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Accumulation of lipofuscin bisretinoids (LBs) in the retinal pigment
epithelium (RPE) is the alleged cause of retinal degeneration in
genetic blinding diseases (e.g., Stargardt) and a possible etiologi-
cal agent for age-related macular degeneration. Currently, there
are no approved treatments for these diseases; hence, agents that
efficiently remove LBs from RPE would be valuable therapeutic
candidates. Here, we show that beta cyclodextrins (§-CDs) bind
LBs and protect them against oxidation. Computer modeling and
biochemical data are consistent with the encapsulation of the ret-
inoid arms of LBs within the hydrophobic cavity of -CD. Impor-
tantly, p-CD treatment reduced by 73% and 48% the LB content of
RPE cell cultures and of eyecups obtained from Abca4-Rdh8 double
knock-out (DKO) mice, respectively. Furthermore, intravitreal ad-
ministration of p-CDs reduced significantly the content of bisreti-
noids in the RPE of DKO animals. Thus, our results demonstrate the
effectiveness of $-CDs to complex and remove LB deposits from
RPE cells and provide crucial data to develop novel prophylactic
approaches for retinal disorders elicited by LBs.
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he retinal pigment epithelium (RPE), strategically situated

between the neural retina and the choroid blood vessels, is
essential for photoreceptor (PR) function. It recycles vitamin A,
which is required for the visual cycle and clears debris generated by
the circadian shedding of PR outer segments (1, 2). Each RPE cell
phagocytoses and digests the material produced by 30-50 overlying
PRs, which shed 10% of their mass daily. The intense and continual
phagocytic activity of RPE cells results in the progressive accumu-
lation of indigestible products or “lipofuscin” in their lysosomal
compartment (3, 4). Unlike lipofuscins found in other body tissues,
which are composed mainly of protein, RPE lipofuscin consists
predominantly of lipid-bisretinoids and only 2% protein (5). Lip-
ofuscin bisretinoids (LBs) are vitamin A-derived side products of
the visual cycle. Light converts 11-cis-retinal (11CR), the visual
pigment chromophore, into all-frans-retinal (ATR), which is im-
mediately flipped by the ATP-binding cassette transporter 4 (4bca4)
transporter from the lumen of the outer segment discs to the cy-
toplasm, where it is reduced to inert all-frans-retinol by retinol de-
hydrogenase 8 (RdhS), in mice (6, 7). Small fractions of 11CR and
ATR are converted into N-retinylidine-N-ethanolamine (A2E) and
other less abundant bisretinoids, which once accumulated in the
lysosomes of RPE cells are refractory to all known lysosomal
hydrolases (8, 9). The concept that LB accumulation causes retinal
degeneration is supported by in vitro and in vivo data that show that
excessive LBs are toxic for cultured RPE cells (10, 11), that pho-
toreceptors overlying A2E-laden RPE are more prone to de-
generation (12) and that excessive accumulation of LBs in
Stargardt’s disease precedes macular degeneration (13). Mice car-
rying null mutations in Abca4 and Rdh8 develop blindness, basal
laminar deposits, and focal accumulations of extracellular debris
between the RPE and the Bruch membrane (drusen) (6).
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Here we report that a family of modified cyclic oligosaccharides,
beta cyclodextrins (B-CDs), formed by seven D-glucose units, can
encapsulate the hydrophobic arms of A2E within their nonpolar
cavity, protect A2E from oxidation, and remove A2E from RPE
cells. Our data demonstrate a direct correlation between the
ability of f-CDs to perform these protective functions and their
affinity for A2E.

Results

B-CDs Protect A2E Against Fluorescence Quenching by Water. Be-
cause of conjugated double bonds in its hydrophobic arms, A2E
exhibits a yellow—orange fluorescence with an emission peak at
~630 nm (Ayax) (14-16). Several studies indicate that A2E’s Ayax
changes with the polarity of the medium (17-19). To charac-
terize better these polarity-related spectral changes, we com-
pared the fluorescence spectrum of A2E in water and in several
organic solvents. An increase in the polarity of the medium was
accompanied by a shift to longer wavelengths in the A, and
a reduction in the fluorescence intensity (height of the peak),
which was very significant in water (Fig. S1).

This robust fluorescence quenching by water allowed us to
screen for molecules capable of forming complexes that shield-
off A2E from its aqueous environment. Based on the reported
uses of cyclodextrins (CDs) as vehicles for drug delivery and as
agents that encapsulate cholesterol and remove it from lyso-
somes in Niemann-Pick disease (20, 21), we investigated the
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ability of CDs to bind A2E and remove it from RPE cells. CDs
are a family of small cyclic D-glucose oligosaccharides. Naturally
occurring CDs have rings composed of 6 (a-CD), 7 (B-CD), or
8 (y-CD) glucose residues, with a hydrophilic exterior and a
variably sized hydrophobic cavity. We found that, relative to
water (black symbols), p-CD (red symbols) caused a blue-shift in
the Amax of A2E’s emission spectrum and an increase in its
fluorescence intensity (Fig. 14). In contrast, a-CD (green sym-
bols) did not cause a significant Amax shift or enhancement,
whereas y-CD (blue symbols) elicited an intermediate response
(Fig. 14). The low ability of a- and y-CDs to combine with A2E
could not be overcome by increasing CD concentrations (Fig.
1B). Because methyl p-CD (MpB-CD) remains soluble at much
higher concentrations than the upper solubility limit of f-CD (12
mM) and is equally potent (Fig. 1B), all subsequent experiments
were carried out using MB-CD.

B-CDs Protect A2E Against Oxidation. The absorption spectrum of
A2E exhibits two absorbance maxima, at 340 and 440 nm, that
correspond to the conjugated double bonds in the short and long
arms of the molecule, respectively (14). In aqueous solution,
A2E undergoes slow spontaneous oxidation manifested by pro-
gressive reduction of its absorbance peaks; upon exposure to
blue light (~430 nm) the oxidative destruction of A2E is much
faster (22, 23). The extent of oxidative destruction of A2E can
be measured because, for every double bond oxidized, there is
a ~30-nm blue shift in the absorbance maximum of the corre-
sponding A2E arm (15, 16) (Fig. S2). B-CDs protected A2E
against both photooxidation and spontaneous oxidation; in-
terestingly, a-CD had no protective effect, whereas y-CD had
intermediate effects (Fig. 2 C and D).

Our experiments support a scenario in which the ability of
CDs to protect against both spontaneous oxidative and photo-
oxidative destructions of A2E is related to the size of their rings.
The protection against oxidation correlates very well with the
fluorescence enhancement by the various CDs.

Molecular Modeling of the A2E-CD Interaction. The size-dependent
protection provided by CDs against both fluorescence quenching
and oxidative destruction of A2E suggested that f-CD and to
a lesser extent y-CD, but not a-CD, might form inclusion com-
plexes with A2E. To test this hypothesis, we carried out com-
putational modeling of the interaction of A2E with the three
CDs. Modeled molecules were energy minimized with Macro-
Model 9.9 using the OPLS 2005 force field in aqueous solution
(24). As illustrated in Fig. 34, this analysis predicted that a-, p-,
and y-CDs have cone-shaped inner cavities with diameters at the
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Fig. 1. Some CDs bind A2E. (A) Fluorescence spectra of A2E (black line) or
AZ2E in the presence of 12 mM o-CD (green line), MB-CD (red line), and y-CD
(blue line) in aqueous solutions. (B) Dose-response changes in the fluores-

cence intensity of A2E (hex = 434 nm, Aem = 610 nm) at increasing con-
centrations of a-, p-, Mp-, and y-CDs.
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Fig. 2. Some CDs protect A2E against oxidation. Protection was monitored
by changes in the UV-visible absorption spectra of 5 pM A2E solutions. (A)
A2E oxidative status before (@) and after (O) blue-light irradiation in the
presence of indicated cyclodextrins (12 mM). (B) A2E oxidative status at time
0 (@) and 1 d (O) after incubation at room temperature in the dark in the
presence of cyclodextrins.

narrow end of 5.6, 6.8, and 8.0 1&, respectively, and that the
terminal p-ionone rings at the end of both A2E arms are 6.5 Ain
diameter. These calculations suggest that §-CD and y-CD, but
not a-CD, can accommodate the hydrophobic arms of A2E
within their hydrophobic cavity. Consistent with this assumption,
our calculations showed that the total energy of a-CD complexed
with the short and long A2E arms is very high (>30,000 kJ/mol).
Taken together, our experimental and modeling data support the
hypothesis that f-CD and y-CD, but not a-CD, can form in-
clusion complexes with A2E.

To gain further insights on the strength of the inclusion complex
formed between p-CD and y-CD with A2E, we estimated the
dissociation constant using steady-state fluorescence measure-
ments. Briefly, we monitored the incremental changes in A2E
fluorescence (F — FO0) with increasing CD concentrations [CD]
and analyzed the data using the Benesi-Hildebrand double inverse
plot. The dissociation constant (Kg) was estimated from the ratio
between the slope and the intercept and was found to be 4 mM for
B-CD and 365 mM for y-CD (Fig. 3B; refs. 25 and 26).

Next, we prepared molecular models of the interactions be-
tween p-CDs and A2E by translating and rotating the -CDs to
form a complex with each chain of A2E, while minimizing steric
clashes and considering water effects with MacroModel 9.9 using
the OPLS 2005 force field. According to this model, A2E and
related lipid bisretinoids are bivalent substrates. The results,
shown in Fig. 3C, indicate that one -CD encapsulates each hy-
drophobic arm of A2E snugly, as “a ring on a finger.” Pioneering
studies by Breslow and others have shown that dimeric cyclo-
dextrins that interact simultaneously with both arms of bivalent
ligands have lower dissociation rates (K4) than monomeric CDs
(27). Based on these studies and our own modeling data, we
predicted that dimeric p-CDs with the p-CD monomers sepa-
rated by a space equal to the distance between the tips of the
A2E arms would interact with A2E with higher affinity than
B-CD monomers. To test this prediction, we synthesized p-CD
dimers with the two B-CD rings kept together by a linker as long
as the distance between the tips of the A2E arms (Fig. 3D) and
measured the affinity of their interaction with A2E compara-
tively with that of p-CD monomers, using the fluorescence assay
described earlier. We estimated that the affinity of the f-CD
dimer for A2E was about fourfold higher than that of the p-CD
monomer (Kyq ~ 1 vs. K4 ~ 4 mM, respectively; Fig. 3, Inset).
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Fig. 3. Characterization of the interaction between A2E and CDs. (A) In scale, representation of A2E and CDs. A2E’s p-ionone bulky head groups are marked
with dotted circles. Major and minor interior cavity diameters of -, p-, and y-CDs are indicated. (B) Benesi-Hildebrand double inverse plot constructed with
fluorescence data of A2E in presence of variable amounts of p-CD monomer (black), dimer (red), and y-CD (green). (Inset) A zoomed view of the monomer
(black) and dimer (red) plots. (C) Molecular modeling of the 2:1 -CD:A2E complex. (D) p-CD-dimer synthesized to test the bivalent nature of p-CD:A2E

interaction.

The computer modeling data and biochemical experiments
discussed above provide strong supporting evidence for a sce-
nario in which the protection of A2E by p-CDs from fluores-
cence quenching and oxidation depends on the ability of f-CD to
snugly encapsulate the hydrophobic arms of A2E within its hy-
drophobic cavity. This model explains why a-CD, with a smaller
cavity that cannot accommodate A2E arms, does not provide
protection and why y-CD, with a much larger cavity than A2E
arms provides only limited protection. This model also explains
why B-CD dimers can interact with higher affinity with A2E than
$-CD monomers.

$-CDs Remove A2E from ARPE-19 Cells in Culture. The experiments
discussed above suggest that p-CDs might also be capable of
reducing cellular levels of A2E. Indeed, CDs are known to enter
cells through endocytic routes leading to the lysosome (21, 28),
and it has been shown that treatment with -CDs can reduce
lysosomal levels of cholesterol, another lipid that can form in-
clusion complexes with B-CD (29). As A2E deposits accumulate
within lysosomes of RPE cells, we predicted that addition of
B-CD to the medium might reduce A2E deposits in cultured
RPE cells. To test this prediction, we loaded A2E into the ly-
sosomal compartment of human RPE cells by adding medium
supplemented with 10 pM AZ2E to the apical side of confluent
and fully polarized monolayers of ARPE-19 cells grown on
Transwell® chambers. This protocol has been shown to result in
lysosomal levels of A2E comparable to those present in RPE in
normal human eyes (30). To mimic the physiological scenario,
where nutrients access RPE cells from the choroidal side, we
treated the RPE monolayers grown on Transwells with 500 pM
Mp-CD added to the basolateral side only. Treatment was done
for 48 h with multiple changes of the medium. The amount of
A2E remaining in RPE cells after CD treatment was determined
by quantitative fluorescence microscopy and high-performance
liquid chromatography (HPLC). Fig. 44 shows that A2E accu-
mulated in the cytoplasm of RPE cells with a punctate pattern
(consistent with lysosomes) and that the amount of A2E in the
cells was highly reduced upon MB-CD treatment. Quantification
of cytoplasmic A2E fluorescence in randomly selected fields
from three independent experiments demonstrated that MB-CD
treated cells displayed a 49% reduction in A2E fluorescence that
was statistically significant (P < 0.001) (Fig. 4B). Detailed anal-
ysis of A2E-loaded ARPE-19 cells grown on glass bottom plates,
using a 63x objective showed that A2E granules decreased in
number and intensity upon treatment with Mp-CD but not upon
treatment with a-CD or y-CD (Fig. S34). Furthermore, other
control experiments showed that -CDs did not reduce the cell
content of ceroid lipofuscins, the type of lipofuscin found in
neurons and cardiomyocytes, indicating that the observed re-

E1404 | www.pnas.org/cgi/doi/10.1073/pnas.1400530111

moval by MB-CD is highly specific for bisretinoid-containing
lipofuscins (Fig. S3B).

Consistently with the microscopy data, HPLC quantification
revealed a ~70% reduction (P < 0.001) in the total A2E levels in
Mp-CD-treated cells (Fig. 4C). The 20% higher removal estimated
by HPLC compared with quantitative fluorescence microscopy
suggests that the optical quantification method underestimates
AZ2E removal, perhaps because the remaining A2E would fluo-
resce more upon interaction with CD (Fig. 1).

In summary, these experiments demonstrate that basolateral
exposure to MB-CD of RPE monolayers preloaded with A2E
drastically reduces lysosomal A2E deposits.

$-CDs Remove LBs from Mouse RPE ex Vivo. To answer whether Mf-
CD can also effectively reduce the mix of LBs that naturally
accumulates in the lysosomes of the RPE in the eye, we carried
out ex vivo and in vivo experiments with Abca4-Rdh8 double
knockout (DKO) animals. These mice accumulate A2E rapidly
and develop early onset blindness, basal lamina deposits, and
drusen (6).

First, we tested the ability of Mp-CD to reduce LBs from DKO
mouse eyes ex vivo. To this end, eyes from 6-mo-old DKOs were
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Fig. 4. Basolateral Mp-CD reduces A2E levels in fully polarized RPE mono-
layers. Polarized ARPE-19 cultures on Transwells, were O/N preloaded with
AZ2E, cultured for 3 d in media and exposed through the apical side to vehicle
(control) or 500 pM MB-CD (treated) from the basal side for 48 h with several
changes of medium. (A) Representative confocal fluorescence image. Note
the punctate staining pattern corresponding to the accumulation of A2E in
lysosomes and the reduction after treatment with Mp-CD. (B) Quantification
of the A2E fluorescence levels by fluorescence microscopy. Data points,
obtained from three separate experiments, represent relative mean fluores-
cence intensity from randomly selected fields after background subtraction.
Treatment with Mp-CD resulted in a 49% decrease in A2E fluorescence, rela-
tive to mock treated cells (P < 0.001). (C) Quantification of A2E levels by HPLC.
Treatment with MB-CD resulted in 73% extraction of both A2E and iso-A2E
(n =4, P<0.001).
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enucleated; cornea, lens, and other anterior structures were
eliminated by coronal sectioning; and neural retinas were re-
moved under conditions of minimal adherence (Methods). Eye-
cups with the exposed RPE were then incubated in the presence
of medium supplemented with 500 pM Mp-CD for 3 d, with
multiple changes of the medium in between. For scanning fluo-
rescence microscopy, eyecups were fixed with 4% PFA, flat
mounted and counterstained with Phalloidin-Alexa Fluor 680
(actin filaments) and DAPI (nuclei). Fig. 54 shows the granular
appearance of LBs in control RPE obtained from Abca4-Rdh8
DKO mice, consistent with their accumulation in lysosomes.
Note that upon treatment with MB-CD, the number and intensity
of lipofuscin granules are reduced. Fig. 5B shows the quantifi-
cation of LB fluorescence levels in randomly selected fields of
treated versus control eyecups from three independent experi-
ments. By this method, the estimated reduction in LB fluores-
cence caused by MB-CD was over 31% (P < 0.0007).

To confirm this result using an independent experimental
approach and to quantitatively characterize the effect of MB-CD
treatment on the different types of bisretinoids accumulated
in the RPE of DKO retinas, we carried out HPLC analysis of
mouse eyecup chloroform extracts using methods described in
ref. 31. To this end, seven 6-mo-old DKO mice were killed, and
their right and left eyes’ eyecups were treated for 72 h with media
(control) and 500 pM MB-CD (experimental), respectively. The
graph shown in Fig. 5C is an overlay of representative HPLC
chromatograms of an age-matched control (black trace) and Mp-
CD-treated eyecup (red trace). The identity of the peaks was

assessed by online spectral analysis against previously established
peaks obtained by elution with standards. As depicted, Mp-CD
was effective at reducing the levels of all detectable bisretinoids,
including A2E, A2E isomers (iso-A2E#1, #2, #3), A2E pre-
cursors (dihydro-A2PE (A2PE-H,) and A2PE), as well as all-
trans-retinaldehyde dimer (atRAL-dimerPE). In contrast, the
level of N-Ret-PE, the monoretinoid precursor of A2E, was
unperturbed by the treatment suggesting monomeric ligands
need higher local CD concentrations for effective removal. For
each eye, the amount of total A2E was calculated as the sum of
A2E and iso-A2E peaks. The results are plotted in Fig. 5D. The
mean and SE for controls and treated eyes are indicated in red.
The average MB-CD-mediated total A2E reduction was higher
than 48% (P < 0.005). The average calculated changes for the
other retinoids were: 46% (P < 0.05) for A2PE, 30% (P < 0.02)
for A2PE-H,, 25% (P < 0.04) for atRAL-dimerPE, and 8% (P >
0.24) for N-Ret-PE.

p-CDs Remove LBs from Mouse RPE in Vivo. Next, we tested the
ability of MB-CD to remove LBs from DKO mice eyes in vivo. To
this end, eight 9-mo-old DKO mice received in their right eyes
1.5 puL of 100 mM Mp-CD in PBS through intraocular injections
every other day four times as depicted in Fig. 64. The left eyes
were identically injected with PBS to serve as controls. At day
nine the animals were killed and the right and left eyes were
enucleated, the neural retina removed and the eyecups were
analyzed for bisretinoid content using HPLC. As shown in Fig.
6B the total content of A2E, (i.e., A2E plus iso-A2E) was ~25%
lower in the treated right eyes relative to the control left eyes.
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Fig.5. Mp-CD removes LBs from Abca4-Rdh8 DKO eyes ex vivo. (A) Flat mounted eyecups from Abca4-Rdh8 mice after 72 h incubation in culture media alone
(control) or supplemented with 500 uM Mp-CD. RPE borders and nuclei were labeled with phalloidin (red) and DAPI (blue), respectively. Auto fluorescent LB
granules are in yellow. (B) Quantification of lipofuscin’s mean fluorescence intensity per randomly chosen field in controls (n = 3) and MB-CD treated (n = 3)
eyecups. Means + SEM of the three experiments are in red. The attained reduction in bisretinoid fluorescence was 31% (P < 0.0007). (C) Representative HPLC
chromatogram showing the bisretinoids profile of control (black trace) and Mp-CD-treated (red trace) eyecup extracts. The inserted table depicts the average
reduction of the areas under the peaks for all identified retinoids (n = 7 control eyes and 7 treated eyes). All identified peaks show reduction. In addition,
there are some minor unidentified peaks that also show reduction; they likely correspond to small amounts of oxidized bisretinoids. (D) Quantitation by HPLC
of total A2E. Individual dots represent the total content of A2E (A2E plus iso-A2E) per eyecup. Seven age-matched eyecup extracts from Abca4-Rdh8 DKO
mice for each group, control (black) and Mp-CD-treated (open) are presented in the graph. The average content and SE for controls and Mp-CD treated
eyecups are indicated in red. The difference corresponds to a reduction of 48% (P < 0.005).
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Fig. 6. Intravitreal MB-CD reduces LB in the RPE of Abca4-Rdh8 DKO mice.
(A) Schematic diagram of intravitreal injections and euthanasia. Right
(treated) and left (controls) eyes received 1.5 pL of 100 mM MB-CD in PBS and
PBS, respectively, in each administration. Eye specimens were analyzed by
HPLC and Microscopy. (B) Difference in the content of total A2E (A2E and
iso-A2E) between left (control) and right (cyclodextrin) eyes determined by
HPLC. Each dot represents one eye (n = 8). Red symbols are average content
and SEs. The difference between eyes corresponds to a reduction of 24%
(P < 0.013). (C) Differential content of bisretinoids and bisretinoid precursors
in the RPE as determined by HPLC. (D) Quantification of the content of
bisretinoids in the left and right eyes by quantitative fluorescence micros-
copy. The difference between eyes corresponds to 27% (P < 0.01). (E) Rep-
resentative inmmunofluorescence of flat mounted eyecups depicting the
integrity of the RPE layer. CD treatment reduced the number and fluores-
cent intensity of lipofuscin granules. Actin filaments at cell borders (red) and
nuclei (blue) were decorated with phalloidin and DAPI, respectively. All
panels are at the same magnification (x400).

Similar to what we observed in the ex vivo experiments, the
treatment with MB-CD also reduced significantly the levels of
other bisretinoids. Thus, atRAL-dimerPE and A2PE were re-
duced 37% and 28% in the RPE (Fig. 6C). Fig. 6D shows the level
of LBs in random fields, in control and treated eyes, determined
by quantitative fluorescence microscopy; these data are in full
agreement with the HPLC data.

Importantly, RPE cells appear to tolerate well the CDs treat-
ment with the protocol used. Immunofluorescence analysis of flat
mounted eyecups using Phalloidin and DAPI to delineate the
cellular borders and nuclei, respectively, show that RPE cells
in the CD-treated eye have normal size and histologic appearance
and that the effect of the CD was mainly reducing the number and
intensity of the LB granules (Fig. 6F).

In summary, these experiments demonstrate that treatment
with Mp-CD effectively reduces cellular levels of bisretinoids,
including A2E, that have been accumulated in the lysosomes of
RPE cells through natural mechanisms, without noxious effects
on the RPE.

Discussion

The primary goal of this study was to develop a method to reduce
the deposits of LBs in Abca4-Rdh8 DKO mice, an animal model
that mimics human Stargardt’s disease and shows pathologi-
cal signs of age-related macular degeneration (AMD). Because
single mutant Abca4~'~ mice accumulate significant LB granules
in the RPE but show normal retinal function (7) and all-trans-
retinal-aldehyde (atRAL) is more toxic than LBs in culture (32),
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it has been proposed that A2E and other condensation products
are just surrogate markers of aberrant atRAL clearance that
form to minimize the toxicity of free atRAL (33-35). However,
there is no doubt that LBs are also toxic to the RPE. Both,
Boulton and Sparrow’s laboratories have reported a phototoxic
effect of A2E upon exposure to blue light (15, 36). Accumulation
of A2E leads to plasma membrane destabilization (17, 19, 37),
increased lysosomal pH (38-40), decreased lysosomal enzyme
activity (39), and derailing of cholesterol trafficking with the
consequent buildup of free cholesterol in lysosomes (41). More-
over, accumulation of LBs in RPE is known to induce complement
activation (42, 43) and secretion of proinflammatory cytokines,
including IL-16, IL-8, IL-6, VEGFa, TNFa, and chemokines
(44-46) responsible, at least in part, for the perpetuation of
the chronic inflammatory milieu linked with AMD (47, 48).
Hence, irrespectively of how much atRAL or LBs contribute to
the retinal degenerative process in the young, we expect that the
steady and prolonged accumulation of LBs will progressively
weigh more on this balance and therefore, the removal of LBs
should have a beneficial impact, particularly, for the elderly reti-
nas. Thus, searching for new strategies to reduce A2E and other
condensation products in RPE is an important medical goal. As
a first step in this direction, we identified molecules, the p- and
y-CDs, that bind to A2E.

Additional insights on the interaction between CDs and A2E
were provided by the demonstration that they can protect A2E
against spontaneous oxidative and photooxidative degradation
(Fig. 2). Oxygen attack of the double bonds in A2E’s hydrophobic
arms permanently destroys A2E’s ability to fluoresce. The initial
oxidative events can occur via light-independent (spontaneous) or
light-dependent (photo-) oxidative reactions (3). Spontaneous
oxidation occurs in the absence of light and is thought to be me-
diated by free-radical chain reactions (23, 49). Photooxidation of
A2E, on the other hand, is most efficiently triggered by wave-
lengths in the blue range (430 nm) and is believed to occur
through double-bond isomerization and nonradical singlet oxygen
generation that causes self-oxidation (10, 50). Both types of oxi-
dative cascades ultimately lead to degradation of bisretinoids into
small, highly reactive carbonyls. In turn, these reactive oxygen
species cross-link (bio) molecules, through Michael addition
or Schiff base reactions that cannot be stopped by antioxidants
(37, 51). B-CDs prevented both photooxidative (Fig. 24) and
spontaneous oxidative (Fig. 2B) cascades, suggesting that they
protect bisretinoids against both singlet oxygen and free radical
attacks. This protection of A2E against oxidation recapitulates the
protection previously described against water quenching, i.e.,
B-CD> y-CD>> a-CD, suggesting that f-CDs have a better suited
cavity to encapsulate A2E.

Using computational modeling, we found that the hydrophobic
cavities of a-CDs/y-CD are too narrow or too wide to accommo-
date snugly the A2E arms, whereas the hydrophobic cavity of
B-CD is just the right size (Fig. 34). We estimated that the equi-
librium constants (Ky) of the inclusion complexes between A2E
and B-CD or y-CD are ~4 mM and 365 mM, respectively (Fig.
3B). The higher K for y-CD agrees with a looser fit with the arms
of A2E, which is supported by its ability to offer only mediocre
protection against quenching and oxidation. Computer modeling
of the inclusion complexes reinforced this notion and furthermore
predicted that CD dimers with a mirror configuration to the two
hydrophobic arms of the “V” shaped A2E molecule (which di-
verge with an angle of 101°) might bind A2E with higher selectivity
(Fig. 3C). This prediction was supported by data published by
Breslow and coworkers (27), who demonstrated that CD-dimers
with a configuration complementary to a V-shaped ligand dis-
played higher affinity for the ligand than the corresponding CD
monomer. To experimentally test this prediction, we synthesized
a p-CDs dimer with a configuration complementary to A2E and
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showed that, indeed, this molecule displayed higher affinity for
A2E (Fig. 3 B and D).

The interaction we observed between B-CD and A2E en-
couraged us to study whether p-CD treatment would be capable
of reducing A2E levels in RPE. Indeed, p-CD applied in culture
effectively reduced A2E/bisretinoid levels in ARPE-19 (Fig. 4)
and eyecups (Fig. 5). The CDs most effective in reducing cellular
A2E were those most effective at forming complexes with A2E
(Fig. S34). Moreover, B-CD’s specifically depleted retinoid
conjugates with similar bivalent hydrophobic structure, i.e., A2E,
is0-A2E, A2PE, A2PE-H,, and atRAL-dimer PE (Fig. 5C), yet
were ineffective decreasing the monovalent N-Ret-PE as well as
ceroid lipofuscin deposits from RPE cells (Fig. 5C and Fig. S3B).
Next, we investigated the removal ability of B-CDs in vivo. As
shown in Fig.6, local intravitreal administration of MB-CD was
similarly efficacious to reduce the LB deposits in the RPE of old
Abca4-Rdh8 DKO mice with no visible toxic side effects on these
cells, according to histological examination (Fig. 6E). Further
studies are needed to determine whether reduction of LB levels
can prevent and reverse loss of visual acuity in young and old
Abca4-Rdh8 DKO animals, respectively.

At this point, we can only speculate on the mechanisms in-
volved in the CD-mediated clearance of A2E and other bisreti-
noids from RPE cells. The best characterized related property of
B-CDs (i.e., their ability to extract lysosomal cholesterol from
fibroblasts from Niemann—Pick patients) appears to be related to
their capability to enter lysosomes via endocytosis (28, 52) and
their presumed role in facilitating delivery of unesterified cho-
lesterol to the limiting lysosomal membrane for transfer else-
where in the cell (21, 28). Lysosomal $-CDs could similarly
solubilize A2E and facilitate its mobilization outside the cell or
into catabolic organelles. Additional research is needed to elu-
cidate the mechanisms involved in B-CD-induced lysosomal clear-
ance of LBs.

B-CDs have been reported to improve neuropathological con-
ditions associated with the lysosomal accumulation of cholesterol,
such as Niemann-Pick type C (53, 54) and Alzheimer’s dis-
ease (55). Our results suggest that p-CDs can have an effect on
LB-driven retinal degeneration. However, their use in vivo
imposes that f-CDs should be nontoxic and be able to main-
tain high concentrations in the eye’s RPE. Although there are
B-CDs that have been already approved by the FDA as In-
vestigational New Drugs, their fast renal clearance and low
efficiency to reach the back of the eye precludes their immediate
application. The experiments reported here suggest potential
avenues to optimize CDs (i.e., facilitating their lysosomal uptake
via specific lysosomal uptake receptors) and creating CDs with
higher affinity for A2E (e.g., by generating the appropriate dim-
ers). An improved understanding of the cellular A2E-reduction
mechanisms will also provide a rational basis to develop more
efficient CD-based in vivo treatments.

Materials and Methods

Reagents. a-CD, -CD, Mp-CD (332615), y-CD, Ethanol, Ethyl Acetate, Toluene,
and Hexane were all purchased from Sigma. Cyclodextrin stock solutions
were prepared at 100 mM in PBS buffer (pH 7.2) except for B-CD system,
which, due to the insolubility, was dissolved at 12.5 mM.

Steady-State Fluorescence and Absorption Spectroscopy. Fluorescence and
absorption spectra of A2E in organic solvents or aqueous solutions of CDs
were recorded in a thermally controlled SpectraMax M2 (Molecular Devices)
using quartz cuvettes and 96-well, dark wall/clear bottom plates. For all
polarity-shift measurements, A2E was used at 5 pM. For photooxidation
assays, samples were irradiated in uncapped Eppendorf tubes for 5 min with
a 450 + 20 nm 90 Blue-LEDs light source (90 Watts, 1,980 Lumen) at a dis-
tance of ~8 cm from the top of the tubes. To measure the photostability of
the A2E in CDs, A2E-CD complexes were allowed to form for 1 h before
blue-light exposure. For spontaneous oxidation experiments, samples in foil-
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wrapped screw capped glass tubes, were incubated at room temperature for
the indicated times before spectroscopic analysis.

For the determination of the A2E/CD complex equilibrium constant, a series
of seven twofold CD-dilutions were prepared in which the A2E concentration
was identical (5 pM) and the CD concentration was varied from 0 to 100 mM.
Fluorescence of the complexes was measured using 434 nm for excitation and
600 nm for detection. The dissociation constant (Ky) was calculated as the ratio
between the slope and intercept from the 1/(F — FO) vs. 1/[CD] double
inverse plot.

Eyecups Preparation and CD Treatment. For in vivo extraction of LBs, posterior
eyecups were prepared from 6-mo-old Abca4-Rdh8 DKO mice in optimized
conditions to preserve RPE apical structures during sample preparation. Briefly,
animals were maintained in complete darkness for 48 h, the eyes enucleated
2 h after the end of the dark cycle (8:00 PM) and placed immediately in Ca®>"Mg?*
free-HBSS (CMF HBSS). The lens and vitreous were removed and the eyes in-
cubated for 30 min in CMF HBSS until spontaneous retinal detachment. To
prepare RPE eyecups, the retina was excised from the optic nerve and the eye-
cups were everted to maximize RPE exposition to the culture media and prevent
self-folding under suspension. Eyecups were treated with medium supple-
mented with 500 pM Mp-CD for three days, replacing the media every day.

Lipofuscins Synthesis and Loading. A2E was synthesized and purified by HPLC
(>97%) according to a published protocol (17). Ceroid lipofuscin was pre-
pared by oxidative cross-linking of mitochondrial and lysosomes as described
(56). Loading of A2E and ceroid lipofuscins into ARPE-19 cells was done by
adding 10 uM A2E (MW:592) or 15 mg/mL ceroid lipofuscin for 6 h. Fully
polarized monolayers received lipofuscin through their apical side. Cells
were then washed and chased for 5 d in fresh media.

Cell Cultures and CD Treatments. Cells were incubated with media supple-
mented with 500 uM of the indicated CD for 48 h with 12 replacements of
media during that period. Fully polarized ARPE-19 cells received the CD
media only through their basolateral side to reproduce the removal al-
though the back of the eye.

In Vivo CD Treatment. Abca4-Rdh8 DKO mice (6 mo old) were anesthetized
by i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). The cor-
nea was further anesthetized topically with one drop of 0.5% proparacaine
hydrochloride for 2 min and the pupils dilated with a topical instillation of
0.5% tropicamide and 2.5% phenylephrin. The intravitreal injection was
performed under magnification of an ophthalmic surgical microscope
(model M841; Leica, Wetzlar, Germany) with a 34 gauge beveled needle
attached to a 10 pL syringe of a Nanofil injection system (World Precision
Instruments) controlled by a microprocessor-based microsyringe pump con-
troller (Fusion 200 Syringe Pump, Chemyx). The needle was introduced
through the sclera 1 mm posterior to limbus into the vitreous chamber of
the eye, and 1.5 pL of either 100 mM Mp-CD (right eye) or PBS (left eye) was
slowly injected. A 30-s interval was kept before removing the needle to
prevent backflow. The animals were treated with antibiotic eye ointment
(Moxifloxacin; Alcon Laboratories) and maintained at 37 °C until anesthesia
recovery. During the entire procedure, mice were kept in the dark and re-
ceived a total of four injections per eye, every 2 d; mice were killed at day 9.
All animal procedures were performed according to the regulations in the
Association for Research in Vision and Opthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research and were approved by the
local ethics committee.

HPLC Analysis of Bisretinoids Content. Bisretinoids were extracted from mouse
eyecups and polarized ARPE-19 filters cells under red dim light. Briefly, single
mouse eyecup (containing RPE/choroid/sclera, devoid of neural retina) or
ARPE-19 cells were washed with phosphate buffer (PBS) and homogenized in
1 mL of PBS. Four milliliters chloroform/methanol (2:1, vol/vol) was added,
and the samples were extracted with the addition of 4 mL of chloroform and
3 mL of dH20, followed by centrifugation at 1,000 x g for 10 min. Extraction
was repeated with the addition of 4 mL of chloroform. Organic phases were
pooled, filtered, dried under a stream of argon, and redissolved in 100 pL of
2-propanol. Bisretinoid extracts were analyzed by normal-phase HPLC with
a silica column (Zorbax-Sil 5 pm, 250 x 4.6 mm; Agilent Technologies) as
described (31). The mobile phase was hexane/2-propanol/ethanol/25 mM
potassium phosphate/glacial acetic acid (485:376:100:45:0.275 vol/vol) and
was filtered before use. The flow rate was 1 mL/min. Column and solvent
temperatures were maintained at 40 °C. Absorption units at 435 nm were
converted to picomoles using a calibration curve with an authentic A2E
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standard and the published molar extinction coefficient for A2E; the identity
of each bisretinoid peak was confirmed by online spectral analysis.

Computational Modeling. Structures of CD were taken from the Protein Data
Bank (PDB): a-CD (PDB ID code 2XFY), 8-CD (PDB ID code 1DMB), and y-CD
(PDB ID code 1P2G). The 3D structure of A2E was built with Maestro 9.2
(Schrédinger). All structures were minimized in water with MacroModel
9.9 using the OPLS 2005 force field, for 500 steps of conjugate gradient
minimizations. Complexes of a-, B, or y-CD and A2E were prepared manually
by translating and rotating CD to form a complex with each chain of A2E while
minimizing steric clashes. Energy calculation: energies for CD-A2E complexes
were calculated with MacroModel 9.9 using the OPLS 2005 force field.
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Synthesis of Dimeric $-CD. Details on the synthesis are provided in S/ Materials
and Methods and Fig. S4.
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