RPE is completely filled with pigment granules. Microvilli and
basal infoldings are missing and Bruch’s membrane is unorganized and contains electron dense deposits.
(C) Big clusters of melanolipofuscin (arrowheads). (D) Fluorescence micrograph of a semi-thin section
also shows abundant lipofuscin autofluorescence and cluster formation (arrowhead). INL, inner nuclear
layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; BM, Bruch’s membrane; CC, choriocap-
illaris.

Full-size & DOI: 10.7717/peerj.5215/fig-8

Histopathology and pigment changes in late Stargardt disease

For comparison, we also investigated a single eye of a 72-year-old Stargardt patient (Fig. 8).
In this late stage of the disease, photoreceptors were almost completely degenerated
resulting in geographic atrophy as is typical for Stargardt patients (Fig. 8A). A reliable
quantification of neuroretinal changes was not possible due to the long death-to-fixation
time of the donor, but pigments can still be investigated under these conditions. RPE
cells were nearly completely filled with pigment granules (Fig. 8B), mostly lipofuscin and
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Figure 9 HNE, MDA and NITT adducts are present in RPE cells of 12-month-old Stargardt mice in-
dicating oxidative stress. Inmunohistochemical stainings show that (A, B) HNE, (C, D) MDA and (E,
F) NITT adducts (red) can be found in the RPE of pigmented Abca4~/~, albino Abca4~/~, and Abcad~/~.
Rdh8~/~ mice with levels being lowest in pigmented Abca4~/~ mice. (A, C) and (E) show negative con-
trols (primary antibody was omitted) for each antibody; (B, D) and (F) show the respective antibody stain
for each primary antibody.

Full-size && DOLI: 10.7717/peer;j.5215/fig-9

melanolipofuscin, melanin granules were barely present. Microvilli and basal infoldings
were absent, while Bruch’s membrane was unorganized and contained electron dense
deposits (Fig. 8B). Melanolipofuscin formed clusters (Figs. 8C, and 8D), as they were also
found in pigmented Abca4~/~ and Abca4~/~.Rdh8~/~ mice.

Oxidative stress markers are present in Stargardt mice

Since ultrastructural changes in the RPE of Stargardt mice were indicative of oxidative stress,
we tested for oxidative stress markers in 12-month-old mice by immunohistochemistry. We
found HNE, MDA and NITT adducts in the RPE cells of pigmented and albino Abcad™/~
and Abca4~/~.Rdh8~/~ mice with signals being generally lowest in pigmented Abcad™/~
mice (Fig. 9). HNE, MDA and NITT signals were also present in the neuroretina, reaching
from the inner limiting membrane to the inner segments, in all Stargardt strains and were
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Figure 10 Both melanin from S. officinalis and porcine RPE melanin can quench superoxide radicals
inan NBT assay. (A) Sepia melanin shows a dose dependent capability to quench superoxide anions pro-
duced by light-illuminated riboflavine. (n = 8 per group, two independent experiments, *p < 0.05, Steel-
Dwass All Pairs test). (B) Porcine RPE melanin (concentration 3 x 10* granules/ml) quenches superoxide
anions. Negative control contained all reagents but no melanin and was kept in the dark so no superoxide
was produced (n = 12 per group, three independent experiments, *p < 0.05, Steel-Dwass All Pairs test).
Full-size &8 DOI: 10,7717/peerj.5215/fig-10

highest in Abca4~/~.Rdh8~/~ mice in the case of HNE and MDA or at similar levels in the
three strains in case of NITT (Fig. S3).

RPE melanin can quench superoxide

To investigate the capability of RPE melanin to quench superoxide, we employed the
colorimetric NBT assay (Cheng et al., 2015). We first tested melanin from §. officinalis as
a melanin standard for its quenching capabilities and found a dose-response relationship
(Fig. 10A). Subsequently, we investigated RPE melanin isolated from pig eyes and found an
approximately 30% reduction of detectable superoxide for 3 x10* RPE melanin granules
utilized in the assay (Fig. 10B).

DISCUSSION

The goal of this study was a comparison of the age-dependent ultrastructural changes in
three frequently used mouse models for Stargardt disease in order to better understand
these models. The three strains differ in their genetic background: pigmented Abca4—/~
mice are bred on a 129 background, albino Abea4~/~ mice have a BALB/c background and
pigmented Abca4~/~.Rdh8~/~ mice have a mixed 129.B6 background.

Both the 129 and BALB/c strains have the Leu450 variant of RPE65, while the B6
strain has the Met450 variant, resulting in a lower visual cycle turnover and reduced light
damage susceptibility in this strain. Since the pigmented Abcad4=/~.Rdh8~/~ strain is
on a mixed 129.B6 background, both alleles of RPE65 are present in this strain. Retinal
degeneration was reported to be more common in Abcad4~/~.Rdh8~/~ mice carrying the
Leu450 variant (97.5% of investigated eyes) than animals carrying the Met450 variant
(43.8% of investigated eyes) (Muaeda et al., 2008). We did not genotype our animals for
RPE65.
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There is a growing body of evidence that different WT mouse strains show varied
susceptibility to light-induced damage that is brought on by so far unidentified genetic
modulators. For instance, even though BALB/c and 129 mice both have the LEU450 variant
of RPE65, resulting in a high visual cycle turnover, BALB/c mice show a lower resistance to
light-induced retinal damage that is independent of pigmentation (Danciger et al., 2004).
Instead, two significant and two suggestive quantitative trait loci were identified that
might be the reason for the greater sensitivity to light damage in BALB/c mice (Danciger
et al., 2004). These findings were gained from experiments using intense, short-term light
exposure, but their relevance for moderate, long-term light exposure as employed in animal
husbandry is currently unknown. Nevertheless, care must be taken when comparing the
results from the three different Stargardt mouse models concerning their predisposition to
retinal degeneration.

Among Stargardt mice, albino Abca4-/~ mice show the earliest onset

and most varied retinal damages

It was previously described that albino Abca4~/~ mice show a mild retinal degeneration that
is not present in albino WT mice (Sparrow et al., 2013; Wu, Nagasaki ¢~ Sparrow, 2010). We
found that absolute photoreceptor nuclei numbers decrease with age, resulting in a steeper
decline of photoreceptor nuclei counts compared to pigmented Abca4~/~ mice (Fig. 1C). By
contrast, Abca4~/~.Rdh8~/~ mice are described to have regional retinal degeneration and
rosette formation as early as 6 weeks of age and advanced retinal degeneration by 3 months
(Maeda et al., 2008). We were unable to reproduce the published results with our colony of
Abca4~/~.Rdh8~/~ mice. Our animals had a similar rate of retinal degeneration than the

albino Abca4~/~ mice (Iig. 1C) and rosette formation was only found in one 12-month-old
animal from a total of 25 Abca4=/~.Rdh8~/~ animals examined light-microscopically up

to an age of 25 months.

In addition to the photoreceptor loss, albino Abca4=/~ mice show outer segment
shortening (Fig. 1B), disordered disk membranes (Fig. 2A), damaged inner segments (Fig.
2B), and morphological changes at the base of the outer segments (Figs. 2C and 3D).
These damages were not seen in pigmented Abcad™/~ and to a much lesser extent in
Abca4~/~.Rdh8~/~ mice (Table 1). Shortening and disorganization of outer and inner
segments was also described after conditional knockout of superoxide dismutase in the
RPE, resulting in oxidative stress (Mao ef al., 2014).

In Stargardt patients, the junction between the inner and outer segments was described to
be unorganized and/or lost on SD-OCT (Gomes et al., 2009). Furthermore, photoreceptor
anomalies were found in patients that did not display equivalent fundus autofluorescence
anomalies (Gomies et al., 2009). Damaged inner segments and defective outer segment
synthesis in albino Abca4™/~ mice (Figs. 2B-2D), but not in pigmented Stargardt mouse
strains, might be histological representations of the SD-OCT findings in Stargardt patients
and needs further investigation.

Outer segment renewal starts at the base of the outer segment, so the disks at the tips
are the oldest disks in a photoreceptor and are affected the longest by any disturbance,
e.g., accumulation of retinoids due to lack of ABCA4. Loss of fundamental outer segment
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proteins like rhodopsin (Lem et al., 1999) or GARP (Huttl et al., 2005) leads to a severe
outer segment damage starting early in life (reviewed by (Goldberg, Moritz ¢~ Williams,
2016)). ABCA4 is located in the rims of disk membranes (Papermaster et al., 1978) and
does not form stable interactions with the peripherin-2-GARP complex (Poetsch, Molday
& Molday, 2001), which is essential for linking disk rims to the outer segment plasma
membrane and disk-disk stacking (Kaupp ¢ Seifert, 2002). These findings, together with
the lack of outer segment disk pathology in pigmented Abca4=/~ mice (Table 1) (Charbel
[ssa et al., 2013), indicate that ABCA4 is not needed for proper disk formation, orientation
and stability. Whether RPE malfunction is responsible for the presented outer segment
defects in albino Abca4~/~ and to a lesser extent Abca4~'~.Rdh8/~ mice needs to be
elucidated.

Indications for lysosomal dysfunction and oxidative stress in albino
Abca4-/~ mice

Formation of vacuole-like structures in the RPE as seen in albino Abca4—/~ mice (Fig. 3) has
been described after lysosomal integrity has been compromised and after oxidative stress.
Increasing the lysosomal pH with chloroquine (Pefers et al., 2006), inhibiting lysosomal
cysteine proteases (Okubo et al., 2000) and a lack of functional BA3/A1-crystallin (Valapala
et al., 20145 Zigler Jr et al., 2011) all lead to formation of vacuole-like structures within the
RPE cell layer. Lysosomal pH was shown to be increased after treatment of RPE cells with
the lipofuscin compound A2E in vitro (Holz et al., 1999; Liu et al., 2008) and in primary
RPE cells isolated from pigmented Abca4~/~ mice (Liu et al., 2008). Since the melanosome
is a specialized lysosome (Orlow, 1995) that contains many lysosomal enzymes (Diment et
al., 1995) and can fuse with phagosomes (Schraermeyer ¢ Heimann, 1999), it is possible
that albinism itself adds to the lysosomal dysfunction seen in albino Abca4=/~ mice due to
lack of melanosomes.

Similar pathologies were also described after oxidative stress. Changes in RPE
morphology, such as vacuolization and loss of basal labyrinth, and deposit formation
were seen after a lack of superoxide dismutase (Mao ef al., 2014; Seo et al., 2012), knockout
of Nrf2, a transcription factor that regulates genes involved in the cellular oxidative stress
response (Zhao et al., 2011), and after chronic exposure to cigarette smoke (Fujilara et
al., 2008). In some models, thinning of the outer nuclear layer (Mao et al., 2014; Seo et
al., 2012) and shortening and disorganization of inner and outer segments (Mao et al.,
2014) or RPE hyper- and hypopigmentation and choroidal neovascularization (Zhao et al,,
2011) were also described. Besides the high oxygen partial pressure and the presence of
light, other sources for oxidative stress in the RPE are phagocytosis of photoreceptor outer
segments (Miceli, Liles & Newsome, 1994) and lipofuscin (Rozanowska et al., 1995).

Previous studies investigating oxidative stress in Stargardt mice found that albino
Abcad™/~ mice have higher levels of MDA and HNE adducts than age-matched
albino WT and pigmented Abca4~/~ mice (Radu et al., 2011) and that 6-month-old
Abcad™/~ .Rdh8~/~ mice have higher levels of 8-OHdG than 4-week-old Abcad~/~.Rdh8~/~
mice and age-matched WT mice (Sawada et al., 2014). We found similar results indicating
that pigmented Abcad~/~ mice have the lowest oxidative stress levels (Fig. 9).
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Interestingly, Abca4~/~.Rdh8~/~ mice had higher numbers of undegraded phagocytosed
outer segments than albino Abca4~/mice (Table 1), but albino Abca4~/~ mice had higher
numbers of vacuole-like structures (Fig. 3D). One reason might be higher oxidative stress
levels in albino Abca4~/~ mice. Melanin was shown to be a scavenger of superoxide anion
and singlet oxygen (Bustamante et al., 1993; Tada, Kohno ¢ Niwano, 2010) and protects
human RPE cells from oxidative stress in vitro (Burke et al., 2011). Intravitreal application
of paraquat, a superoxide anion generator, leads to higher superoxide levels and more
pronounced lipid oxidation and retinal degeneration in albino compared to pigmented
mice (Cingolani et al., 2006).

Additionally, changes of RPE morphology in albino animals might play a role
in RPE vacuolization: embryonic RPE from albino mice was found to have an
irregular morphology, compared to pigmented littermates (/wai-Takekoshi et al., 2016).
Furthermore, an altered distribution of the junctional protein P-cadherin was found in
albino RPE and it was hypothesized that this might lead to defects in cell-cell adhesion
(Iwai-Takekoshi et al., 2016). It is reasonable that a combination of weakened cell—cell
contacts, impaired lysosomal function and elevated oxidative stress as described above
might lead to the defects found in albino Abca4~/~ mice.

Lipofuscin varies considerably between Stargardt mouse strains
Morphological appearance of lipofuscin granules differs in the three different Stargardt
mouse strains. It has been described that the chemical composition of lipofuscin in
pigmented and albino WT mice differs in terms of the amounts of the different types
of bisretinoids that can be found (Ueda et al., 2016). It is hypothesized that the higher
intraocular light levels in albino animals lead to photooxidation and photodegradation
of A2E and other bisretinoids (Ueda et al., 2016), which is in accordance with earlier
publications that demonstrated lower A2E and higher A2E oxirane levels in albino Abca4 =/~
mice compared to pigmented Abcad4~/~ mice (Radu et al., 2004). In Abcad~/~.Rdh8~/~
mice, higher amounts of all-trans retinal dimer can be found than in Abea4=/~ mice
(Maeda et al., 2008). Our results show that in addition to the difference in the chemical
composition of lipofuscin between the three strains, there is also a considerable histological
difference.

Strikingly, lipofuscin levels in 12-month-old animals seem to be elevated in albino
Abca4~/~compared to pigmented Abca4~/~mice, when investigated by lipofuscin
autofluorescence (Fig. 4A), while quantification of RPE cytoplasm occupied by lipofuscin
granules shows similar lipofuscin levels in 12-month-old pigmented and albino
Abca4~/~mice (Fig. 5). Both quenching effects of the melanin and differences in nature
and amount of present fluorophores, as described above, are possible explanations for this
seeming contradiction.

The Met450 variant of RPE65 was described to be associated with lower levels of the
lipofuscin fluorophores A2E and iso-A2E in Abcad~/~.Rdh8~/~ mice (Kim et al., 2004).
Since pigmented and albino Abca4~/~ mice carry the Leu450 variant of RPEG5 and we did
not genotype the Abcad=/~.Rdh8~/~ mice for RPEG5, lipofuscin levels in Figs. 4 and 5 in
Abca4~/~.Rdh8~/~ mice might be underreported.
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The bisretinoid A2E was shown to have surfactant-like properties and to be able to
compromise lysosomal and cellular membranes (Schutt et al., 2002; Sparrow et al., 1999).
In fact, we found that lipofuscin granules often lacked membranes (Fig. 4C). Furthermore,
in very old animals (aged 23 months and older), we found abnormally electron dense RPE
cytoplasm (Fig. 4D), making distinguishing between lipofuscin granules and cytoplasm
very difficult. Whether the RPE cytoplasm gained electron density due to free lipofuscin
components that leaked from lipofuscin granules after losing their membranes is unclear
but appears likely.

Bruch’s membrane thickness does not vary between Stargardt
mouse strains

For all three Stargardt mouse strains, a thickening of Bruch’s membrane compared to
WT was described (Maeda et al., 2008; Radu et al., 2011; Weng et al., 1999). Compared to
each other, the three strains show comparable thickening of Bruch’s membrane with age
(Fig. 7). An increase in the thickness of Bruch’s membrane is also typical in Stargardt
patients (Bonilha et al., 2016).

The significance of RPE melanin and its role as a scavenger of
oxidative stress

The role of reactive oxygen species in retinal health was extensively investigated (Becquet
et al., 1994; Cingolani et al., 2006; Mao et al., 2014; Seo et al., 2012; Zhao et al., 2011) and
melanin was identified as a potential scavenger of reactive oxygen species (Bustamante et al.,
1993; Tada, Kohno ¢ Niwano, 2010). However, RPE melanin differs from other melanin
species in several aspects. For instance, while melanocytes continuously synthesize new
melanin, it is still under debate whether melanin turnover in the RPE occurs and if so, to
what extent (Schraermeyer, 1993). Furthermore, RPE melanin can react differently than
melanin in the melanocytes of the choroid (Schraermeyer & Heimann, 1999). Therefore,
we analyzed isolated RPE melanin granules to corroborate that also this melanin species
is capable to quench superoxide radicals and in fact can play a role in protection against
oxidative stress in the RPE (Fig. 10). Anti-oxidative properties of RPE melanin have also
been confirmed in cell culture experiments (Burke et al., 2011).

Certain photoreceptor and RPE-damages typical for oxidative stress and/or lysosomal
impairment were exclusively found in albino Abca4=/~ mice (Figs. 1D, 2B-2D, 3, 6C),
while others were found in albino Abca4~/~ and Abca4~/~.Rdh8~/~ mice, but onset
was earlier in albino Abca4~/~ mice (Figs. 1A=1B, 2A, 6A & 61). Notably, even though
Abcad4™/~.Rdh8~/~ mice have a more severe disease-causing genotype compared to albino
Abca4~/~ mice, they only show a more pathologic phenotype regarding RPE hypertrophy
(Fig. 1A, Fig. S1), the number of undegraded phagosomes (Table 1) and the percentage of
RPE cytoplasm occupied by lipofuscin (Fig. 5).

RPE melanin affects the accumulation of lipofuscin, a major hallmark of
Stargardt disease

Melanin in the RPE plays a crucial role as scavenger for excess light and reactive oxygen
species (Hu, Simon ¢~ Sarna, 2008). Lack of melanin has been associated with higher levels
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of lipofuscin in primary RPE cells in vitro (Sundelin, Nilsson ¢ Brunk, 2001) and a decrease
of A2E with simultaneous increase of A2E oxiranes in albino compared to pigmented
Abca4=/~ mice (Radu et al., 2004). We show that albino Abca4~/~ mice have higher levels
of lipofuscin than pigmented Abea4~/~ mice (Fig. 5).

We identified different morphologies of lipofuscin in the three different Stargardt
mouse strains. In young age, pigmented Abca4~/~ and Abca4~/~.Rdh&~/~ mice show
exclusively lipofuscin with homogenous electron density (Table 1). After 12 months of age,
Abca4=/~.Rdh8~/~ mice also have lipofuscin with flocculent electron density. Contrary,
albino Abca4~/~ mice have little lipofuscin with homogenous electron density, while
lipofuscin with flocculent electron density is present even in young animals (Table 1).

Aged melanin becomes pro-oxidative and might be involved in
Stargardt pathology

Melanin granules probably play an essential role in the detoxification of lipofuscin due
to their anti-oxidative properties (Burke et al., 2011). With age, melanin granules switch
from expressing anti-oxidative to pro-oxidative properties after illumination (Biesemeier
et al., 2008; Dontsov, Glickman & Ostrovsky, 1999; Rozanowski et al., 2008). This might be
due to degradative modifications of melanin that occur after long-term interaction of
iron-containing melanin with lipid hydroperoxides, as it happens in melanolipofuscin
(Zadlo et al., 2017). Nevertheless, formation of melanolipofuscin might be a protective
process, since radicals formed by degradation of bisretinoids (Wu et al., 2011) can be
absorbed by the melanin moiety of melanolipofuscin and thereby protect the lysosomal
membrane from damage.

In fact, alterations in near-infrared-autofluorescence, which is a marker for melanin, were
identified as the earliest detectable retinal change in patients with ABCA4-related retinal
dystrophies and can be used for predicting the further disease progress (Cideciyan et al,
2015). Changes in near-infrared-autofluorescence were also found in pigmented Abcad—/~
mice compared to wild type (Charbel Issa et al., 2013). Since Abca4~/~.Rdh8~/~ mice
have higher loads of the pro-oxidative substances lipofuscin (Rozanowska et al., 1995) and
all-trans-retinal (Zhu et al., 2016) than pigmented Abca4~/~ mice, their melanin granules
might age more rapidly and switch to the pro-oxidative state earlier. This might explain the
presence of lipofuscin with flocculent electron density in aged Abca4~/~.Rdh8~/~ mice.

RPE melanin and its link to outer segment phagocytosis and ingestion of
bisretinoids

Phagocytosis of outer segments was shown to be an oxidative stressor for the RPE
(Miceli, Liles & Newsome, 1994). Since undegradable material from phagocytosed outer
segments is transported to melanin granules in primary RPE cells (Schraermeyer et al.,
1999; Schraermeyer & Stieve, 1994) and melanosomes can bind and store many toxic
components (Mecklenburg ¢ Schraermeyer, 2007), melanin granules might play a role in
lowering phagocytosis-related oxidative or toxic stress. When post-confluent differentiated
ARPE-19 cells are treated with low micromolar amounts of A2E for several weeks and
then challenged with outer segments, melanin synthesis is induced (Poliakov et al., 2014).
Poliakov et al. even proposed that A2E-induced alkalization of lysosomes could have a
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physiological role in maintaining melanin pigmentation in RPE cells, since neutral pH
favors eumelanogenesis (Fuller, Spaulding ¢~ Smith, 2001; Ito et al., 2013).

There is still much to be learned

Taken together, all these observations point to RPE melanin being an essential factor
for retinal function. Complete lack of RPE melanin granules in albino Abcad4=/~ mice
leads to extensive retinal damage that cannot be found in pigmented tissue, even in
Abca4™/~ Rdh8~/~ mice that have an increased amount of toxic visual cycle byproducts
like all-trans retinal dimer and higher levels of lipofuscin due to their genetic burden.
We cannot rule out that the lack of melanin in the iris and the choroid is an additional
reinforcing factor in albino animals, but there is overwhelming data supporting the essential
role of RPE melanin. Furthermore, yet unidentified differences in the genetic background
of the different mouse strains might skew the presented data.

Ocular pigmentation was shown to be correlated to the incidence of uveal melanoma
(Weis et al., 2006) and age-related macular degeneration (Chakravarthy et al., 2010) and
tyrosinase, the key enzyme for melanin biogenesis, was found to be a potential factor for
developing early stages of age-related macular degeneration (Holliday et al., 2013).

CONCLUSION

In this work, we present a detailed ultrastructural comparison of the disease development
of three frequently used Stargardt mouse models. As currently no animal model exists
that reflects all aspects of the human disease, this will help researchers in the process of
identifying which model is best suited for their research.

We found that albino Abca4~/~ and Abca4~/~.Rdh8~/~ mice show typical
histopathological signs of oxidative stress and/or lysosomal dysfunction, the earliest
onset and severest changes being present in albino Abca4~/~ mice. Since melanin in
general is known to have anti-oxidative properties and age-dependent turnover of melanin
is known to diminish the anti-oxidative properties of the RPE, we hypothesize that RPE
melanin plays a crucial role in preventing Stargardt-related changes. The lack of pathology
in pigmented Abca4~/~ mice and the finding that also RPE melanin can quench superoxide
anions support this hypothesis.

The protective role of melanin due to its antioxidative properties might be an explanation
for the relatively late-onset of Stargardt disease with mild to moderate disease causing
mutations (Van Huet et al.,, 2014): as long as melanin is capable of alleviating toxic effects
of lipofuscin accumulation, RPE health is maintained. Once melanin is aged and lost
its protective function, deleterious effects of lipofuscin accumulation can take over.
This is strongly supported by the fact that changes in melanin-based near-infrared-
autofluorescence temporally and spatially precede the progression of retinal degeneration
in Stargardt disease (Cideciyan et al., 2015). Since RPE damage is a fundamental feature of
Stargardt disease and age-related macular degeneration, RPE melanin should be strongly
considered as a key factor in retinal health.
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WT pigm. Abca4” Abca4”.Rdh8"

Supplemental Figure 1. Retinal pigment epithelium in 12-month-old pig-
mented WT and Stargardt mice. There is no apparent difference in cell size be-
tween pigmented WT and Abca4™", but RPE in Abca4” .Rdh8”" mice is hyper-
trophic. DOI: 10.7717/peer].5215/supp-1
albino pigmented
] | SR

Supplemental Figure 2. Lipid droplets in WT and Abcad4™ animals. (Top) In
WT animals, lipid droplets (black arrowheads) often fused with lipofuscin and were
regularly located in the apical part of the RPE (left: albino WT, 4 months; right:
pigm. WT, 12 months). (Bottom) Lipid droplets were regularly seen close to the
basal labyrinth (black arrowheads) in albino Abca4” mice and occasionally in
pigmented Abca4” mice. Rarely, lipid droplets were also seen apically close to
the microvilli in albino Abca4”” mice (white arrowhead) (left: albino Abca4™", 15
months; right: pigm. Abca4”", 18 months). DOI: 10.7717/peerj.5215/supp-2
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Supplemental Figure 3. Imnmunohistochemical staining of Stargardt mouse
retinas of 12-month-old animals with anti-HNE, anti-MDA and anti-NITT. Up-
per panels for each primary antibody show negative controls (primary antibody
was omitted); bottom panels for each primary antibody show the respective anti-
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3.2 ldentifying the source of fundus near-infrared autofluorescence

A major non-invasive examination technique used for disease diagnostics and
monitoring in ophthalmology is fundus autofluorescence that is based on the visu-
alisation of autofluorophores in the back of the eye. Conventional fundus autofluo-
rescence uses SW-AF (excitation 488 nm), which is an established marker for
lipofuscin in the RPE [62]. Therefore, SW-AF can be used to either monitor the
accumulation and distribution of lipofuscin or instead as a substitute marker for
the whole RPE. SW-AF is applicable in a wide range of retinal disorders, including
but not limited to drug toxicity, tissue defects (such as macular hole and RPE
tears) as well as inherited and acquired retinal dystrophies such as STGD1 and
AMD (reviewed in [65]). NIR-AF (excitation 787 nm) on the other hand is a more
recent development and of high interest as an early disease marker and as poten-
tial endpoint in patient studies, since NIR-AF changes occur in many retinal dis-
eases and oftentimes precede changes in SW-AF patterns [67-72]. However, the
origin of NIR-AF is still being discussed: melanin in both the RPE and choroid has
been identified as the main source [63, 64, 66], while involvement of lipofuscin is
disputed [66, 69].

Since the spatial resolution of fundus autofluorescence is limited, a histological
approach combining light, fluorescence and electron microscopy was chosen to
identify the subcellular origin of NIR-AF [6] (section 3.2.1).

Melanosome-derived NIR-AF intensity in the RPE and the choroid increased with
age in both WT and Abca4~/- mice. But NIR-AF intensity varied between melano-
somes: In the choroid, some melanosomes appeared indistinguishable in bright
field, but differed vastly in their NIR-AF intensity. In RPE cells of young mice, the
spindle-shaped melanosomes had very weak NIR-AF that did not span the whole
granule profile, while spherical melanosomes showed a high variety in NIR-AF
intensity. In RPE cells of aged mice, almost all melanosomes showed high NIR-AF

intensity over the whole profile.

In aged WT (18 months) and young Abca47/- mice (7 months) that have compara-
ble levels of lipofuscin, some areas exhibiting SW-AF also showed NIR-AF. Since
these areas with superimposed SW- and NIR-AF were in close proximity to bright
field-confirmed melanosomes, it is plausible to assume that these areas are the

lipofuscin moiety of melanolipofuscin. In aged Abca4~- mice (13 months) however,
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also SW-AF positive areas that were spatially separated from bright field-
confirmed melanosomes showed NIR-AF, suggesting that in these animals also

true lipofuscin granules emit NIR-AF.

In albino Abca47/- mice however, no specific NIR-AF signals co-localizing with
SW-AF signals were found; only very weak NIR-AF signals, comparable to back-
ground intensity, were detectable when using prolonged acquisition times. It is
plausible that these weak NIR-AF signals in albino Abca4~- mice have a differing
molecular origin. Most likely the signal is fluorescence spillover due to the broad

range of emitted wavelengths of the variety of fluorophores in lipofuscin.

To corroborate the findings from mice, eye tissue of two human donors (68 and
80 years) without known ophthalmic diseases was investigated. Correlative fluo-
rescence and electron microscopy on single tissue sections was used to clearly at-
tribute the two types of autofluorescences to the different RPE pigment types: vir-
tually all lipofuscin granules identified by EM showed strong signals in SW-AF and
additional signals in NIR-AF. Melanolipofuscin granules showed a NIR-AF-
positive but SW-AF-negative melanin core and a NIR- and SW-AF-positive shell of
lipofuscin. Melanosomes showed only NIR-AF, but never SW-AF. This confirmed
that also in aged human donor eyes without ocular disease, NIR-AF is not only
emitted from melanin, but also from lipofuscin and the lipofuscin moiety of

melanolipofuscin.

AF of melanin was previously described after photic and oxidative stress [188-
192], so it was investigated whether NIR-AF can also be induced by these noxious
factors. Porcine melanosomes isolated from choroid and RPE were exposed to ei-
ther white light or hydrogen peroxide, respectively. RPE melanosomes showed an
increase of NIR-AF after both treatments, while choroidal melanosomes only
showed a significant increase after 6 hours of hydrogen peroxide treatment. This
verifies that melanin NIR-AF increases with both photic and oxidative stress, alt-
hough the two granule types react to a different extent. Nevertheless, this can
serve as an explanation of the observed age-dependent increase of melanosome-
derived NIR-AF in WT and pigmented Abca4”/- mice. Furthermore, an in vivo
phototoxicity model of advanced STGD1 was used, in which pigmented Abca4~/-
mice are illuminated with blue light to induce a light-depended RPE and retinal

changes similar to the situation in patients with advanced STGD1 [193]. In this in
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vivo model, melanosomes and lipofuscin granules in the RPE showed higher NIR-

AF in illuminated eyes than in unilluminated ones, confirming the in vitro results.

But how can melanosome-based NIR-AF that can be induced by photic or oxida-
tive stress be reconciled with lipofuscin-based NIR-AF? It was shown that oxida-
tion of eumelanin (which is the main type of melanin in both the RPE and choroid)
results in the formation of degradation products that are highly autofluorescent
[191]. The biological fate of these degradation products is not known to date. How-
ever, elemental analysis of human RPE pigments found that the lipofuscin moiety
of melanolipofuscin has significantly elevated nitrogen levels compared to
lipofuscin granules [46, 47]. Generally, nitrogen is considered to be a marker for
protein, but also melanin and the aforementioned autofluorescent melanin degra-
dation products contain nitrogen [191]. It is conceivable that autofluorescent mel-
anin degradation products accumulate in the lipofuscin moiety of melano-
lipofuscin granules, which could explain the finding of co-localized SW- and NIR-
AF in close association to bright field-confirmed melanosomes in mice. Melano-
somes and lipofuscin granules, and therefore also melanolipofuscin granules, be-
long to the lysosomal compartment [19, 41]. Melanosomes were shown to be able
to fuse with phagosomes [194] and dynamic processes involving lipofuscin gran-
ules, such as fusion of lipofuscin with primary and secondary lysosomes, have
been suggested before [195]. By such dynamic and exchange processes, NIR-AF
positive melanin degradation products might amass in lipofuscin granules.
Lipofuscin-derived NIR-AF being caused by melanin degradation products would
also explain why individual lipofuscin granules in albino Abca47/- mice show no
NIR-AF exceeding background NIR-AF.

However, trafficking between melanosomes and lipofuscin granules has not been
described to date. Also, molecular confirmation of presence of melanin degrada-
tion products in lipofuscin is yet lacking. This is in part due to most chemical anal-
ysis of lipofuscin composition being based on Folch extraction which only allows

the analysis of chloroform soluble lipids.

Nevertheless, this study shows that NIR-AF is not an intrinsic property of melano-
somes and can under certain conditions also arise from lipofuscin granules. This is
not only relevant for refined diagnostics of patient NIR-AF data, but also opens the
possibility to gain deeper insights into pathomechanisms in melanin and

lipofuscin-derived diseases.
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Background: Fundus autofluorescence is a non-invasive imaging technique in ophthalmology. Conven-
tionally, short-wavelength autofluorescence (SW-AF) is used for detection of lipofuscin, a byproduct of
the visual cycle which accumulates with age or disease in the retinal pigment epithelium (RPE). Further-
more, near-infrared autofluorescence (NIR-AF) is used as a marker for RPE and choroidal melanin, but
contribution of lipofuscin to the NIR-AF signal is unclear.
Methods: We employed fluorescence microscopy to investigate NIR-AF properties of melanosomes, lipo-
fuscin and melanolipofuscin granules in histologic sections of wildtype and Abca4 /- mouse eyes, the
latter having increased lipofuscin, as well as aged human donor eyes. Differentiation between these pig-
ments was verified by analytical electron microscopy. To investigate the influence of oxidative and photic
stress we used an in vitro model with isolated ocular melanosomes and an in vivo phototoxicity mouse
model.
Findings: We show that NIR-AF is not an intrinsic property of melanin, but rather increases with age and
after photic or oxidative stress in mice and isolated melanosomes. Furthermore, when lipofuscin levels
are high, lipofuscin granules also show NIR-AF, as confirmed by correlative fluorescence and electron
microscopy in human tissue. However, lipofuscin in albino Abca4-/~ mice lacks NIR-AF signals.
Interpretation: We suggest that NIR-AF is derived from melanin degradation products that accumulate
with time in lipofuscin granules. These findings can help to improve the interpretation of patient fundus
autofluorescence data.
Funding: This work was supported by Bundesministerium fiir Bildung und Forschung, Deutsche
Forschungsgemeinschaft and Chinese Scholarship Council. Major instrumentation used in this work was
supported by Deutsche Forschungsgemeinschaft, the European Fund for Regional Development and the
state of Baden-Wiirttemberg.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context

Evidence before this study

excitation is becoming more established in clinical practice, how-
ever, the subcellular origin of this signal is not completely under-
stood yet. While it has been established that melanin, both from
the retinal pigment epithelium and the choroid, adds to the near-

Conventional fundus autofluorescence using short-wavelength
light for excitation is routinely used for disease monitoring and di-
agnosis in ophthalmology and its origin from lipofuscin, a pigment
in the retinal pigment epithelium, is well established. A further
fundus autofluorescence modality employing near-infrared light for

* Corresponding author.
E-mail address: tatjana.taubitz@med.uni-tuebingen.de (T. Taubitz).

https://doi.org/10.1016/j.ebiom.2019.09.048

infrared autofluorescence signal, the contribution of lipofuscin to
this signal is still disputed.

Added value of this study

With this proof-of-concept study we present two major find-
ings: 1) Near infrared autofluorescence of individual melanosomes
increases with age and due to photic and oxidative stress. This im-

2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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plies that near infrared autofluorescence is not an intrinsic prop-
erty of melanin but is rather caused by autofluorescent melanin
degradation products. 2) Near-infrared autofluorescence can be
emitted from individual lipofuscin granules. However, this phe-
nomenon was prevalent in aged tissue with high amounts of lipo-
fuscin granules while it was mostly absent in younger tissue with
low amounts of lipofuscin granules.

Implications of all the available evidence

So far, patient near-infrared fundus autofluorescence data were
often directly equated with melanin content. Both major findings,
near-infrared autofluorescence from melanin increasing with age
and oxidative status, as well as lipofuscin being a source of near-
infrared autofluorescence under certain circumstances, can help to
refine the interpretation of patient near-infrared fundus autofluo-
rescence data. This offers the possibility to gain deeper insights
into pathologic processes and refinement of diagnostics for a va-
riety of retinal diseases.

1. Introduction

Melanin is a known anti-oxidant and its cell-protective prop-
erties against photic and oxidative injury in the eye are well in-
vestigated (reviewed in [1]). However, when melanin ages, the
anti-oxidative capability is diminished and is replaced by a pro-
oxidative character [2-4]. This transformation is particularly rel-
evant for the retinal pigment epithelium (RPE), a post-mitotic
cell layer in the back of the eye. While other pigmented cells
in the body, such as skin and choroidal melanocytes, continu-
ously express tyrosinase, the canonical key enzyme of melano-
genesis, and therefore are capable to renew their melanin-bearing
melanosomes, it is still unknown whether this is also the case for
RPE cells (reviewed in [5]). Tyrosinase-independent melanin syn-
thesis in RPE cells was seen in vitro [6], but it is unclear whether a
substantial melanin-turnover in the RPE exists in vivo, making the
RPE potentially vulnerable to detrimental effects of aged melanin.

Aging of melanin has been attributed to photodegradation that
results in structural modifications such as oxidative cleavage and
cross-linking (reviewed in [7]) and is considered to be at least
partly responsible for the progression from anti- to pro-oxidative
behaviour [8]. During photodegradation of eumelanin, a brown to
black type of melanin that is the dominant melanin type in ocu-
lar melanosomes, a diaryl ketone product is formed that is highly
autofluorescent [9]. Indeed, increased autofluorescence (AF) of bi-
ological melanin was found after treatment with light [10-12], hy-
drogen peroxide [11], superoxide [13], but also as a function of age
[14].

Another fluorophore in the RPE is lipofuscin whose key con-
stituent is a class of non-degradable lipids called bisretinoids that
emerge as a byproduct of the visual cycle [15]. Due to the (photo-
Joxidative properties of some of its components, the accumulation
of lipofuscin with age or disease is thought to be associated with
RPE dysfunction and subsequent RPE and photoreceptor degenera-
tion [15], but this theory is controversial [16].

In the clinical practice, the importance of investigating fun-
dus AF for the diagnosis and monitoring of retinal disease has in-
creased in recent years. The most common modality is the use
of short wavelength AF (SW-AF, excitation 488 nm, emission >
500 nm) to monitor lipofuscin [17]. SW-AF is used in a broad spec-
trum of retinal diseases, including drug toxicity, inherited reti-
nal dystrophies (such as Stargardt disease, Best macular dystro-
phy, and retinitis pigmentosa), and age-related macular degener-
ation [18]. A recent development is the use of near-infrared AF
(NIR-AF, excitation 787 nm, emission = 800nm) that is thought

to allow the investigation of ocular melanin [19,20]. NIR-AF in-
vestigation has proven to be useful for clinical application, since
various ocular diseases, such as age-related macular degeneration
[21], Stargardt disease [22], retinitis pigmentosa [23], and others
|24] have characteristic changes in NIR-AF patterns that oftentimes
precede changes in SW-AF patterns. However, there is still uncer-
tainty whether melanin is the only contributor to NIR-AF, espe-
cially lipofuscin is discussed to add to the NIR-AF signal [25].

In this work, we use light, fluorescence and electron microscopy
to examine NIR- and SW-AF properties of RPE and choroidal pig-
ment granules of mice, pigs, and humans. Thereby, precise analy-
sis of the contribution of the different pigment types to NIR- and
SW-AF signals is facilitated. Furthermore, we investigate whether
photic and oxidative damage alters the NIR-AF signal of isolated
RPE and choroidal melanosomes, which helps understanding the
biological origin and implication of NIR-AF.

2. Materials and methods
2.1, Animals

Pigmented WT mice (12952), pigmented Abcad /'~ mice
(12954/Sv]ae-Abcad'™ICht) and albino Abca4~/~ mice (BALB/c-
Abca4tmIGht) were used in this work. WT mice were purchased
from Harlan Laboratories (Hillcrest, UK), the knock-out strains were
bred in our in-house facility. Light cycling was 12 h light (approxi-
mately 50 Ix in cages)/12 h dark, food and water were available ad
libitum. All procedures involving animals were in accordance with
the German laws governing the use of experimental animals and
were previously approved by the local agency for animal welfare
and the local authorities.

2.2. Human donor tissue

Eye globes without known ophthalmic disease were obtained
from the cornea bank Tiibingen. Written informed consent of the
donors for use in medical research and approval of the Institu-
tional Review Board of the University of Tuebingen were obtained.
The experiments were performed in adherence to the tenets of the
Declaration of Helsinki.

2.3. Blue light damage in mice

Light exposure was performed according to published meth-
ods [26] with small modifications. In brief, animals were anes-
thetized by i.p. injection of a mix of fentanyl (0-05mg/kg body
weight), midazolam (5+0 mg/kg body weight) and medetomidine
(0+50 mg/kg body weight). Pupils were dilated with tropicamide
drops. Methocel 2% (Omnivision, Puchheim, Germany) was applied
to the corneas to prevent them from drying out. Animals were
placed on a heating mat and additionally covered with a tissue
paper to avoid hypothermia. Light was delivered from a Lumencor
Sola light engine (Beaverton, OR, USA) light source equipped with a
light conductor and a custom-made blue light filter (430 nm). Light
intensity was measured with a RM-12 radiometer (Opsytec, Ettlin-
gen, Germany) with a VISBG sensor (400 to 570 nm). For illumi-
nation, a cover slide was placed on the cornea to eliminate light
scatter. [llumination took place with an intensity of 50 mW/cm?
for 15 min. The non-illuminated eye was shielded from stray light
by carefully covering it with aluminium foil. Care was taken so
the light beam entered the eye along the optical axis. After light
exposure, narcosis was antagonized by s.c. injection of an anti-
dote (naloxone 1-2 mg/kg body weight, flumazenil 0-5 mg/kg body
weight, atipamezole 2-5mg/kg body weight) and animals were
kept in a dark room for 7 days before sacrifice. This setup results
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in reproducible light damage around the optic nerve head, as cor-
roborated by SLO/OCT and histology (Fang et al., manuscript sub-
mitted). Non-illuminated eyes served as control.

2.4. Isolation of RPE and choroidal granules

RPE granules were isolated from human donor eyes (12 eyes,
mean age 70+2 years + 14+7 years standard deviation; range 46 to
91 years) and pig eyes, obtained from a local slaughter house, ac-
cording to published methods [27]. Choroidal melanosomes were
additionally isolated from pig eyes. In brief, eyes were opened
close to the ora serrata and the anterior segment and vitreous
were discarded. The retina was removed with forceps and the eye-
cups washed with PBS pH 7e4 (Gibco, Carlsbad, CA, USA). Eye-
cups were filled with trypsin/EDTA (Gibco, Carlsbad, CA, USA)
and incubated for 10 min at 37°C. RPE cells were washed from
Bruch’s membrane by repeatedly pipetting the trypsin solution and
collected in DMEM supplemented with 10% foetal bovine serum
(Gibco, Carlsbad, CA, USA) to stop the enzymatic reaction. Porcine
choroid was collected by gently removing it from the sclera with
forceps. RPE cells and choroidal tissue were pelleted by centrifu-
gation and homogenized using a tissue grinder. Cell debris was re-
moved by centrifugation for 7 min at 60g and the obtained super-
natant was centrifuged for 10min at 6000g to pellet all pigment
granules. The pellets were collected in 0-3 M sucrose, loaded on a
discontinuous sucrose gradient (2M to 1M in 8 steps for human
granules [27] and in 2 steps for porcine granules [8]) and cen-
trifuged for 1h at 103,000g. Bands containing lipofuscin granules
were identified by their yellow-orange tinge and were collected
by carefully removing them with a thin pipette. Melanosomes ad-
hered to the centrifugation tube walls and were washed off after
removing the sucrose gradient. Isolated granules were washed in
PBS and counted with a haemocytometer. Granules were stored at
—20°C until further use,

2.5. Oxidative stress in isolated melanosomes

[solated porcine melanosomes were suspended in PBS pH 7+4 to
yield a final concentration of 30,000 granules/ul. To induce photic
stress, melanosome suspensions were illuminated with 45,000 Ix
white light (measured with a Colormaster 3 F, Gossen, Nurem-
berg, Germany) delivered by an LED lamp (SunaEco 1500 Ocean
Blue XP, Tropic Marin, Wartenberg, Germany). For oxidative stress,
melanosomes were incubated with freshly prepared hydrogen per-
oxide solution (0e3% in PBS, Sigma-Aldrich, St. Louis, MO, USA) in
the dark. Incubation times were up to 6 h. Melanosomes incubated
in PBS in the dark served as control. Melanosomes were washed
twice with demineralized water and prepared for fluorescence or
electron microscopy as described below.

2.6. Sample preparation for fluorescence and electron microscopy

Donor and mouse eyes were fixed, embedded in epon resin and
sectioned according to standard procedures [28,29]. For fluores-
cence analysis, post-fixation and staining with heavy metals was
omitted. Semi-thin sections (500nm) were prepared and cover-
slipped with Dako fluorescent mounting medium. For electron mi-
croscopy, ultra-thin sections (70nm) were collected on formvar-
coated slot grids stained with lead citrate and investigated on a
Zeiss 900 electron microscope (Zeiss, Jena, Germany). For fluores-
cence microscopy of isolated granules, the granule suspension was
pipetted onto glass slides and let sit to dry at room tempera-
ture in the dark. Samples were cover-slipped with Dako fluores-
cent mounting medium. For electron microscopy, isolated granules
were fixed in 2% glutaraldehyde and encased in 3% NuSieve GTG

low melting agarose (Lonza, Rockland, ME, USA) and subjected to
embedding and sectioning as described above.

2.7. Fluorescence microscopy

Specimens were investigated with a Zeiss Axioplan 2 micro-
scope (Zeiss, Jena, Germany) equipped with a Lumencor Sola SE
II NIR (Beaverton, OR, USA) light source and using a x63 objec-
tive. Filter sets were a custom made lipofuscin filter set (excita-
tion 370/36nm, emission 575/15, 400nm beam splitter) for SW-
AF and a commercial Cy7 filter set (excitation 708/75nm, emis-
sion 809/81 nm, 757 nm beam splitter) for NIR-AF, respectively. The
lipofuscin filter set is designed to fit the reported excitation and
emission maximums for lipofuscin [30]. Binning x2 was applied
for all images and acquisition times, as well as microscope and
software settings were held constant for any set of samples to al-
low comparison of fluorescence intensities. If indicated in the fig-
ure legends, images with low AF intensities were post-processed
with the Auto adjust colours function of the IrfanView software to
allow the localization of weak AF signals. This function enhances
the contrast by redefining the darkest pixel as pure black and the
brightest pixel as pure white in the histogram on a channel-by-
channel basis.

2.8. Semi-quantitative analysis of fluorescence intensities

Fluorescence intensities were determined using Fiji software.
Regions of interest were determined in fluorescence and BF im-
ages using the default threshold, and area and integrated optical
density (10D) of the region of interest were measured. To correct
for varied amounts of pigment granules displayed in each image,
fluorescence 10D values were normalized to the area of pigment
thresholded in corresponding BF images.

2.9. Correlative fluorescence and electron microscopy

To accommodate the requirements of both fluorescence and
electron microscopy, ultra-thin sections with a thickness of 150 nm
were used. This allows improved detection of fluorophores com-
pared to standard 70 nm ultra-thin sections (as routinely used for
electron microscopy), while still being thin enough to allow elec-
tron microscopic investigation (as opposed to 500nm semi-thin
sections that would be too thick to be penetrated by the elec-
tron beam). Non-osmicated sections were collected on formvar-
coated mesh grids. Grids were placed on glass slides in a drop of
water, coverslipped, and investigated with light and fluorescence
microscopy as described before. Acquisition times had to be pro-
longed compared to 500nm thick sections and additionally the
auto-contrast function of the camera capture software was used.
Signal-to-noise ratio was rather low due to the limited section
thickness, so five pictures per channel were averaged using Pho-
toshop CS2. Since sections tend to adhere to the coverslips, grids
had to be carefully manipulated off the coverslips with forceps to
not destroy the sections. Nevertheless, sections are stressed by be-
ing coverslipped and easily damaged, therefore post-staining with
uranyl acetate and lead citrate was ultimately omitted, since this
often resulted in complete loss of the sections. Grids were air
dried and investigated by electron microscopy as described before.
The lack of any heavy-metal staining results in low contrast, but
melanosomes and lipofuscin granules are still reliably identifiable,

2.10. Energy-dispersive X-ray - scanning transmission electron
micrescopy analysis

Energy-dispersive X-ray (EDX) analyses were performed on a
scanning transmission electron microscope (STEM; Jeol ARM 200F)
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equipped with two JEOL EDX detectors at an acceleration voltage
of 200kV. Images were obtained at a size of 512x512 pixels. The
obtained elemental maps were 4 x 4 binned using Fiji software.

2.11. Statistical analysis

JMP 13 software (SAS, Cary, NC, USA) was used for statistical
analysis. The null hypothesis was that the groups were not statis-
tically different. Dunnett's test, a multiple parametrical test with
alpha correction, was used and p < 0-05 was considered statisti-
cally significant.

3. Results

3.1. Differentiating factors between RPE pigment granules in
microscopy

In order to be able to investigate the NIR-AF properties of the
different RPE pigment types by microscopy, these pigments need
to be clearly distinguished from one another. Fig. 1 illustrates how
RPE pigments can be identified by light and electron microscopy.
In routine transmission electron microscopy, melanin presents
as either spherical or spindle-shaped electron-dense structures
[31] (Fig. 1a), while lipofuscin either forms evenly shaped gran-
ules (for instance in human or monkey RPE [31,32]) or irregularly
shaped granules (for instance in Abca4~/~ mice [29,33], Fig. 1a).
Melanolipofuscin is a complex granule that in healthy aged hu-
mans consists of a melanin core and a lipofuscin shell or protru-
sions [31,32], while in Abca4~/~ mice, several melanosomes can
fuse with one lipofuscin granule [29,33] (Fig. 1a). Analytical elec-
tron microscopy approaches, such as EDX mapping, can be used to
corroborate the identity of the granules based on their elemental
composition (Fig. 1b - d). Nitrogen and sulphur serve as markers
for melanin, while phosphorus serves as marker for lipofuscin [32].

In this work, we performed all investigations on tissue that
was embedded for electron microscopy in epon resin, but heavy
metal-staining steps were omitted since they inhibit autofluores-
cence. The routine staining procedure for light microscopic inves-
tigation of epon-embedded sections involves Toluidine blue that
yields a medium blue colour in lipofuscin and lets melanosomes
appear dark blue to black (Fig. le). However, Toluidine blue in-
hibits autofluorescence as well, preventing NIR-AF investigation in
stained sections. Alternatively, melanin can be readily identified in
unstained sections by its inherent colour in bright field (BF), while
lipofuscin can be identified in the same section by its characteris-
tic SW-AF (Fig. 1e). Therefore, a combination of BF and SW-AF in-
vestigation gives similar information concerning melanosome and
lipofuscin distribution than Toluidine staining and also allows the
investigation of NIR-AF. Moreover, since the SW-AF is confined to
the lipofuscin moiety of melanolipofuscin, melanolipofuscin gran-
ules in human samples can easily be identified by a gap in a
given SW-AF signal that co-localizes with a bright field-identified
melanosome (Fig. 1e). However, this does not apply to mouse sam-
ples, since their melanolipofuscin is highly irregular in shape and
BF contrast. Therefore, distinguishing between true melanolipofus-
cin on the one hand, and closely situated melanosomes and lipo-
fuscin granules on the other hand, is difficult using only light and
fluorescence microscopy in mouse samples.

3.2. NIR-AF intensity in the RPE and choroid increases with age in
pigmented WT mice

To investigate whether NIR-AF intensity and distribution change
with age, we compared 3-, 12- and 18-month-old WT mice. We
found that overall NIR-AF intensity of BF-confirmed melanosomes
in the RPE and choroid increases with age (Fig. 2a, b). To allow the

identification of areas with NIR-AF in images with low intensity,
images were post-processed as described in the methods section.
Post-processing revealed that even at 3 months of age and with
very weak intensity, NIR-AF signals are present in both RPE and
choroid, just as in 18-month-old samples (Fig. 2c, d). Therefore,
post-processing is used throughout the manuscript for images with
low AF intensities to allow the detection of weak AF signals. In BF
images, choroidal cells with brighter granules than neighbouring
melanocytes were evident in all age-groups but appeared to in-
crease in number with age (Fig. 2a). These macrophage-like cells
were often round and showed higher NIR-AF intensities compared
to the surrounding melanocytes in all age-groups (Fig. 2b-d). Elec-
tron microscopic investigation of these cells showed that several
melanosomes were clustered and surrounded by a common mem-
brane, while this was not the case in typical melanocytes where
each melanosome is surrounded by its own membrane (Fig. 2e).
Semi-quantitative analysis of total NIR-AF signals derived from RPE
and choroid revealed an approx. 3-fold and 9-fold increase in
12-month-old and 18-month-old animals compared to 3-month-
old animals, respectively (SI S1). Melanosomes from 12- and 18-
month-old animals appear brighter in BF images than those of 3-
month-old animals, especially in the choroid (Fig. 2a, SI 51).

3.3. NIR-AF intensity varies between individual melanosomes and can
co-localize with WT mice

In the choroid, some melanosomes were prominent in BF im-
ages as they appeared darker and larger in size. However, these
melanosomes varied considerably in their NIR-AF intensities: while
most of them had pronounced NIR-AF, some only showed very
weak NIR-AF (SI S2).

At closer inspection of individual RPE melanosomes, we found
that in 3-month-old animals, spindle-shaped RPE melanosomes
did not show NIR-AF over their whole profile and AF intensi-
ties of these granules were very weak compared to neighbour-
ing spherical melanosomes (Fig. 3). In contrast, spherical RPE
melanosomes showed inter-granular variability in their NIR-AF in-
tensity; both very weak and very high intensities were observed
(Fig. 3). In 18-month-old animals, spindle-shaped melanosomes
had mildly higher NIR-AF intensities compared to neighbouring
spherical melanosomes. Most spherical melanosomes in this age-
group showed a dark margin and a bright centre in BF images;
this characteristic in internal morphology was also evident in NIR-
AF as the darker margin had higher NIR-AF intensity compared to
the brighter granule centre (Fig. 3).

Since it was suggested that lipofuscin contributes to NIR-AF sig-
nals [25], we investigated whether this was also evident in histo-
logic sections of WT animals. In 3-month-old animals, lipofuscin,
as identified by SW-AF, was scarce and NIR-AF signals from these
granules were not evident (Fig. 3). However, in 18-month-old ani-
mals, co-localization of NIR- and SW-AF was readily seen, but not
present in all granules (Fig. 3). Photoreceptor outer segments also
presented SW-AF that increased with age (Fig. 3), probably due to
presence of fluorescent bisretinoid precursors [15,34].

3.4. Co-localization of NIR- and SW-AF in the lipofuscin moiety of
melanolipofuscin and in lipofuscin in pigmented WT and Abcad—/~
mice

We asked the question whether co-localization of NIR- and SW-
AF in lipofuscin was a sign of the lipofuscin at hand being a moi-
ety of melanolipofuscin. Since aged WT mice have moderate lev-
els of lipofuscin, we additionally investigated pigmented Abcad~/~
mice that accumulate high levels of lipofuscin and melanolipofus-
cin early in life, with the melanolipofuscin appearing as a fusion of
melanosomes and irregularly shaped lipofuscin granules [29,33].
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Fig. 1. Distinction between melanosomes, lipofuscin and melanolipofuscin granules in microscopy. a-d) Ultrastructural and elemental identification of pigment granules in
an 18-month-old Abca4~/~ mouse RPE cell. a) Routine transmission electron microscopic image of the RPE showing melanosomes, lipofuscin and melanolipofuscin granules.
b) Scanning transmission electron microscopic image of an unstained section of the same eye. c) Superimposition of the 4 x 4 binned EDX maps for nitrogen (N), sulphur
(S) (both a marker for melanin) and phosphorus (P) (a marker for lipofuscin) maps of the same area as shown in (b). The box marks a region of interest that crosses several
melanosomes and lipofuscin granules. d) Intensity profile of the region of interest shown in (c) highlighting the differing elemental composition of the respective pigment
granules. e) Light and fluorescence microscopical identification of RPE pigment granules in a 68-year-old human donor eye. Staining with Toluidine blue yields dark blue
to black melanosomes and blue lipofuscin granules. Without Toluidine blue staining, only melanosomes are readily visible in bright field images, however, lipofuscin can
be identified in the same section by its characteristic SW-AF. Since SW-AF is confined to the lipofuscin moiety of melanolipofuscin, also regularly shaped melanolipofuscin
granules can be identified (arrows). baslab: basal labyrinth; BF: bright field; BM: Bruch’s membrane; cp: cytoplasm; ec: extra cellular; M: melanosome; ML: melanolipofuscin;
L: lipofuscin; OS: outer segment; RPE: retinal pigment epithelium; STEM: scanning transmission electron microscopy; TEM: transmission electron microscope; SW: short
wavelength.

While in 18-month-old WT mice, co-localization of NIR- and
SW-AF was exclusively seen adjacent to BF verified melanosomes,
13-month-old Abca4~/~ mice, with higher lipofuscin levels showed
co-localization of NIR- and SW-AF additionally in granules that
were spatially separated from melanosomes (Fig. 4). This suggests
that in these animals, also lipofuscin granules can emit NIR-AF.

When comparing young (7 months) to aged (13 months) pig-
mented Abca4~/~ mice, an overall increase of the NIR-AF signal and
brightening of melanosomes in BF images, the latter predominantly
in the choroid, similar to the results in WT mice, was evident (SI
S3).

Furthermore, in 7-month-old Abca4~/~ mice, NIR-AF derived
from lipofuscin granules was rare, resulting in predominantly
green lipofuscin granules in NIR-AF/SW-AF overlay images as op-

posed to the majority of lipofuscin granules in 13-month-old
Abca4~/- mice that appeared yellow in NIR-AF/SW-AF overlay im-
ages (Fig. 4, SI S3). This suggests that, in these animals, lipofuscin
granules can also emit NIR-AF (Fig. 4, SI S3).

3.5. Lipofuscin in albino Abca4~/~ mice does not show specific
NIR-AF signals

Histologic differences between lipofuscin from pigmented and
albino Abca4~/~ mice were described before [29]. Furthermore, RPE
cells of pigmented and albino Abca4~/~ mice show varying SW-AF
patterns which might be due to the differences in lipofuscin mor-
phology [29]. Therefore, we compared NIR-AF properties of 12-13
months old pigmented and albino Abca4~/~ mice to age-matched
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Fig. 2. NIR-AF in the RPE and choroid increases with age in pigmented WT mice. a) BF images of samples from 3-, 12- and 18-month-old mice. Since staining with
toluidine blue would have resulted in loss of AF signal, only melanosomes can be identified. Arrowheads point to choroidal cells with brighter granules than typical choroidal
melanocytes. b) Corresponding NIR-AF images taken under identical conditions. ¢) Same images as shown in (b), but post-processed to allow the localization of weak signals.
Arrowheads show that choroidal cells with bright granules (as shown in (a)) have a higher NIR-AF intensity compared to the surrounding melanocytes, independent of
age. d) Overlay of BF (a) and post-processed NIR-AF (c) images. N=1-2 animals/group. e) Electron microscopic image of a macrophage-like cell (marked with a dashed
line) in a 12-month-old pigmented WT mouse. The boxed areas of a typical melanocyte and the macrophage-like cell are shown in higher magnification on the right side.
In choroidal melanocytes, individual melanosomes are surrounded by their respective membranes that are in close contact to the granule in young animals, but are often
detached in aged animals (box 1, white arrowheads). In macrophage-like cells, several melanosomes form clusters that are surrounded by a continuous membrane (box 2,
black arrowheads). OS: outer segments; RPE: retinal pigment epithelium.
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Fig. 3. RPE melanosomes vary in their NIR-AF properties and lipofuscin granules can add to the total NIR-AF signal. Comparison of NIR-AF (red) and SW-AF (green) in 3 and
18-month-old WT mice. AF images were post-processed to allow the localization of weak signals. In young mice, most spindle-shaped melanosomes show weak NIR-AF (short
white arrows), while in old mice, most spindle-shaped melanosomes show strong NIR-AF (short black arrows) relative to neighbouring spherical melanosomes. Spherical,
dark melanosomes vary between weak NIR-AF (white arrowheads) and very intense NIR-AF (black arrowheads). In old animals, spherical melanosomes with dark margin
were evident in BF (grey arrowheads). The dark margin had higher NIR-AF intensity than the bright centre. Areas with high SW-AF sometimes also showed additional NIR-AF
(overlay of red and green, yielding yellow; long white arrows), while in other instances and in young animals did not (long black arrows). Asterisks mark autofluorescent
outer segments. N=1-2 animals/group. BF: bright field; NIR: near-infrared; SW: short wavelength.
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Fig. 4. Co-localization of NIR-AF and SW-AF in the RPE of WT and pigmented Abca4~/~ mice. NIR-AF is shown in red while SW-AF is shown in green, yielding yellow when
superimposed. Black arrows point to co-localization of NIR-AF and SW-AF in direct contact to BF-identified melanosomes, while white arrows point to co-localization of
NIR-AF and SW-AF spatially separated from melanosomes. Asterisks mark autofluorescent outer segments. Scale bar: 2um. N=1-2 animals per group. BF: bright field; NIR:
near-infrared; SW: short wavelength.
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Fig. 5. Comparison of NIR-AF and SW-AF in 12 to 13 months old WT and pigmented and albino Abca4~/~ mice. NIR-AF (red) and SW-AF (green) images of the different
strains were taken under identical conditions. Yellow colour shows areas where NIR-AF and SW-AF superimpose. a) Overview of RPE and choroidal BF, NIR-AF and SW-AF.
Note that there are no tissue structures visible in the BF image of the albino mouse, due to lack of melanin and lack of additional staining. AF Images are not post-processed
to allow comparison of AF intensities. b) Magnified overlay of NIR-AF and SW-AF images of the RPE areas shown in (a). AF Images are post-processed to allow the localization
of weak signals. An asterisk marks autofluorescent outer segments. N=1-2 animals per group. BF: bright field; NIR: near-infrared; SW: short wavelength.

pigmented WT. In pigmented Abca4~/~ mice, melanosomes of
the RPE and choroid gave higher NIR-AF signals than in age-
matched WT mice (Fig. 5a). In albino Abca4~/~ mice, choroidal and
RPE melanosomes are lacking and consequently no melanosome-
derived NIR-AF signals were found.

Correlation of NIR- and SW-AF showed that in WT mice, some,
but not all lipofuscin granules present NIR-AF (Fig. 5b). In pig-
mented Abca4~/~ mice, most areas with SW-AF also showed NIR-
AF (Fig. 5b), independent of whether they were in close con-
tact to BF-identified melanosomes or being spatially separate from
melanosomes. Only very small lipofuscin granules did not exhibit
NIR-AF. In albino Abca4~/~ mice however, no specific NIR-AF sig-
nals co-localizing with SW-AF were present (Fig. 5b). When we
used prolonged acquisition times, very weak NIR-AF signals co-
localizing with SW-AF were found in albino Abca4~/~ mice, how-
ever, the signal intensity was comparable to background signal (SI
S4).

3.6. NIR- AF signals in aged human RPE originate from melanosomes,
melanolipofuscin and lipofuscin granules

To verify the findings from mouse tissue, we investigated
tissue of two aged human donors (68 and 80 years) without
known ophthalmic diseases. Virtually all of the SW-AF co-localized
with NIR-AF, some of it being in direct contact to BF-identified
melanosomes, suggesting melanolipofuscin (SI S5). Melanosomes
and lipofuscin granules show similar intensity of NIR-AF and the
NIR-AF signal is present in the whole lipofuscin granule profile,
resulting in a bright yellow colour in the overlay image. Lipo-
fuscin granules showing SW-AF, but not NIR-AF, were scarce and
small in diameter. Routine electron microscopy confirmed overall
localization and morphology of granules identified by fluorescence
microscopy; just as in fluorescence images, melanolipofuscin con-
sisted of a melanin core with a shell or protrusions of lipofuscin-
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Fig. 6. Correlative fluorescence and electron microscopy of the RPE of an 80-year-old human donor. a) A 150 nm thick section was first investigated by BF and for NIR-AF
(red) and SW-AF (green) and subsequently investigated by electron microscopy. To compensate for low signal to noise ratio, 5 individual images of BF, NIR-AF and SW-
AF were averaged, respectively. In the NIR-/SW-AF overlay image, lipofuscin granules appear yellow due to the presence of both NIR- and SW-AF. The EM image shown
is a composite image of 20 individual images taken at x12,000 magnification. Contrast is low due to complete lack of heavy-metal staining, however, melanosomes and
(melano-)lipofuscin granules are still readily identifiable (compare to SI S5 that shows a heavy-metal stained section from the same eye). Magnified EM and fluorescence
pictures of the boxed area are shown in (b). The full resolution version of the EM composite image can be accessed under DOI:10.6084/m9.figshare.7951097. b) Melanosomes
(arrowheads) show exclusively NIR-AF, but no SW-AF. However, NIR-AF intensity varies between high (black arrowheads) and low (white arrowheads). Lipofuscin granules
(short arrows) appear ultrastructurally indistinguishable and show similar SW-AF intensities, but their NIR-AF intensities vary between high (short black arrows) and low
(short white arrows). Virtually all lipofuscin granules present NIR-AF. Melanolipofuscin granules (long arrows) can be identified by their NIR-AF positive melanin core and a
SW-AF and NIR-AF positive lipofuscin shell or protrusions. BF: bright field; EM: electron microscopy; N: nucleus; NIR: near-infrared; SW: short wavelength.

like material (SI S5). Lipofuscin granules had typical spherical mor-
phology with a homogenous electron-opaque matrix (SI S5).

To corroborate that aged human lipofuscin has both NIR-
and SW-AF, we investigated isolated human RPE granules that
were separated by density gradient centrifugation into lipofuscin,
melanolipofuscin and melanosome fractions (SI S6). In the lipo-
fuscin fraction most granules showed both NIR- and SW-AF. Few
granules showed only NIR-AF, but no SW-AF, pointing to minor
contamination with melanosomes, as confirmed by electron mi-
croscopy. Granules showing only SW-AF, but no NIR-AF, were not
present.

In a final step, we performed correlative fluorescence and elec-
tron microscopy on single tissue sections. For this, 150 nm thick
sections were first investigated by fluorescence microscopy and the
same sections were then examined by transmission electron mi-
croscopy. This allows unequivocal attribution of fluorescence sig-
nals to individual granules within the RPE. Fig. 6 shows that vir-
tually all lipofuscin granules identified by EM showed both SW-
AF and NIR-AF. Melanolipofuscin granules are clearly identified by
their NIR-AF presenting melanin core and a shell or protrusions of
lipofuscin that is positive for both SW- and NIR-AF. Melanosomes
varied in their NIR-AF intensity (Fig. 6), but never showed SW-AF.

3.7. Photic and oxidative stress intensify NIR-AF of melanosomes in
vitro

Since both light and oxidative stress have been found to in-
crease melanin AF [10-12], we tested whether these stressors
also increase NIR-AF of melanosomes. Therefore, isolated RPE and
choroidal melanosomes from pig eyes were treated with either
white light (45,000 1x) or 0+3% hydrogen peroxide at pH 74 for
3 or 6 h, respectively (Fig. 7, SI S7). NIR-AF intensity from RPE
melanosomes increased significantly after 6 h of light treatment
and already after 3 h of hydrogen peroxide treatment, respectively.
For choroidal melanosomes, significant alterations of NIR-AF were
only seen after 6 h of hydrogen peroxide treatment and not af-
ter the applied illumination conditions. Brightening was especially
seen in choroidal melanosomes (SI S7). SW-AF was not found in
either melanosome fraction in any of the investigated conditions.
Ultrastructural analysis of control and treated granules found that

light treated RPE melanosomes showed an increase in number and
size of small holes close to the melanosome edge, whereas hy-
drogen peroxide treatment resulted in a less homogenous electron
density of RPE melanosomes (SI S8). In choroidal melanosomes, ul-
trastructural changes were less obvious.

3.8. NIR-AF of both melanosomes and lipofuscin granules increase in
an in vivo phototoxicity model

The pigmented Abca4~/~ mouse strain is considered as a model
for the early phase of Stargardt disease, since it mimics the accu-
mulation of lipofuscin in the RPE but lacks the retinal degenera-
tion encountered in Stargardt patients. Illumination with blue light
can be used to induce retinal degeneration which can be consid-
ered as a model for the late stage of Stargardt disease. We used
a slightly modified phototoxicity protocol based on that published
by Wu et al. [26] (Fang et al., manuscript submitted).

We found that the NIR-AF intensity and the share of the
melanosome profiles that exhibit NIR-AF in the RPE and to a lesser
extent in the choroid increases after illumination of 9-month-old
Abca4—/~ mice (Fig. 8). Furthermore, also the share of lipofuscin
granules with co-localizing SW- and NIR-AF increases. These find-
ings resemble the previously described data from aged WT and
pigmented Abca4~/~ mice (Figs. 2-4, SI S3).

4. Discussion

Light exposure of melanin is known to result in extensive struc-
tural modifications such as oxidative cleavage and cross-linking [7].
Photodegradation of DHICA-melanin, a synthetic model for eume-
lanin that is the major melanin type in the eye, resulted in a 16-
fold increase of AF intensity [9].

In the present work, we show that NIR-AF emerging from RPE
and choroidal melanosomes increases with age (Figs. 2, 3, SI S3)
and oxidative stress (Figs. 7, SI S7). Additionally, NIR-AF emerg-
ing from RPE melanosomes increases with light stress as well
(Figs. 7, 8, S7). Furthermore, while melanosomes in the RPE and
choroid of 12-month-old WT mice have very low NIR-AF intensity,
melanosome-derived NIR-AF signals from age-matched pigmented
Abca4~/~ mice are greatly increased (Fig. 5). This might be due to
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Fig. 7. Semi-quantitative analysis of NIR-AF intensities of RPE and choroidal melanosomes after photic and oxidative stress. Isolated porcine RPE and choroidal melanosomes
were treated with either 45,000 Ix white light or 0-3% hydrogen peroxide at pH 7+4 for 3 or 6 h, respectively (N=4-6, # p < 0:01, * p < 0-0001, Dunnett’s test). IOD:

integrated optical density; NIR: near-infrared.
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Fig. 8. Blue light stress increases NIR-AF signals in 9-month-old pigmented Abcad~/
identical conditions. In non-illuminated eyes, many melanosomes show only minimal or no NIR-AF (white arrowheads), while after blue light stress the overall number of
melanosomes showing NIR-AF and the NIR-AF intensity increases (black arrowheads). In non-illuminated eyes, the majority of lipofuscin granules only show SW-AF (white
arrows), while after illumination the number of lipofuscin granules showing co-localization of SW-AF and NIR-AF increases (black arrows). N=7 animals per group. BF:

bright field; NIR: near-infrared; SW: short wavelength.

melanin damage caused by elevated levels of oxidative stress in
these animals. These findings question the common assumption
that NIR-AF is an intrinsic property of melanin; it may be more
appropriate to consider NIR-AF as a marker for aged or oxidized
melanin.

In addition to an increase of NIR-AF intensity with age, we saw
a simultaneous brightening of melanosomes in BF images in WT
and Abca4~/~ mice, especially in the choroid (Fig. 2, SI S1, SI S3).
Melanosome bleaching is most likely due to melanin degradation,
as bleaching also occurs after treatment with superoxide anions,
known to degrade melanin [13]. This suggests that the observed
increase of NIR-AF is linked to melanin degradation.

illuminated
ey ‘o . e ;‘3-."
Q“t\ - : . )x?r" i-?\ﬂ.

mice. NIR-AF (red) and SW-AF (green) images of both groups were taken under

Melanosomes from RPE and choroidal melanocytes differ
in their reaction to photic and oxidative damage: while RPE
melanosomes exhibit more readily NIR-AF (Fig. 7), choroidal
melanosomes react more readily with granule brightening (SI S7).
Both melanosome types consist mostly of eumelanin with only
little amounts of pheomelanin, however, choroidal melanin is
suggested to have a higher 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) to 5,6-dihydroxyindole (DHI) ratio, with DHICA and DHI
being the two proposed monomers of eumelanin [35]. A high
DHICA:DHI ratio was suggested to be indicative of a high potential
to quench reactive oxygen species [36]. This difference in chem-
ical composition might at least partly explain the observed dif-
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ference in reaction to photic and oxidative damage in RPE and
choroidal melanosomes (Fig. 7, SI S7, SI S8). Acknowledging the
different properties of RPE and choroidal melanin is of interest for
fundus AF, since with current clinical imaging systems, both RPE
and choroidal melanin add to the NIR-AF measurements [19,20].
However, new imaging techniques, such as adaptive optics scan-
ning laser ophthalmoscopy, are being developed that allow the se-
lective visualisation of RPE cells [37].

Furthermore, we found that there is a considerable vari-
ation in NIR-AF properties within both the RPE and the
choroidal melanosome populations. In young RPE cells, ellipsoidal
melanosomes have a uniform weak NIR-AF that does not cover
the whole melanosome profile, whereas spherical melanosomes
show a high inter-granule variability, with either very high or
very low NIR-AF intensity (Fig. 3). In the choroid, melanosomes
that seem uniform in light microscopy can differ vastly in their
NIR-AF intensity (SI S2). It seemed that this variability was more
prominent in 18-month-old animals, however, this might be due
to overall weak NIR-AF intensities in young animals making it
difficult to detect such variabilities in these specimens. Little is
known about potential functional differences between ellipsoidal
and spherical melanosomes of the RPE, however, both types of
RPE melanosomes do not differ in their melanin composition, they
mostly contain eumelanin. For choroidal melanosomes, even less is
known about their function and properties. The inter-granule dif-
ference in NIR-AF intensities in a given tissue is a sign that individ-
ual melanosomes are not subjected to the same levels of noxious
agents that can induce chemical alterations which finally result in
NIR-AF intensity increase.

In the choroid, individual rounded cells were present that
showed elevated NIR-AF intensities compared to the neighbouring,
typically elongated melanocytes (Fig. 2, SI S2). Ultrastructural in-
vestigation revealed clusters of melanosomes in lysosome-like or-
ganelles in these cells (Fig. 2E). Our group previously identified
choroidal cells with similar morphology as macrophages by im-
munohistochemistry [38].

The contribution of lipofuscin to the NIR-AF signal has long
been under debate [25,39]. We found the first occurrences of co-
localization of SW- and NIR-AF in areas adjacent to BF-identified
melanosomes, suggesting that the lipofuscin moiety of melanolipo-
fuscin is the first area to present both AF types (Figs. 3, 4, SI S3).
With increased load of lipofuscin, also lipofuscin granules (indi-
cated by spatial separation from BF-identified melanosomes) did
readily contribute to the NIR-AF signal, although the proportion
of NIR-AF-contributing lipofuscin granules varies (Figs. 3-6, SI 53,
S5). When investigating isolated human RPE granules, the lipofus-
cin fraction showed both SW- and NIR-AF (SI S6). The possibility of
misidentifying melanolipofuscin as lipofuscin granules, e.g. due to
the melanin moiety not being visible in the section, was prevented
by separating the granules by density centrifugation and investi-
gating whole granules.

To our surprise, we did not detect specific lipofuscin NIR-AF
signals from albino Abca4~/~ mice (Fig. 5). With longer acquisition
times, we found weak NIR-AF signals co-localizing with lipofuscin
granules with high SW-AF intensities, however, these NIR-AF
signals were merely as intense as background signals derived
from nuclei (SI S4). We therefore suppose that these signals are
fluorescence spillover from lipofuscin fluorophores and are not
derived from the same molecular source as the high-intensity NIR-
AF signals found in lipofuscin granules from pigmented animals
and aged humans. So while lipofuscin in albino Abca4~/~ mice
lacks the high-intensity NIR-AF signal seen in pigmented samples,
some NIR-AF background is present. This is in accordance with the
results from a fundus AF-based study by Paavo et al. that found an
increase of NIR-AF intensities in tandem with SW-AF intensities in
albino Abca4~/~ mice?®; our data suggest that increasing amounts

of lipofuscin result in increasing SW-AF and a mild parallel in-
crease of NIR-AF due to presumed fluorescence spillover in these
animals. Lipofuscin from pigmented and albino mice was shown
to have different bisretinoid composition [40] and morphological
properties [29], therefore a difference in NIR-AF properties due
to molecular differences is conceivable. In histologic sections and
isolated granules from aged human donors however, virtually all
lipofuscin granules (and lipofuscin moieties of melanolipofuscin
granules) exhibited co-localization of SW- and NIR-AF (Fig. 6, SI
S5, SI S6).

How can we explain these observed differences in lipofus-
cin NIR-AF intensities? As outlined before, co-localization of SW-
and NIR-AF first emerging in close association to bright-field-
confirmed melanosomes is suggestive of the granule in question
being melanolipofuscin. This suggests that the lipofuscin moiety
in melanolipofuscin has certain properties that distinguish it from
true lipofuscin granules. Analytical electron microscopy as well
as nano-secondary ion mass spectrometry analyses of human RPE
pigments found that the lipofuscin moiety of melanolipofuscin has
significantly elevated nitrogen levels (usually considered a marker
for protein content, but also a marker for melanin) compared to
lipofuscin granules, while the melanin moiety of melanolipofus-
cin was found to have elevated phosphorus levels (considered a
marker for lipid content) compared to true melanosomes [28,32].
This suggests that the lipofuscin and melanin moieties in melano-
lipofuscin have some sort of molecular exchange. It is possible that
the elevated nitrogen levels found in melanolipofuscin are in fact
not derived from proteins, but from melanin degradation products
that also contain nitrogen atoms.

Assuming that melanin degradation products amass in melano-
lipofuscin, how can we explain their subsequent presence in lipo-
fuscin granules? Melanosomes and lipofuscin granules - and con-
sequently melanolipofuscin granules as well - are part of the lyso-
somal compartment [5,15]. It was shown that lysosomes can ex-
change contents [41] and it was hypothesized that this occurs
by similar mechanisms, as they are established for lysosome-
endosome exchange [42]. Moreover, lipofuscin granule dynam-
ics and linkage to degradative processes of melanosomes have
been suggested before [31]. To our knowledge, potential traf-
ficking processes between RPE pigments have not been inves-
tigated to date. However, it was shown that phagocytosed ma-
terial, including material associated to phagocytosed outer seg-
ments, is transported to melanosomes [43,44] which highly sug-
gests an involvement of the melanosome in the lysosomal degra-
dation pathway. By this means, bisretinoids are likely to be trans-
ported to the melanosome. Due to their oxidative properties, bis-
retinoids might therefore be involved in melanin degradation. Ad-
ditionally, this process might be the gateway to melanolipofuscin
formation. Indeed, we previously suggested the hypothesis that
melanosomes can degrade ingested bisretinoids by radical pro-
cesses and that an insufficient degradation of these ingested bis-
retinoids results in their accumulation within the melanosome,
yielding melanolipofuscin (Schraermeyer U, et al. Invest Oph-
thalmol Vis Sci. 2019;60:ARVO E-Abstract 1912). The concept of
melanin being able to degrade bisretinoids is supported by re-
cent findings highlighting that human foetal RPE cells accumu-
late less lipofuscin-like material than unpigmented RPE cells in
vitro [45]. Little is known about the biological fate of melanin
degradation products. It is conceivable that fluorescent degrada-
tion products of melanin are incorporated into the lipofuscin moi-
ety of melanolipofuscin granules and, with time, are distributed to
lipofuscin granules by mechanisms similar to lysosome-lysosome
exchange mechanisms. This would not only explain the increase
of lipofuscin granules with co-localized SW- and NIR-AF with
time, but also elegantly explain the observed lack of specific high-
intensity NIR-AF, exceeding what we currently consider fluores-
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cence spillover, in albino Abca4~/~ lipofuscin. Furthermore, ac-
cumulation of melanin-degradation products in lipofuscin gran-
ules with time could also lead to a tipping point when lipofus-
cin granules have a greater contribution to overall NIR-AF than
melanosomes, especially considering that melanosomes are lost
from the RPE with age.

However, molecular confirmation of melanin degradation prod-
ucts accumulating in (melano-)lipofuscin is currently lacking. To
date, most compositional analyses of lipofuscin are based on ex-
tracts obtained by Folch extraction, which only allows the inves-
tigation of chloroform-soluble lipids, therefore, new analytic ap-
proaches, going beyond Folch extraction, are needed.

A potential weakness of this study is that we had to resort
to standard fluorescence microscopy, since even though the con-
focal laser scanning system at our disposal (Leica TCS SP8 STED)
is equipped with multiple excitation lasers, excitation with 708 nm
or longer is not available. We tested whether 635 nm (the longest
excitation wavelength available in our system) can be used for ex-
citation of NIR-AF but this resulted in no detectable signals from
both melanosomes and lipofuscin granules in a range from 648
to 800nm, as detected with a Leica prism-based tuneable multi-
band spectral detection system. However, since we limited section
thickness to 500 nm, we were still able to achieve good resolution
in standard fluorescence microscopy. Furthermore, Abca4~/~ and
WT mice belong to different substrains of the 129S strain, so we
cannot rule out the presence of genetic differences that influence
the presented results between these two mouse models. Another
limitation is the low number of biological replicates. Nevertheless,
the increase of melanin-derived NIR-AF with oxidative and photic
stress was found in melanosomes from two species (mouse and
pig) as was the presence of NIR-AF signals in lipofuscin (mouse
and human). We therefore consider our results a proof-of-concept
that requires further investigation. One important question is for
instance the degree of influence increasing melanin-derived NIR-
AF and additionally occurring lipofuscin-derived NIR-AF have on
patient fundus autofluorescence data. Also the underlying mech-
anism and time frame of lipofuscin granules emitting NIR-AF is of
high relevance as is its potential involvement in lipofuscin-related
retinal disease, such as in age-related macular degeneration and
Stargardt disease.

Strengths of this study are that the used NIR excitation and
emission wavelengths are very similar to the wavelengths used in
fundus AF examination in patients, so the NIR-AF findings in this
study are transferable to patient findings. Furthermore, the micro-
scopical approach employed allows identification of AF properties
of individual granules, which is not yet possible with clinical fun-
dus AF based techniques, However, new techniques, such as adap-
tive optics scanning laser ophthalmoscopy, have the potential to
achieve subcellular resolution in vivo in the future [37]. Correlative
fluorescence and electron microscopy showed unambiguously that
both melanosomes and lipofuscin granules are sources of NIR-AF
in aged human donor eyes.

In conclusion, our study suggests that NIR-AF is derived from
melanin degradation products that emerge from either photic or
oxidative stress. As a consequence, aged/damaged melanosomes
emit higher NIR-AF signals than young/undamaged melanosomes.
Therefore, melanin could be considered a “wear and tear” mate-
rial that is meant to quench photic or oxidative stress at its own
expense. This is indicated by elevated NIR-AF levels in the RPE
and choroid of pigmented Abca4~/~ mice that have more oxida-
tive stress than age-matched WT mice. Pigmented Abca4~/~ mice
do not develop retinal degeneration even up to 22 months of
age, while albino Abca4/~ mice show first signs of retinal dam-
ages as early as 4 months old [29]. Although pigmented and al-
bino Abca4~/~ mice differ in their genetic background (as discussed

in [29]), the lack of melanin in the RPE and choroid of albino
Abca4~/~ mice can at least partly explain the differing susceptibil-
ity to retinal degeneration.

However, also the lipofuscin moiety of melanolipofuscin and
subsequently lipofuscin granules can emit relevant levels of NIR-
AF, potentially due to accumulation of melanin degradation prod-
ucts. The exact mechanism of how and when lipofuscin granules
start to emit NIR-AF is however still unclear.

Both aspects, melanin NIR-AF increasing with age and oxidative
status, as well as lipofuscin being a source of NIR-AF under certain
circumstances, are of great importance for interpretation of clini-
cal and research NIR-AF data. The common assumption that NIR-
AF intensity equates melanin quantity cannot be supported with
the present data. Elucidating the mechanisms behind changing AF
properties of melanosomes and lipofuscin granules opens the pos-
sibility to gain deeper insights into pathologic processes and re-
finement of diagnostics.
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Figure S1. Semi-quantitative analysis of total NIR-AF (left) and BF (right) intensities
derived from RPE and choroid of WT mice (N = 7-11 pictures per group, # p < 0-01,
* p < 0-0001, Dunnett’s test). AF: autofluorescence; BF: bright field; IOD: integrated opti-

cal density; NIR: near-infrared.
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Figure S2. Choroidal melanosomes differ in their NIR-AF properties. Bright field and
post-processed NIR-AF micrographs of an 18-month-old WT mouse. Boxed areas in a)
are shown magnified in b). Even though melanosomes have similar size and density in
bright field, they can show either very intense (black arrows) or very weak (white arrows)
NIR-AF. Also note the large, roundish cells with high levels of NIR-AF in the choroid that
are macrophage-like cells (compare with Fig. 2). BF: bright field; NIR: near-infrared.
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Figure S3. Comparison of 7- and 13-month-old pigmented Abca4’ mice. a) Overview
of RPE and choroidal NIR-AF (red) taken under identical conditions. Note the large, roun-
dish cells with high levels of NIR-AF in the choroid of the 13-month-old animal that are
macrophage-like cells (compare with Fig. 2). b) Magnified BF and NIR-AF (red) and SW-
AF (green) images of the RPE areas shown in (a). AF images were post-processed to
allow the localization of weak signals. White arrows point to lipofuscin with prominent NIR-
AF signal, resulting in yellow colour in overlay images, while black arrows point to
lipofuscin with no or limited NIR-AF signal, resulting in green colour in overlay images.
Boxed areas are magnified in (c). ¢) Magnified images of the boxed areas in (b). Top row
shows black arrow areas, bottom row shows white arrow areas. BF: bright field;
NIR: near-infrared; SW: short wavelength.
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BF
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Figure S4. Autofluorescence in the RPE of a 12-month-old albino Abcad4” mouse.
The bright field image shows no tissue structures due to lack of melanin in albino animals
and no additional staining. AF images were post-processed to allow the localization of
weak signals. Areas exhibiting both AF modalities are yellow in the superimposed image.
Few lipofuscin granules show NIR-AF signals (white arrowheads) that are not stronger
than background signals derived from RPE and choroidal nuclei (black arrowheads).
BF: bright field; NIR: near-infrared; SW: short wavelength.

Figure S5. Autofluorescence and electron microscopy of the RPE of a 80-year-old
human donor. a) NIR-AF (red) and SW-AF (green) images were post-processed to allow
the localization of weak signals. Yellow colour shows areas where NIR-AF and SW-AF
superimpose. In aged human RPE, melanosomes (white arrows) are reduced and mostly
found apically. Many BF-identified melanosomes are surrounded by SW-AF identified
lipofuscin, indicative of melanolipofuscin (grey arrows). Lipofuscin granules are marked
with black arrows and predominantly show both NIR- and SW-AF. b) Routine ultrastruc-
tural image (post-fixed with osmium tetroxide, stained with uranyl acetate and lead citrate)
from the same eye, pigment granules are labelled identical as in a). BF: bright field;
NIR: near-infrared; SW: short wavelength.
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Figure S6. NIR-AF and SW-AF of isolated human RPE granules (46 — 91 years old,
mean age 70-2 * 14-7 years). a) RPE granules were separated by density gradient cen-
trifugation into three fractions containing lipofuscin (L), melanolipofuscin (ML) and melanin
(M), respectively. b) NIR-AF (red) and SW-AF (green) images of isolated granules were
post-processed to allow the localization of weak signals. Yellow colour in NIR-/SW-AF
overlay images shows areas where NIR-AF and SW-AF superimpose. Insets show mag-
nifications of the boxed areas. ¢) Electron micrographs of granules from the three isolated
fractions. Note that granules are surrounded by extragranular debris (asterisks), as has
been described before'. BF: bright field; NIR: near-infrared; SW: short wavelength.
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Figure S7. Porcine RPE and choroidal melanosomes after photic and oxidative
stress. Isolated melanosomes were either kept in the dark (control) or treated with white
light (45,000 lux) or with 0-3% hydrogen peroxide at pH 7-4 for 3 to 6 hours, respectively.
a) Representative NIR-AF and BF images of the different groups. b) Semi-quantitative
analysis of melanosome darkness in bright field images. Choroidal melanosomes react
more readily with granule brightening than RPE melanosomes, while RPE melanosomes
predominately react to photic and oxidative stress with presence of NIR-AF (see Fig. 7 in
main text). (N = 4-6 images per group, ¥ p < 0-05, # p < 0-01, * p < 0-0001, Dunnett's
test). BF: bright field; 10D: integrated optical density; NIR: near-infrared.
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Figure S8. Ultrastructural changes of porcine RPE and choroidal melanosomes af-
ter photic and oxidative stress. Control RPE melanosomes have a relatively homoge-
nous electron dense presence and occasionally show small holes close to the granule
edge (arrowheads). After treatment with white light, these holes appear more often in
RPE melanosomes and seem to increase in size. Individual melanosomes present with
numerous big holes throughout the granule profile (arrow). In hydrogen peroxide treated
RPE melanosomes, the holes are less prominent, but the formerly relative homogenous
electron density appears striated. In choroidal melanosomes, ultrastructural changes are
much less prominent. Note that granules are surrounded by extragranular debris (aster-
isks), as has been described before®.
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3.3 Treatment of wet AMD: the influence of the Fc fragment in anti-
VEGF adverse events

In the past, the group of Prof. Dr. Schraermeyer extensively investigated the ef-
fects of intravitreal injection of bevacizumab in monkey eyes [149-152, 196-199].
Key findings were thrombotic microangiopathy, signs of haemolysis, formation of
immune complexes, and blood flow alterations within one to 14 days after a single
intravitreal injection of bevacizumab [149-152]. The formation of immune com-
plexes by bevacizumab was first described to be a reaction between bevacizumab,
VEGF-A;65 and heparin involving the FcyRIIa receptor on thrombocytes [200] and
was supposed to be the reason for the elevated risk of arterial thromboembolic
events in patients with metastatic tumours treated with a combination of bevaci-
zumab and chemotherapy [201]. However, bevacizumab, VEGF-A;s5 and heparin
can also form immune complexes in vitro on endothelial cells, while ranibizumab,

lacking an Fc fragment, does not [149].

The effects of a single intravitreal injection of ranibizumab and aflibercept into the
monkey eye [2, 3] (sections 3.3.1 and 3.3.2) were investigated in a similar manner
to bevacizumab [150-152, 196, 199, 202].

One day after a single injection, both ranibizumab and aflibercept were located in
retinal and choroidal vessels. Ranibizumab permeated the neuroretina via inter-
cellular clefts, while aflibercept was incorporated into ganglion cells. Ranibizumab
and aflibercept were found to both reduce the lumen of the choriocapillaris one
and seven days after a single intravitreal injection, as was previously found for
bevacizumab [150]. This is in accordance with studies showing that free VEGF is
essential for the upkeep of the choriocapillaris [203]. Choriocapillaris fenestration
loss, microangiopathy and haemolysis were more pronounced after aflibercept
than after ranibizumab. These findings were also previously observed after bevaci-
zumab [150-152]. Hypertrophy and death of RPE, as well as the formation of pro-
tein complexes, representing as abundant fibrous material seemingly attaching
erythrocytes to each other or to endothelial cells and thus reducing blood flow,
were only evident after treatment with aflibercept and not after ranibizumab. The
lack of abundant protein complexes after in vivo application of ranibizumab is

consistent with the lack of immune complex formation in vitro [149].
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One day after intravitreal injection, both ranibizumab and aflibercept were located
in the walls of ciliary blood vessels, on the surface layer of the ciliary epithelium
and in the connective tissue surrounding the vascular plexus, similar to the distri-
bution pattern of bevacizumab in the ciliary body [199]. Both drugs induced a
comparable reduction of free VEGF in the non-pigmented epithelium of the ciliary
body and lead to a reduction of ciliary blood vessel fenestration. The reduction of
free VEGF in the ciliary body epithelium by both drugs verifies the usefulness of
anti-VEGF drugs in anterior segment pathologies, such as rubeosis iridis [140,
204]. However, exclusively in aflibercept-treated irides, vacuolisation of the inte-
rior iris pigment epithelium was evident after one and seven days after injection.

The nature and relevance of these vacuoles remain to be elucidated.

In summary, studies involving monkeys showed that the most numerous and se-
vere pathologies after intravitreal application of anti-VEGF compounds were en-
countered after bevacizumab and aflibercept. Notably microangiopathy, haemoly-
sis and protein complex formation, which were exclusively found after bevaci-
zumab [150-152] and aflibercept, are alarming outcomes, especially when one
takes the systemic accumulation of these drugs after repeated intravitreal applica-

tion into account [154].

It is unclear, whether aflibercept is actually able to induce immune complex for-
mation by the mechanism described for bevacizumab [200], since it is not known
how VEGF is bound by the fusion protein aflibercept and whether the heparin-
binding site of VEGF needed for complex formation is still accessible. However,
since treatment with ranibizumab resulted in fewer and less severe pathologies
than treatment with aflibercept and bevacizumab, it suggested itself that the mo-
lecular structure of the drugs, i.e. the presence or lack of an Fc domain, might have

an impact on the observed pathologies.

To investigate the effects of isolated Fc domains, rats were intravitreally injected
with isolated rat Fc at a dose corresponding to the Fc fragment dose in anti-VEGF
treatment in patients [4] (section 3.3.3). Thrombotic events, such as fibrin for-
mation, as well as activation and loose aggregation of thrombocytes, were fre-
quently observed at all time points after Fc fragment injection, but only infre-
quently in controls. These findings are in accordance with the aforementioned
studies in monkeys, where treatment with both bevacizumab and aflibercept (both

containing an Fc domain) resulted in a pronounced occurrence of thrombotic
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events and stasis [2, 150, 151]. However, the most prominent finding after applica-
tion of Fc fragments was the infiltration of immune cells in the vitreous-retina in-
terface as early as one day after injection. The majority of cells in the vitreous were
identified as macrophages by immunohistochemical analysis, but ultrastructurally,
also granulocytes were identified. The observation of infiltrating cells was unex-
pected, since this was not seen in the earlier studies involving monkeys. However,
a meta-study reported a significantly increased risk to develop a sterile endoph-
thalmitis after intravitreal injection of bevacizumab compared to ranibizumab

[205] which might be connected to these findings.

Fc cannot only directly be related to drug-induced pathologies, but also indirectly:
IgG is known to be “recycled” and protected from catabolism by binding to the ne-
onatal Fc receptor [206], elongating the serum half-live of the IgG. This process is
utilised for therapeutic Fc-fusion proteins [207] and might also be the reason for
the accumulation of bevacizumab and aflibercept in contrast to ranibizumab in
patient serum [154]. However, since the vast majority of pathologies in the mon-
key studies were already present one day after injection, this process probably only

plays a minor role in this context.

The present works [2, 3] (sections 3.3.1 and 3.3.2) show that after application of
Fc-containing anti-VEGF drugs, more numerous and severe pathologies, such as
microangiopathy, haemolysis and blood flow alterations, were present in monkey
eyes, which was not the case after applying the Fc-less ranibizumab. Furthermore,
even individual Fc fragments without any therapeutic effect induced thrombotic
events and infiltration of immune cells into the vitreous-retina interface after a

single intravitreal injection in a rat model [4] (section 3.3.3).

These data point to Fe-containing anti-VEGF drugs having an unfavourable safety
profile, especially considering that AMD patients treated with anti-VEGF are el-
derly and often suffer from systemic diseases affecting cardiovascular health. Fur-
thermore, since anti-VEGF intervention treats the symptoms, but not the underly-
ing cause of wet AMD, treatment has to be continued for potentially years, which
gives rise to possible long-term effects, particularly since Fc-containing anti-VEGF
drugs were shown to accumulate after repeated intravitreal injection [154]. How-
ever, there is currently no consensus whether the established anti-VEGF drugs

have different safety profiles [124, 147, 156, 208-210] and more research is needed.
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3.3.1 Different effects of intravitreally injected ranibizumab and afliber-

cept on retinal and choroidal tissues of monkey eyes.

Authors: Julien S., Biesemeier A., Taubitz T., Schraermeyer U.

Published in The British Journal of Ophthalmology in 2014
DOI: 10.1136/bjophthalmol-2013-304019

This work was conducted as a student research assistant and is included since it

presents groundwork to the later publications.

Declaration of own contributions:

Planning, writing and revision of the manuscript was done by PD Dr. Sylvie Ju-
lien-Schraermeyer. I performed part of the sample preparation (embedding, sec-
tioning) as well as part of the light microscopic (quantification of choriocapillaris
area and choriocapillaris area with free haemoglobin) and electron microscopic
(quantification of choriocapillaris fenestrations and measurement of endothelial
thickness) analyses. Data interpretation was done by PD Dr. Sylvie Julien-
Schraermeyer, PD Dr. Antje Biesemeier and Prof. Dr. Ulrich Schraermeyer. I and

the other authors proof-read the manuscript.

109



RESULTS AND DISCUSSION

'Section of Experimental
Vitreoretinal Surgery, Centre for
Ophthalmology, Tuebingen,
Germany

“Preclinical Drug Assessment,
STZ OcuTox, Tubingen,
Germany

Correspondence to

Dr Ulrich Schraermeyer,

Section of Experimental
Vitreoretinal Surgery, Centre for
Ophthalmology, Schleichstrasse
1211, Tuebingen 72076,
Germany;
Ulrich.Schraermeyer@
med.uni-tuebingen.de

Received 16 July 2013
Revised 20 December 2013
Accepted 23 December 2013

To cite: Julien S,
Biesemeier A, Taubitz T,

et al. Br J Ophthalmol
Published Online First:
[please include Day Month
Year] doi:10.1136/
bjophthalmol-2013-304019

Laboratory science

Different effects of intravitreally injected
ranibizumab and aflibercept on retinal and choroidal

tissues of monkey eyes

Sylvie Julien,”? Antje Biesemeier," Tatjana Taubitz,"* Ulrich Schraermeyer'+?

ABSTRACT

Background Since there is evidence that the Fc
domain of antivascular endothelial growth factor drugs
may cause unexpected consequences in retinal and
choroidal vessels, the effects of intravitreal ranibizumab
and aflibercept on monkey eyes were investigated.
Methods Four cynomolgus monkeys were intravitreally
injected with 0.5 mg of ranibizumab and another four
with 2 mg of aflibercept. Two untreated monkeys served
as controls. Funduscopy, fluorescein angiography (FA),
spectral-domain-optical coherence tomography (SD-0CT)
and measurement of intraocular pressure (IOP) were
performed. The eyes were inspected by light,
fluorescence and electron microscopy. The diameter of
the choriocapillaris (CC) was measured by morphometry,
and the areas of the CC with free haemoglobin, CC
fenestrations and endothelial thickness were quantified.
Results Analysis showed ranibizumab permeated the
retina via intercellular clefts, whereas aflibercept was
taken up by ganglion cells, cells of the inner and outer
retinal layers and the retinal pigment epithelium (RPE).
Stasis and haemolysis in the choriocapillaris and
choroidal vessels were more frequent after aflibercept
treatment, which caused hypertrophy and death of
individual RPE cells. The area of the CC was significantly
reduced after both drugs compared with controls, but
the reduction of the CC endothelium thickness, number
of fenestrations and the areas with haemolysis were
more pronounced after aflibercept.

Conclusions Ranibizumab permeated the retina
through intercellular spaces, whereas aflibercept was
taken up by neuronal and RPE cells. Aflibercept induced
protein complex formation and more haemolysis in the
choriocapillaris, leading to individual RPE cell death. The
clinical significance and relation of these findings to the
Fc domain or to other characteristics of aflibercept
remain to be investigated.

INTRODUCTION
Excessive angiogenesis is a major problem in many
ocular diseases, particularly in such angioprolifera-
tive disorders as diabetic proliferative retinopathy
and age-related macular degeneration (AMD) in
adults, and retinopathy of prematurity in infants.
AMD is the leading cause of blindness in patients
over the age of 65 years in developed countries
with choroidal neovascularisation (CNV) being the
main factor responsible for vision loss in AMD. It
accounts for approximately 90% of AMD-related
blindness' although neovascular AMD affects only
10-15% of AMD patients. CNV is characterised by
the growth of new choroidal blood vessels through
Bruch’s membrane into the subretinal space,

followed by leakage and accumulation of serum or
blood beneath the retinal pigment epithelium
(RPE), leading to an insult of the outer retina and
RPE and finally to vision loss.”

Although the pathogenesis of AMD is not com-
pletely understood, several growth factors have
been implicated in the disease process as they
induce the development of blood vessels (ie, basic
fibroblast growth factor, transforming growth
factor B, insulin-like growth factor-1, epidermal
growth factor, interleukins and vascular endothelial
growth factor (VEGF)). However, only VEGF
appears to be sufficient and essential for both
physiological and pathological ~angiogenesis.’
Oxidative stress and inflammation due to the accu-
mulation of intracellular and extracellular waste
material, including lipids in Bruch’s membrane and
drusen, stimulate VEGF synthesis. Indeed, an
increase of VEGF in the RPE of maculae from
patients with AMD* was observed, as well as an
increase of VEGF expression in the laser model of
CNV in monkeys® and rats.® Induction of CNV
was also observed after ectopically delivered VEGF
cDNAs to the RPE of ras™ and non-human
primares. '

In humans, the VEGF family consists of five
related glycoproteins, VEGF-A, VEGF-B, VEGF-C,
VEGF-D and placental growth factor (PIGF).
VEGF-A is the most well-studied member of the
VEGF family and is the major driver of patho-
logical angiogenesis and vascular leakage in wet
AMD.'" Alternative splicing results in six VEGF-A
isoforms of 121, 145, 165, 183, 189 and 206
amino acids, whose solubility is dependent on
heparin-binding affinity. They can all bind the
VEGFR1 (Flt-1) and VEGFR2 (KDR) receptors.
VEGFR1 also binds VEGF-B and PIGE. In contrast
to VEGF-A, neither VEGF-B nor PIGF is essential
for vasculogenesis and angiogenesis, but they have
been implicated in pathological vascular remodel-
ling."" Growing evidence suggests that PIGF syner-
gises with VEGF-A in promoting vascular
pathology,!" whereas the function of VEGF-B is
still not clear.'?

Since 2004, anti-VEGF therapy has become the
standard treatment for wet AMD and has revolutio-
nised the management of this disease. Between
2004 and 2006, three anti-VEGF drugs were intro-
duced to ophthalmology after receiving regulatory
approval for the treatment of AMD (pegaptanib,
ranibizumab) or being used off-label (bevacizu-
mab)."* They exhibit important differences in their
sites of activity, formulation methods, binding affin-
ities and biological activities. Pegaptanib (Macugen,

ui@cpyright &rticte auttior (ordhel temployer) 2084 Produced by BMJ Publishing Group Ltd under licence. !
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Eyetech/Pfizer) is an oligonucleotide aptamer that selectively
binds to and neutralises the main pathological isoform of VEGF
(VEGF-A'"") by attaching to its heparin-binding domain.
Ranibizumab (Lucentis, Genentech/Novartis) is an affinity-
matured, humanised, monoclonal antibody fragment (Fab),
whereas bevacizumab (Avastin, Genentech/Roche) is a full-
length, humanised, monoclonal antibody. Both work by block-
ing the receptor-binding domain of all isoforms of VEGF-A.'*
Aflibercept (VEGF Trap-Eye, Eylea, Regeneron/Bayer) is a new
anti-VEGF agent recently approved by the Food and Drug
Administration. It is a fully human, recombinant fusion protein
composed of the second immunoglobulin (Ig)-binding domain
of VEGFR1 and the third Ig-binding domain of VEGFR2 fused
to the fragment crystallisable (Fc) region of human IgG1."
Aflibercept binds to all VEGF-A isoforms, VEGF-B and PIGE.!!

Our group has extensively described the effects of intravitre-
ally injected bevacizumab in the eyes of monkeys.'®™'? These
included reductions in choriocapillaris fenestrations, photo-
receptor damage, formation of immune complexes and throm-
botic microangiopathy. A prevailing rationale for thrombosis
after bevacizumab treatment was presented by Meyer and collea-
gues.”” They found that bevacizumab can induce platelet aggre-
gation, degranulation and thrombosis through complex
formation with VEGF, heparin and activation of the platelet Fc
gamma Rlla receptor. Moreover, other results have demon-
strated effective binding of the Fc domain of bevacizumab to
human RPE and human umbilical vascular endothelial cell mem-
branes via Fc receptors or membrane-bound VEGE, activating
the complement cascade and leading to cell death.®' It is
unclear whether there is a similar problem with aflibercept as it
also contains the Fc domain of human IgG1. Furthermore, the
IgG1 isotype is known to be very effective in the activation of
the complement system through the classical pathway.>* Indeed,
the Fc portion of IgG1 has a high ability to bind Clq causing
subsequent activation of the classical pathway.*? In contrast,
ranibizumab does not possess the Fc domain, avoiding activation
of the complement cascade.

In this study, we investigated the influence of the Fc domain
by comparing the effects on the retina and choroid of intravitre-
ally injected ranibizumab versus aflibercept into monkey eyes.
The monkey is the ideal model for this in vivo study since in
contrast to rodents the interactions between the Fc domain and
the Fc receptors mimic those present in humans.**

METHODS

Animals and study protocol

Ten healthy cynomolgus monkeys (Macaca fascicularis, aged
3-8 years) were raised at the Covance Laboratories (Muenster,
Germany) under standard conditions. All animals were housed
and handled in strict accordance with good animal practice
under supervision of veterinarians and were monitored for evi-
dence of disease and changes in attitude, appetite or behaviour
suggestive of illness. Handling and housing of the animals at
Covance Laboratories GmbH was done in accordance with the
German Animal Welfare Act. Moreover, all animals underwent a
range of ophthalmic examinations (described in ‘Ophthalmic
examinations’) during the predose phase in order to detect pos-
sible ocular disorders that would have not been related to the
injection of ranibizumab or aflibercept. Ranibizumab was intra-
vitreally injected into both eyes of four animals, and aflibercept
intravitreally into both eyes of another four animals. One and
seven days after intravitreal injection, the animals were sacrificed
under general anaesthesia and the eyes were enucleated (four
eyes from two monkeys per time point). Two untreated

monkeys served as controls. For each monkey, one eye was fixed
for light and electron microscopy and the other eye for immu-
nohistochemistry. For the notice of approval by the appropriate
institutional animal care and use committee, please see Covance
Studies 8260977 and 8274007.

Intravitreal injection of ranibizumab and aflibercept

In total, 50 pl of ranibizumab (10 mg/mL) and of aflibercept
(40 mg/mL) were intravitreally injected. The animals were
sedated by intramuscular injection of medetomidine (Domitor)
and ketamine hydrochloride, the eyes having previously been
examined for any signs of inflammation. Pupils were dilated
(Mydriasis with 1% tropicamide) and anaesthetised (proxymeta-
caine; Proparakain-pos 0.5%; Ursapharm). The conjunctival and
corneal surface was disinfected (povidone iodine 10%). After
sterile coating and insertion of a lid speculum, 0.5 mg ranibizu-
mab or 2 mg aflibercept were injected into the vitreous cavity
using a 27-gauge canula. When removing the canula, the injec-
tion site was compressed with forceps to prevent reflux and a
topical antibiotic (gentamicin) was administered. Animals were
monitored for signs of inflammation until sacrificed.

Ophthalmic examinations

For all ophthalmic examinations, a mydriatic agent (tropica-
mide) and a local ophthalmic anaesthetic (proxymetacaine) were
instilled in the eyes of the sedated animals before examination.

Macroscopic and slit lamp examinations, direct/indirect
ophthalmoscopy

These examinations were performed during the predose phase
on the day of dosing and on the day of necropsy. The surface of
the eyes was macroscopically examined. Slit lamp examination
consisted of anterior and medium segments with conjunctiva,
cornea, anterior chamber, iris, lens and vitreous body, as well as
fluorescein instillation, for epithelial staining. Direct and indirect
ophthalmoscopy consisted of ocular fundus with macula lutea,
papilla, ocular vessels and retina.

Funduscopy and fluorescein angiography (FA)

Fundus photographs and FA were obtained for all animals once
during the predose phase and on the day of necropsy. For FA,
an indwelling catheter was inserted and fluorescein was injected
intravenously. A series of pictures was made immediately after
injection and 10 min thereafter. The equipment used was a
digital stationary fundus camera (TRC-50 ex; Topcon, Tokyo,

Japan).

Spectral-domain-optical coherence tomography (SD-OCT)

SD-OCT was obtained for all animals once during the predose
phase directly after injection (only for aflibercept) and on the
day of necropsy. The equipment used was Spectralis HRA
+OCT (Heidelberg Engineering, Heidelberg, Germany).

Intraocular pressure (I0P)

Measurement of IOP was performed in all animals once during
the predose phase, before administration of the drugs, directly
and 10 min after administration and on the day of necropsy by
using TonoVet (Kruuse, Langeskov Denmark). Two readings
were obtained per eye for each time point, and the mean 10P
value was calculated and reported in millimetres of mercury
(mm Hg).
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Enucleation

On days 1 and 7 after intravitreal injection, the animals were
sacrificed under general anaesthesia, that is, intramuscular injec-
tion of ketamine hydrochloride followed by an intravenous
sodium pentobarbitone (Lethabarb, Virbac, Australia) overdose.
The eyes were enucleated 5 min postmortem, cleaned of orbital
tissue and were slit carefully at the limbus without damaging the
ora serrata. Then 25 puL of the fixative were carefully injected
into the vitreous before the eyes were fixed at 4°C by immersion
into 5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4,
Sigma, St. Louis, Missouri, USA) overnight for electron micros-
copy or into formalin (Carl Roth, Karlsruhe, Germany) for
immunohistochemistry. The eyes of two healthy monkeys
without treatment were handled in the same manner.

Immunohistochemistry

Eyes were fixed in formalin, embedded in paraffin wax, cut into
5 um sections and deparaffinised according to standard proce-
dures. Ranibizumab and aflibercept were detected respectively
using a goat antiserum to human Fab of IgG (GAHu/Fab/7S,
dilution 1:250; Nordic Immunological Laboratories, Tilburg,
The Netherlands) and a goar antihuman IgG-Fc antibody
(NB7446, dilution 1:200, Novus Biologicals Europe,
Cambridge, UK) with a cy3-rabbit antigoat antibody as a sec-
ondary antibody (305-167-003, dilution 1:400, Jackson
ImmunoResearch Europe, Suffolk, UK). The following other
antibodies were used for the detections of immune reactivity: a
rabbit polyclonal anticow glial acidic fibrillary protein (GFAP)
antibody for astrocytes and activated Mueller cells (Z0334, dilu-
tion 1:4000, Dako, Carpinteria, California, USA), with an anti-
rabbit IgG labelled with FITC as secondary antibody (F0511,
dilution 1:100; Sigma-Aldrich, St. Louis, Missouri, USA); a
mouse monoclonal antivimentin antibody for Mueller cells
(M7025, dilution 1:400; Dako), with goat antimouse IgG
labelled with Alexa Fluor 488 (A11001, dilution 1:400;
Invitrogen-Molecular Probes, Eugene, Oregon, USA) as a sec-
ondary antibody; a rabbit anti-ionised calcium-binding adaptor
molecule 1 (Iba-1) antibody for macrophages and microglia
(01-1974, dilution 1:100, Wako, Neuss, Germany), with a
cy3-goat antirabbit antibody (111-166-045, dilution 1:300,
Jackson ImmunoResearch); a mouse antihuman
hypoxia-inducible factor-1oe (HIF-10) antibody as a marker for
hypoxia (610 958, dilution 1:50, BD Transduction Laboratories,
Franklin Lakes, USA) with a Alexa Fluor 488-goat antimouse
IgG antibody (A11001, dilution 1:400, Invitrogen-Molecular
Probes). Stained sections were embedded (FluorSave;
Calbiochem, La Jolla, California, USA) and inspected with a
fluorescence microscope (Axioplan2; Carl Zeiss, Oberkochen,
Germany).

Light and electron microscopy

Specimens were postfixed with 1% OsQ, at room temperature
in 0.1 M cacodylate buffer (pH 7.4), stained with uranyl acetate
and embedded in Epon after dehydration in a graded series of
ethanol and propylenoxide. Semithin sections were stained with
toluidine blue and examined by light microscopy (Zeiss
Axioplan2 imaging, Zeiss, Jena, Germany). For electron micros-
copy, the sections were cut ultrathin and analysed with a Zeiss
902 A electron microscope (Zeiss, Jena, Germany). For every
eye at each time point (days 1 to 7 and control), two different
regions of interest were chosen. One piece of tissue was taken
from the fovea, the second piece at 2 mm distance at the 3
o’clock position.

Quantification of the area occupied by the choriocapillaris
and of free haemoglobin
Under the light microscope at a magnification of 600-fold, the
capillaries directly facing the Bruch’s membrane were photo-
graphed in semithin sections and the quantification of the area
occupied by the choriocapillaris was performed blinded as pre-
viously described.'® Briefly, 20 micrographs were consecutively
photographed from each treated eye and from each untreated
monkey. The photographs were taken by four independent
investigators, and the quantifications were performed by two of
them. For quantification of the areas, image analysis software
(iTEM, Olympus Soft Imaging Solutions, Muenster, Germany)
was used. The area fraction of the choriocapillaris is expressed
as an area in pm?® occupied by the capillaries per um length of
Bruch’s membrane.

Areas within the plasma of the choriocapillaris with free
haemoglobin, which stained as blue as the red blood cells or
darker were quantified in semithin sections.

Quantification of choriocapillaris endothelial cell
fenestrations and measurement of endothelial thickness

The number of fenestrae was counted in 283 electron micro-
graphs taken at a magnification of 50 000-fold for ranibizumab-
treated eyes and untreated controls. In total, 457 micrographs at
a magnification of 30 000 from drug-treated eyes were analysed
blinded for fenestrations.

Images obtained for counting the fenestrae of the choriocapil-
laris were also used to investigate the thickness of its apical
endothelial wall. Measurements were performed every 300-
400 nm over a length of about 45 wm length (about 80 mea-
surements per animal). Here again the photographs were taken
by four independent investigators and the quantifications were
performed by two of them. Vessel walls that were thicker than
70 nm were not counted since they were presumed to contain
the central part of the cell with its organelles and nuclei and
were not representative of fenestrated endothelium.

Statistical analysis

Statistical significance for the comparison of TOP and for the
evaluation of the area of the choriocapillaris was determined by
using the Dunnett’s test and the JMP10.0 statistical program
(SAS, Heidelberg, Germany). p<0.05 was considered statistic-
ally significant.

For the measurement of free haemoglobin and endothelial
thickness in the choriocapillaris, statistical analysis was per-
formed using the Wilcoxon test for non-parametric data sets
(JMP 10.0). The null hypothesis was that controls and treated
animals showed the same characteristics, for example, CC apical
walls of anti-VEGF-treated animals had the same thickness as
those of control animals. The alternative hypothesis was that
they differ. All p values <0.05 were stated as significantly differ-
ent (error probability 5%).

RESULTS

Ophthalmic examinations

Funduscopy, FA and SD-OCT

Funduscopic (figure 1A,C), FA (figure 1B,D) and SD-OCT
(figure 1E) images did not show abnormalities or blood vessel
leakage in any of the eyes injected with ranibizumab (figure 1A,
B) or aflibercept (figure 1C-E) at the different time points, nor
in any of the control eyes.
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A  predose day7

B predose day7

Figure 1

Fundus, fluorescein angiography (FA) and spectral-domain-optical coherence tomography (SD-OCT) photographs before and after

injection of ranibizumab and aflibercept. Typical fundus photographs (A) and a series of FA pictures (B) of the same left eye of a monkey before and
7 days after injection of ranibizumab are shown. Typical fundus photographs (C), a series of FA pictures (D) and SD-OCT (E) of the same right eye of
a monkey before and 7 days after injection of aflibercept are shown. The time point directly after injection of aflibercept is also shown in the OCT
(E). The bright structures appearing in several fundus photographs near the blood vessels are reflection artefacts.

Intraocular pressure

The IOP was measured in a predose phase (2 weeks before the
study began), just before administration of the drugs, directly
and 10 min afterwards, and 1 and 7 days afterwards (on the day
of necropsy). The mean values (MV) as well as the SD were cal-
culated (figure 2). The values obtained in the predose phase and
just before the administration of the drugs were pooled since in
both cases the animals were untreated. The MV=SD of the
untreated animals (15.3+4 mm Hg) was compared with the MV
+SD of the treated animals for each time point. The IOP
increased significantly directly after administration of the drugs
(30.6+14.5 after ranibizumab (R) (p=1.4E-06) and 50.3+11.5
after aflibercept (A) (p=5.7E-19)). Ten minutes after administra-
tion of the drugs, the IOP returned to baseline (18.8+5.5 after
ranibizumab and 14.4%3.3 after aflibercept). One day after
injection of ranibizumab, the IOP decreased significantly (9.5
+1.1; p=0.007), whereas the decrease of the IOP after afliber-
cept’s injection was not statistically significant (11+7; p=0.06).
Seven days after injection of aflibercept, the IOP was signifi-
cantly reduced (10.4%3.1; p=0.02) compared with the IOP of
untreated animals, whereas it normalised to baseline 7 days after
ranibizumab injection (19.4%3.8; p=0.06). There was no statis-
tically significant difference between the IOP of untreated eyes 7
days after the beginning of the study (19.8+1.8) versus the IOP
of untreated eyes at the beginning of the study.

Immunohistochemistry

Ranibizumab and aflibercept

Retinal sections were checked for their immune reactivity
against ranibizumab and aflibercept. In untreated controls, no

specific staining was found in either the retina or the choroid
(not shown). Just one day after injection, ranibizumab and afli-
bercept immune reactivity were already observed in eyes injected
with ranibizumab and aflibercept respectively but with distinct
distribution patterns (figure 3A,B). Ranibizumab permeated the
retina via intercellular clefts (figure 3A), whereas aflibercept was
taken up by ganglion cells, cells of the inner and outer retinal
layers and the RPE (figure 3B). Local accumulation in retinal
and choroidal vessels was observed for both drugs (figure 3A,C,
D vs 3B,E,F). Ranibizumab immune reactivity was reduced after
7 days compared with day 1 (figure 3D vs 3C) while aflibercept
(figure 3F vs 3E) showed no changes.

Glial acidic fibrillary protein (GFAP)

After GFAP staining in untreated controls, longitudinal astro-
cytes became visible and were localised in the inner retinal
layers close to the ganglion cells and in the vicinity of retinal
vessels (figure 4A). One and seven days after injection of ranibi-
zumab and aflibercept, Mueller cells in the middle of the retina
became positive for GFAR indicating a mild activation of
Mueller cells (figure 4B,C).

Vimentin

After vimentin staining in untreated controls, Mueller cells
appeared in a longitudinal orientation between inner limiting
membranes (ILM) and outer limiting membranes and their
end-feet formed a continuous layer facing the ILM (figure 4D).
One and seven days after injection of ranibizumab and afliber-
cept, vimentin was overexpressed (figure 4E,F) compared with
untreated eyes, confirming activation of Mueller cells.

4
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Figure 2 Measurement of the intraocular pressure (IOP) at different
time points. The IOP was measured in all monkey eyes during the
predose phase (2 weeks before the study started) as well as before
administration of the drugs, and the values were pooled in order to
obtain the IOP baseline. The IOP was measured directly after and

10 min after injection of ranibizumab (R) and aflibercept (A)
respectively in eight eyes. The IOP was also measured on day 1 in four
eyes for R and A as well as on day 7 in four eyes for R and A and in
two untreated control eyes. IOP mean values+SDs are presented.
Asterisks indicate statistical significance compared with the baseline
I0P (*p<0.05).

Iba-1 and HIF1-o
Macrophages and microglia cells were not affected by ranibizu-
mab or aflibercept. As in untreated controls (figure 4G),
Iba-1-positive cells were located in the plexiform layer and the
ganglion cell layer (GCL) of the neural retina. There were no
significant changes throughout the observation period in the
retinas (figure 4H,]I).

Independent of the treatments, HIF-1a. was never expressed
(not shown).

Light microscopy

In semithin sections of untreated eyes (not shown) and
ranibizumab-treated eyes (figure SA), the choriocapillaris as well
as choroidal vessels showed well-defined lumina and contained
loosely packed erythrocytes. Individual erythrocytes can be
clearly recognised when photographed at a magnification of
600-fold (figure 5A). However, ranibizumab at small foci acti-
vated thrombocytes and induced fibrin formation in deeper
choroidal vessels one day after injection (figure SA, see also
figure 6A at high resolution). Seven days after injection of rani-
bizumab, stasis and haemolysis were occasionally observed in
the choriocapillaris (figure 5B). In contrast, on 1 as well as 7
days after injection, aflibercept treatment had already caused
stasis and haemolysis in most parts of the investigated chorioca-
pillaris (figure SC-E). The RPE was hypertrophic compared with
the RPE after ranibizumab treatment (figure SC vs 5D) or no
treatment (not shown). Moreover, dark blue RPE cells were
found beside normal pale blue RPE cells (figure SB,E) and con-
tained lysed mitochondria, indicating individual RPE cell death.
However, the photoreceptors showed a normal morphology indi-
cating that they were not affected by the treatment (figure SD,E).
There were no morphological differences observed in the RPE
and choroid between foveal and extrafoveal semithin sections.

ranibizumab

Figure 3  Fluorescence microscopy of the immune histochemical
localisation of ranibizumab and aflibercept. One day after injection,
ranibizumab (A) permeated the retina via intercellular clefts, whereas
aflibercept (B) was taken up by ganglion cells (black arrowheads), cells
of the inner and outer retinal layers and retinal pigment epithelium
(RPE) (white arrowheads). Both drugs were localised in retinal (A,B)
and in choroidal vessels (C,E). A heterogeneous staining was observed
for both drugs in individual vessels. It was locally attached to the
vessel walls occupying substantial parts of the vessel lumen (arrows in
A-C, E). Seven days after injection, ranibizumab immune reactivity (D)
in choroidal vessels was reduced compared with aflibercept immune
reactivity (F). Note the strong aflibercept immune reactivity in some
RPE cells (F, white arrow) and the adherence of ranibizumab (D, white
arrow) to the surface of erythrocytes.

Moreover, in semithin sections from all treated eyes, the lumina
of the choriocapillaris were smaller compared with control eyes,
as shown in the quantification below (figure SF).

Quantification of the area occupied by the choriocapillaris
and of free haemoglobin

The area (in wm?) occupied by the choriocapillaris per wm
length of Bruch’s membrane was significantly reduced in eyes
treated with ranibizumab and aflibercept 1 and 7 days after
injection compared with the untreated controls (figure SF). The
median of the area occupied by the choriocapillaris in the
untreated eyes was 3.9 pm?, whereas it was 3.2 and 2.9 pm? 1
day after injection of ranibizumab and aflibercept and 2.1 and
2.1 wm? 7 days after injection of ranibizumab and aflibercept,
respectively. Application of Dunnett’s test revealed that the
decrease of the choriocapillaris was significant in the eyes 1 day
after ranibizumab injection (p=0.01) as well as 7 days after-
wards and also 1 and 7 days after aflibercept injection
(p<0.001). These findings confirmed the reduction of the chor-
iocapillaris area 1 and 7 days after injection of both drugs.

Free haemoglobin that stained the plasma as dark or darker
than the red blood cells was not observed in the plasma of the
choriocapillaris of untreated monkeys. After aflibercept treat-
ment, the part of the area with haemolytic plasma in the
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Figure 4 Fluorescence microscopy of retinas after staining for glial acidic fibrillary protein (GFAP) (A-C), vimentin (D-F) and Iba-1 (G-I). Images of
untreated eyes are shown for GFAP, vimentin and Iba-1 stainings in A, D and G, respectively. One (B, E and H) and seven (C, F and 1) days after
injection of ranibizumab, retinas labelled with GFAP, vimentin and Iba-1 are shown in B-C), EF and H-I, respectively. The micrographs presented for
ranibizumab treatment are also representative for the staining for GFAP, vimentin and Iba-1 observed after injection of aflibercept. Activated Mueller
cells were present after treatment with both drugs 1 and 7 days after injection, whereas astrocytes and microglia cells were not affected.

choriocapillaris was 80.1+4.7% after 1day and 87.5+3.9%
after 7 days. After ranibizumab treatment, the percentage part of
the area with haemolytic plasma in the choriocapillaris was 54.6
+5.7% after 1 day and 49.4%5.1% after 7 days. According to
the Wilcoxon test, the differences between aflibercept and rani-
bizumab were significant with p<0.0002 and p<0.0001 1 and
7 days after injection (figure 5G).

Electron microscopy

In order to obtain more information, the eyes were inspected by
electron microscopy. The fibrin formation found in deeper chor-
oidal vessels 1 day after ranibizumab injection (figure SA) can
be clearly observed in figure 6A,B. In figure 6A, it was obvious
that erythrocytes established contact with thrombocytes. With a
higher magnification (figure 6B), a clear binding between an
activated thrombocyte and an erythrocyte can be seen.
Thrombocytes were activated as judged by their pseudopodia
and formation of fibrin, identified by its ultrastructure.** Local
electron densities were detected exceptionally between an endo-
thelial cell and an erythrocyte after ranibizumab treatment
(figure 6C). Erythrocytes often had many holes (figure 6D) of
different sizes or were shrinking or blebbing. This phenomenon
is well known as eryptosis and was observed after both drug
treatments. Filamentary material representing protein complexes
was much more obvious after aflibercept treatment (figure 6E).
It was never observed in blood plasma of the controls (not
shown). After aflibercept treatment, stasis, swelling of erythro-
cytes and haemolysis were observed in most parts of the chorio-
capillaris (figure 6E,G) as well as in choroidal veins (figure 6G)
but not in the immediate neighbouring arteries. Extravasal-free

haemoglobin could be observed as well (figure 6G,H). The pres-
ence of haemoglobin was confirmed by energy-dispersive X-ray
spectroscopy, which revealed a high level of iron in this
electron-dense material compared with areas with normal
brighter plasma (not shown). By zooming into the area of figure
6G where extracellular haemoglobin was present (figure 6H),
pathological signs like vacuoles in endothelium and dead cells
close to the blood vessel were observed. Haemoglobin was also
detected within Bruch’s membrane and the intercellular clefts of
RPE cells between the basal labyrinth and the tight junctions
(not shown). Individual RPE cells were completely filled with
free  haemoglobin  (figure 6I), indicating cell death.
Microangiopathy was detected as the endothelium was irregular
and swollen (figure 6]). None of the above-described character-
istics were found in the controls (not shown).

Quantification of choriocapillaris endothelial cell
fenestrations and measurement of endothelial thickness

In untreated animals, 90.6+9.2 fenestrae were counted per
25 pm endothelial cell length (figure 7A). After ranibizumab
treatment, the number of fenestration (mean value+SD) in the
choriocapillaris per 25 wm endothelial cell length facing Bruch’s
membrane was 34.3+1.9 1day after injection and 23.7+2.2
after 7 days (figure 7B). After aflibercept treatment, the endothe-
lium was incomplete (extremely thin) and the plasma mem-
branes of the endothelial cells were not clearly recognisable
(figure 7C). The number of fenestrations was reduced to 21.9
+22 and 9.5+14 after 1 and 7 days respectively after aflibercept
treatment.
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Figure 5 Light microscopy (A-E) and quantification of the choriocapillaris area (F) and of free haemoglobin (G) in ranibizumab and
aflibercept-treated eyes 1 and 7 days after injection. (A) Light microscopy of an eye treated with ranibizumab 1 day after injection. The
choriocapillaris (CC) contains loosely arranged erythrocytes (white arrow) and open vessel lumina. A deeper choroidal arteriole shows distinct
erythrocytes within a wide open vessel lumen but also contact between erythrocytes and thrombocytes leading to fibrin formation (black arrows),

as also shown in figure 6A,B at higher magnification. (B) Light microscopy of an eye treated with aflibercept 1 day after injection. The
choriocapillaris (CC) and a deeper vessel (asterisk) were homogenously filled with blood cells. Individual dark grey-coloured retinal pigment
epithelium (RPE) cells (arrows) were found next to normal pale grey RPE cells indicating RPE cell death as clearly shown in figure 6l. Hypertrophy of
the RPE was also observed after aflibercept treatment (double arrow in A vs B). (C) Light microscopy of an eye treated with ranibizumab 7 days after
injection. Stasis and haemolysis were occasionally observed in the choriocapillaris (CC). (D,E) Light microscopy of an eye treated with aflibercept

7 days after injection. The choriocapillaris (arrowheads in D and E) and a deeper vessel (asterisk in D) were homogenously filled with blood cells.

In a deeper choroidal artery, haemolysis is absent as indicated by normal plasma density (arrow in D). Hypertrophy of RPE was observed (compare
double arrow in C vs D) as well as individual dead RPE cells (arrow in E) containing swollen mitochondria (white arrow, see also figure 61 for higher
magpnification) facing healthy photoreceptors with well-preserved mitochondria (white arrowhead). (F) Quantification of the choriocapillaris area

(in wm?) in semithin sections photographed at a magnification of 600-fold. Results are shown in a box-plot diagram. Application of Dunnett's test
demonstrated that the choriocapillaris area was significantly reduced 1 and 7 days after injection of ranibizumab and aflibercept compared with the
untreated controls (*1p=0.01, *2 p<0.001). (G) Quantification of the choriocapillaris area (in %) with free haemoglobin. Mean values+SDs are
shown. In untreated eyes, free haemoglobin was not observed in the choriocapillaris. Application of Wilcoxon test indicated that the percentage of
choriocapillaris area with free haemoglobin was significantly enhanced after aflibercept treatment compared with ranibizumab treatment on

days 1 and 7 (*'p<0.0002 (day1), **p<0.0001 (day 7)).
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Figure 6 Electron micrographs of eyes injected with ranibizumab (A-D) and aflibercept (E-J). (A) One day after injection of ranibizumab, activated
thrombocytes interacted with erythrocytes (E) and granulocytes (G) and were involved in the formation of fibrin (arrows). (B) is a higher
magnification of the black square in (A). A clear binding between a thrombocyte (T) and an erythrocyte (E) as well as fibrin (arrows) is shown.

(C) Electron-dense material (arrow) is attached to the endothelial wall of a blood vessel (en) and an erythrocyte (E). (D) Eryptosis, as indicated by
many holes of different sizes (arrow heads) inside an erythrocyte, is shown. (E) After aflibercept injection, felt-like fibrous material was abundant

in choroidal blood vessels. Electron-dense fibrous material is shown attached to the vessel wall between the endothelium (en) and erythrocytes or
between erythrocytes (arrows). (F) Haemolysis in the choriocapillaris is visible. The upper erythrocyte is deformed and reveals unusual irregularities
in electron density (asterisk) compared with the erythrocyte below (E). The cell membrane is absent to the left of the arrowheads. The Bruch's
membrane (Br) is intact. (G) Stasis in the choriocapillaris (CC) is obvious; the erythrocytes are densely packed, filling the entire choriocapillaris
lumen. Haemolysis is present in the CC and in a choroidal vein. Extracellular haemoglobin (asterisk) is also seen, and this particular region is shown
with a higher magnification in (H). The electron-dense stripes are artificially caused by folds in the section. (H) Free haemoglobin in the plasma
(asterisk) and vacuoles (arrow heads) in the endothelium are present, indicating endothelial damage. A nucleus (arrow) of a dead endothelial cell

is located close to a nucleus (N) of a healthy smooth muscle cell. Free haemoglobin (fh) is also present within the venule. (I) A retinal pigment
epithelium cell is filled with haemoglobin and has swollen mitochondria (arrows) representing a dead cell. (J) Microangiopathy (double arrow)
characterised by an irregular and swollen endothelium can be clearly seen. Free haemoglobin (asterisk) is also present. The lumen of this
choriocapillaris is collapsed. Bruch’s membrane (Br) is electron-dense due to the uptake of free haemoglobin.
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Figure 7  Choriocapillaris endothelial cell fenestrations and endothelial thickness. (A) Electron micrograph of a control animal shows regular and
even choriocapillaris endothelium thickness with many fenestrations (F). (B) Electron micrograph of a ranibizumab-treated animal shows normal
fenestrations. (C) The electron micrograph of an animal treated with aflibercept shows an extremely thin endothelium (21 nm). The black arrow
shows an area where the different membranes from the red blood cell and the endothelium are not identifiable. In contrast, the membranes can be
clearly recognised at the sites indicated by the double arrowheads. (D) Quantification of choriocapillaris endothelial cell fenestrations. The number of
fenestrations was significantly reduced after treatments with both drugs (*'p<0.0001) compared with the controls. Moreover, after aflibercept
treatment, the number of fenestrations was significantly reduced compared with ranibizumab treatment on both days (*2p<0.001 (day 1),
*3p<0.001 (day 7). (E) Measurement of the chorioca;)illaris wall thickness up to 70 nm. All treated animals show thinner choriocapillaris walls
compared with controls (*'p<0.0001, *2p<0.0001, **p=0.03, **p<0.0001,). Moreover, aflibercept-treated animals also show a significant reduction
of the choriocapillaris walls compared with ranibizumab-treated animals (*'p<0.0001, #2p<0.0001). (F) Measurement of the choriocapillaris wall
thickness up to 30 nm. While control and ranibizumab-treated animals show similar wall thicknesses, aflibercept-treated animals on days 1 and 7
show severe thinning compared with the control (*'p<0.04). The endothelial thickness was also significantly reduced after aflibercept treatment on

day 7 compared with day 1 (*2p=0.02).

According to the Wilcoxon test, the number of fenestrae was
significantly reduced after treatments with both drugs
(p<0.0001) compared with the controls (figure 7D). The reduc-
tion of fenestration was significantly more prominent after afli-
bercept treatment compared with ranibizumab on both days
(p<0.0001).

The mean thickness and SD of the endothelial wall in the
control was found to be 41.4+10 nm (median 39 nm), whereas

it was 38.3+11 nm (median 39 nm) and 36.5+12 nm (median
34nm) 1 and 7 days after ranibizumab injection and 28.4
+9 nm (median 27 nm) and 27+11 nm (median 26 nm) 1 and
7 days after aflibercept treatment (figure 7A-C). All treated
animals showed significantly decreased vessel wall thicknesses as
compared with the control (figure 7E). Aflibercept-treated
animals showed even thinner walls than ranibizumab-treated
animals (p<0.0001).
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The vessel thickness that was thinner than 30 nm was investi-
gated separately. Figure 7F shows that controls and animals
treated with ranibizumab for 1 or 7 days showed similar thick-
nesses of 25-26 nm in the mean, while aflibercept-treated
animals showed significantly reduced CC thicknesses of 21-
23 nm in the mean (p<0.04). Moreover, the endothelia of
aflibercept-treated animals on day 7 were thinner than those of
aflibercept on day 1 (p=0.02).

DISCUSSION
A dramatic elevation of the IOP was observed directly after the
intravitreal injection of the drugs, but it returned to normal
values (between 10 and 20 mm Hg) within 10 min (figure 2).
Immediate short-term elevations of the IOP after such injections
are a known phenomenon.?® The main reason for IOP elevation
is the sudden addition of fluid to the relatively small volume of
the vitreous cavity. Such elevations are usually transient. On
days 1 (for ranibizumab) and 7 (for aflibercept) after administra-
tion of the drugs, the IOP declined significantly compared with
the IOP of untreated animals. However, these reduced IOP
values were still normal and they were probably due to both the
normal diurnal IOP fluctuation under the influence of repeated
anaesthesia induced by intramuscular ketamine, which is known
to produce significant IOP declines.®

Ophthalmological examinations, including funduscopy, FA
and SD-OCT, did not show any pathological effects of drug
treatments (figure 1). FA and SD-OCT are non-invasive techni-
ques that permit the in vivo follow-up but present limitations in
sensitivity regarding the morphological details compared with
histology and particularly electron microscopy. Indeed, only
histology with glutaraldehyde-fixed tissues in combination with
thin sectioning permitted the detection of all the effects of intra-
vitreally injected ranibizumab and aflibercept on the retina and
choroid described in this study and may explain why this kind
of ‘early’ alteration representing the first events of geographic
atrophy was never observed in patients. We demonstrated that
ranibizumab permeated the retina through intercellular spaces,
whereas aflibercept was taken up by neuronal and RPE cells,
which contrasts with the belief that aflibercept diffuses through
the eye without being metabolised.® Aflibercept also induced
hypertrophy of the RPE and individual RPE cell death, protein
complex formation and more haemolysis, whereas eryptosis was
observed after treatment with both drugs (table 1).

The finding that aflibercept-induced protein complex forma-
tion is not surprising since it was already found in a high

Table 1 Summary of the key effects observed in monkey eyes
after intravitreal injection of ranibizumab and aflibercept
Ranibizumab Aflibercept
Intracellular uptake in retinal cells No Yes
RPE cell death and hypertraphy No Yes
Haemolysis X XXX
Protein complex formation No Yes
Reduction of the choriocapillaris Yes Yes
area (CC)
Reduction of CC endothelial Yes Yes
cell fenestrations
Reduction of CC endothelial thickness X XXX

RPE, retinal pigment epithelium; X, occasionally seen; XXX, often seen. The difference
between X and XXX is statistically significant.

concentration in individual ocular blood vessels 1 day after
injection (figure 3E). In the blood vessels, aflibercept can bind
to endothelial cells with the endothelial Fc receptor as discussed
in the scenario shown in figure 8.

A direct comparison and quantification of the immune
reactivity were not possible as distinct antibodies were used for
the detection of ranibizumab and aflibercept. The high concen-
tration of both drugs in individual retinal and choroidal vessels
can be easily explained by the fact that 50% of intravitreally
injected ranibizumab reached the circulation after 2 days®” and
that the half-life of unbound aflibercept is 1-3 days in the
blood, whereas VEGF-bound aflibercept has a half-life of
18 days.* Moreover, the VEGF concentration in the choriocapil-
laris must be high in order to maintain the fenestrations. Thus,
it is likely that a high concentration of aflibercept as well as rani-
bizumab and VEGF could coincide in the choriocapillaris in the
first days after injection. In previous monkey studies investigat-
ing the effect of intravitreally injected bevacizumab,'® ' protein
complexes were also found that were more frequent (figures
SD,E in ref. '®) than after aflibercept treatment (figure 6D).
After ranibizumab, only local densities were occasionally
observed (figure 6C). The differences between the three drugs
can perhaps be explained in part through the fact that one mol-
ecule of bevacizumab can simultaneously bind two VEGF
dimers, whereas two ranibizumab molecules can bind one
VEGF dimer, and aflibercept can bind VEGF-A and placental
growth factor dimers in a 1-to-1 ratio.® In the case of bevacizu-
mab, the formation of protein complexes was investigated in
vivo and in vitro®® ?® and it was shown that they can result
from the binding between VEGE bevacizumab and heparin
(figure 8A). In vitro, the same constellation with ranibizumab
instead of bevacizumab did not induce formation of protein
complexes.”® Regarding aflibercept, it is unclear whether the
VEGF dimer is completely inside the trap or whether a part of
the VEGF dimer is still accessible (figure 8B). If a part of the
VEGF dimer is still accessible, heparin can be bound by VEGF
via its heparin-binding sites as well as by the Fc fragment of afli-
bercept*” leading to protein complex formation. A hypothetical
scenario of protein interaction with anti-VEGF drugs is shown
in figure 8A-C.

Strong haemolysis in the choriocapillaris and in deeper chor-
oidal vessels as well as the presence of extracellular haemoglobin
known to be toxic®® were other important aspects in which afli-
bercept  differs from ranibizumab and the controls.
Ranibizumab-treated  eyes showed  weaker  haemolysis.
Aflibercept, like bevacizumab, is produced in Chinese hamster
ovary (CHO) cells and therefore contains sugar residues in con-
trast to ranibizumab, which is produced in Escherichia coli.
Thus, it is possible that the Fc domain and sugar residues’ **
of aflibercept (and on bevacizumab®') facilitate interference of
the VEGF trap with the physiological metabolism or functioning
of cells and can result in complement-mediated red blood cell
death.

The results of our quantitative analysis of the area occupied
by the choriocapillaris show that a single injection of aflibercept
as well as ranibizumab induces a measurable reduction in chor-
iocapillaris density. A reduction of the lumina of the chorioca-
pillaris was also found after bevacizumab treatment.'” This
finding is not surprising since VEGF plays a crucial role in the
maintenance of the choriocapillaris.*® The choriocapillaris has
been shown to be very vulnerable to VEGF inhibition. Indeed,
decreased fenestrations and vessel occlusion were observed after
one intravitreal injection of anti-VEGF (bevacizumab) in primate
eyes'” and in this study after one injection of both drugs, but
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Figure 8 Diagrams depicting proposed mechanisms for formation of protein complexes. (A) Bevacizumab was recently shown to form immune
complexes with vascular endothelial growth factor (VEGF) and heparin via the Fcy receptor and to bind also to endothelial and red blood cells. (B)
In the case of aflibercept, it is unclear whether a part of the VEGF dimer is still accessible (hypothesis 1) or whether the VEGF dimer is completely
sequestrated inside the VEGF trap (hypothesis 2). The second hypothesis does not account for the formation of protein complexes between
endothelial and red blood cells. (C) The first hypothesis permits an explanation of the formation of protein complexes at the interface of red blood
cells and endothelial cells involving heparin, VEGF and Fc receptors. VEGF-bound aflibercept can, on the one hand, bind to endothelial cells via
interactions between the Fc fragment of aflibercept and the Fc receptor (FcR) present on the surface of endothelial cells, and. on the other hand,
through interaction between VEGF and VEGF receptors on the surface of endothelial cells. Moreover, heparin, which binds VEGF and Fc fragments
from the endothelial side, can also bind other VEGF from VEGF-bound aflibercept that are attached to the surface of red blood cells, for example,

via Fc—FcR interactions®
the Fc fragment of aflibercept as no VEGF is accessible.

was particularly prominent after aflibercept treatment.
Therefore, it is questionable as to what extent the chronic use of
anti-VEGF therapies in the eye may influence the integrity of
the choriocapillaris, particularly in the case of aflibercept, which
has a higher binding affinity for VEGF-A isoforms in addition
to its ability to bind VEGF-B and PIGE.

Besides, it was suggested that decreasing choriocapillaris
membrane thickness is responsible for a lower count of fenestra-
tions in anti-VEGF-treated animals. Measurement of the endo-
thelial wall thicknesses of control and anti-VEGF-treated
animals yielded a significant decrease in the treated animals
compared with the control. This difference was even more
obvious when focusing on the areas that were thinner than 30 nm.
Here, the aflibercept-treated animals showed distinct thinning
compared with all other samples, with aflibercept day 7 reaching a

and/or via binding between complement and complement receptors.

3 According to hypothesis 2, heparin can only bind to

mean value of 216 nm. This implies that the two lipid layers of
the membrane (each about 10 nm thick) contained no cytoplasmic
lumen in these areas (figure 7C). Severe thinning of the apical
endothelium is supposed to be the reason for the problems in
counting the fenestration in these animals (figure 7C).

Here we show for the first time that both drugs interact par-
ticularly with red blood cells of the choriocapillaris. Eryptosis,
the suicidal death of erythrocytes, is a well-known phenomenon
and characterised by erythrocytes shrinkage, blebbing and
phospholipid scrambling of the cell membrane.’* It can be
induced experimentally by IgG antibodies.>® The milder form
of red blood cell damage was observed after both drug treat-
ments, whereas swelling and death of red blood cells indicated
by haemolysis and free extravasal haemoglobin were more pre-
dominant after aflibercept treatment. We were surprised to
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Abstract

Purpose To investigate the effects of intravitreal ranibizumab
(Lucentis®) and aflibercept (Eylea®) on the ciliary body and
the iris of 12 cynomolgus monkeys with regard to the fenes-
trations of their blood vessels.

Materials and methods Structural changes in the ciliary body
and in the iris were investigated with light, fluorescent, and
transmission electron microscopy (TEM). The latter was used
to specifically quantify fenestrations of the endothelium of
blood vessels after treatment with aflibercept and
ranibizumab. Each of the two ciliary bodies treated with
aflibercept and the two treated with ranibizumab and their
controls were examined after 1 and 7 days respectively.
Ophthalmological investigations including funduscopy and
intraocular pressure measurements were also applied.

Results Ophthalmological investigations did not reveal any
changes within the groups. Both drugs reduced the VEGF
concentration in the ciliary body pigmented epithelium. The
structure of the ciliary body was not influenced, while the
posterior pigmented epithelium of the iris showed vacuoles
after aflibercept treatment. Ranibizumab was mainly concen-
trated on the surface layer of the ciliary epithelium, in the
blood vessel walls and the lumen of some of the blood vessels,
and in the cells of the epithelium of the ciliary body.
Aflibercept was more concentrated in the stroma and not in
the cells of the epithelium, but as with ranibizumab, also in the
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blood vessel walls and some of their lumina, and again on the
surface layer of the epithelium. Both aflibercept-and
ranibizumab-treated eyes showed a decreased number of fen-
estrations of the capillaries in the ciliary body compared to the
untreated controls. On day 1 and day 7, aflibercept had fewer
fenestrations than the ranibizumab samples of the same day.
Conclusions Both aflibercept and ranibizumab were found to
reach the blood vessel walls of the ciliary body, and effectively
reduced their fenestrations. Aflibercept might eliminate
VEGF to a greater extent, possibly due to a higher elimination
of fenestrations in a shorter time. Moreover, the vacuoles
found in the iris need further research, in order to evaluate
whether they carry a possible pathological potential.

Keywords Aflibercept - Ranibizumab - Anti-VEGF therapy -
Ciliary body - Iris - Fenestration - Blood vessels - Electron
microscopy

Introduction

Anti-vascular endothelial growth factor (VEGF) therapy is
currently used to treat uncontrolled neovascularisation in the
eye, e.g., with age-related macular degeneration (AMD), dia-
betic macular oedema or retinal vein occlusion [1], glaucoma
[2], iris rubosis [3], and others [4, 5]. Especially for the treat-
ment of wet AMD, four different VEGF inhibitors are avail-
able and delivered by intravitreal injections: ranibizumab
(Lucentis®), aflibercept (Eylea®), pegaptanib (Macugen®)
and for off-label use, bevacizumab (Avastin®) [6]. The effects
of these therapies on the retina have meanwhile been studied
quite thoroughly. The decrease of fenestrations in the
choriocapillaris [7-9] of monkeys treated with ranibizumab,
bevacizumab, or aflibercept respectively was remarkable.
However, the effects of intravitreal ranibizumab and

@ Springer
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aflibercept on other ocular tissues like the ciliary body have
not yet been studied, and will be presented in this work.

The ciliary body is located right behind the iris, and is
nourished by the same blood vessels which also nourish the
iris. It consists of smooth muscle fibers and the ciliary pro-
cesses, which are connected by zonular fibers to the crystalline
lens, and are thus able to change the latter’s shape for the
purpose of focusing, a process known as accommodation
[10]. The epithelium of the ciliary processes consists of a
pigmented outside layer and a non-pigmented inside layer,
connected by gap-junctions. It is this structure which releases
a transparent liquid into the eye called the aqueous humour,
whose in- and outflow maintains the intraocular eye pressure
(IOP). In the ciliary processes, there are lots of fenestrated
capillaries whose fenestrations are permeable for water and
smaller hydrophilic structures [11]. It has already been shown
that VEGF blockade can also reduce the number of fenestra-
tions in the ciliary body [12].

The VEGF family is important for lymphangiogenesis,
vasculogenesis, and angiogenesis [13]. The mammalian
VEGF family presently contains five members: VEGF-A, pla-
centa growth factor (PIGF), VEGF-B, VEGF-C, and VEGF-D
(reviewed by [14]). VEGF-A plays an important role in vas-
cular development and in diseases involving abnormal growth
of blood vessels. Clinical studies have shown the signifi-
cance of VEGF-A in ocular neovascularization, such as
diabetic retinopathy and age-related macular degeneration,
with the use of VEGF-A neutralizing antibodies [15].
VEGF is a glycosylated, multifunctional cytokine which
consists of dimeric polypeptides, and executes its effects
through receptors mainly expressed on the vascular endo-
thelium. It also stimulates lymphocyte activation and che-
motaxis, and increases microvascular permeability [16].

In previous studies, our group investigated the effects of
bevacizumab [17], ranibizumab, and aflibercept [8] on the
retina—choroid interface of cynomolgus monkeys.
Systemical effects of aflibercept and ranibizumab were stud-
ied by also analysing the kidneys of these animals [18]. The
same monkeys were used in this work to investigate the effects
of aflibercept and ranibizumab on the ciliary body, and in
particular on the fenestrations of the capillaries of the same
individuals.

Materials and methods

Animals and study protocol

In this study, we used new tissue samples taken from the same
monkeys we had used in a previous study to investigate the
effects of intravitreal ranibizumab and aflibercept on the

retina-choroid complex [8]. The materials and methods ap-
plied in vivo are thus repeated here as follows.

@ Springer

Twelve cynomolgus monkeys (Macaca fascicularis, aged
3 to 10 years) were raised at the Covance Laboratories
(Muenster, Germany) under standard conditions. The mon-
keys in this study were an average of 5.5 years old for the
aflibercept group, and an average of 6.5 years old for the
ranibizumab group. Animals were housed and handled in
strict accordance with good animal practice under supervision
of veterinarians, and were monitored for evidence of disease
and changes in attitude, appetite, or behaviour suggestive of
illness. Handling and housing of the animals at Covance
Laboratories GmbH was done in accordance with the
German Animal Welfare Act. For the notice of approval by
the appropriate institutional animal care and use committee,
please see Covance Studies 8260977 and 8274007.

Intravitreal injection of ranibizumab, aflibercept,
and aflibercept vehicle

The animals were sedated by intramuscular injection of
medetomidine (Domitor) and ketamine hydrochloride.
Before injection, the eyes were examined for any signs of
inflammation. Pupils were dilated (mydriasis with 1 %
tropicamide) and anesthetized (proxymetacaine;
Proparakain-pos 0.5 %; Ursapharm). The conjunctival and
corneal surface was disinfected (povidone—iodine 10 %).
After sterile coating and insertion of a lid speculum, 50 pl of
ranibizumab (10 mg/ml), aflibercept (40 mg/ml) and
aflibercept vehicle (10 mM sodium phosphate, 40 mM sodi-
um chloride, 0.03 % polysorbate 20, and 5 % sucrose, pH 6.2)
were intravitreally injected using a 27-gauge canula. When
removing the syringe, the injection site was compressed with
forceps to prevent reflux. A topical antibiotic (gentamicin)
was administered. Animals were monitored for signs of in-
flammation until sacrificed.

Ophthalmic examinations

For all ophthalmic examinations, a mydriatic agent (tropicamide)
and a local ophthalmic anaesthetic (proxymetacaine) were
instilled in the eyes of the sedated animals before examination.

Funduscopy and fluorescein angiography (FA)

Fundus photographs and FA were obtained for all animals
once during the pre-dose phase and on the day of necropsy.
For FA, an indwelling catheter was inserted and fluorescein
was injected intravenously. A series of images immediately
after injection and 10 min thereafter was performed. The
equipment used was a digital stationary fundus camera
(TRC-50 ex; Topcon, Tokyo, Japan).
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Spectral-domain optical coherence tomography (SD-OCT)

SD-OCT was obtained for all animals once during the pre-
dose phase, directly after injection (only for aflibercept and
its vehicle) and on the day of necropsy. The equipment used
was Spectralis™ HRA+OCT (Heidelberg Engineering,
Heidelberg, Germany).

Intraocular pressure (I0P)

Measurement of IOP was performed in all animals once dur-
ing the pre-dose phase, before administration of the drugs,
directly after administration, 10 min after administration and
on the day of necropsy by using TonoVet® (Kruuse,
Langeskov, Denmark). Two readings were obtained per eye
for each time point, and the mean IOP value was calculated
and reported in millimetres of mercury (mm Hg).

Enucleation and post mortem analyses

On days 1 and 7 after intravitreal injection, the animals were
sacrificed under general anaesthesia, i.e., intramuscular injec-
tion of ketamine hydrochloride followed by an intravenous
sodium pentobarbitone (Lethabarb®, Virbac, Australia) over-
dose. The eyes were enucleated 5 min post-mortem and
cleaned of orbital tissue, and were slit carefully at the limbus
without damaging the ora serrata. Then 25 pl of the fixative
were carefully injected into the vitreous before the eyes were
fixed at 4 °C by immersion into 5 % glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4, Sigma, St. Louis, MO, USA) over-
night for electron microscopy or into 4 % formalin in PBS
(Carl Roth, Karlsruhe, Germany) for immunohistochemistry.
The eyes of three healthy monkeys without treatment, or with
infection of aflibercept vehicle, were handled in the same
manner.

Immunohistochemistry with paraffin embedded sections

Enucleated eyes were fixed in formalin, embedded in paraftin
wax, cut into 4-pum sections and deparaffinised according to
standard procedures.

Localisation of drug in the ciliary body (fluorescence
microscopy)

Ranibizumab and aflibercept were detected respectively using
a goat antiserum to human Fab of IgG (GAHuw/Fab/7S, dilu-
tion 1:250; Nordic Immunological Laboratories, Tilburg,
The Netherlands) and a goat anti-human IgG-Fc antibody
(NB7446, dilution 1:200, Novus Biologicals Europe,
Cambridge, UK), each with a cy3-rabbit anti-goat antibody
as a secondary antibody (305-167-003, dilution 1:400,
Jackson ImmunoResearch Europe, Suffolk, UK). Stained

sections were embedded (FluorSave; Calbiochem, La Jolla,
CA, USA) and inspected with a fluorescence microscope
(Axioplan2; Carl Zeiss, Oberkochen, Germany).

Localisation of VEGF in the ciliary body (light microscopy)

Monoclonal mouse anti-human vascular endothelial growth
factor, Clone VG1, which labels the VEGF-165, VEGF-121,
and VEGF-189 isoforms of vascular endothelial growth factor
(DakoCytomation Denmark, Code No.M7273), dilution
1:150, was used as a first antibody and detected with
REAL™ Detection System, Alkaline Phosphatase/RED,
Rabbit/Mouse(Code k5005,Dako), dilution 1:25 and
inspected with a light microscope (Axioskop; Carl Zeiss,
Oberkochen, Germany).

Light and electron microscopy (LM and EM) of plastic
sections from the ciliary body

Glutaraldehyde fixed specimens were post-fixed with 1 %
0504 at room temperature in 0.1 M cacodylate buffer
(pH 7.4), stained with uranyl acetate, and embedded in Epon
after dehydration in a graded series of ethanol and propylene
oxide. Semi-thin sections were stained with toluidine blue and
examined by light microscopy (Zeiss Axioplan2 imaging,
Zeiss, Jena, Germany). For electron microscopy, the sections
were cut ultrathin and analysed with a Zeiss 900 electron
microscope (Zeiss, Jena, Germany). For every eye at each
time point (days 1 to 7 and control), two different regions of
interest were chosen. One piece of tissue was taken in which
both ciliary body and iris were visible.

Quantification of the endothelial fenestration in the ciliary
body

A transmission electron microscope was used for counting the
fenestrations per um of endothelium in the ciliary body. The
ciliary bodies were investigated for blood vessels, which were
photographed. Depending on the size of the blood vessels,
lower magnifications from 1,100 up to 7,000x were used so
that the whole blood vessel could be seen on the image and the
length of its endothelium could be measured (Fig. 1). For
counting the fenestrations, images of the fenestrated parts of
the endothelium were taken at 20,000 magnification (Fig. 2).
For quantification of the length of endothelium and of fenes-
trae, image analysis software (ITEM, Olympus Soft Imaging
Solutions, Muenster, Germany) was used.

Semi-quantification of VEGF staining in the ciliary body
From each specimen, one eye was investigated for VEGF

analysis (two samples per time point). One section was
analysed for each eye. Each section was photographed at
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Fig. 1 Overview of a blood vessel (black arrow indicates vessel wall) in
the ciliary body treated with aflibercept on day 1; TEM, magnification
x3,000; CPE ciliary pigmented epithelium

630-fold magnification, using a Zeiss Axioscope light
microsope with AxioVision software.

For each section, four photos were taken, which almost
covered the whole pigmented epithelium of the ciliary body.
So for every sample, eight photos were analysed.

Statistical analysis

Whole blood vessels were investigated for endothelial length
and number fenestrations. As vessels always show a fenestrat-
ed area and a non-fenestrated area, fenestrations were normal-
ized to fenestrations/10 wm of fenestrated endothelium.
Statistical significance for the comparison of aflibercept and
ranibizumab to the controls was determined by using the
Dunnett’s test and the JMP10 statistical program (SAS,
Heidelberg, Germany). P<0.05 was considered statistically
significant.

o SN
-

Fig. 2 Detail of endothelium with fenestrations (black arrows),
aflibercept day 1. TEM, magnification x20,000; e erythrocyte, en
endothelium, / lumen

@ Springer

To quantify the staining in the pigmented epithelium of the
ciliary body we used the “colour cube based” function in the
Image-Pro Plus software. Statistical testing was performed
using JMP10 software as described above.

Results
Ophthalmic examinations (FA, SD-OCT, 10P)

The results from the in-vivo ophthalmological examinations
have already been published [8]. In brief, FA and SD-OCT
analyses did not show any drug-related changes. The intraoc-
ular pressure (IOP), baseline 10-20 mm Hg, was raised im-
mediately after intravitreal injection up to 31+14 mm Hg in
the ranibizumab-treated group, and up to 50+12 mm Hg in
the aflibercept-treated group. Both regained normal levels af-
ter 10 min (ranibizumab 19+ 6 mm Hg, aflibercept 14+3 mm
Hg) and further stabilized after day 1 (ranibizumab 10+ 1 mm
Hg, aflibercept 11+7 mm Hg) and day 7 (ranibizumab 19
+4 mm Hg, aflibercept 10+3 mm Hg).

Localisation of drug in the ciliary body (fluorescence
immunohistochemistry)

The distribution of aflibercept and ranibizumab within the
different structures of the ciliary body were not different; how-
ever, the staining of aflibercept was a bit stronger (data not
shown). The aflibercept-treated ciliary bodies were intensive-
ly stained in the walls of blood vessels, also including the
lumen of some, but not all, of these blood vessels. Further
staining was detectable on the surface layer of the epithelium
and in the connective tissues surrounding the vascular plexus.
The ciliary muscle tissue was more weakly stained, as was the
cytoplasm of the epithelium, but not their nuclei. The
ranibizumab-treated ciliary bodies showed a staining similar
to the aflibercept ciliary bodies, on the surface layer of the
epithelium and the walls of blood vessels including some of
their lumina. The ciliary muscle and the vascular layer were
also stained more weakly. We did also not find any significant
changes in the distribution of staining between day 1 and day
7 samples.

Localisation of VEGF in the ciliary body (light
microscopical immunohistochemistry)

In the paraffin-embedded samples, no histological changes
were detected in the ciliary body after intravitreal aflibercept
and ranibizumab as compared to the controls.

Within the pigmented epithelium of the ciliary body, all
samples were checked for their amount of VEGF using im-
munohistochemistry. The pigmented epithelium of the ciliary
body of untreated monkeys was intensely stained, while both
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aflibercept- and ranibizumab-treated groups showed less
VEGF immunoreactivity at all time points (Fig. 3; all p values
<0.0001). VEGF levels of samples treated with ranibizumab
or aflibercept did not change after day 1 or 7 respectively.

Structural changes in ciliary body and iris (LM and EM
of plastic sections)

Investigating the semi-thin sections of whole eye preparations
in the light microscope did not show any significant changes
in the ciliary body. However, since the iris was shown in the
same sections and did show differences between aflibercept-
and ranibizumab-treated samples, it was analysed as well
using both light and electron microscopy (Fig. 4). In all
aflibercept-treated samples, clearly visible vacuoles
showed up throughout the posterior pigmented epithelium
of the iris as shown in Fig. 4b and c. Neither the controls
nor the ranibizumab-treated samples showed these vacu-
oles in either light or electron microscopical evaluations.
The vacuoles in the iris in the aflibercept group showed up
on day 1 and did not appear to change in the samples taken
at day 7.

The transition zone between the pigmented iris epithelium
and the unpigmented ciliary epithelium was evaluated as well,
and didn’t show pathological changes in any of the samples.
We also couldn’t find any other ultrastructural alterations in
the area covering the iris and ciliary body.

Quantification of fenestrations in blood vessels
of the ciliary body (EM)

The fenestrations of the endothelium decreased in all
aflibercept- as well as in all ranibizumab-treated samples com-
pared to controls. On day 1, the aflibercept samples had an
average fenestration rate of 2.7 per 10 um of endothelium, and

untreated

ranibizumab d1

aflibercept d1

Fig. 3 Reduction of VEGF staining (red) after treatment with
ranibizumab and aflibercept. Light micrographs of (a) untreated control
eye (b) eye treated with ranibizumab on day 1 (¢) eye treated with
aflibercept on day 1; CE ciliary unpigmented epithelium, CPE ciliary
pigmented epithelium

Fig. 4 Effect of ranibizumab (a) and aflibercept (b, ¢) on the iris
pigmented epithelium. a Ranibizumab-treated iris day 7 without
vacuoles. Semi-thin section, light microscope, magnification x100. b
Aflibercept-treated iris day 1 showing vacuoles between the pigment
cells (black arrows). Semi-thin section, light microscope, magnification
x100. ¢ Aflibercept-treated iris day 1 with vacuoles (black arrows); TEM,
magnification x7,000; /PEa anterior iris pigment epithelium, /PEi interior
iris pigment epithelium

on day 7 lower 2.5 fenestrations per 10 um. The ranibizumab-
treated samples had an average of 2.9 fenestrations per 10 pm
on day 1 and an average of 2.6 fenestrations per 10 um on day
7. Both ranibizumab values are higher than the aflibercept
values of the same day. Compared to the control’s average
of 3.8 fenestrations per 10 um, the samples with VEGF-
inhibitors showed a significant decrease of fenestrations in
aflibercept on day 1 and 7 and in ranibizumab on day 7.
Exemplary images of the clear differences in fenestrations
before and after treatment can be seen in Fig. 5. The box plot
shows the statistical analysis. The ranibizumab-treated group
of day 1 is not significantly different as compared to the con-
trols (p=0.1), whereas the other groups (ranibizumab day 7,
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Fig. 5 Fenestration in ciliary blood vessels. a Endothelium with a lot of
fenestrations (black arrows) in an untreated blood vessel of the ciliary
body. b Endothelium with significantly less fenestrations (black arrow) in
a ranibizumab-treated sample after day 7; TEM, magnification x12,000. ¢
Box-plot of average fenestrations per 10 um. Lines extending vertically
from the boxes (whiskers) indicate the variability outside the upper and
lower quartiles and individual points marking outliers. * statistically
significant to control group (p <0.05). CPE ciliary pigmented epithelium,
en endothelium, / lumen

p=0.0003; aflibercept day 1, p=0.007: aflibercept day 7,
»=0.053) had a lower p-value than 0.05, thus showed signif-
icant changes.

Discussion

It has been shown before that VEGF-A inhibition leads to a
degeneration of blood vessels [19, 20], and since an unusual
growth of new blood vessels is characteristic for neovascular
age-related macular degeneration (wet AMD)) [21], this effect
was identified as being an adequate way to treat this disease

@ Springer

[22]. Apart from wet AMD, VEGF-dependant ischemic reti-
nopathies going along with pathological neovascularization of
the anterior segment of the eye have been described. This is
for example the case in rubeosis iridis, which is characterized
by a neovascularization of the iris and represents a complica-
tion of diabetic retinopathy or central vein occlusion. In con-
sequence, neovascular glaucoma may occur. In a previous
study, our group showed that intravitreally injected
bevacizumab penetrates quickly not only into the posterior
segment of the eye but also into the iris, anterior chamber
angle, and ciliary body, and accumulates particularly in
blood-vessel walls [23]. Bevacizumab has already been used
intracamerally and intravitreally for the adjuvant treatment of
rubeosis iridis and neovascular glaucoma, with promising re-
sults [3, 24-26]. Recently, papers describing the use of
ranibizumab injections for the treatment of these diseases have
been published [27, 28], but to our knowledge, no trials have
yet been performed with aflibercept. Our results show that the
VEGF-A inhibitors ranibizumab and aflibercept both reduce
the amount of VEGF in the ciliary pigmented epithelium, and
also reduce the number of fenestrations in the blood vessels of
the ciliary body, without significant changes in the ultrastruc-
ture. We further demonstrate that aflibercept administration
resulted in a lower number of fenestrations both after day 1
and day 7 compared to ranibizumab. Since fenestrations can
be induced by VEGF-A in vitro and in vivo [29, 30], and an
inhibition of VEGF eliminates fenestrations in the
choriocapillaris, the ciliary body, and even in endothelial cells
of the glomeruli of the kidney [7, 9, 12, 18, 31], the loss of
them here can be seen as a proof of activity of the drugs in the
ciliary body.

All morphological changes observed in the eye and other
tissues have always been related to not only the physiological
situation but also the age of the subject. For example, in the
retina it is known that physiological aging processes include
steady loss of photoreceptors, thickening of Bruch’s mem-
brane, thinning of the choroid, and forming of hard drusen
in the periphery [32]. For increased pigmentation of the tra-
becular meshwork of the iris and ciliary body, an increase in
the resistance to the outflow of aqueous humour with an in-
creased risk of glaucoma are described. Moreover, the iris
tends to become less reactive with age and loses pigment,
and also the shape and tone of ciliary body changes with age
[33]. Taken into account that the average life expectancy of
humans in the developed countries is about 77 years [34], and
that the average life span of Macaca fascicularis is 31 years
[35], then the human equivalent age of the study subjects with
an average of 5.5 years for aflibercept-treated and an average
of 6.5 years for ranibizumab-treated monkeys is 13.8 and
16 years respectively. Thus, none of the described aging
changes have been observed in our study, and the vacuoles
found in the iris of aflibercept samples cannot be related to the
age of the monkeys. However, the loss of fenestrations in the
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ciliary body can have negative effects on the function of the
ciliary body, e.g., defects of the pigmented epithelial layer, as
observed by others after VEGF-A neutralization [12]. A great-
er loss of fenestrations, as we saw it in the aflibercept treated
ciliary bodies, might thus not be desirable, as irreversible dam-
age of the ciliary body can cause prolonged ocular hypotony
and phthisis bulbi [36]. By contrast, we did not find a signif-
icant amount of microthrombi in the blood vessels after
VEGF-A inhibition, as our group previously observed in the
choriocapillaris and choroidal vessels after intravitreal
bevacizumab injection [37]. Another clinical complication
has been documented before, when a 65-year-old patient with
unilateral exudative age-related macular degeneration showed
a focal atrophic area in the ciliary body corresponding to the
site of the intravitreal bevacizumab injection [38]. Another
group found a decrease in retrobulbar blood flow after intra-
vitreal bevacizumab injections [39]. VEGF inhibitors also
lead to several other defects in various other cell types, for
example signs of thrombotic microangiopathy in the glomer-
ular endothelium [40], a decreased vascular perfusion in the
choroid plexus of the brain [41], and an increased apoptosis in
the neuronal retina of the eye [42]. However, in the retina—
choroid complex, there were indications that the fenestrations
in the choriocapillaris recovered from the VEGF blockade
after day 14 [7]. In a different study, where VEGF-A inhibi-
tion led to blood vessel degeneration in pancreas, thyroid,
adrenal cortex, pituitary, choroid plexus, small-intestinal villi,
and epididymal adipose tissue, the vessels also recovered
14 days after the inhibition was stopped [43]. On the other
hand—as described above—a higher effectivity in eliminating
fenestrations in the ciliary body can be a desirable effect in the
treatment of iris neovascularization and neovascular glaucoma
and in lowering IOP.

Furthermore, we found vacuoles in the posterior pigmented
epithelium of the iris in the aflibercept-treated samples, but not
in the ranibizumab-treated ones. To our knowledge, this is the
first time this has been found in the iris after intravitreal injec-
tion with aflibercept or other VEGF-A inhibitors.
Vacuolization of the iris pigmented epithelium has been found
before in 40 % of enucleated eyes of patients with diabetic
diseases, and it was also discovered that the material in the
vacuoles was glycogen [44]. The vacuoles can also be called
microcysts of the iris pigmented epithelium (MIPE), and have
been found in enucleated eyes of patients with several differ-
ent diseases, not necessarily associated with the eye, such as
alveolar cell carcinoma of the lung, prostatic adenocarcinoma,
or acute lymphocytic leukemia [45]. The material inside the
vacuoles was not identified in this study, but microcysts were
found in other compartments of the eye, such as the non-
pigmented epithelium of the ciliary body [45], which was
not the case in our samples of the ciliary body. Microcysts
have been identified as a common pathological feature asso-
ciated with many disorders and in patients who have been on

high-dosage corticosteroids, and the speculative conclusion
was drawn that neoplasms might alter the body’s metabolism
and lead to fluid accumulation in the pigmented epithelium of
the iris [45]. Oedema have been found in the macula as a result
of branch retinal vein occlusion, which is the second most
common major retinal vascular disease, causing decreased
visual acuity [46]. Interestingly, the VEGF-A inhibitor
bevacizumab showed beneficial effects on macular oedema
caused by branch retinal vein occlusion [47] as well as
ranibizumab, which can also be used for macular oedema
caused by diabetes [48]. In contrast, in our study, the VEGF-
A inhibitor aflibercept might cause oedema in the iris.
Macular oedema have also been found as a result of retinitis
pigmentosa, where changes in the retinal pigmented epitheli-
um take place, endangering the blood—retinal barrier, causing
a subretinal leakage and therefore macular oedema [49].
However, new research in this area might be indicated to get
more insight into the influence of the vacuoles in the iris after
intravitreal aflibercept injection.

Our immunohistochemical localisation of aflibercept and
ranibizumab showed no histological changes compared to the
controls, which is in agreement with other studies with
bevacizumab where this also did not occur [50]. However,
we already saw an intense staining after the first day, showing
that both intravitreally injected drugs penetrate the ciliary
body well and fast. In all our samples, ranibizumab and
aflibercept could be mostly located in the walls of blood ves-
sels, being the place of secretion and binding of VEGF to its
receptors on the vascular endothelial cells. This seems to be
the optimal place for the best effect of the VEGF inhibitors
[51]. Despite this, we found staining in other compartments of
the ciliary body, where their impact remains theoretical. For
example, the immunoreactivity of aflibercept and
ranibizumab in the lumen of the blood vessels could lead to
the conclusion that there is a quick distribution, but also a
quick elimination of the intravascular drugs. But since there
are aggregations of this type only in some, but not all, blood
vessels, circulation might not be disturbed in these vessels.
The same effect in the ciliary body has been shown before,
with intravitreal bevacizumab injection [23]. The effects and
distribution of the intravascular drugs throughout the whole
body, especially on other structures with fenestrations like the
glomerular endothelium of the kidney, is an interesting topic
for further research. Our group recently published a study in
which the kidneys of the animals studied in this work were
analysed. Interestingly, both drugs could be detected within
the capillaries of the glomeruli, and fenestration changes in the
glomerular endothelium differed from those observed in the
walls of blood vessels in the ciliary body as described above
[18]. The drug staining on the surface of the epithelium
might indicate the penetration through these tissues and
even the stroma, as seen after intravitreal injections with
bevacizumab [23].
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In conclusion, aflibercept might eliminate more fenestra-
tions than ranibizumab. Whether this is desirable or not re-
mains subject to discussion, and will depend on the treated
ocular disease and its desired effect. Moreover, the role of the
vacuoles in the iris should be clarified, as well as some other
effects, where VEGF-A plays some other important roles, such
as in photoreceptors and Miiller cells. There, increased apopto-
sis was noticed after VEGF-A inhibition, which in an experi-
ment with mice led to a degraded retinal function [42]. Another
experiment where VEGF-A inhibition was paired with ische-
mia led to retinal ganglion cell death [52]. Furthermore, VEGF
improved the survival of retinal pigmented epithelium cells
under oxidative stress [53], and provided neuroprotection
[54]. A more effective VEGF neutralization, as provided by
aflibercept, might be beneficial for treating the wet form of
AMD or rubeosis iridis/neovascular glaucoma, but with regard
to all of the preceding aspects, further research is needed to rule
out any unexpected side-effects.
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Abstract

Purpose Anti-vascular endothelial growth factor (VEGF)
drugs are used to treat neovascular eye diseases. Some of these
drugs contain Fc fragments (Fc), but it is unknown how their
mode of action is influenced by Fc. Therefore, this study in-
vestigated the effects of Fc on rat eyes after intravitreal
injection.

Methods Eighteen Long—Evans rats were intravitreally
injected with sterile, biotin-labeled rat Fc (9.1 pg in 5 pl
PBS). For control, 5 ul PBS was injected in another nine rats.
Animals were sacrificed between 1 and 3 days (group 1), 7
days (group 2), and 14 days (group 3) after injection. The right
eyes were examined by electron microscopy (EM). The left
eyes were stained by immunohistochemistry to investigate the
distribution of Fc and the presence of macrophages.

Results After 1 day, Fc had penetrated into the anterior
chamber and the retina up to the inner nuclear layer, and
was located especially in retinal vessels. High numbers of
infiltrating cells were present within the vitreous, around
the ciliary body, anterior chamber and inside the retina 1—
3 days after Fc injection (p <0.02 group 1 vs. control).
Immunohistochemistry and EM showed that they were
macrophages or granulocytes in close association with
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Fc. Ultrastructurally, there were effects on the blood ves-
sels such as thrombocyte activation and fibrin formation.
Conclusions Biotin labeling is ideal for investigating the dis-
tribution of intravitreally injected proteins in ocular tissue. Fc
fragments at a dose corresponding to their concentration in
standard AMD treatments induced inflammation, and partic-
ularly the attraction of immune-competent cells. This may be
associated with the risk of inflammation or endophthalmitis
after anti-VEGF treatment, and needs further investigation.

Keywords Fc fragment - Anti-VEGF therapy - Intravitreal
injection - Endophthalmitis

Introduction

The eye is an immune-privileged organ, which means that
immune responses are usually suppressed [1, 2].
Nevertheless, side effects including inflammation and sterile
endophthalmitis have been observed after intravitreal applica-
tion of full-length antibodies [3, 4].

Fc receptors (Fc = fragment crystallizable) are present in
more or less all parts of the eye, including the outer nuclear
layer, Miiller cells, nerve fiber and photoreceptor layers, and
the pigment epithelium (RPE) of the retina, but also in the
ciliary body, cornea, trabecular meshwork, choroid and iris
[5]. In humans, an age-related decrease in Fcy receptor ex-
pression has been shown [5], and may play a role in the path-
ogenesis of age-related macular degeneration (AMD) and its
treatment. Indeed, Fc-containing anti-vascular endothelial
growth factor (VEGF) therapeutics (bevacizumab [Avastin®,
Genentech/Roche], aflibercept [Eylea®, Regeneron/Bayer])
are used as standard therapy in AMD and could affect treat-
ment outcome [6—11].
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Bevacizumab is a humanized monoclonal antibody that
inhibits all isoforms of VEGF-A [12, 13], while aflibercept
is a recombinant fusion protein containing VEGF receptor
sequences (VEGFR1 and VEGFR2) fused to an IgG back-
bone [14]. Aflibercept binds to all VEGF-A isoforms,
VEGF-B and placental growth factor [13]. Both drugs contain
the human Fc fragment. A third anti-VEGF drug, ranibizumab
(Lucentis®, Genentech/Novartis), is a humanized monoclonal
antibody fragment (Fab) [15]. Ranibizumab inhibits all
VEGF-A isoforms [13], but in contrast to bevacizumab, lacks
the Fc fragment.

Fc-containing anti-VEGF therapeutics have been reported
to induce protein complexes [6] and platelet activation [16]
in vitro, while ranibizumab did not [6, 16]. In addition,
bevacizumab was found to induce platelet aggregation, de-
granulation and thrombosis via complex formation with
VEGF and heparin and activation of the platelet FcyRIla re-
ceptor [17]. Bevacizumab accumulates in RPE cells in vitro,
whereas ranibizumab does not [18]. Research has shown that
this difference in pharmacokinetics is because bevacizumab is
recognized by the neonatal Fc receptor and thus transported
into the RPE cells [19, 20]. Whether intravitreally adminis-
tered anti-VEGF therapeutics with an Fc fragment really cause
greater ocular and/or systemic adverse effects is still under
debate, since study results are conflicting [21-24].

Therefore, the present study was performed to investigate
the effects of intravitreally administered isolated Fc fragment
on rat eyes. Since, in a therapeutic context, injection of human
Fc fragment containing anti-VEGF drugs is of interest for
patient treatment, we performed our study in rats with their
respective rat Fc fragment.

Methods
Animals

Six-week-old Long—Evans rats (n = 27) were purchased from
Janvier Labs, Le Genest-Saint-Isle, France. Animals were
kept under 12-h on-off cyclic lighting and provided with water
and food ad libitum. All procedures involving animals were in
accordance with the German laws governing the use of exper-
imental animals and were previously approved by the local
authorities (Regierungspraesidium Tuebingen; AK02/14). All
efforts were made to minimize suffering.

Biotinylation of Fc fragment

Fc fragment from rat IgG (ChromPure Rat IgG, Fc Fragment;
Jackson ImmunoResearch, West Grove, PA, USA) was ob-
tained as a 2.4-mg/ml solution in a 0.25 M saline solution
buffered with 0.01 M sodium phosphate (pH 7.6). The solu-
tion was concentrated to approximately 100 ul by
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ultrafiltration using a Thermo Scientific™ Pierce™
Concentrator 9k MWCO (Thermo Fisher Scientific,
Waltham, MA, USA). Biotinylation was performed with the
BiotinTag™ Micro Biotinylation Kit (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s instruc-
tions. Briefly, the biotinylation reagent (BAC-Sulfo-NHS)
was reconstituted with sodium phosphate buffer (pH 7.2),
and 10 pl of the biotinylation reagent solution was added to
the Fc fragment and incubated for 30 min at room tempera-
ture. Excess biotinylation reagent was removed by loading the
reaction mixture onto MicroSpin G-50 columns and eluting
the labeled protein with phosphate-buffered saline (PBS). The
concentration of the labeled protein was determined with the
Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich, St.
Louis, MO, USA), according to the manufacturer’s instruc-
tions. In brief, the biotinylated Fc fragment and a diluted series
of bovine serum albumin (BSA) solution as a standard were
mixed with freshly prepared working solution containing cop-
per sulfate and bicinchoninic acid, and incubated in a 96-well
plate at room temperature for 2 h. Absorption was measured at
562 nm with a microplate reader (Synergy HT; BioTek,
Winooski, VT, USA). The Fc fragment solution was sterile-
filtered before injection into the eyes.

Intravitreal injection

Eighteen rats were anaesthetized using a mixture of ketamine
and xylazine (WDT, Garbsen, Germany), and an intravitreal
injection of sterile 9.1-pug biotin-labeled Fc from rats in 5 pl
PBS was administered in both eyes of each animal using an
UltraMicroPump III microsyringe injector with a Micro4 con-
troller. The pump was equipped with a NanoFil 100-uL sy-
ringe loaded with the labeled Fc fragment. A 34-gauge
beveled needle was connected to the syringe with SilFlex
tubing and a needle holder. All instruments were obtained
from World Precision Instruments, Sarasota, FL, USA. The
advantage of this system is accurate and repetitive injection.
The injection volume was 5 ul per eye and the injection rate
was 2 pl/s. For control, 5 pl sterile PBS was injected into the
eyes of another nine rats. Eleven animals treated with Fc frag-
ment and six PBS-treated animals were sacrificed 1-3 days
(group 1) after injection, and another five and three animals,
respectively, 7 days (group 2) after injection. Two rats were
sacrificed 14 days after Fc fragment injection (group 3).

Tissue preparation

On days 1-3 (group 1), 7 (group 2) and 14 (group 3) after
intravitreal injection, the animals were sacrificed by cervical
dislocation under general anesthesia using a mixture of keta-
mine and xylazine (WDT, Garbsen, Germany). The eyes were
enucleated immediately post mortem and cleaned of orbital
tissue. Right eyes were fixed for electron microscopy in 5 %

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Graef Arch Clin Exp, Effects of
intravitreally injected Fc fragment on rat eyes, Taubitz et al., 2016

135



RESULTS AND DISCUSSION

Graefes Arch Clin Exp Ophthalmol

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4; Sigma-
Aldrich, St. Louis, MO, USA). Left eyes were fixed for im-
munohistochemistry in 4.5 % formalin (Carl Roth, Karlsruhe,
Germany).

Immunohistochemistry

Eyes were fixed in formalin, embedded in paraffin wax, cut
into 5-pm sections and deparaffinized according to standard
procedures.

Biotinylated Fe fragments were detected using a streptavidin
alkaline phosphatase detection kit (RED Rabbit/Mouse K5005;
Dako, Glostrup, Denmark) or a Cy3-conjugated AffiniPure
Goat Anti-Rat IgG (H+L) antibody (112-165-143; Jackson
ImmunoResearch, West Grove, PA, USA, 1:250), according
to the manufacturer’s protocol. Sections were counterstained
with hematoxylin solution modified according to Gill 1II for
microscopy (Merck, Darmstadt, Germany).

For detection of macrophages, sections were incubated for
1 h with Mouse Anti-Rat CD-68 antibodies (MCA 341R;
AbD Serotec/Bio-Rad, Kidlington, Oxford, UK) 1:100 and
stained with Goat Anti-Mouse IgG (H+L) Cy3 Conjugate
(81-6515; Invitrogen, Carlsbad, CA, USA) 1:100 diluted
30 min at room temperature. Dilution was performed with
antibody diluent with background-reducing components
(Dako S3022) at room temperature.

Sections were mounted on Superfrost Plus slides
(Langenbrinck, Emmendingen, Germany) using FluorSave
(Calbiochem, La Jolla, CA, USA) and inspected with a fluo-
rescence microscope (ZEISS Axioplan 2; Carl Zeiss, Jena,
Germany).

Light and electron microscopy

After fixation in glutaraldehyde for 30 min, the corneas were
carefully removed from the bulbi, and the fixation was con-
tinued overnight. Specimens were post-fixed with 1 % OsO,
at room temperature in 0.1 M cacodylate buffer (pH 7.4),
stained with uranyl acetate, and embedded in Epon afier de-
hydration in a graded series of ethanol and propylene oxide.
Semi-thin sections were stained with toluidine blue and exam-
ined by light microscopy (ZEISS Axioplan 2; Zeiss, Jena,
Germany). For electron microscopy, ultra-thin sections were
cut and were analyzed with a ZEISS EM 900 electron
microscope.

Quantification of infiltrating cells in the vitreous—retinal
interface

Cells that were present within the vitreous close to the retina
were counted in semi-thin sections.

Quantification of macrophages in the vitreous and retina

CD68-positive cells that were present within the vitreous close
to the retina were counted in paraffin sections.

Statistical analysis

Statistical significance for the evaluation of the occurrence of
macrophages in the vitreous was determined by using
Dunnett’s test and the JMP11.0 statistical program (SAS
Institute Inc., Cary, NC, USA). The null hypothesis was that
the treated samples were not histologically different from the
PBS controls. All p values < 0.05 were considered to indicate
significant difference (error probability 5 %).

Results

Detection of Fe fragments and macrophages
by immunohistochemistry

Between 1 and 3 days after injection, Fc fragments were de-
tected within the vitreous, often associated with fibrous mate-
rial (Fig. 1a). Fc fragments were also present in infiltrating
cells within the vitreous (Fig. 1b and e), and around the ciliary
body (Fig. 1¢) and the anterior chamber (Fig. 1c). One day
after injection, the Fc fragments were localized in infiltrating
cells (Fig. 1e) and the inner retina (Fig. 1b). However, 2 and
3 days afier injection, Fc fragments permeated the retina and
were taken up by ganglion cells and cells of the inner nuclear
layer (Fig. 1a). In addition, Fc fragments were clearly detect-
able within the retinal vessels (Fig. 1a). Infiltrating cells were
very prominent between 1 and 3 days after injection of Fc
fragments (Fig. 1a, b, ¢, and ¢), and CD68 labeling identified
many of them as macrophages (Fig. 11). These macrophages
also infiltrated the retina (Fig. 1f). At 7 and 14 days after
injection, the Fc fragments disappeared from the vitreous
(not shown) but were still detectable in the RPE (Fig. 1d). In
PBS-injected rats, staining for biotin was completely negative
in sections from all eyes (Supplementary Figure 1).

Light microscopy of semi-thin sections

After Fe fragment injection, all three groups showed infiltrat-
ing cells within the vitreous and thrombocyte activation in the
retinal vessels (Fig. 2). Infiltrating cells were most frequent in
treated group 1.

Electron microscopy

At the electron microscopic level, the loosely aggregating

thrombocytes (Fig. 3a and c), unknown fibrous material, fibrin
(Fig. 3b) and granulocytes fixed in the state of degranulation
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Fig. 1 Distribution of Fc fragments and infiltrating cells by light and
fluorescence microscopy. a 3 days after injection, biotinylated Fc
fragments (red) can be detected within the vitreous, often associated
with fibrous material as visualized with streptavidin alkaline-
phosphatase stain. Fc fragments are present in infiltrating cells within
the vitreous (black arrowhead). Fc fragment penetrated the retina up to
the inner nuclear layer (white arrowhead). The permeating Fc fragments
do not reach the photoreceptor nuclei (asterisk). The lumen of a retinal
vessel (arrow) contains Fc fragments. The same is true for ganglion cells
to the left and right of this vessel. b 1 day after injection, the Fc fragments
are localized to the inner limiting membrane (white arrowhead) and cells
infiltrating the vitreous (black arrowhead). ¢ 1 day after injection, red-
labeled Fc fragments are seen within the space between lens (L) and
ciliary body (C) in the anterior chamber (asterisk). Many infiltrating cells
(arrowheads) can be seen around the ciliary body and attached to the iris
(1). d 7 days after injection, the Fc fragments disappeared from the vitre-
ous (not shown), but were still detectable in the retinal pigment epithelium
(white arrowhead). e A fluorescent light micrograph 1 day after injection
shows cells infiltrating the vitreous (arrow) that have taken up anti-rat
IgG-labeled Fc fragments and are associated with fibers. Fc fragments are
also seen in the central vitreous (asterisk). The inner limiting membrane is
marked by an arrowhead. f These infiltrating cells (1 day after infection)
were identified by CD68 labeling as macrophages. The macrophages also
infiltrated the retina (arrows). The inner limiting membrane (ILM) is
marked by arrowheads, and macrophages are seen on both sides of the
ILM within the retina and within the vitreous

(Fig. 3¢) were regularly seen in retinal veins of all groups after
Fc fragment treatment. After the injection of PBS, these find-
ings were only infrequently observed. Microparticles were
also observed after Fc injection in all groups (Fig. 3b), but

@ Springer

Fig. 2 Light microscopy of the distribution of infiltrating cells and
thrombocytes in the inner retina. a Infiltrating cells within the vitreous
are shown 1 day after Fc fragment injection (black arrowheads). Loosely
aggregating thrombocytes are marked by an arrow within the central vein
(higher magnification in b). The central artery is marked by a white
arrowhead. For additional details, see electron microscopy image in
Fig. 3a. ¢ 1 day after injection, fibrin fibers (arrowheads) can already
be detected within the central vein by light microscopy. The diameter of
the central vein appears enlarged

were observed in the respective PBS-injected controls in ret-
inal and choroidal vessels as well (not significant). In untreat-
ed Long—Evans rats, we never noticed such an accumulation
of microparticles (not shown).

In a few cases in groups 2 and 3, unusual electron-dense
material accumulated within the subretinal space and the vit-
reous, as shown in an example from group 3 (Fig. 4). This
electron-dense material penetrated the retina and was localized
close to the retinal veins (Fig. 4b). At higher magnification,
vesicular transport (transcytosis) of this material through
smooth muscle cells and endothelium into the lumen of the
veins was clearly seen (not shown). As this phenomenon was
only infrequently observed, it was not further investigated.

The most prominent finding after Fc fragment treatment
was cellular infiltration of the vitreous and retina (Fig. 5).
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Fig. 3 Electron microscopy of thrombotic events and inflammation
within retinal vessels. a Loosely aggregating thrombocytes, marked by
an arrow within the central vein, 1 day after Fc fragment injection. b
Unknown fibrous material (arrow), thrombocytes (white T) and
microparticles (black arrowheads) 14 days after injection. The
endothelium has unusual projections (white arrowhead) towards the
vessel lumen. ¢ An eosinophil granulocyte has been fixed in the state of
degranulation in a retinal vein, 14 days after Fc fragment injection. The
plasma membrane is partly missing (black arrowhead). Eosinophilic
granules are seen free in the lumen (arrow) but also within the cell
(white arrowhead). Activated thrombocytes (7) are also present

The cells were frequently seen within damaged retinal cells
close to the inner limiting membrane (Fig. 5a and ¢). Some of
them were clearly identified as granulocytes by the morphol-
ogy of their nuclei (Fig. 5a). Eosinophil granulocytes were
also detected infiltrating the retina. These cells can be clearly
recognized by the typical morphology of their granules, as
shown in Fig. 3c. Others resembled macrophages, judging
by the "U" shape of their nuclei (Fig. 5¢ and d).
Macrophages within the vitreous were highly activated, which
was indicated by the formation of microvilli (Fig. 5b and d).
Infiltrating cells were only infrequently seen after PBS injec-
tion. The number of these cells is quantified in Fig. 6.

Fig.4 Electron microscopy of electron-dense material in the vitreous and
retina 14 days after intravitreal injection of Fc fragment. a An electron
micrograph shows unusual electron-dense material which accumulated
within the vitreous (black asterisk) from an Fc-treated rat. This material
is probably transported into the vessel lumen (white asterisk) but cannot
be recognized at this magnification. The ILM (black arrow) is well pre-
served, but a damaged cell (white arrow) is attached to it. b Electron-
dense particles are localized in the vitreous (black asterisk) and in the
space around the central retinal vein (white asterisk). The ILM (black
arrow) is well preserved. ¢ Very unusual electron-dense particles of un-
known origin are shown in the subretinal space between the rod outer
segments (ROS) and attached to the microvilli of the RPE (black
arrowheads). The nucleus of this RPE cell is marked by an N, and a
melanosome by a white arrowhead. The outer segments appear healthy

Fourteen days after Fc treatment, cells attached to the inner
limiting membrane and collagen fibers were seen within the
vitreous (Fig. Se).

Quantification of infiltrating cells in the vitreous—retinal
interface

Cells that were present within the vitreous close to the retina

were counted in semi-thin sections. Fc fragment injection sig-
nificantly (p <0.02) enhanced the number of infiltrating cells
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Fig. 5 Electron microscopy of infiltrating cells. a The most prominent
finding 1 day after Fc fragment treatment is cellular infiltration of the
vitreous and retina, as shown here in an electron micrograph. The cell
in the ganglion cell layer can be clearly identified as a granulocyte (G) by
the morphology of the nucleus. Microvilli (arrow) of this granulocyte are
within a damaged retinal cell close to the inner limiting membrane
(arrowhead). b A macrophage within the vitreous is highly activated,
which is indicated by the formation of microvilli (arrow), 1 day after
injection. ¢ This micrograph reveals a cell with microvillar (arrow)

in group 1 (Fig. 6). The type of infiltrating cell was not dis-
tinguished (n = 6 eyes/group).

Quantification of macrophages in the vitreous

To identify the number of CD68-positive macrophages within
the group of infiltrating cells observed in the Fc-treated rats,
all CD68-positive and -negative cells were counted along the
vitreoretinal interface in central paraffin sections of whole
eyes of two to three rats in each group. Both CD68-positive
and -negative infiltrating cells were most prominent in the Fc-
treated groupl (both p <0.05 compared to PBS control in
group 1, Fig. 7). Note that the majority of infiltrating cells
were found to be CD68-positive (ratio 2.88 in groupl, 7.67
in group 2).

@ Springer

projections within a retinal cell 1 day after Fc treatment. The cell is
probably a macrophage (M) infiltrating the retina close to the inner
limiting membrane (arrowhead). d An activated macrophage (M) with
a U-shaped nucleus and a granulocyte (G) and a third cell (arrow) are
infiltrating the vitreous close to the ILM (arrowhead) 2 days after injec-
tion. e 14 days after Fc treatment, cells (arrow) are attached to the inner
limiting membrane (black arrowhead), and newly formed collagen fibers
(white arrowhead) are seen within the vitreous

Discussion

To our knowledge, this is the first study that has investigated
the role of isolated Fc fragments after intravitreal injection.
There is clear evidence that Fc fragments have multiple effects
on eye tissues that are not yet understood in detail. It is well
known, however, that Fc receptors are involved in the phar-
macokinetics of therapeutic IgG in eye tissue and play an
important role in eliminating intravitreally administered full-
length IgG antibodies across the blood-retinal barrier into the
systemic blood system [19].

Previous work has shown that Fc-containing anti-VEGF
drugs preferentially accumulate in endothelial and RPE cells
with prolonged treatment time. This implies potential side
effects in the treatment of AMD and diabetic retinopathy, both
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Fig. 6 Quantification of
infiltrating cells in the vitreous—
retinal interface. Cells that were
present within the vitreous close 150
to the retina were counted in semi-
thin sections, and their number is
given per millimeter of inner lim-
iting membrane length. The type
of cell was not distinguished. Fc
fragment injection significantly
(p <0.02) enhanced the number
of infiltrating cells in group 1 (n =
6 eyes/group)
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of which are to be applied over several years [10, 11]. Indeed,
Fc fragments were found to induce platelet aggregation, de-
granulation and thrombosis through complex formation with
VEGF and activation of the platelet FcyRIla receptor, and this
can provide an explanation for the thrombotic events observed
in vivo after bevacizumab [8, 9, 17, 25] and aflibercept [7]
treatment of patients with AMD.

Endothelial cells in mammals also express the endocytic
Fcy receptor 11b2 [26] and the neonatal Fc receptor [27]. Fc
fragment binding stimulates phagocytosis of waste material
[26]. In this manner, endothelial cells can communicate direct-
ly with Fc fragments, resulting in the clearance of the drugs
from the eye [19]. Additionally, the RPE has been shown to

Fig. 7 Quantification of 250
macrophages in the vitreous.
CD68-positive and CD68-
negative infiltrating cells were
counted along the vitreoretinal
interface in paraffin sections. In
group 1, Fc treatment resulted in
greater accumulation of CD68-
positive macrophages compared
to PBS treatment (*p < 0.05). The
ratio between stained and un-
stained infiltrating cells was 2.88
for Fe groupl and 7.67 for Fe
group 2

200

150
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50

Number of infiltrating cells per eye section

PBS group 1

= =

Fc group 1 PBS group 2 Fc group 2
express Fc receptors and to take up Fc-containing drugs such
as bevacizumab and aflibercept via membrane-stranding Fey
and intracellular neonatal Fc receptors [20].

The present findings are in accordance with common
knowledge about the interaction of Fc fragments and Fc re-
ceptors. Stimulation and modulation of cellular immune reac-
tivity is the natural function of Fc fragments, and phagocytes,
including epithelial cells, are also known to express Fey re-
ceptors [28]. Thus, it is not surprising that Fc fragments in-
duced cellular activation of macrophages and granulocytes in
the vitreous and retina.

This study demonstrates uptake of Fc fragments into the
retina and the bloodstream of retinal vessels within the first

* I CD68 positive cells
CD68 negative cells

=

Fc group 1 PBS group 2 Fc group 2
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3 days after injection. Alteration of the serum composition in
general, and by Fc fragments in particular, can activate plate-
lets and induce fibrin formation, which was frequently ob-
served in this study. Microparticles are also strongly correlated
with thrombotic events, but whether they are risk factors or
results of thrombosis is under discussion [29]. Thus, the alter-
ations in the retinal veins, including activation of platelets,
fibrin formation and degranulation of granulocytes, are not
surprising. These observations are also in accordance with
our previous findings in monkey studies [7-9].

Exclusively after Fc fragment injection, immune cells in-
filtrated the retina and vitreous and were found to be associ-
ated with damaged retinal cells (Fig. 5a and c). At least two
thirds of the infiltrating cells in the vitreous were CD68-
positive monocytes/macrophages. The remnant CD68-
negative infiltrating cells are assumed to be lymphocytes or
granulocytes, as shown in Fig. 5a and d. Infiltrating cells, both
CD68-positive and -negative, were most prominent on day 1,
and diminished over time.

The present study also shows that biotinylation is a suitable
method for investigating the transport and turnover of
intravitreally injected proteins and excludes cross reactions
with endogenous immune globulins in the eye.

In conclusion, intravitreal injection of Fc fragments at a
dose corresponding to the Fc fragment portion in standard
treatments in AMD patients induced multiple reactions in rats
within the first 3 days—particularly the attraction of immune-
competent cells, which may be associated with the risk of
inflammation or endophthalmitis, and thus warrants further
investigation.
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Supplementary figure 1: Distribution of biotinylated Fc fragment (stained with streptavidin-red) in
(a-c) PBS control and (d-f) Fc injected LE rats, both 1d after injection. Controls never show any
streptavidin stain, while Fc treated animals show staining especially along the inner retina and within
cells that infiltrate the vitreous above the retina (e, f) as well as the area around the ciliary body (d).
Magpnifications a+d 10x, b+e 20x, c+f 20x objective

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Graef Arch Clin Exp, Effects of
intravitreally injected Fc fragment on rat eyes, Taubitz et al., 2016

143



RESULTS AND DISCUSSION

3.4 Conclusion and future perspectives

Unravelling the pathogenesis of multifactorial diseases, such as AMD, is a complex
and challenging task. In addition to several genes involved in the complement sys-
tem, lipid metabolism, extracellular matrix formation and others [84-87], envi-
ronmental factors, such as nutrition (e.g. uptake of antioxidants) [110] and habits
(e.g. smoking) [211, 212], play an essential role in AMD genesis and progression.
All these factors may have an immediate impact on the disease course and maybe
even on the route AMD takes — development of the dry or wet form in the final

disease stage.

In the present work, a loss of choriocapillaris was identified as the initial step in
early stages of AMD [1] (section 3.1.1). In fact, even in healthy aged donor eyes a

slight reduction was present [1], as was also described before [161, 162].

For diagnosis and monitoring of retinal alterations in AMD and other retinal dis-
eases, optical coherence tomography (OCT) is routinely employed. In this tech-
nique, coherent light is used to generate micrometre-resolution images of optically
scattering materials, such as biological tissue. In 2012, an advanced technique,
called OCT angiography, was introduced that allows the visualisation of retinal
and choroidal blood flow without additional dye injection [213]. Reduction of cho-
riocapillaris density outside of GA has recently been confirmed by OCT angi-
ography and is discussed as potential endpoint for clinical interventional GA trials
[214, 215]. Whether choriocapillaris density is also affected in inherited retinal
dystrophies is currently unknown, but choroidal vascularity was shown to be re-

duced in retinitis pigmentosa, cone-rod dystrophy and STGD1 [216].

On a molecular level, reduced blood flow due to a loss of choriocapillaris results in
hypoxia, an inadequate supply of oxygen. Furthermore, AMD is characterised by a
low chronic inflammation [217]. Elevated cellular metabolism due to inflammation
might even increase oxygen consumption, further deteriorating the situation. The
group of Prof. Dr. Schraermeyer showed in an ex vivo model that under hypoxic
conditions, the endothelial cells of the choriocapillaris express Hif-1a and VEGF,
lose contact to each other and develop fenestrated microvillar projections into the
vessel lumen that can form a labyrinth (Tikhonovich MV, et al. Invest Ophthalmol
Vis Sci. 2017;58:ARVO E-Abstract 4078). Capillaries with impaired endothelial

cell connections and microvillar projections were previously found in CNV mem-
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branes and termed “labyrinth-like capillaries” [218]. Since the labyrinth-like pro-
jections prevent cellular blood components, but not plasma, from passing through
the vessel, leakages due to insufficient endothelial connections cannot be halted by
thrombocytes [218].

In AMD, inflammation is not only limited to the retina and the choroid, but can
also be found systemically [219]. Moreover, gout, a systemic inflammatory disease
that also promotes oxidative stress, was found to be associated with an elevated
risk to develop AMD [220]. Oxidative stress and retinal inflammation were also
found in mouse models of STGD1 previously [177, 221] and in the present work [5]

(section 3.1.2) .

As aforementioned, melanin is a potent antioxidant that exists in high levels in
both the RPE and the melanocytes of the choroid. RPE melanin was shown to be
an immune response modulator [222]. Tyrosinase, the key enzyme in melanin bio-
synthesis, was found to be a potential factor in AMD genetics [86] and prevalence
of AMD is lower in individuals of African descent [80, 223, 224]. This highlights
the relevance of ocular melanin in health and disease and warrants further investi-
gation. An important limitation of the study presented in section 3.1.2 [5] is that it
was not designed to test for melanin effects. In fact, the major goal of this study
was an ultrastructural comparison of the STGD1 mouse models to gain more in-
sight into their pathology and to evaluate their strengths and weaknesses as dis-
ease models. As previously described in the literature, there were no signs of reti-
nal degeneration in pigmented Abca4/- mice. Albino Abca4/- mice however
showed an unexpected earlier onset of retinal degeneration compared to
Abca4/-.Rdh87/- mice, although Abcaq/-.Rdh87/- mice have a higher genetic bur-
den that results in high levels of cytotoxic free all-trans-retinal [172]. However,
earlier onset of retinal degeneration in albino Abca4~- mice is in accordance with
the hypothesis that melanin might be a key factor in retinal health. This is sup-
ported by the vast literature highlighting the relevance of melanin in the RPE, but
nevertheless, future studies are inevitable to elucidate the specific effects of RPE
melanin. A main issue in this endeavour is the abundance of melanin in the
eye: melanin is not only present in the RPE, but also in the choroid and the iris.
Especially the iris melanin may not be overlooked, since more light can travel
through albinistic irides, resulting in a higher illumination of the fundus of the eye.

This in itself might result in damages that might be falsely attributed to the lack of
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RPE melanin. The use of conditional knock-out and knock-in models (for instance,
pigmented animals with a conditional knock-out of tyrosinase in the RPE, result-

ing in albinistic RPE in an otherwise pigmented eye) would be an invaluable asset.

In recent times, the investigation of fundus NIR-AF has attracted attention, since
in many retinal diseases, characteristic changes in NIR-AF occur and sometimes
even precede changes in SW-AF patterns [67-72]. The work presented in section
3.2.1 [6] shows that not only RPE and choroidal melanin, but also the lipofuscin
moiety of melanolipofuscin and lipofuscin granules can emit relevant levels of
NIR-AF. The work also demonstrates that both oxidative and photic stress in-
creases melanosome-derived NIR-AF. This suggests that NIR-AF is not an intrin-
sic property of melanin but should rather be considered to be a marker for aged
and/or damaged melanin. The fact that pigmented Abca4~/- mice showed higher
intensity of NIR-AF than pigmented WT mice, is in accordance with the higher
levels of oxidative stress due to accumulation of lipofuscin in these mice. This also
supports the notion that ocular melanin can act as a “wear and tear” material that
is meant to quench oxidative stress at its own expense and thereby reduce the oxi-
dative burden of the surrounding tissue, as suggested in the study presented in
section 3.1.2 [5]. However, future research is needed to investigate whether the
NIR-AF signal derived from lipofuscin is in fact due to accumulation of melanin
degradation products. Nevertheless, these findings urge to rethink the interpreta-
tion of NIR-AF patterns in retinal diseases. Currently, new non-invasive imaging
techniques are being developed that for instance are potentially able to distinguish
between lipofuscin and melanolipofuscin granules [225, 226]. Such techniques in
combination with a refined interpretation of already established techniques, such
as NIR-AF, have the potential to advance the understanding of both the biogenesis

and the diagnostics of retinal diseases.

However, the influence of melanin is by far not the only open question left in un-
derstanding macular degenerative diseases. For instance, a very compelling issue
is the question which mechanism triggers the development of either the wet or the
dry form of AMD. Furthermore, both AMD and STGD1 patients have high levels of
RPE lipofuscin, and even though the lipofuscin component A2E was shown to be
pro-angiogenic [54, 55], only patients with wet AMD develop CNV, while CNV was
never described in STGD1 and was also not seen in the three STGD1 mouse strains

investigated in section 3.1.2 [5]. Even though a plethora of associated genes and an
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extensive list of molecular and cellular changes have been identified in AMD, link-
ing the disease to oxidative stress, lipid metabolism and mitochondrial malfunc-
tion among others, there is still a lack in understanding how these factors deter-
mine the disease progression. Deciphering these interconnections and finding bet-
ter treatment options will undoubtedly be challenging, but will be invaluable due
to the expected rise in AMD patients in future years. But also the pathology of
STGD1 leaves a series of open questions that warrant further investigation. The
probably most intriguing one is the variety in ABCA4-related disease: As men-
tioned briefly in section 1.4.2, mutations in ABCA4 are not only found in STGD1,
but also in other retinal degenerative diseases, such as cone-rod dystrophy, retini-
tis pigmentosa and AMD. Therefore, a genotype-phenotype model was suggested
[96-100]. In this model, STGD1 is caused by rather mild mutations (e.g. mutations
leading to reduced protein functionality) in both alleles or a mild and a severe mu-
tation (e.g. mutations leading to complete loss of function) in one allele of ABCA4,
respectively. On the other hand, two severe mutations in both alleles of ABCA4
always lead to autosomal recessive retinitis pigmentosa [97, 101, 183, 184], a dis-
ease that has a very different phenotype compared to STGD1: the first clinical
symptom is night blindness, followed by progressive loss in peripheral vision and
subsequent loss in central vision [227]. How different defects in a single gene can
lead to so vastly different diseases is astonishing and not yet understood. A recent
study indicates that Abca4 is not only expressed in photoreceptors, but also in the
RPE, and suggests that RPE-ABCA4 is also involved in lipofuscin accumulation
[43]. Furthermore, the macula is predominated by cones, while in the periphery
only rods exist. Differences in the metabolism of these different photoreceptor
species are not yet fully understood but might play a role in the photoreceptor’s
reaction to various ABCA4 defects and impaired RPE due to lipofuscin accumula-

tion, and the resulting implications.

Even though the molecular mechanisms in macular degeneration are not yet com-
pletely understood, at least for wet AMD the treatment with anti-VEGF com-
pounds turned out to be successful in reversing acute visual distortion due to oe-
dema and reducing disease progression. However, as outlined in the studies pre-
sented in section 3.3, anti-VEGF compounds show certain adverse effects that
might be mediated by their Fc moiety. There are new anti-VEGF compounds cur-

rently under FDA review or in phase III for treatment of wet AMD, namely brolu-
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cizumab and abicipar pegol, respectively, both lacking Fc fragments and both with
a molecular weight lower than that of ranibizumab. This potentially reduces not
only the likeliness of systemic adverse events due to reduced systemic accumula-
tion, but the low molecular weight also gives the possibility of applying high dos-
ages with a single intravitreal injection. This might act as a depot, reducing the re-
injection frequency and thus leading to a higher patient compliance, since high-
frequent re-injections, as often as monthly, are often perceived as a burden by pa-
tients. And in fact, phase III trials of brolucizumab showed that 50% of treated
eyes could be maintained on an every-12-weeks dosing scheme [142]. But the rele-
vance of the Fc fragment is also considered in other therapeutic approaches: For
instance, in the bispecific antibody faricimab that is targeted against both VEGF
and Ang-2, the Fc fragment is engineered to prohibit binding to all Fcy receptors
and the neonatal Fc receptor, reducing systemic availability and inflammatory po-

tential [145].

However, some studies suggest that prolonged anti-VEGF treatment results in de-
velopment of geographic atrophy, leading to a disease state for which no treatment
option exists, but the available data is still inconclusive [117-119]. VEGF is not only
a major player in the development of CNV, but is also essential for the stability of
the choriocapillaris [203]. And indeed, short-term effects of anti-VEGF treatment
on the choriocapillaris in humans have been reported [228] and were also evident
in monkey eyes treated with bevacizumab [150] or treated with either aflibercept
or ranibizumab, as described in section 3.3.1 [2]. Since the choriocapillaris is al-
ready impaired in still healthy areas of wet AMD, as shown in section 3.1.1 [1], it is
plausible that any further disturbances can be detrimental for the choriocapillaris.
Current pre-clinical and clinical studies therefore also focus on other growth fac-
tors involved in CNV formation and stability, such as Ang-2 and pigment epitheli-
um-derived factor (PEDF). A new treatment approach is for instance the stabiliza-
tion of CNV-vessels (such as the above mentioned “labyrinth-like capillaries”) to
prevent leakage as well as oedema formation and support the physiological func-
tion of the CNV as a “wound healing reaction” (Julien S, et al. IOVS
2019;60:ARVO E-Abstract 366). This approach is supported by the finding of
morphologically healthy photoreceptors and RPE cells which are nourished by un-
derlying morphologically functional CNV vessels, in the midst of retinal scar tis-

sue, as reported in section 3.1.1 [1].
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For the treatment of dry AMD and STGD1, several therapy approaches are under
clinical investigation, but none are close to market maturity yet. In a further pro-
ject, which is not presented in this thesis, my colleagues and I investigate a sub-
stance called soraprazan (IUPAC name: (7R,8R,9R)-7-(2-methoxyethoxy)-2,3-
dimethyl-9-phenyl-7,8,9,10-tetrahydroimidazo[1,2-h][1,7]naphthyridin-8-ol; also
called Remofuscin) that is capable to remove existing lipofuscin in vivo from the
RPE of monkeys after oral treatment [229]. In this project, we aim to investigate
whether a local application (intravitreal injection) of soraprazan can remove
lipofuscin from the eyes of STGD1 model mice. Furthermore, toxicity, as well as
morphologic and functional rescue are in the focus of this study. Since data acqui-
sition and evaluation is still ongoing, no peer-reviewed publication exists, but
parts of the preliminary data were presented at the annual meeting of the Associa-
tion for Research in Vision and Ophthalmology (ARVO), the world’s largest vision
research organisation (Taubitz T, et al. IOVS 2015;56:ARVO E-Abstract 4199;
Taubitz T, et al. IOVS 2017;58:ARVO E-Abstract 257; Fang Y, et al. IOVS
2017;58:ARVO E-Abstract 256). The data show that intravitreally applied sorapra-
zan can remove lipofuscin from the RPE of pigmented Abca4/- mice at dosages
that result in no toxic effects towards the retina and RPE as investigated by im-
munohistochemistry, electron microscopy and electroretinography. Lack of RPE
toxicity was corroborated in cell culture experiments performed on primary RPE
cells isolated from pigmented Abca4~/- mice. Data also point to a reduction of oxi-
dative stress markers and to a deceleration of the retinal degeneration after a sin-
gle intravitreal application of the compound in Abca47/-.Rdh8/- mice. Rescue ef-
fects were also evident in a light toxicity model where soraprazan reduced the reti-
nal degeneration of light-exposed pigmented Abca4~/- mice after a single intravi-
treal application compared to control. Meanwhile, in April 2019, a multi-national
phase II study started to evaluate the safety and efficacy of oral soraprazan in pa-

tients with STGD1 (EudraCT number: 2018-001496-20).

A benefit of the lipofuscin removal route for treatment is the lack of necessity for
long-term or early start of treatment, especially for dry AMD patients: therapeutic
approaches that rely on prevention of bisretinoid formation have to be applied ear-
ly in life before considerable amounts of lipofuscin have accumulated (e.g. gene
therapy) or have to be used continuously (e.g. visual cycle inhibitors). This is a

highly valuable route for patients with STGD1, since they experience high
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lipofuscin amounts due to forced lipofuscin accumulation early in life. However,
AMD is not caused by genetic factors, but merely the risk to develop AMD is de-
pendent on genetics, so approaches like gene therapy might only play a minor role
in AMD therapy. Furthermore, since there is currently no way to predict whether
an individual will develop AMD, preventive approaches like visual cycle inhibitors
might be of limited practicality for AMD treatment. Indeed, a phase 2 study with
the visual cycle modulator fenretinide failed to show a visual benefit after a 2-year-
treatment with 300 mg daily oral administration in dry AMD patients with geo-
graphic atrophy [230].

However, small molecules that are capable to eliminate lipofuscin, as for example
the compound soraprazan [229] and cyclodextrins as described by Nociari et al.
[231], have not only a high potential value in treatment of AMD, but also for
STGD1: many parents of children affected from STGD1 are not aware they are car-
riers of ABCA4 mutations and that their children might inherit a blinding disease.
Therefore, many patients are at the earliest diagnosed when they are already expe-
riencing the first signs of vision loss, which rules out any preventive treatment.
These patients might benefit from an immediate reduction of their lipofuscin load,
decelerating progression of retinal degeneration. In a subsequent step, other cur-
rently investigated treatment options that prevent future lipofuscin accumulation

could be applied as a long-term remedy.
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