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Abstract. Lipid peroxidation has been implicated in
many age-associated disorders including macular degen-
eration of the retina. We sought to elucidate the mecha-
nism by which accumulation of oxidized LDL (oxLDL)
reduces the ability of retinal pigment epithelium (RPE) to
process photoreceptor outer segments (OS) as a model 
of peroxidation-induced disruption of phagocytosis.
OxLDL did not reduce the lysosomal hydrolytic capacity
of the RPE, but efficiently inhibited processing of various
internalized proteins. OxLDL caused a delay in the ac-

CMLS, Cell. Mol. Life Sci. 61 (2004) 1664–1674
1420-682X/04/131664-11
DOI 10.1007/s00018-004-4080-5
© Birkhäuser Verlag, Basel, 2004

CMLS Cellular and Molecular Life Sciences

quisition of late lysosomal markers by newly formed
phagosomes. At the same time, an excessive accumula-
tion of markers of early phagosomal compartments was
also observed. The activity of phosphatidylinositol 3-ki-
nase (PI3K) was reduced in phagosomes of the RPE
treated with oxLDL. These results suggest that accumu-
lation of oxidized lipid-protein complexes in the RPE im-
pedes phagosome maturation by blocking PI3K recruit-
ment to the phagosomal membrane, leading to delayed
processing of internalized OS.

Key words. Lipid peroxidation; lysosome; membrane transport; oxidized low-density lipoprotein; phagocytosis; 
pigment epithelium of retina.

Superior phagocytic capacity of the retinal pigment ep-
ithelium (RPE) plays an essential role in the renewal of
photoreceptor outer segment membranes (OS) [1]. In
mammals, a single RPE cell can process as many as 300
OS tips containing approximately 30,000 photoreceptor
disks daily [2]. Selective disruption of this process com-
promises the viability of photoreceptor cells and quickly
leads to retinal degeneration [3–6]. The molecular mech-
anism of RPE phagocytosis remains largely unclear, but
appears to be OS specific, at least at the level of the ini-
tial events of recognition, binding, and internalization.
Numerous studies in RCS rats have suggested that the
RPE utilizes distinct mechanisms for uptake of OS and
latex microspheres [7–10]. The c-mer receptor tyrosine
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kinase dubbed MERTK, which is mutated in the RCS rat,
is required for triggering OS internalization, whereas up-
take of latex beads is independent of MERTK [11]. On
the other hand, OS uptake by RPE appears to share some
principal steps with removal of apoptotic cells by
macrophages [12]. Both cases involve specific members
of the integrin family of receptors, as well as downstream
signaling via PKC [13]. 
In addition to the RCS rat phenotype [4, 14], mutation of
MERTK has also been shown to cause retinitis pigmen-
tosa [15], demonstrating the importance of the OS re-
moval function of RPE for degenerative diseases of the
retina. Many studies have focused on identifying mole-
cules that govern OS recognition and binding [11,
16–20]. Despite significant progress in deciphering the
initial phagocytic steps, the molecular mechanisms un-
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derlying advanced stages of OS processing by RPE are
unclear, yet may prove critical for our understanding of
the pathogenesis of retinal degenerations. In Stargardt
macular dystrophy, although mutated ABCR is expressed
exclusively in photoreceptors [21], the resulting retinal
atrophy is believed to be due to pathological overload of
the phago-lysosomal apparatus of RPE by lipofuscin de-
rived from a buildup of the retinoid intermediates [22].
Several lines of evidence link the phagocytic function of
RPE to age-related macular degeneration (AMD), a dis-
ease which is histochemically characterized in part by
RPE overloaded with autofluorescent inclusion bodies,
termed lipofuscin [23]. These organelles are reported to
originate from lysosomes that accumulate end products
of irreversible covalent cross-linking between RPE pro-
teins and the reactive products of lipid peroxidation [24,
25]. Transgenic mice overexpressing functionally com-
promised cathepsin D, the major lysosomal protease in
RPE [26], develop abnormal features in their retina that
are typical for AMD, i.e., geographic atrophy, as well as
basal laminar deposits [5]. Overall, deficiencies of
phagolysosome formation and elimination may be a rele-
vant hypothesis to explain intracellular buildup of poorly
degradable lipid-protein cross-links impeding RPE-me-
diated OS recycling [25]. 
We have previously developed an experimental model of
cultured RPE cells with deficient processing of OS
caused by prior uptake of copper-oxidized low-density
lipoprotein (oxLDL) [27]. In this model, initial steps of
OS interaction with RPE (binding and internalization) are
not affected, but proteolytic degradation of OS as well as
other macromolecules is significantly impaired. OxLDL-
derived mixtures of oxidatively damaged lipids and pro-
teins mimic A2E, a major component of lipofuscin, in
several key ways that are pertinent to this study, e.g., lyso-
somotropy, insolubility, indigestibility, and cytotoxicity
at high doses [28–32]. Initially, we established that
oxLDL universally suppressed RPE degradation of a va-
riety of internalized particles, regardless of their size,
physical state, and molecular composition. We rational-
ized that the mechanism by which oxLDL blocks degra-
dation may be upstream of actual lysosomal digestion
and, therefore, latex beads can substitute for OS, drasti-
cally improving the purity of phagosome isolations.
Therefore, we sought to determine whether oxLDL
causes alterations in phagosomal composition that may
explain inefficient proteolysis of internalized molecules
by RPE. First, we ruled out direct inactivation of the lyso-
somal proteases as a cause of the impaired OS process-
ing. Second, we noticed that oxLDL induced an abnormal
distribution of Rab5 and EEA1, markers of the early
phagosome, consistent with the impeded phagosomal
maturation. Finally, we found that, at least in the case of
latex bead uptake, oxLDL alters the activity of phago-
some-associated phosphatidylinositol-3-kinase (PI3K).

Materials and methods

Reagents
Cell culture media and culture media additives were pur-
chased from Invitrogen (Carlsbad, Calif.). Heat-inacti-
vated CELLect Gold fetal bovine serum (FBS) was pur-
chased from ICN Pharmaceuticals (Irvine, Calif.). All
protein gel electrophoresis reagents and instruments were
from Bio-Rad (Hercules, Calif.) and Invitrogen. All
chemicals were from Sigma (St. Louis, Mo.) unless spec-
ified otherwise.

RPE cell culture
Primary cultures of human RPE cells (hRPE) were a gift
from Dr. J. Burke (Medical College of Wisconsin, Wis.),
and were obtained as confluent cell monolayers at early
passages ranging from 3 to 8. Cultures of RPE cells from
three different donors, ages 55–80, were used in the
study. Cells were maintained and passaged as described
previously with biweekly feedings of minimum essential
medium (MEM) containing 10% FBS, 500 U/ml peni-
cillin, 500 µg/ml streptomycin, 125 ng/ml fungizone, and
50 µg/ml gentamicin [33].

Lipoproteins
LDL was isolated from fresh plasma obtained from the
Cleveland Clinic Blood Bank by sequential ultracentrifu-
gation as a 1.019 < d < 1.063 g/ml fraction using the pro-
cedure of Hatch and Lees [34]. The LDL was dialyzed
against 0.15 M NaCl containing 0.5 mM Na2EDTA, pH
8.5, filter-sterilized and stored at 4 °C. Oxidation of 
LDL was performed in the presence of 10 µM CuSO4 in
0.15 M NaCl at a protein concentration of 500 µg/ml for
24 h at 20°C [30, 35]. The concentration of EDTA in
LDL preparations was reduced prior to oxidation by
overnight dialysis against 0.15 M NaCl. Oxidation was
terminated by dialyzing samples into 0.15 M NaCl,
0.3 mM Na2EDTA, and 20 mM Na phosphate pH 7.4
(PBS), for 24 h. Butylated hydroxytoluene (BHT) dis-
solved in ethanol was added at a final concentration of 40
µM to prevent oxidation. Acetylated LDL (acLDL) was
prepared by treatment of LDL with acetic anhydride as
described elsewhere [36]. 

Photoreceptor OS
Photoreceptor OS were isolated from freshly obtained
bovine eyes using a sucrose density gradient as described
previously [37, 38]. OS were adjusted to a concentration
of 108/ml and stored in PBS containing 1 mM MgCl2, 
0.1 mM Na2EDTA, 1 mM DTT, and 10% glycerol. Oxi-
dized OS (oxOS) were prepared by incubating 1 mg/ml
OS at 37°C for 6 h in the presence of 1 mM tert-butyl hy-
droperoxide and 30 µM FeSO4 [39]. Oxidation was ter-
minated by extensive dialysis of samples against PBS
containing 0.3 mM Na2EDTA and 40 µM BHT. Oxidation



of OS in the presence of 5 µM CuSO4 for 24 h, as de-
scribed previously [27], did not result in any distinguish-
able differences in biological activities between copper-
and hydroperoxide-oxidized OS.

Uptake and degradation assays
Bovine serum albumin (BSA) was modified by maleic
anhydride as described by Brown et al. [36]. Maleylated
BSA (mBSA), LDL, and OS were labeled with Na125I us-
ing the iodine monochloride procedure as described by
Bilheimer et al. [40]. After appropriate pre-treatments as
specified in the figure legends, hRPE cells were washed
and incubated with 125I-labeled ligands for another 5 h.
The media were then removed and assayed for
trichloroacetic acid (TCA)-soluble, noniodine degrada-
tion products according to the procedure described previ-
ously [30, 35]. Cells were washed three times with PBS,
dissolved in 0.25 N NaOH, and assayed for cell-associ-
ated 125I radioactivity and protein content. All determina-
tions are reported as the mean ± SD of triplicate determi-
nations. To assess proteolysis in hRPE cell extracts, cells
were first pre-incubated with LDL or oxLDL as de-
scribed in the figure legends, followed by preparation of
cell homogenates in 250 mM sucrose, 1 mM Na2EDTA,
0.1% ethanol, pH 6.8 at 4°C. The homogenates were spun
again at 20,000 g to remove particulate matter, and su-
pernatant fractions, defined in this study as cell extracts,
were collected, aliquoted, frozen at –70°C, and subse-
quently used in experiments over a period of 2 months.
Five micrograms of cell extract protein was mixed with
10 µg 125I-LDL or 100 µg 125I-OS in a final volume of 
100 µl of 100 mM sodium acetate, 1 mM Na2EDTA, 
1 mM dithiothreitol (DTT), pH 4.5, and incubated for the
indicated time periods at 37°C. The degradation of the ra-
dioactive substrate was measured as TCA-soluble, nonio-
dine radioactivity [35]. Cathepsin B activity of hRPE ex-
tracts was assayed as follows: 0.5 µg of extract was mixed
with 500 µl of acetate buffer, pH 4.0, containing Na-
CBZ-L-lysine p-nitrophenyl ester (CLN) at a final con-
centration of 2 ¥ 10–4 M and absorbance at 326 nm mon-
itored over a 30-min time interval [35]. To determine the
proteolytic activity of enzymes stimulated by the addition
of DTT, we conducted all experiments in the presence and
absence of DTT. DTT-dependent proteolysis was deter-
mined as total degradation (DTT present) minus DTT-in-
dependent degradation (DTT omitted).

Phagosome isolation
hRPE cells were plated onto 100-mm Petri dishes and
grown for 1 week to confluency. After appropriate pre-
treatments of the hRPE performed in fresh culture media
and specified in the figure legends, phagocytosis was ini-
tiated by adding 200 µl of a 2% suspension of carboxy-
lated paramagnetic latex beads (2 mm in diameter; Poly-
sciences, Warrington, Pa.), which were coated with FBS

and washed prior to the addition to cell cultures [41].
Cells were then incubated for the indicated time periods
at 37°C in a CO2 incubator, and experiments was stopped
by placing dishes on ice, gentle scraping and pelleting of
cells at 200 g. Cells were then resuspended in the ho-
mogenization buffer (250 mM sucrose, 0.5 mM EGTA,
20 mM HEPES, pH 7) containing a cocktail of protease
inhibitors (Complete; Roche, Indianapolis, Ind.). Cells
were homogenized by passing a cell suspension five
times through a 26-gauge needle. Phagosomes containing
latex beads were isolated using a magnet (Dynal, Oslo,
Norway). Phagosomal fractions were resuspended in the
homogenization buffer and magnetic isolation of phago-
somal as well as nonphagosomal fractions was repeated
twice to ensure purity of these subcellular fractions.

Western blotting assay
Laemmli buffer (2¥; Invitrogen) supplemented with a 2¥
cocktail of protease inhibitors (Complete) but without re-
ducing agents, was used to elute hRPE proteins associ-
ated with latex beads, as well as to solubilize proteins of
nonphagosomal fractions or total cell homogenates. Pro-
tein concentrations in extracts were determined using
BCA reagent (Pierce, Rockford, Ill.). Equal amounts of
protein were loaded and resolved by SDS-PAGE using
4–20% gradient precast minigels (Invitrogen). Proteins
separated by SDS-PAGE were electro-transferred onto a
PVFD membrane and probed with one of the following
antibodies: mouse anti-human LAMP-1, clone H4A3
(Development Studies Hybridoma Bank, Iowa City,
Iowa); goat anti-cathepsin D, clone C-20 (Santa Cruz,
Calif.); rabbit anti-Rab5, clone S-19 (Santa Cruz); goat
anti-EEA1, clone N-19 (Santa Cruz), rabbit anti-p85a,
clone Z-8 (Santa Cruz); and mouse anti-phospho-tyro-
sine, clone PY20 (Santa Cruz). Immunoreactivity was de-
tected with a corresponding second anti-IgG antibody
conjugated with HRP (Jackson ImmunoResearch, West
Grove, Pa.), followed by the Renaissance reagent
(PerkinElmer, Boston, Mass.) as a chemiluminescent
substrate.

Cytotoxicity assay
Toxicity of oxLDL to the hRPE was determined by mea-
suring the release of [14C]adenine into culture medium as
described by Coffey et al. [29]. 

PI3K activity assay
Latex bead-containing phagosomal fractions isolated
from the hRPE that were pre-incubated with various
lipoproteins and inhibitors were washed with 100 mM
Tris, pH 7.5, containing 500 mM LiCl, followed by a
wash in 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM
Na2EDTA. The activity of PI3K in phagosomes of the
hRPE cells was measured essentially as described else-
where [42]. Briefly, beads were resuspended in the kinase
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buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM
EGTA) containing 200 µg/ml phosphatidylinositol 4,5-
bisphosphate and 50 µCi of g[32P]ATP. After a 10-min 
incubation at room temperature, phospholipids were ex-
tracted, resolved by thin layer chromatography (TLC),
and the incorporation of 32P into phosphatidylinositol
3,4,5-triphosphate (PIP3) was measured by autoradio-
graphy. 

Results

To determine whether oxLDL can induce a deficiency in
the processing of targets other than OS [27], we studied
the effect of oxLDL on the uptake and catabolism by the
hRPE of various 125I-labeled molecules. First, we estab-
lished that the hRPE exhibits an avid degradation of 125I-
mBSA mediated by a saturable and efficient uptake
mechanism (fig. 1A). Other tested 125I-labeled ligands,
i.e., LDL, methylated LDL, acetylated LDL, copper-oxi-
dized LDL, and asialorosomucoid, demonstrated 10 to
100 times lower rates of uptake and degradation by the
hRPE then mBSA (not shown) and, therefore, were ex-
cluded from subsequent study. BSA modified by maleic
anhydrate is recognized by a number of scavenger recep-
tors expressed on the surface of macrophages, including
CD36, which has been reported to be present on RPE
cells [19, 43]. We then tested whether oxLDL had any ef-
fect on processing of 125I-mBSA by the hRPE. OxLDL
binds to CD36 and to other scavenger receptors with high
affinity [44]. To avoid the direct competition with 125I-
mBSA, we first pre-treated hRPE cells overnight with
oxLDL, followed by extensive washing and subsequent
incubation with 125I-mBSA. The pre-incubation protocol
has been successfully used by us in the past, and leads
here to a significant inhibition of mBSA proteolysis, but
not cell association by the hRPE (fig. 1B). The distinct
lack of an effect of oxLDL on cell association, which is a
combination of surface-bound and internalized label,
rules out direct competition between mBSA and oxLDL
for cell surface binding sites. Degradation of 125I-mBSA
was also inhibited by pre-incubation of the hRPE with ox-
idized OS (oxOS), whereas 125I-mBSA cell association
was significantly elevated at the same time (fig. 1B). This
latter result was similar to the data reported by Finne-
mann et al. [43], who noted a modest stimulation of OS
uptake by RPE cells when coincubated with oxLDL, pre-
sumably due to the cross-linking and activation of CD36.
However, we did not observe any stimulation of internal-
ization in response to oxLDL. To resolve this contradic-
tion, we examined the effects of different pre-incubation
times with oxLDL on the ability of the hRPE to process
125I-labeled OS or mBSA. Figure 1C shows that a 3-h pre-
treatment with oxLDL resulted in a small, but statistically
significant increase in cell association values for both
125I-OS and 125I-mBSA. Using this approach, we cannot
differentiate between surface-bound and internalized la-
bel, but one can infer from the data presented by Finne-
mann et al. [43] that oxLDL increased RPE internaliza-
tion rates. Finally, to rule out any potential influence of
oxLDL on the stages of ligand binding and internaliza-
tion, we asked whether oxLDL could affect the degrada-
tion of 125I-OS internalized prior to the treatment of hRPE
cells with the former. We tested this by doing the reverse
of the standard pre-incubation protocol, i.e., first pulsing

Figure 1. OxLDL blocks intracellular processing of molecules in-
ternalized by RPE. (A) Dose-dependent degradation and cell-asso-
ciation of 125I-mBSA by hRPE cells. (B) Monolayers of hRPE were
pre-incubated overnight with indicated concentrations of either
oxLDL (�,�) or oxOS (�,�), followed by the assay for degradation
(�,�) and cell-association (�,�) of 125I-mBSA added for 5 h at a
concentration of 5 µg/ml. (C ) Degradation and cell-association of 5
µg/ml 125I-mBSA or 100 µg/ml 125I-OS was measured for 5 h fol-
lowing a pre-treatment with medium alone or 100 µg/ml oxLDL for
either 3 or 20 h. Results are presented as the percent 125I-protein de-
graded or associated in cells treated with oxLDL of that in cells
treated with medium alone. (D) The hRPE was pulsed with 1 mg/ml
125I-OS for 3 h followed by washing and addition of fresh medium
containing either 100 µg/ml oxLDL or no lipoprotein. At indicated
periods of time the distribution of 125I label was measured as de-
scribed in Material and methods. Results are presented as the per-
cent 125I-OS degraded (TCA-soluble 125I label in medium), dissoci-
ated (TCA-insoluble 125I-label in medium), or cell associated of the
total 125I radioactivity (media + cells) recovered from the corre-
sponding wells. Each data point indicates the mean + SD for tripli-
cate samples. 
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the hRPE with 125I-OS, allowing internalization of the la-
bel during a 4-h chase, and then challenging the hRPE
with oxLDL. Figure 1D demonstrates a dose-dependent
and efficient inhibition of 125I-OS proteolysis by oxLDL,
resulting in a concomitant delay of 125I-OS clearance
from RPE cells. Together, these data suggest that oxLDL
is capable of inducing comparable degrees of RPE defi-
ciency in degrading molecules of different composition
without apparent effect on their rates of internalization.
To rule out a general toxicity of oxLDL as a cause of the
altered intracellular proteolysis, we measured membrane
integrity of hRPE cells treated with various doses of
oxLDL. Concentrations of oxLDL up to 100 µg/ml did
not cause any elevation over control values (treatment
with LDL) of [14C]adenine release from hRPE cells
monolayers pre-loaded with the label, while higher doses
of oxLDL resulted in mild increase in permeability of
RPE membranes (fig. 2). Thus, the documented defi-
ciency in degradation in hRPE is induced by nontoxic
concentrations of oxLDL. 
To further investigate the mechanism of altered OS pro-
cessing in the RPE, we asked whether oxLDL could in-
activate lysosomal enzymes responsible for OS break-
down. Cathepsin D, an aspartic protease, is reported to
account for the majority of lysosomal proteolytic activity
in RPE cells [26], whereas, a thiol protease plays an im-
portant regulatory role as well [45]. We have previously
suggested that oxLDL-induced inhibition of degradation
in macrophages can be explained by the severe suppres-
sion of lysosomal thiol protease activity [35]. Therefore,
we sought to determine whether lysosomal enzyme activ-
ity is perturbed by oxLDL. Total amounts of immuno-
reactive cathepsin D and cathepsin B, an abundant lyso-
somal thiol protease, were unchanged in hRPE cells 
pre-treated with oxLDL (fig. 3A). Since Western blot

analysis cannot differentiate between inactivated and
still-active protease, we next tested the proteolytic activ-
ity towards various substrates in crude extracts of hRPE
cells adjusted to the lysosomal pH of 4.5. Figure 3B
shows that pre-treatment of the hRPE with oxLDL did
not affect the capacity of their total cell extracts to cleave

Figure 2. OxLDL is not toxic to hRPE in doses that cause a defect
in degradation. hRPE cells were labeled with [14C]adenine for 48 h
followed by washing and addition of the indicated concentrations 
of LDL, oxLDL, 0.5% Triton X-100, or medium alone (control).
After a 24-h incubation at 37°C, aliquots of culture medium 
were removed to measure the release of 14C-radioactivity from 
the cells. The data are presented as the mean + SD for triplicate
samples.

Figure 3. OxLDL does not affect overall proteolytic capacity of
hRPE. Cultured hRPE cells were treated overnight with medium
alone (control), 100 µg/ml LDL, or 100 µg/ml oxLDL, followed by
cell homogenization, separation of RPE cell homogenates into sol-
uble and insoluble fractions by 30-min centrifugation at 20,000 g.
(A) RPE proteins from each fraction were then resolved by SDS-
PAGE and analyzed by Western blotting using anti-cathepsin D
polyclonal antibody. (B) Soluble fractions of RPE homogenates
were adjusted to pH 4.5 and mixed with aliquots of either 125I-LDL
or 125I-OS for indicated periods of time, followed by assessing per-
centage the of 125I-protein converted into TCA-soluble radioactivity.
(C) Soluble fractions of RPE homogenates were adjusted to pH 4.5
and cathepsin B was measured as hydrolysis of CLN in the presence
or absence of 2 mM DTT. DTT-dependent values (latent cathepsin
B activity) were obtained by subtracting absorbance measured in
the absence of DTT from that in the presence of DTT. Each exper-
iment was performed three to five times with similar results.
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125I-LDL or 125I-OS into small TCA-soluble oligopep-
tides. To test the thiol protease activity of the RPE ex-
tracts, we used hydrolysis of CLN, which has a higher
specificity for cathepsin B, and can also be cleaved by
other thiol-dependent cathepsins, e.g., L, S, and K [46].
When assayed in the absence or presence of the reducing
agent DTT, which activates latent thiol proteases, CLN
hydrolysis in cell extracts obtained from oxLDL-treated
hRPE cells did not differ from that of LDL-treated cells
(fig. 3C). Together, these results rule out global lysoso-
mal enzyme deficiency as a reason for the failure of
oxLDL-loaded hRPE to process OS. 
Since oxLDL reduced neither hRPE internalization nor
proteolytic capacity, we reasoned that it may impede the
delivery of lysosomal enzymes to the engulfed OS via
blockage of the vesicular transport from the Golgi to

newly formed phagosomes. To determine whether
oxLDL-treated RPE cells experienced any altered phago-
some maturation, we studied the acquisition by hRPE-in-
ternalized latex beads of molecules characteristic for
early and late stages of phagocytosis. Specifically, lyso-
some-associated membrane protein 1 (LAMP-1), an
abundant lysosomal glycoprotein, and cathepsin D served
as markers of late phagosomal compartments, whereas
Rab5, a small GTPase, and early endosome antigen 1
(EEA-1), a phosphatidylinositol 3-phosphate-binding
protein, are found in early phagosomal compartments
[47]. Following accumulation of oxLDL by the hRPE, as-
sociation of LAMP-1 and cathepsin D with latex-con-
taining phagosomes was diminished by approximately
40–50% (fig. 4A, B), indicating a reduced fusion of lyso-
somal constituents with newly internalized targets. At the

Figure 4. OxLDL augments association of early phagosomal markers with latex-containing phagosomes. Cultures of the hRPE were pre-
treated for 20 h with either100 µg/ml LDL or 100 µg/ml oxLDL, followed by the removal of lipoprotein-containing medium and extensive
washings. FBS-coated magnetic latex beads were then added for the indicated periods of time, after which cell homogenates were prepared
and separated into phagosomal and nonphagosomal fractions using the magnet. RPE proteins were then subjected to SDS-PAGE and West-
ern blot analysis using specific antibodies recognizing LAMP-1, cathepsin D, Rab5, or EEA1. (A) Late phagosome markers LAMP-1 and
cathepsin D. (C) Early phagosome markers Rab5 and EEA1. (B, D) Integrated optical density of the immunoreactive bands was analyzed
by densitometry using Scion Image v4.0.2 software. Results are presented as relative optical density of phagosome-associated markers nor-
malized to that of total (phagosomal + nonphagosomal) intracellular levels of a respective marker. 
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same time, greater amounts Rab5 and EEA1 were re-
cruited to the latex beads ingested by cells pre-incubated
with oxLDL (fig. 4C, D). Since LAMP-1 and cathepsin D
are always vesicle-associated, whereas Rab5 and EEA1
can exist in a membrane-bound or cytosolic form, these
data suggest that in oxLDL-treated RPE cells, vesicular
transport is impaired, but not the acquisition of cytosolic
trafficking molecules by phagosomes. When taken to-
gether with other effects of oxLDL, e.g., blockade of
cathepsin D maturation and its targeting to the cell sur-
face [48], and alteration of the actin cytoskeleton [49],
these features resemble the effects of PI3K inhibitors. 
Activities of class I and III PI3K are essential for signal
transduction and membrane fusion events during phago-
cytosis [50]. We asked whether the observed blockade in
phagosome maturation is associated with any change in
class I PI3K activity on the phagosomal membranes.
Phagosomal membranes isolated from hRPE cells pre-
treated with oxLDL demonstrated a sustained decrease in
PI3K activity compared to cells treated with LDL (fig. 5).
OxLDL was as effective as the highest nontoxic dose of

LY294002, a known inhibitor of all PI3K (fig. 5A). To
further investigate the mechanism of oxLDL-induced in-
hibition of PI3K activity, we studied the presence of the
PI3K molecule on the phagosomal membrane. The cellu-
lar localization and activity of the catalytic subunit of the
class I PI3K, p110, is controlled by the regulatory sub-
unit, p85 [51]. The p85 subunit itself is recruited to the
membranes via its SH2 domain that binds phosphory-
lated tyrosines (pY) present on either membrane recep-
tors or adapter proteins [51]. Acquisition of p85 was sig-
nificantly impaired by phagosomes of the hRPE follow-
ing the treatment with oxLDL compared to LDL
treatment (fig. 6A), suggesting the underlying mecha-
nism for the reduced PI3K activity. We have indepen-
dently confirmed this result by studying the colocaliza-
tion of latex beads and p85 in mouse peritoneal
macrophages using confocal immunofluorescence mi-
croscopy [G. Hoppe, unpublished observation]. Unfortu-
nately, confluent hRPE, unlike macrophages, forms very
tightly packed cellular monolayers, making it very diffi-
cult to accurately demonstrate overlapping of an abun-
dant membrane protein with phagosomes in the cultured
RPE. Since tyrosine phosphorylation is a signal for p85
association with the membranes, we also asked whether
oxLDL affected the overall levels of pY. Figure 6B shows

Figure 5. Reduced activity of PI3K in phagosomes of hRPE pre-
treated with oxLDL. (A) Cultures of the hRPE were challenged
with FBS-coated magnetic latex beads in the presence of the fol-
lowing reagents: 100 µg/ml LDL, 100 µg/ml oxLDL, 100 µM
LY294002 (LY), or 100 µM chloroquine (CHQ). After 4 h incuba-
tion, latex-containing phagosomes were isolated from cell ho-
mogenates and assayed for PI3K activity. Products of the in vitro ki-
nase reaction were resolved by TLC and phosphorylated PIP3 was
detected by autoradiography. (B) Human RPE cells were first pre-
treated with either 100 µg/ml LDL or 100 µg/ml oxLDL overnight
followed by the removal of lipoprotein-containing medium and ex-
tensive washings. FBS-coated magnetic latex beads were then
added for indicated periods of time, after which cells were ho-
mogenated and the isolated phagosomal fraction was tested for
PI3K activity as above. 

Figure 6. OxLDL causes deficient recruitment of the p85 subunit
of PI3K to phagosomes in hRPE. (A) Cultures of hRPE were pre-
treated for 20 h with either100 µg/ml LDL or 100 µg/ml oxLDL,
followed by the removal of lipoprotein-containing medium and ex-
tensive washings. FBS-coated magnetic latex beads were then
added for the indicated periods of time, after which cell ho-
mogenates were prepared and separated into phagosomal and non-
phagosomal fractions using the magnet. RPE proteins were then
subjected to SDS-PAGE and Western blot analysis using specific
antibodies recognizing the p85 subunit of PI3K. (B) Human RPE
cells were incubated overnight with either medium alone (control),
or in the presence of 100 µg/ml acLDL, 50 µg/ml oxLDL, or 
100 µg/ml oxLDL. At the end of the incubation, cellular proteins
were solubilized directly in Laemmli sample buffer, resolved by
SDS-PAGE, and probed by Western blotting using an anti-phos-
photyrosine antibody (pY). 



a Western blot analysis with a pY-specific antibody of the
total cell lysates obtained from the hRPE that received
various forms of modified LDL. Uptake of oxLDL but
not acLDL resulted in a global reduction of the pY con-
tent in hRPE cells, suggesting that oxLDL may be capa-
ble of suppressing phosphotyrosine signaling. Using
mouse peritoneal macrophages we also confirmed this
result immunohistochemically by observing that oxLDL
reduced the phagosome-associated pY immunoreactivity
[G. Hoppe, unpublished observation]. Thus, our results
indicate that oxLDL inhibits class I PI3K recruitment to
phagosomes formed by hRPE internalization of latex
beads. 

Discussion

Due to the highly pro-oxidative environment of the outer
retina secondary to photo-illumination, high oxygen ten-
sion, metabolic by-products, and abundant polyunsatu-
rated fatty acids, the RPE is likely to experience elevated
oxidative stress [24, 52]. Oxidative breakdown of lipids
results in the formation of a number of toxic intermedi-
ates, including fatty acid hydroperoxides and reactive
aldehydes, most of which are chemically characterized as
electrophiles, i.e., biologically active molecules capable
of abstracting electrons and thereby forming covalent
links with side chains of cysteinyls, lysyls, arginyls, and
histidyls [53]. Therefore, the biological effects of oxi-
dized lipids are often attributed to the toxicity associated
with the products of lipid peroxidation, including the
ability of ‘artificial lipofuscin’ (UV-oxidized OS) to per-
turb RPE phagocytosis [54]. Our results demonstrate that
accumulation of oxidized products in the RPE leads to the
inhibition of intracellular OS processing via a mechanism
that cannot be explained by the reduced OS uptake, direct
inactivation of lysosomal enzymes or compromised
plasma membrane integrity of RPE. Sequential challenge
of the hRPE with oxLDL and then with OS created an ac-
cumulation of oxLDL and OS in different cellular com-
partments [G. Hoppe, unpublished observation], and was
the key to achieving nontoxic effects on OS processing,
which persist even after an additional 24-h recovery pe-
riod between oxLDL removal and OS addition [27, 48].
Although under our experimental conditions, oxLDL is
likely to be chased into a terminal compartment, which
has a limited capacity to fuse with newly internalized
phagosomes [55], it affects newly internalized molecules,
possibly via cytosolic transport or through membrane lat-
eral diffusion of polar lipids [56]. We have recently shown
that a relatively polar lipid fraction in oxLDL can account
for the majority of its biological activity [41, 57]. 
The unexpected failure of oxLDL to cause direct inacti-
vation of lysosomal enzymes in the hPRP is partially in-
consistent with our previous studies on macrophages,

where oxLDL effectively suppressed the activity of the
thiol protease, cathepsin B, but not the aspartic protease,
cathepsin D [35]. This discrepancy is likely due to the sig-
nificant differences in endo-phagosomal pathways be-
tween macrophages and RPE cells. For example, primary
cultures of mouse peritoneal macrophages exhibit far
greater rates of uptake and catabolism of various macro-
molecules, including faster cleavage of rhodopsin and
degradation of OS [G. Hoppe, unpublished observa-
tions]. The proteolytic repertoires of these cell types are
apparently also distinct, with a greater contribution of
thiol protease activity to macrophage lysosomal proteol-
ysis. The lack of direct enzyme inactivation by oxLDL is,
on the other hand, consistent with the reports that intra-
cellular accumulation of lipofuscin or its major compo-
nent, A2E, leads to lysosomal dysfunction [58, 59] and
inhibition of phagocytosis [54], without apparent effects
on any of 23 hydrolytic lysosomal enzymes [60]. 
In this study, we provide evidence that oxLDL, as a pro-
totype of a lipid-protein cross-link, is capable of arresting
phago-lysosome formation in the RPE by selective exclu-
sion of lysosomal markers and PI3K, while inducing an
excessive association of the early trafficking markers
with the phagosomal membranes. Thus, our results sug-
gest that the poor processing of OS by oxLDL-loaded
RPE cells is a result of impaired phagosome maturation,
which is associated with deficient PI3K signaling. The
role of the class III PI3K in membrane trafficking includ-
ing phagosome maturation is well known for a variety of
phagocytic processes, e.g., autophagy, host defense, and
surfactant turnover [50, 61, 62]. On the other hand, the
class I PI3K is traditionally implicated in various steps of
signal transduction during phagocytosis, e.g., actin re-
modeling [63]. However, evidence also exists that the ac-
tivity of this class of PI3K is required for some specific
vesicle transport events [64–66]. The product of PI3K ac-
tivity, PI3P, is thought to contribute to the formation of a
fusion-competent multimeric complex on the cytosolic
side of the vesicle, in which Rab5 and EEA1 interact with
PI3P directly [67]. Recruitment of EEA1 to the mem-
branes in normal conditions has been shown to be PI3P
dependent [68], which seemingly contradicts our data on
excessive accumulation of EEA1 on the phagosomes
with reduced PI3K activity. However, since EEA1 can
also be recruited to the membranes via its Rab5-binding
domain [69], the following scenario of fusion blockade
by oxLDL is possible. OxLDL-mediated reduction in
PI3K activity may lead to membrane depletion of PI3P,
followed by an assembly of incomplete and fusion-in-
competent vesicle docking complexes [70]. Cells in turn
overcompensate for the lack of vesicle maturation by ex-
cessive recruitment of Rab5 to the fusion-deficient mem-
branes, which triggers abnormal accumulation of EEA1
that still cannot be activated in the absence of PI3P [71].
This proposed mechanism fits remarkably well with the
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recently reported data on paradoxical enhancement of
Rab5 recruitment to latex-containing phagosomes in
macrophages treated with wortmannin, a PI3K inhibitor
[72]. 
Accumulation of lipofuscin within post-mitotic tissues is
a common feature of many age-associated disorders in-
cluding macular degeneration of the retina [23, 73]. We
found that accumulation of oxLDL, a prototype for ox-
idatively damaged undegradable supramolecular com-
plexes, causes phagolysosomal dysfunction in RPE cells
through perturbation of intracellular vesicle trafficking
without appreciable inactivation of lysosomal enzymes.
Lysosomotropic properties of A2E [58], and the ability of
lipofuscin to alter lysosome-mediated processes [54, 58,
59] via an apparently nontoxic mechanism [60], rein-
forces the relevance of our findings.
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