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Clearance of autophagy-associated dying retinal
pigment epithelial cells – a possible source for
inflammation in age-related macular degeneration

M Szatmári-Tóth1, E Kristóf1, Z Veréb2, S Akhtar3, A Facskó2, L Fésüs1, A Kauppinen4, K Kaarniranta4 and G Petrovski*,1,2,5

Retinal pigment epithelial (RPE) cells can undergo different forms of cell death, including autophagy-associated cell death during
age-related macular degeneration (AMD). Failure of macrophages or dendritic cells (DCs) to engulf the different dying cells in the
retina may result in the accumulation of debris and progression of AMD. ARPE-19 and primary human RPE cells undergo
autophagy-associated cell death upon serum depletion and oxidative stress induced by hydrogen peroxide (H2O2). Autophagy was
revealed by elevated light-chain-3 II (LC3-II) expression and electron microscopy, while autophagic flux was confirmed by blocking
the autophago-lysosomal fusion using chloroquine (CQ) in these cells. The autophagy-associated dying RPE cells were engulfed
by human macrophages, DCs and living RPE cells in an increasing and time-dependent manner. Inhibition of autophagy by
3-methyladenine (3-MA) decreased the engulfment of the autophagy-associated dying cells by macrophages, whereas sorting out
the GFP-LC3-positive/autophagic cell population or treatment by the glucocorticoid triamcinolone (TC) enhanced it. Increased
amounts of IL-6 and IL-8 were released when autophagy-associated dying RPEs were engulfed by macrophages. Our data suggest
that cells undergoing autophagy-associated cell death engage in clearance mechanisms guided by professional and non-
professional phagocytes, which is accompanied by inflammation as part of an in vitro modeling of AMD pathogenesis.
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The human retina is under constant remodeling throughout the
lifetime, with various forms of cell death occurring in its 10
anatomical layers including the outermost – retinal pigment
epithelium (RPE).1 Autophagic cell death has been described
as early as embryonic development and organogenesis2 and
as late as old age, in particular, in neurodegenerative
diseases.3 The retina – being an extension of the central
nervous system into the eye – is also prone to autophagy and
degeneration with age-related macular degeneration (AMD)
being the leading cause of legal blindness in the aging
population of the Western countries.4

Corticosteroids are commonly used in ophthalmology for
treatment of various retinal diseases.5 Triamcinolone (TC), a
conventional corticosteroid with anti-inflammatory and anti-
angiogenic activity, is a potent treatment for intraocular
proliferative, edematous and neovascular ocular diseases6,7

and AMD,8,9 in particular, exudative AMD.10,11 TC treatment
can be used alone or in combination with other treatments
such as photodynamic therapy with verteporfin or anti-
vascular endothelial growth factor agents.12

Since the first description of autophagy in 1966,13,14 the
process has been ascribed to have a role as survival
mechanism under poor nutritional conditions.15 However, it
is now clearly evident that autophagy has a dual role.16–18 This
degradative mechanism for long-lived proteins and damaged
organelles via the autophago–lysosomal pathway can provide
possibility of cellular self-destruction under chronic stress
conditions.19,20 RPE cells can also be induced to undergo
autophagy-associated cell death by starvation and oxidative
stress.21–23

The final fate of dead cells in the body depends upon the
clearance mechanisms posed by macrophages and dendritic
cells (DCs) both acting as professional phagocytes and/or
antigen-presenting cells.24 These cells are capable of engulf-
ing apoptotic and necrotic cells without causing inflammation,
respectively,25 while autophagy-associated dying cells are
capable of inducing inflammation.26–28 During embryonic
development, clearance of a large number of apoptotic cells
takes place; similarly, clearance of apoptotic granulo-
cytes occurs during inflammation, and daily clearance of
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photoreceptor outer segments occurs throughout the
lifetime29,30 and intensifies during aging.31,32 Many different
cell types are equipped with machinery to engulf, including
epithelial cells and RPEs, which can act as non-professional
phagocytes.33

AMD can be classified in a simplified way as dry, when the
Bruch's membrane is still intact,34 and wet, when choroidal
neovascularizations (CNVs) penetrate through the membrane
and many cells present in the blood circulation can reach the
damaged area.35,36

Autophagy markers in the RPEs have been detected in
cadaver eyes from AMD patients.37–40 To our present knowl-
edge, the final fate and clearance mechanism of cells dying
through an autophagy-associated process in the retina have
not been revealed. We have initiated a series of experiments,
in which autophagy-associated cell death was induced in
ARPE-19 and primary human RPE (hRPE) cells by serum
deprivation and oxidative stress by H2O2. The engulfment of
these cells by professional or non-professional phagocytes,
human macrophages, DCs or RPEs, respectively, was
studied accordingly. Furthermore, the effect of TC, a
glucocorticoid which we recently described to enhance
phagocytosis of anoikic dying RPEs,41 was studied upon
engulfment of autophagy-associated dying RPEs. We show
here that autophagy-associated dying RPEs are engulfed by
macrophages, DCs and RPE cells in an increasing and
time-dependent manner. This process is accompanied by a
pro-inflammatory response, while TC enhances the engulf-
ment capacity of macrophages. Altogether, the data contribute
to better understanding and in vitro modeling of AMD
pathogenesis and its possible implications in the search for
treatment targets.

Results

Serum deprivation and H2O2 co-treatment induce autop-
hagy in RPE cells. The induction of autophagy by serum
deprivation and H2O2 co-treatment (both being previously
described as inducers of autophagy) was studied in RPE
cells23,42,43 and in other cell types.44–46

Time- and concentration-dependent induction of autophagy
was determined bywestern blot analysis of LC3 expression. In
both, ARPE-19 and hRPE cells, the ratio of 17 kDa LC3-II (the
autophagosomal membrane-bound form of LC3) and 19 kDa
LC3-I (the free cytosolic form) increased the most at 2 h of
serum deprivation and 1 mM H2O2 treatment (Figure 1a),
while the SQSTM1/p62 expression (additional autophagoso-
mal membrane-associated marker for detecting autophagy)47

showed decreasing tendency under the same treatment
modality in ARPE-19 cells (Figure 1b). Autophagic vacuoles
(AVs) were detected by transmission electron microscopy
(TEM) at 2 h of 1 mMH2O2 treatment. The presence of double-
membraned AVs containing cytosolic components (black
arrow), some of which were being fused with the lysosomes
(white arrow), could also be confirmed (Figure 1c).

Increased autophagy in RPE cells is accompanied by
increased autophagic flux. The lysosomal inhibitor CQ
was used to measure the endogenous LC3-II turnover.

The induction of autophagosome formation could be deter-
mined by immunoblotting, showing increased LC3-II expres-
sion after CQ treatment.48 Inhibition of the autophago-
lysosomal fusion by CQ significantly increased the LC3-II/
LC3-I ratio, and thus autophagic flux was present in
H2O2-treated ARPE-19 and hRPE cells (Figure 2a).
Induction of autophagy in ARPE-19 cells led to the

accumulation of perinuclear green fluorescent protein (GFP)-
LC3-positive aggregates or ring-shaped AVs, which could be
detected by fluorescencemicroscopy (Figure 2b). The number
and size of the GFP-LC3-positive AVs peaked at 2 h of 1 mM
H2O2 treatment; more abundant and bigger GFP-LC3-positive
AVswere found as a result of the CQ treatment (40.9±8.4% of
the cells contained GFP-LC3-positive vacuoles counted
manually and 23.9±1.2% of the cells were GFP-LC3-
positive when quantified by fluorescence-activated cell sorter
(FACS) analysis).

Induction of autophagy-associated cell death in RPE
cells. ARPE-19 and hRPE cells die because of serum
deprivation and H2O2 co-treatment in a time- and
concentration-dependent manner as demonstrated by a
high-throughput flow cytometry-based method.49 Cells that
are viable are both Annexin V (AnxV)- and propidium
iodide (PI)-negative, while cells that are AnxV+ and
PI−, AnxV− and PI+ indicate early apoptosis and necrosis,
respectively. In addition, AnxV/PI double positivity is
a sign of late apoptosis, primary or secondary necrosis.50,51

After 2 h of 1 mM H2O2 treatment, the percentage of living
ARPE-19 cells, compared with the untreated control ones,
significantly decreased from 91.4±1.7% to 28.6± 14.2%. In
case of hRPE cells, the ratio of living cells changed
from 87.1±4.9% to 51.6± 3.6%. In parallel, the percentage
of only AnxV+ ARPE-19 cells increased from 2.1±2% to
41±10.8%; 17.7±12.7% of the hRPE cells became
AnxV+ as a result of induction of autophagy-associated
cell death, while the untreated control contained only
3.2± 2.8% of these early apoptotic cells (Figure 3a).
Altogether, the H2O2 treatment causes RPE cells to undergo
a mixture of different cell death modalities over the
tested time.
ARPE-19 cells were transiently transfected with

mCherry-LC3 plasmid, then treated with H2O2 (2 h, 1 mM);
accordingly, the percentage of LC3+ untreated ARPE-19 cells
was 15.02% and it increased to 28.76% upon H2O2 treatment;
meanwhile, the percentage of AnxV+ cells increased from 3.4
to 17.5%. Moreover, 52.3% of LC3+ cells were AnxV+, while
83.88% of AnxV+ cells were LC3+ as well (Figure 3b). These
data suggest that autophagy-associated processwas induced
in most of the dying ARPE-19 cells as a result of H2O2

treatment.

Autophagy-associated dying RPE cells are efficiently
engulfed by macrophages, DCs and non-dying RPE
cells. Although phagocytosis of apoptotic-, autophagy-
associated dying and necrotic cells has been extensively
studied in other organ systems, and we have previously
shown the clearance dynamics of apoptotic/anoikic RPE cells
in vitro,41 no data exist on how autophagy-associated
dying cells get removed from the retina. Living RPE cells,
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macrophages and DCs could engulf autophagy-associated
dying RPE cells with increasing number of phagocytes
containing cell corpses over a 24 h period quantified by flow

cytometry (Figures 4a–d and Supplementary Figure 1) and
demonstrated by time-lapse microscopy (Supplementary
Videos 1 and 2).

Figure 1 Serum deprivation and H2O2 co-treatment result in induced autophagy in ARPE-19 and human primary RPE (hRPE) cells. Detection of autophagy by quantification
of the LC3-II/LC3-I ratio (a) and p62 expression (b) in ARPE-19 (left panels) and primary hRPE cells (right panels) using western blot analysis after increasing time (2 h, 4 h) and
concentrations (0.4 mM, 0.8 mM, 1 mM) of H2O2-treatment in the absence of serum. Relative optical density was determined by densitometry using the ImageJ software (white
bars show the untreated controls; gray and black bars represent 2 h and 4 h long treatments, respectively). GAPDH and tubulin were used as loading controls. Data are
mean±S.E.M. of three independent measurements, *Po0.05, **Po0.01. (c) Double-membraned autophagic vesicles (black arrow) were detected in H2O2-treated (2 h, 1 mM)
ARPE-19 cells by transmission electron microscopy (TEM, Philips CM 10 microscope). Fusion between the autophagosomes and lysosomes (white arrow) was observed. Scale
bars represent 1 μm (left panel) or 200 nm (right panel). Data are representative of three independent experiments
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Living ARPE-19 cells removed autophagy-associated dying
ARPE-19 cells in an efficient manner, reaching an average
phagocytosis frequency of 3.8±1.1% (Figure 4a) at 8 h of
co-incubation. Similarly, the rate of phagocytosis of
autophagy-associated dying ARPE-19 cells by macrophages
was 6.9±1.7% (Figure 4b). The engulfment of autophagy-
associated dying primary hRPE cells by macrophages was
even more efficient, the phagocytic capacity being
21.2±3.3% (Figure 4c) after 8 h of co-incubation. TC
treatment further enhanced the engulfment process under
most conditions (Figures 4a–c and Supplementary Videos 3

and 4). Interestingly, DCs engulfed autophagy-associated
dying ARPE-19 cells more effectively: the phagocytic rate
was 26.7±10.8% in case of immature DCs (iDCs), and
21.4±6.4% when DCs were activated by IL-1β (5 ng/ml), IL-6
(100 ng/ml), TNFα (10 ng/ml), PGE2 (1 μg/ml), granulocyte-
macrophage colony-stimulating factor (GMCSF) (80 ng/ml)52

(Figure 4d) after 8 h of co-incubation.

Inhibition of autophagy in ARPE-19 cells by 3-MA
attenuates phagocytosis by macrophages. Next, we
investigated the effect of 3-MA on cell death and

Figure 2 Detection of increased autophagic flux in ARPE-19 and primary hRPE cells. (a) Autophagic flux was assessed by western blot analysis based on the quantification
of LC3-II/LC3-I ratio. ARPE-19 (left panel) and primary hRPE cells (right panel) were pre-treated with chloroquine (CQ) (0.5 h,12.5 μM) and then treated with H2O2 (2 h, 1 mM) in
the presence or absence of serum. GAPDH was used as a loading control. Relative optical density was determined by densitometry using the ImageJ software. Data are
mean± S.E.M. of three independent experiments, *Po0.05, **Po0.01. (b) Representative immunofluorescence images of ARPE-19 cells transiently transfected with a
GFP-LC3 plasmid. Non-transfected, GFP-LC3-transfected and untreated cells are shown in row 1 and 2, respectively. H2O2 treatment resulted in the accumulation of perinuclear,
ring-shaped GFP-LC3-positive aggregates in the transfected ARPE-19 cells (row 3). CQ and subsequent H2O2 treatment (2 h, 1 mM) led to more abundant and bigger GFP-LC3-
positive AVs (row 4). Cell nuclei were labeled with DAPI. Scale bar represents 20 μm. Images are representative of three independent experiments. Quantification of cells
containing GFP-LC3-positive vacuoles (top graph) was performed by manual cell counting based on the fluorescent images. The ratio of the number of GFP-LC3-positive cells to
the total cell number in H2O2-treated ARPE-19 cells is shown as a percentage. Data are expressed as mean± S.D. of at least 10 different visual fields on microscopy from three
independent experiments in each condition (*Po0.05, by Student t-test). The percentage of GFP-LC3-positive cells (bottom graph) was quantified using FACS analysis. Data are
expressed as mean± S.D. of three independent experiments, *Po0.05 by Student t-test
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consequently the engulfment of 3-MA/autophagy inhibited
ARPE-19 cells; 10 mM 3-MA pre-treatment for 24 h27 partially
blocked the conversion of LC3-I to LC3-II, which proved that
3-MA could inhibit the autophagic process in H2O2-treated
ARPE-19 cells (Figure 5a). In addition, this inhibitor sig-
nificantly increased the number of living cells, while it
significantly decreased the number of AnxV+ and PI+, as
well as double positive H2O2-treated ARPE-19 cells. Thus,
3-MA pre-treatment inhibited the autophagy-associated cell
death of ARPE-19 cells (Figure 5b). The inhibition of
autophagy in ARPE-19 cells by 3-MA significantly decreased
the engulfment of autophagy-associated dying cells by
untreated and TC-treated macrophages (Figure 5c).

Engulfment of GFP-LC3-positive/autophagy-associated
dying ARPE-19 cells. To determine whether the engulfed
cells were actually the autophagy-associated dying cells and
not any other type of dying cells, the engulfment of GFP-LC3
transfected, H2O2-treated ARPE-19 cells was quantified. The
actual phagocytic rate was 9.3± 3.7%, comparable with the
engulfment when vitally stained, H2O2-treated ARPE-19
cells were co-incubated with the macrophages. In addition,
the GFP-LC3-positive and -negative RPE cells were sorted
out and co-incubated with macrophages for 8 h. The rate of
phagocytosis of non-autophagic, GFP-LC3-negative RPEs
was negligible (0.6±0.2%), whereas in contrast, macro-
phages engulfed the GFP-LC3-positive RPEs at the same

Figure 3 ARPE-19 and primary hRPE cells die as a result of serum deprivation and H2O2 co-treatment in a time- and concentration-dependent manner. (a) Quantification of
the cell death rate by flow cytometry after increasing time intervals (2 h, 4 h) and concentrations (0.4 mM, 0.8 mM, 1 mM) of H2O2-treatment in the absence of serum in ARPE-19
(left panel) and hRPE (right panel) cells using Annexin V (AnxV)-FITC/propidium iodide (PI) labeling. Sodium-azide treatment (4 h, 1 mM) was used as positive control for necrotic
cell death. The bar charts indicate the percentage of AnxV−/PI− (viable; black bars), AnxV+/PI− (early apoptotic; gray bars), AnxV−/PI+ (necrotic; white bars) and AnxV+/PI+

(late apoptotic; striped bars) cells. Data are shown from three and four independent experiments for ARPE-19 and hRPE, respectively. Representative dot plots of AnxV/PI
measurements of dying ARPE-19 and hRPE cells are also shown. The horizontal axis represents intensity of staining for Annexin V (logarithmic scale) and the vertical axis shows
intensity of staining for PI (logarithmic scale). The numbers in the quadrants indicate the percentage of different cell populations: viable (lower left), apoptotic (lower right), necrotic
(upper left), late apoptotic cells (upper right). Data are representative of three independent experiments. (b) The rate of H2O2-induced cell death of ARPE-19 cells containing
LC3-positive AVs and showing PS externalization is demonstrated; mCherry-LC3 plasmid was transiently transfected into ARPE-19 cells using PEI reagent. The cells were
treated with H2O2 (2 h, 1mM) and then annexin V-FITC labeling was performed. The bar charts represent the percentage of LC3−AnxV− (black bars), LC3+AnxV− (gray bars),
LC3−AnxV+ (white bars) and LC3+AnxV+ (striped bars) cells. The table shows the percentage of LC3+ and AnxV+ cells and the rate of LC3+AnxV+/AnxV+ and LC3+AnxV+/LC3+

untreated and H2O2-treated cells. Data are shown from three independent experiments
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rate (13.7± 3.3%) (Supplementary Video 7) as they did the
non-sorted autophagy-associated dying cells (Figure 6a
and Supplementary Video 5), thus confirming their fate
in the engulfment process. In addition, TC treatment
significantly enhanced the engulfment of GFP-LC3-trans-
fected, H2O2-treated ARPE-19 cells (Figure 6b and
Supplementary Video 6).

Macrophages engulfing H2O2-induced dying RPE cells
release IL-6 and IL-8. The release of IL-6 and IL-8 during
the clearance of autophagy-associated dying RPE cells by
macrophages was studied next (Figure 7). Negligible amount
of IL-6 and IL-8 secretion could be measured from TC-treated
(48 h, 1 μM) and untreated macrophages (in the absence of

dying cells). H2O2-treated RPE cells themselves released
significantly higher amount of IL-8 compared with the
amount of secreted IL-6. Co-incubation of macrophages with
the dying ARPE-19 or hRPE cells for 8 h lead to induction
of a pro-inflammatory response as suggested by the
increased levels of IL-6 and IL-8 measured in the culture
supernatants. Furthermore, an increased amount of IL-8 was
released when H2O2-induced dying cells were added to the
macrophages compared with the released amount of
IL-6. Owing to the anti-inflammatory effect of the glucocorti-
coid TC, the production of both IL-6 and IL-8 was decreased
during engulfment of autophagy-associated dying RPE
cells. Our data suggest that the clearance of autophagy-
associated dying RPE cells by macrophages leads to a

Figure 4 Non-professional and professional phagocytes are able to efficiently engulf autophagy-associated dying RPE cells in vitro. The clearance of autophagy-associated
dying ARPE-19 cells by living ARPE-19 cells (a) and macrophages (MΦ) (b) after increasing co-incubation periods (4 h, 8 h, 12 h, 24 h) is shown as determined by FACS
analysis. Phagocytes pre-treated with triamcinolone (TC) (48 h, 1 μM) were labeled by black bars (gray bars indicate untreated phagocytes). (c) The rate of phagocytosis of
autophagy-associated dying primary hRPE cells by MΦs treated with (black bars) or without (gray bars) TC were measured after increasing co-incubation periods (0.5 h, 1 h, 8 h)
by FACS analysis. (d) Phagocytic capacity of immature DCs (iDCs) (white bars) and mature DCs (mDCs) (striped bars) for engulfment of anoikic or autophagy-associated dying
ARPE-19 cells after 4 and 8 h co-incubation is shown, respectively. Bars represent the mean± S.D. of four independent experiments. *Po0.05, **Po0.01
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pro-inflammatory response in vitro. It is to note that the
minority of the dead cells interacting with the macrophages
were primary or secondary necrotic cells. Taken this fact
into account, we cannot exclude their possible role in the
induction of inflammatory cytokine release by macrophages
completely.

Discussion

Retinal cells can undergo awide range of cell death modalities
including apoptosis, anoikis, autophagy and necrosis through-
out their lifetime. Several studies have demonstrated that
autophagy decline or dysregulation is associated with AMD

Figure 5 Inhibition of autophagy-associated cell death of ARPE-19 cells by 3-MA and subsequent effect upon phagocytosis. (a) Detection of autophagy inhibition by
quantification of LC3-II/LC3-I ratio in 3-MA pre-treated (24 h, 10 mM) and H2O2-treated (2 h, 1 mM) ARPE-19 cells is shown using western blot analysis. Relative optical density
was determined by densitometry using the ImageJ software (white bar shows the untreated control, black bars represent the treated samples). GAPDH was used as a loading
control. Data are mean± S.E.M. of three independent measurements, *Po0.05, **Po0.01. (b) Quantification of the cell death rate of 3-MA pre-treated (24 h, 10 mM) and
H2O2-treated (2 h, 1 mM) ARPE-19 cells by FACS analysis using Annexin V-FITC/PI labeling. Data are expressed as mean± S.D. of four independent experiments, *Po0.05 by
Student t-test. (c) Phagocytosis of 3-MA pre-treated (24 h, 10 mM) and H2O2-treated (2 h, 1 mM) ARPE-19 cells by untreated and TC-treated (48 h, 1 μM) MФs after increasing
co-incubation periods (4 h, 8 h, 12 h, 24 h). Bars represent mean± S.D. of three independent experiments, *Po0.05, **Po0.01
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pathogenesis.4,37–40,53 The molecular mechanisms control-
ling effective dead cells' clearance are poorly understood.
Inefficient removal of dying cells by professional and non-
professional phagocytes can result in the accumulation of
cellular debris in the space between the Bruch’s membrane
and the RPE layer and development of AMD. Autophagy-
related proteins have been detected in the drusen of eyes from
patients suffering with the disease.38 In the current study,
clearance of RPE cells undergoing autophagy-associated cell
death by human macrophages, DCs and living RPEs was
examined.
It is widely accepted that oxidative stress and production of

reactive oxygen species in RPE cells have a major role in the
pathogenesis of AMD. Increased levels of reactive oxygen
species can lead to cellular or molecular damage and
accumulation of detrimental products, for example, intracel-
lular lipofuscin and extracellular drusen, which are a hall-
mark of age-related conditions. The imbalance between
production of reactive oxygen species and antioxidant defense
responses, such as catalase and superoxide dismutase
activity, can result in an increased oxidative stress.22,54,55 It
was described that reactive oxygen species can act as
signaling molecules in nutrient starvation-induced autophagy,
which has an important role in cellular survival response to
stress conditions.56,57 In healthy cells, autophagy is present
at a basal level. However, hypoxia, oxidative stress and
inflammation can enhance the accumulation of autophagic
markers.58,59

We observed an induction of autophagy in RPE cells after a
2 h, 1 mMH2O2 treatment using TEM, immunoblotting for LC3/
p62 expression and GFP-LC3 transfection assays. We could
confirm and apply a recent finding that the fusion of AVs with
lysosomes and degradation of autophagic proteins can be
blocked by CQ treatment in ARPE-19 cells, which leads to
increased levels of LC3-II.48 Combining these approaches, an
in vitro detection model for autophagy in RPE cells could be
established.
The continuous removal of dying cells from the tissues is

essential for maintaining tissue homeostasis and physiologi-
cal balance of the innate immunity.25 Autophagy contributes to
programmed cell death and has a significant role in the
exposure of energy-dependent ‘eat-me’ signals, especially
presentation of phosphatidylserine (PS) on the surface of
dying cells.60 The uptake of autophagy-associated dying cells
can bemediated by two different pathways: PS being exposed
to the surface of dying cells for efficient recognition and
removal by non-professional phagocytes,61,62 and PS-
independent engufment performed by macrophages acting
as professional phagocytes.26 We observed that the percen-
tage of PS-positive or dying RPE cellswas increased in a time-
and concentration-dependent manner upon H2O2 treatment:
autophagy-associated cell death was induced as a result of
serum deprivation and oxidative stress caused by H2O2

treatment in these cells. Nevertheless, the H2O2 treatment
on RPE cells caused a mixture of different cell death
modalities to be present at the same time.

Figure 6 Dynamics of the engulfment of GFP-LC3 transfected, H2O2-treated ARPE-19 cells. (a) Phagocytosis of GFP-LC3-transfected, untreated or H2O2-treated (2 h,
1 mM) and GFP-LC3-negative or -positive sorted cells, and not transfected, H2O2-treated ARPE-19 cells by MФs after 8 h co-incubation. (b) Clearance of GFP-LC3-transfected,
untreated or H2O2-treated and not transfected, H2O2-treated ARPE-19 cells by untreated and TC-treated (48 h, 1 μM) MФs after 8 h co-incubation. Bars represent mean±S.D.
of three independent experiments, *Po0.05
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RPE cells form the blood–retina barrier, the Bruch’s
membrane found underneath them being a regulator of the
transport of biomolecules, oxygen, nutrients and metabolic
waste products between the RPE and choriocapillaris.63 The
apical membrane of the RPEs ensheathes the photoreceptors
in the retina and engulfs the shed tips of the photoreceptor
outer segments, thus recycling them on a daily basis.61,62

RPEs are therefore one of the most effective or potent
phagocytes in the human body. Phagocytosis by RPEs is
responsible for the normal visual cycle, retinal homeostasis as
well as support of normal photoreceptor function.64,65

The pathogenesis of dry AMD is characterized by accumu-
lation of dead cells, intracellular lysosomal lipofuscin and
extracellular drusen deposits.34 In this case, the blood–retina
barrier is intact, therefore, only non-professional phagocytes
(living RPE cells) can engulf the dying neighboring cells. Our
ARPE-19 cells engulfed efficiently and increasingly over time
the autophagy-associated dying RPE in vitro.
In wet type of AMD, abnormal blood vessels penetrate

through the blood–retinal barrier leading to hemorrhages
and retinal edema. Many wet AMD studies have confirmed
accumulation of macrophages in the drusen, in the areas of
breakdown of Bruch’s membrane and CNVs.66 Macrophages
have a dual role in AMD: pro-inflammatory M1 macrophages

can act as inflammatory stimulators, whichmight induce tissue
damage, in contrast to the relatively anti-inflammatory M2
macrophages, which function as housekeepers and have a
significant role in the clearance of drusen deposits.67 More-
over, the presence of DCs in drusen-associated changes in
the retina has been reported recently in cases of RPE cells'
injury.68

Mertk expression on the surface of macrophages has an
important role in the clearance of dying cells. DCs also
express Mertk, which seems not to be involved in this process.
In addition, Axl and Tyro3 receptors are also necessary for the
phagocytic activity and have a crucial role in DCs, but to a
lesser extent in macrophages. In case of non-professional
RPEs serving as phagocytes, Mertk is the key receptor for
triggering ingestion.69 Non-professional and professional
phagocytes have a major role in the pathogenesis of wet
AMD.33,70 In a recent study, we showed that MerTk has a key
role in the regulation of TC-enhanced phagocytosis of RPE
cells by non-professional and professional phagocytes.41

Here, we demonstrate that autophagy-associated dying RPE
cells can be efficiently and increasingly engulfed by macro-
phages and DCs over time in vitro.
Corticosteroids such as TC have anti-inflammatory, anti-

fibrotic and anti-angiogenic effects, as well as role in the

Figure 7 Release of IL-6 and IL-8 during phagocytosis of autophagy-associated dying RPE cells. H2O2-treated ARPE-19 (left panels) and hRPE cells (right panels) were co-
incubated with untreated and TC-treated (48 h, 1 μM) MФs for 8 h, then the supernatants were collected, and the concentration of IL-8 (a) and IL-6 (b) was determined by ELISA.
Bars represent the mean±S.D. of three independent experiments, *Po0.05
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stabilization of the blood–retinal barrier.8 TC treatment can
transiently reduce the leakage from CNVs.71 In addition,
significantly increased visual acuities after injections of TC
have been ascribed previously.72We have previously reported
that TC treatment results in enhanced removal of anoikic dying
RPEs in vitro.33 In linewith this, we observed that TC treatment
in macrophages can enhance the phagocytic uptake of
autophagy-associated dying RPE cells.
The effect of 3-MA, a widely used inhibitor of autophagy and

blocker of the autophagosome formation through inhibition of
class III phosphatidylinositol 3-kinases, on the cell death and
the clearance of H2O2-treated RPE cells was also studied
here. 3-MA treatment could partially block the autophagic
process, the subsequent cell death and cause decreased rate
of phagocytosis of these RPE cells by macrophages. This
finding is in line with our previously published results in which
both death and phagocytosis could be inhibited by 3-MA in
dying MCF-7 cells. These data suggest that autophagy
contributes to the specific changes of the cell surface, which
are associated with recognition and removal of these dying
cells by phagocytes.49

The monitoring and quantifying methods of autophagy are
limited because of the inconsistency in autophagic markers.
LC3 protein is the key marker of the autophagic process in
mammalian cells; its lipidated form is attached to the
autophagosomal membrane. The most commonly used
approaches to study the autophagic activity are the detection
of the level of LC3 protein by western blot analysis or
visualization of LC3-positive puncta by fluorescent microscopy
as well as identification of autophagosomes by TEM.47 In
addition, GFP-LC3, a fusion protein, has been widely used as
an established autophagosomal marker for monitoring autop-
hagic activity both biochemically and microscopically. Flow
cytometry has recently been used to quantify the fluorescence
intensity of GFP-LC3, which indicates the level of autophagy in
the GFP-LC3-transfected cells. FACS analysis is a sensitive,
simple, high-throughput technique that can be used to sort
GFP-LC3-positive and -negative sub-populations of trans-
fected cells based on their size, granularity or fluorescence
signal.73,74 In the present study, serum-deprived and H2O2 co-
treated, GFP-LC3-labeled ARPE-19 cells expressed higher
GFP fluorescence intensity compared with the untreated
control cells. As H2O2 treatment of RPE cells results in a
heterogenous cell population, we intended to exactly assess
the uptake of pure autophagy-associated dying ARPE-19 cells
by macrophages. To our present knowledge, this is the first
study showing quantification and visualization of the clearance
of H2O2-treated, GFP-LC3-positive sorted ARPE-19 cells by
macrophages.
Inflammation has an essential role in many biological

processes, such as protective responses to harmful stimuli,
elimination of damaged tissues or preservation of normal
tissue homeostasis. The eye functions as a immune-privileged
site in the human body capable of inducing immune suppres-
sion. Defects in this mechanism can lead to the development
of several ocular inflammatory processes, some of which may
contribute to AMD pathogenesis.75

The release of cytokines from innate immune cells are
crucial regulators of a pro- or anti-inflammatory response (IL-6,
IL-8 and TNF-α). Failure to balance between different types of

cytokines produced may also be associated with development
of AMD. Recently, it has been shown that high levels of IL-6 in
the blood could induce activation of pro-angiogenic growth
factors, such as vascular endothelial growth factor, which is
implicated in the progression of CNVand AMDas well.37 In the
future, IL-6 may be a possible novel target for AMD therapy. A
correlation between IL-8 polymorphism and AMD has also
been shown, as well as contribution of IL-8 to angiogenesis,
CNV and macular edema in AMD.76,77 In this study, we
showed a strong downregulative effect for interleukins’ release
by TC in autophagy-associated dying RPE cells.
Impaired heterophagy and autophagy in non-professional

RPE cells are linked to the pathogenesis of AMD. To our
knowledge, this is the first indication that RPE cells under-
going autophagy-associated cell death engage in clearance
mechanisms guided by professional and non-professional
phagocytes and accompanied by induction of inflammation in
an in vitromodel for AMD.We believe that not only intracellular
protein clearance in RPE cells, but also clearance of
autophagy-associated cell death debris by non-professional
and professional phagocytes are essential in the pathology of
AMD, and thus might serve as novel therapeutic target.

Materials and Methods
Ethics statement. Primary hRPE cells were isolated from human cadaver
eyes under the auspices of a National Ethical Committee approval and following the
Guidelines of the Declaration of Helsinki.
Buffy coats were provided anonymously by the Hungarian National Blood Service

where blood was taken from healthy volunteers and written informed consent from all
participants was obtained. For these studies, approval was obtained from the ethics
committee of the Medical and Health Science Center, University of Debrecen
(DEOEC RKEB/IKEB Prot. No. 2745 -2008 and 3093 - 2010). The ethics committee
approved this consent procedure.

Cell culture and treatments. Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, St. Louis, MO, USA), DMEM Nutrient mixture F12 (Sigma-Aldrich),
H2O2 (Sigma-Aldrich), CQ (Sigma-Aldrich), 3-MA (Sigma-Aldrich), TC (Sigma-
Aldrich), phosphate-buffered saline (PBS) (HyClone, Logan, UT, USA),
carboxyfluoresceindiacetate-succinimidyl ester (CFDA) (Molecular Probes, Eugene,
OR, USA), 5-(and-6)-(((4-chloromethyl)benzoyl) amino)tetramethylrhodamine
(CMTMR) (Molecular Probes), plastic tissue culture flasks (TPP, Trasadingen,
Switzerland) were used in this work.
ARPE-19, a human RPE cell line, was kindly provided by Prof. Stephen Moss,

(UCL, London, UK) and was cultured at 37 °C, 5% CO2 in DMEM supplemented with
10% fetal calf serum (Gibco, Paisley, UK), 200 mM L-glutamine (Sigma-Aldrich) and
1% antibiotic/antimycotic solution (HyClone). The experiments were performed on
passage 10–15 ARPE-19 cells.
The primary hRPE cells were obtained from five different adult cadaver human

eyes (age range: 64–92) without any known ocular diseases. hRPE cells were
isolated from cadavers after removal of the anterior segment (corneo-scleral ring) and
the lens, then paper sponges and forceps were used to remove the vitreous and
neuroretina, respectively. Consequently, half-spherically bent-end Pasteur glass
pipettes were used to gently scape the RPE layer without damaging the Bruch's
membrane and the collected cell suspension placed in PBS for centrifugation
(10 min, 1000 r.p.m.), then cultured in DMEM Nutrient mixture F12 medium
supplemented with 10% fetal calf serum, 200 mM L-glutamine and 1% antibiotic/
antimycotic solution. The hRPE cells were used at passages 2–5 for all experiments.
Cells were detached from the cell culture flasks and plates using trypsin/

ethylenediaminetetraacetic acid (Sigma-Aldrich). For the induction of autophagy,
ARPE-19 and primary hRPE cells were plated over a 24 h period and cultured until
they formed confluent (80–90%) monolayers, then treated by 0.4–1 mM H2O2 for
2–4 h before harvesting. ARPE-19 cells were pre-treated with 10 mM 3-MA for 24 h
for inhibition of autophagy.27
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Assays of cell death. H2O2-induced cell death was assessed by the Annexin
V-fluorescein isothiocyanate Apoptosis Detection Kit (MBL, Woburn, MA, USA)
according to the manufacturer's recommendations. AnxV-FITC/PI staining was used
to determine the rate of PS+ cells and plasma membrane permeability. Percent of
cells positive for AnxV or PI was determined by relative fluorescence intensity using
a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).49

Quantification of LC3-positive cells by FACS analysis and
fluorescence microscopy. Autophagy was assessed by detection of AVs
in GFP-LC3-transfected ARPE-19 cells. ARPE-19 cells were grown on adherent
glass coverslips before they were transiently transfected with a GFP-LC3 expres-
sion plasmid kindly provided by Prof. Noboru Mizushima (Tokyo Medical and Dental
University, Tokyo, Japan), using polyethylenimine (PEI) reagent (Sigma-Aldrich)
(PEI:DNS ratio= 4 : 1, 1 μg DNA/well). Transfected ARPE-19 cells were incubated
with 25 μM CQ for 1 h and then treated with 1mM H2O2 for 2 h in serum-free
medium. Coverslips were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 10 min
and stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI)
(0.3 μg/ml) (Sigma-Aldrich) to visualize cell nuclei. Images were taken by an
Axiovert-200 Zeiss microscope (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). The number of GFP-LC3-positive cells were counted manually or
quantified by flow cytometry using a BD FACS Aria III (BD Biosciences).
In order to detect AVs and cell death in ARPE-19 cells simultaneously, transient

transfection of mCherry-LC3 plasmid, which was kindly provided by Dr. Gian Maria
Fimia (University of Salento, Lecce, Italy), was completed. These transfected cells
were treated with 1 mM H2O2 for 2 h. PS externalization, which reflects upon
apoptotic cell death, was determined by Annexin V-FITC labeling. Cells containing
LC3-positive AVs and/or cells exposing PS on their surface were quantified using a
BD FACSCalibur flow cytometer.
GFP-LC3-positive ARPE-19 cells were sorted out on the basis of their GFP

fluorescence. Cells were harvested by trypsinization, washed, centrifugated and
resuspended in PBS to a final density of 2 × 106 cells/ml, and filtered through a nylon
filter (Merck-Millipore, Darmstadt, Germany) to remove cell aggregates. Flow
cytometry and cell sorting for GFP fluorescence were performed using a BD FACS
Aria III. Data acquisition and analysis were performed using BD FACS Diva 6.2
software. GFP signals were detected with a 530/30-nm bandpass filter. The
GFP-LC3-positive, AV-containing cells and parallelly the GFP-LC3-negative cells
were selected by gates and the fluorescence intensity of events within the gated
regions was quantified. Data were collected from 10 000–20 000 events for each
sample. Control-sort was performed to prove a greater than 98% sorting efficiency.
The green fluorescent cell population of interest was gated based on relative
fluorescence intensity.78

Electron microscopy. Samples were fixed in 0.1 M sodium cacodylate-
buffered, pH 7.4 and 2.5% glutaraldehyde solution for 2 h and then rinsed (three
times, 10 min) in 0.1 M sodium cacodylate buffer, pH 7.4 and 7.5% saccharose and
postfixed in 1% OsO4 solution for 1 h. After dehydration in an ethanol gradient (70%
ethanol (20 min), 96% ethanol (20 min), 100% ethanol (two times, 20 min)),
samples were embedded in Durcupan ACM. Ultrathin sections were stained with
uranyl acetate and lead citrate. Sections were examined in a Philips CM 10
microscope (Philips Electronic Instruments, Mahwah, NJ, USA) at 80 kV.33

Antibodies and immunoblotting. An anti-LC3 rat polyclonal antibody
(Novus Biologicals, Littleton, CO, USA), which recognizes both LC3-I and LC3-II
and an anti-p62 mouse monoclonal antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) were used to detect autophagy. Cells were collected and washed with PBS,
suspended in lysis buffer (50 mM Tris–HCl; 0.1% Triton X-100 (Sigma-Aldrich);
1 mM ethylenediaminetetraacetic acid (Sigma-Aldrich); 15 mM 2-mercaptoethanol
(Sigma-Aldrich) and protease inhibitor (Sigma-Aldrich). Insoluble cellular material
was removed by centrifugation and the lysates were mixed with 5 × Laemmli
loading buffer, boiled for 10 min. Equal amounts of protein (20 μg) were separated
on 15% SDS-polyacrylamide gel, and transferred onto a PVDF Immobilon-P
Transfer Membrane (Merck-Millipore; pore size 0.45 μm). The membranes were
blocked in Tris-buffered saline containing 0.05% Tween-20 (Sigma-Aldrich) (TBS-T)
and 5% skimmed milk (AppliChem, Darmstadt, Germany) for 1 h. Then,
membranes were probed overnight at 4 °C with anti-LC3 (1 : 2000), anti-p62
(1 : 2000), anti-tubulin (1 : 5000) (Sigma-Aldrich), anti-GAPDH (1 : 5000) (Covalab,
Villeurbanne, France) antibody in TBS-T containing 1% nonfat skimmed milk,
followed by incubation with horseradish-peroxidase-conjugated species corre-
sponding secondary antibodies (Sigma-Aldrich) for 1 h at room temperature.

Immunoreactive proteins were visualized using Immobilon Western chemilumines-
cence substrate (Millipore-Merck). Densitometry was carried out using the ImageJ
software.

Phagocytosis assay. Human monocytes were isolated from ‘buffy coats’ of
healthy blood donors by Ficoll–Paque Plus (Amersham Biosciences, Piscataway,
NJ, USA) gradient and magnetic separation using CD14 human MicroBeads
(MiltenyiBiotec, BergischGladbach, Germany). Human macrophages were obtained
through a 5-day differentiation using 5 ng/ml macrophage colony-stimulating factor
(MCSF) (Peprotech EC, London, Great Britain) at 37 °C in Iscove's Modified
Dulbecco's Medium (IMDM) (Gibco) containing 10% human AB serum (Sigma-
Aldrich) and 10000 U/ml penicillin and 10 mg/ml streptomycin (Sigma-Aldrich).41 To
differentiate iDCs, monocytes were plated into 6-well culture dishes at a density of
2 × 106 cells/ml and cultured for 5 days in serum-free AIM V medium (Gibco)
containing 80 ng/ml GMCSF (Peprotech EC) and 100 ng/ml IL-4 (Peprotech EC).
On day 2, the same amounts of GMCSF and IL-4 were added to the cell cultures
without changing their media for another 3 days.79,80 Resting DCs were activated on
day 5 by inflammatory cytokine mixture containing 10 ng/ml TNF-α (Peprotech EC),
5 ng/ml IL-1β (Peprotech EC), 20 ng/ml IL-6 (Peprotech EC), 75 ng/ml GMCSF
(Peprotech EC) and 1 mg/ml prostaglandin E2 (PGE2) (Sigma-Aldrich) and
harvested on day 6.52,81 Monocyte-to-DC differentiation was controlled by the
phenotypic analysis using anti-CD209 (R&D Systems, Minneapolis, MN, USA), anti-
CD83 (R&D Systems) and anti-CD86 (R&D Systems) antibodies. Living RPE cells
acting as phagocytes were plated in serum-free medium 24 h before phagocytosis.
Phagocytes were pre-treated with 1 μM TC 48 h prior to the assay.33,41 Dying RPE
cells were fed to engulfing cells following the induction of autophagy-associated cell
death by 1 mM H2O2 treatment for 2 h. Engulfing cells were stained for 16 h with
7.5 μM CMTMR, while the dying cells were labeled for 2 h with 12.5 μM CFDA-SE
followed by washing twice with PBS before phagocytosis. Phagocytes and dying
RPE cells were mixed at a ratio of 1 : 3 in the absence of human 10% AB serum
and incubated for 4, 8, 12 or 24 h at 37 °C, 5% CO2 atmosphere. The whole-cell
mixture was collected by trypsin digestion to remove bound but not engulfed dying
cells, centrifuging, washing twice in PBS and fixing in 1% PBS-buffered
paraformaldehyde (pH 7.4). The phagocytosis rate was determined by FACS
analysis as percent phagocytic cells (CMTMR positive) that have engulfed dying
cells (positive for both CMTMR and CFDA-SE).49 In addition, the GFP-LC3-positive
as well as the negative sorted ARPE-19 cells were resuspended in IMDM and
added to the macrophages. The rate of phagocytosis was analyzed after 8 h co-
incubation.

Time-lapse imaging microscopy. For in vitro phagocytosis assay, the
dying RPE cells were stained with CFDA-SE and co-incubated with the CMTMR-
stained macrophages in a ratio of 2 : 1. For the time-lapse microscopy of the
co-cultures, an incubation chamber system (Solent Scientific, Segensworth, UK)
attached to a motorized Olympus IX-81 inverted microscope (Olympus Europa
Holding, Hamburg, Germany) equipped with a cooled high-speed Hamamatsu
ORCA-R2 camera (HamamatsuPhotonics, Hamamatsu City, Japan) was used. The
incubation chamber system consisted of a temperature logging controller
(consistent 37 °C), a sterile air flow and humidity circulator and an inner CO2

enrichment multi-well plate holder. Cells were cultured on 24-well cell culture plates.
Images were taken automatically for 24 h through a PlasDIC filter in every 5 min per
channel and per well with the help of a motorized cubic filter. The time-lapse video
was created from the digital images with the use of the XCE-RT xCellence Real
Time software with 24 fps (Olympus).82

Quantification of IL-6 and IL-8 release by ELISA. Differentiated
macrophages were co-incubated with H2O2-treated (2 h, 1 mM) ARPE-19 and
hRPE cells for 8 h, and the supernatants were collected for cytokine measurements.
Macrophages were either treated with 1 μM TC for 48 h or left untreated prior to
starting the phagocytosis assays. The concentration of IL-6 (pg/ml) and IL-8 (pg/ml)
was measured from the collected cell culture media using Human IL-6 ELISA
OptEIA kits (BD Biosciences) and Human IL-8 ELISA OptEIA kits (BD Biosciences)
according to the manufacturer's instructions.

Statistical analysis. Results are expressed as the mean±S.D. or mean±S.E.M.
for the number of assays indicated. For multiple comparisons of groups, statistical
significance was calculated and evaluated by one-way ANOVA followed by Tukey
post hoc test. For comparison of two groups, Student's t-test was used.
P-values o0.05 were considered statistically significant.

Clearance of autophagy-associated dying RPE in AMD
M Szatmári-Tóth et al

11

Cell Death and Disease



Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This research was co-financed by the European Social
Fund in the framework of TÁMOP-4.2.4.A/2-11/1-2012-0001 ‘National Excellence
Program’ which provided personal support to Kristóf EK, TÁMOP-4.2.2.A-11/1/
KONV-2012-0023, TÁMOP-4.2.2. A-11/1/KONV-2012-0025 grant, OTKA NK 105046
and the Hungarian Academy of Sciences, and the National Brain Research Program
(KTIA_NAP_13-A_III/9). We would like to thank Dr. Máté Demény for his internal
revision of the manuscript, Mr. Pál Botó for his technical help with cell sorting and
Mr. Zoltán Doró for his help with the transfections (all members of the Department of
Biochemistry and Molecular Biology, University of Debrecen).

1. Ardeljan CP, Ardeljan D, Abu-Asab M, Chan CC. Inflammation and cell death in age-related
macular degeneration: an immunopathological and ultrastructural model. J Clin Med
2014; 3: 1542–1560.

2. Wada Y, Sun-Wada GH, Kawamura N, Aoyama M. Role of autophagy in embryogenesis.
Curr Opin Genet Dev 2014; 27: 60–66.

3. Hu Z, Yang B, Mo X, Xiao H. Mechanism and regulation of autophagy and its role in neuronal
diseases. Mol Neurobiol 2014; 52: 1190–1209.

4. Kaarniranta K, Sinha D, Blasiak J, Kauppinen A, Vereb Z, Salminen A et al. Autophagy and
heterophagy dysregulation leads to retinal pigment epithelium dysfunction and development
of age-related macular degeneration. Autophagy 2013; 9: 973–984.

5. Edelman JL. Differentiating intraocular glucocorticoids. Ophthalmologica 2010; 224
(Suppl 1): 25–30.

6. Jonas JB. Intravitreal triamcinolone acetonide for treatment of intraocular oedematous and
neovascular diseases. Acta Ophthalmol Scand 2005; 83: 645–663.

7. Yilmaz T, Weaver CD, Gallagher MJ, Cordero-Coma M, Cervantes-Castaneda RA,
Klisovic D et al. Intravitreal triamcinolone acetonide injection for treatment of refractory diabetic
macular edema: a systematic review. Ophthalmology 2009; 116: 902–911; quiz 912–903.

8. Becerra EM, Morescalchi F, Gandolfo F, Danzi P, Nascimbeni G, Arcidiacono B et al. Clinical
evidence of intravitreal triamcinolone acetonide in the management of age-related macular
degeneration. Curr Drug Targets 2011; 12: 149–172.

9. Gopal L, Sharma T. Use of intravitreal injection of triamcinolone acetonide in the treatment of
age-related macular degeneration. Indian J Ophthalmol 2007; 55: 431–435.

10. Jonas JB, Kreissig I, Hugger P, Sauder G, Panda-Jonas S, Degenring R. Intravitreal
triamcinolone acetonide for exudative age related macular degeneration. Br J Ophthalmol
2003; 87: 462–468.

11. Jonas JB, Kreissig I, Degenring RF. Factors influencing visual acuity after intravitreal
triamcinolone acetonide as treatment of exudative age related macular degeneration. Br J
Ophthalmol 2004; 88: 1557–1562.

12. Jonas JB. Intravitreal triamcinolone acetonide: a change in a paradigm. Ophthalmic Res
2006; 38: 218–245.

13. De Duve C, Wattiaux R. Functions of lysosomes. Annu Rev Physiol 1966; 28: 435–492.
14. Baudhuin P. [Lysosomes and cellular autophagy]. Brux Med 1966; 46: 1059–1070.
15. Song C, Tong F. Autophagy induction is a survival response against oxidative stress in bone

marrow-derived mesenchymal stromal cells. Cytotherapy 2014; 16: 1361–1370.
16. Codogno P, Meijer AJ. Autophagy and signaling: their role in cell survival and cell death. Cell

Death Differ 2005; 12(Suppl 2): 1509–1518.
17. Baehrecke EH. Autophagy: dual roles in life and death? Nat Rev Mol Cell Biol 2005; 6:

505–510.
18. Navarro-Yepes J, Burns M, Anandhan A, Khalimonchuk O, del Razo LM, Quintanilla-Vega B

et al. Oxidative stress, redox signaling, and autophagy: cell death versus survival. Antioxid
Redox Signal 2014; 21: 66–85.

19. Bursch W, Hochegger K, Torok L, Marian B, Ellinger A, Hermann RS. Autophagic and
apoptotic types of programmed cell death exhibit different fates of cytoskeletal filaments.
J Cell Sci 2000; 113(Pt 7): 1189–1198.

20. Amelio I, Melino G, Knight RA. Cell death pathology: cross-talk with autophagy and its clinical
implications. Biochem Biophys Res Commun 2011; 414: 277–281.

21. Cho KS, Yoon YH, Choi JA, Lee SJ, Koh JY. Induction of autophagy and cell death by
tamoxifen in cultured retinal pigment epithelial and photoreceptor cells. Invest Ophthalmol
Vis Sci 2012; 53: 5344–5353.

22. Blasiak J, Petrovski G, Vereb Z, Facsko A, Kaarniranta K. Oxidative stress, hypoxia, and
autophagy in the neovascular processes of age-related macular degeneration. Biomed Res
Int 2014; 2014: 768026.

23. Li Y, Shen H, Shi J, Tang L. The effects of alpha lipoic acid in preventing oxidative stress-
induced retinal pigment epithelial cell injury. Can J Physiol Pharmacol 2014; 92: 765–772.

24. Xu W, Roos A, Daha MR, van Kooten C. Dendritic cell and macrophage subsets in the
handling of dying cells. Immunobiology 2006; 211: 567–575.

25. Majai G, Petrovski G, Fesus L. Inflammation and the apopto-phagocytic system. Immunol
Lett 2006; 104: 94–101.

26. Petrovski G, Zahuczky G, Majai G, Fesus L. Phagocytosis of cells dying through autophagy
evokes a pro-inflammatory response in macrophages. Autophagy 2007; 3: 509–511.

27. Petrovski G, Ayna G, Majai G, Hodrea J, Benko S, Madi A et al. Phagocytosis of cells dying
through autophagy induces inflammasome activation and IL-1beta release in human
macrophages. Autophagy 2011; 7: 321–330.

28. Ayna G, Krysko DV, Kaczmarek A, Petrovski G, Vandenabeele P, Fesus L. ATP release from
dying autophagic cells and their phagocytosis are crucial for inflammasome activation in
macrophages. PloS One 2012; 7: e40069.

29. Kevany BM, Palczewski K. Phagocytosis of retinal rod and cone photoreceptors. Physiology
(Bethesda) 2010; 25: 8–15.

30. Mazzoni F, Safa H, Finnemann SC. Understanding photoreceptor outer segment
phagocytosis: use and utility of RPE cells in culture. Exp Eye Res 2014; 126: 51–60.

31. Boulton M, Dayhaw-Barker P. The role of the retinal pigment epithelium: topographical
variation and ageing changes. Eye 2001; 15(Pt 3): 384–389.

32. Sharma K, Sharma NK, Anand A. Why AMD is a disease of ageing and not of development:
mechanisms and insights. Front Aging Neurosci 2014; 6: 151.

33. Petrovski G, Berenyi E, Moe MC, Vajas A, Fesus L, Berta A et al. Clearance of dying
ARPE-19 cells by professional and nonprofessional phagocytes in vitro- implications for age-
related macular degeneration (AMD). Acta Ophthalmol 2011; 89: e30–e34.

34. Bowes Rickman C, Farsiu S, Toth CA, Klingeborn M. Dry age-related macular degeneration:
mechanisms, therapeutic targets, and imaging. Invest Ophthalmol Vis Sci 2013; 54:
ORSF68–ORSF80.

35. Kulkarni AD, Kuppermann BD. Wet age-related macular degeneration. Adv Drug Deliv Rev
2005; 57: 1994–2009.

36. Smith AG, Kaiser PK. Emerging treatments for wet age-related macular degeneration.
Expert Opin Emerg Drugs 2014; 19: 157–164.

37. Klettner A, Kauppinen A, Blasiak J, Roider J, Salminen A, Kaarniranta K. Cellular and
molecular mechanisms of age-related macular degeneration: from impaired autophagy to
neovascularization. Int J Biochem Cell Biol 2013; 45: 1457–1467.

38. Wang AL, Lukas TJ, Yuan M, Du N, Tso MO, Neufeld AH. Autophagy and exosomes in the
aged retinal pigment epithelium: possible relevance to drusen formation and age-related
macular degeneration. PloS One 2009; 4: e4160.

39. Viiri J, Amadio M, Marchesi N, Hyttinen JM, Kivinen N, Sironen R et al. Autophagy activation
clears ELAVL1/HuR-mediated accumulation of SQSTM1/p62 during proteasomal inhibition
in human retinal pigment epithelial cells. PloS One 2013; 8: e69563.

40. Mitter SK, Song C, Qi X, Mao H, Rao H, Akin D et al. Dysregulated autophagy in the RPE is
associated with increased susceptibility to oxidative stress and AMD. Autophagy 2014; 10:
1989–2005.

41. Albert R, Kristof E, Zahuczky G, Szatmari-Toth M, Vereb Z, Olah B et al. Triamcinolone
regulated apopto-phagocytic gene expression patterns in the clearance of dying retinal
pigment epithelial cells. A key role of Mertk in the enhanced phagocytosis. Biochim Biophys
Acta 2014; 1850: 435–446.

42. Kunchithapautham K, Rohrer B. Apoptosis and autophagy in photoreceptors exposed to
oxidative stress. Autophagy 2007; 3: 433–441.

43. Chang YC, Hsieh MC, Wu HJ, Wu WC, Kao YH. Methylglyoxal, a reactive glucose
metabolite, enhances autophagy flux and suppresses proliferation of human retinal pigment
epithelial ARPE-19 cells. Toxicol In Vitro 2015; 29: 1358–1368.

44. Ha JH, Noh HS, Shin IW, Hahm JR, Kim DR. Mitigation of H2O2-induced autophagic cell
death by propofol in H9c2 cardiomyocytes. Cell Biol Toxicol 2012; 28: 19–29.

45. Essick EE, Wilson RM, Pimentel DR, Shimano M, Baid S, Ouchi N et al. Adiponectin
modulates oxidative stress-induced autophagy in cardiomyocytes. PloS One 2013; 8:
e68697.

46. Ashabi G, Ahmadiani A, Abdi A, Abraki SB, Khodagholi F. Time course study of Abeta
formation and neurite outgrowth disruption in differentiated human neuroblastoma cells
exposed to H2O2: protective role of autophagy. Toxicol In Vitro 2013; 27: 1780–1788.

47. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A, Adeli K et al.
Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy
2012; 8: 445–544.

48. Yoon YH, Cho KS, Hwang JJ, Lee SJ, Choi JA, Koh JY. Induction of lysosomal dilatation,
arrested autophagy, and cell death by chloroquine in cultured ARPE-19 cells. Invest
Ophthalmol Vis Sci 2010; 51: 6030–6037.

49. Petrovski G, Zahuczky G, Katona K, Vereb G, Martinet W, Nemes Z et al. Clearance of dying
autophagic cells of different origin by professional and non-professional phagocytes. Cell
Death Differ 2007; 14: 1117–1128.

50. Sato E, Suzuki T, Hoshi N, Sugino T, Hasegawa H. Sodium azide induces necrotic cell death
in rat squamous cell carcinoma SCC131. Med Mol Morphol 2008; 41: 211–220.

51. Shiloach T, Berens C, Danke C, Waiskopf O, Perlman R, Ben-Yehuda D. tLivin displays
flexibility by promoting alternative cell death mechanisms. PloS One 2014; 9: e101075.

52. Kis-Toth K, Bacskai I, Gogolak P, Mazlo A, Szatmari I, Rajnavolgyi E. Monocyte-derived
dendritic cell subpopulations use different types of matrix metalloproteinases inhibited
by GM6001. Immunobiology 2013; 218: 1361–1369.

53. Yao J, Jia L, Khan N, Lin C, Mitter SK, Boulton ME et al. Deletion of autophagy inducer
RB1CC1 results in degeneration of the retinal pigment epithelium. Autophagy 2015; 11:
939–953.

54. Mao H, Seo SJ, Biswal MR, Li H, Conners M, Nandyala A et al.Mitochondrial oxidative stress
in the retinal pigment epithelium leads to localized retinal degeneration. Invest Ophthalmol
Vis Sci 2014; 55: 4613–4627.

55. Chiras D, Kitsos G, Petersen MB, Skalidakis I, Kroupis C. Oxidative stress in dry age-related
macular degeneration and exfoliation syndrome. Crit Rev Clin Lab Sci 2015; 52: 12–27.

Clearance of autophagy-associated dying RPE in AMD
M Szatmári-Tóth et al

12

Cell Death and Disease



56. Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L, Elazar Z. Reactive oxygen species are
essential for autophagy and specifically regulate the activity of Atg4. EMBO J 2007; 26:
1749–1760.

57. Filomeni G, De Zio D, Cecconi F. Oxidative stress and autophagy: the clash between
damage and metabolic needs. Cell Death Differ 2015; 22: 377–388.

58. Hariharan N, Zhai P, Sadoshima J. Oxidative stress stimulates autophagic flux during
ischemia/reperfusion. Antioxid Redox Signal 2011; 14: 2179–2190.

59. Hyttinen JM, Petrovski G, Salminen A, Kaarniranta K. 5'-Adenosine monophosphate-
activated protein kinase–mammalian target of rapamycin axis as therapeutic target for
age-related macular degeneration. Rejuvenation Res 2011; 14: 651–660.

60. Qu X, Zou Z, Sun Q, Luby-Phelps K, Cheng P, Hogan RN et al. Autophagy gene-dependent
clearance of apoptotic cells during embryonic development. Cell 2007; 128: 931–946.

61. Kim JY, Zhao H, Martinez J, Doggett TA, Kolesnikov AV, Tang PH et al. Noncanonical
autophagy promotes the visual cycle. Cell 2013; 154: 365–376.

62. Ferguson TA, Green DR. Autophagy and phagocytosis converge for better vision. Autophagy
2014; 10: 165–167.

63. Sparrow JR, Ueda K, Zhou J. Complement dysregulation in AMD: RPE-Bruch's membrane-
choroid. Mol Aspects Med 2012; 33: 436–445.

64. Strauss O. The retinal pigment epithelium in visual function. Physiol Rev 2005; 85: 845–881.
65. Li W. Eat-me signals: keys to molecular phagocyte biology and "appetite" control. J Cell

Physiol 2012; 227: 1291–1297.
66. Patel M, Chan CC. Immunopathological aspects of age-related macular degeneration.

Semin Immunopathol 2008; 30: 97–110.
67. Ding X, Patel M, Chan CC. Molecular pathology of age-related macular degeneration.

Progress in retinal and eye research 2009; 28: 1–18.
68. Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV, Anderson DH, Mullins RF. An

integrated hypothesis that considers drusen as biomarkers of immune-mediated processes
at the RPE-Bruch's membrane interface in aging and age-related macular degeneration.
Prog Retin Eye Res 2001; 20: 705–732.

69. Seitz HM, Camenisch TD, Lemke G, Earp HS, Matsushima GK. Macrophages and dendritic
cells use different Axl/Mertk/Tyro3 receptors in clearance of apoptotic cells. J Immunol 2007;
178: 5635–5642.

70. Irschick EU, Sgonc R, Bock G, Wolf H, Fuchs D, Nussbaumer W et al. Retinal pigment
epithelial phagocytosis and metabolism differ from those of macrophages. Ophthalmic Res
2004; 36: 200–210.

71. Danis RP, Ciulla TA, Pratt LM, Anliker W. Intravitreal triamcinolone acetonide in exudative
age-related macular degeneration. Retina 2000; 20: 244–250.

72. Jonas JB, Degenring RF, Kreissig I, Friedemann T, Akkoyun I. Exudative age-related
macular degeneration treated by intravitreal triamcinolone acetonide. A prospective
comparative nonrandomized study. Eye 2005; 19: 163–170.

73. Shvets E, Fass E, Elazar Z. Utilizing flow cytometry to monitor autophagy in living
mammalian cells. Autophagy 2008; 4: 621–628.

74. Shvets E, Elazar Z. Flow cytometric analysis of autophagy in living mammalian cells.
Methods Enzymol 2009; 452: 131–141.

75. Buschini E, Piras A, Nuzzi R, Vercelli A. Age related macular degeneration and drusen:
neuroinflammation in the retina. Prog Neurobiol 2011; 95: 14–25.

76. Cascella R, Ragazzo M, Strafella C, Missiroli F, Borgiani P, Angelucci F et al.
Age-related macular degeneration: insights into inflammatory genes. J Ophthalmol 2014;
2014: 582842.

77. Ambreen F, Ismail M, Qureshi IZ. Association of gene polymorphism with serum levels of
inflammatory and angiogenic factors in Pakistani patients with age-related macular
degeneration. Mol Vis 2015; 21: 985–999.

78. Kovala AT, Harvey KA, McGlynn P, Boguslawski G, Garcia JG, English D. High-efficiency
transient transfection of endothelial cells for functional analysis. FASEB J 2000; 14:
2486–2494.

79. Hodrea J, Majai G, Doro Z, Zahuczky G, Pap A, Rajnavolgyi E et al. The glucocorticoid
dexamethasone programs human dendritic cells for enhanced phagocytosis of apoptotic
neutrophils and inflammatory response. J Leukoc Biol 2012; 91: 127–136.

80. Gogolak P, Rethi B, Szatmari I, Lanyi A, Dezso B, Nagy L et al. Differentiation of CD1a- and
CD1a+ monocyte-derived dendritic cells is biased by lipid environment and PPARgamma.
Blood 2007; 109: 643–652.

81. Jonuleit H, Kuhn U, Muller G, Steinbrink K, Paragnik L, Schmitt E et al. Pro-inflammatory
cytokines and prostaglandins induce maturation of potent immunostimulatory
dendritic cells under fetal calf serum-free conditions. Eur J Immunol 1997; 27:
3135–3142.

82. Sarvari AK, Doan-Xuan QM, Bacso Z, Csomos I, Balajthy Z, Fesus L. Interaction of
differentiated human adipocytes with macrophages leads to trogocytosis and selective IL-6
secretion. Cell Death Dis 2015; 6: e1613.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

r The Author(s) 2016

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Clearance of autophagy-associated dying RPE in AMD
M Szatmári-Tóth et al

13

Cell Death and Disease

http://creativecommons.org/licenses/by/4.0/

	title_link
	Results
	Serum deprivation and H2O2 co-treatment induce autophagy in RPE cells
	Increased autophagy in RPE cells is accompanied by increased autophagic flux
	Induction of autophagy-associated cell death in RPE cells
	Autophagy-associated dying RPE cells are efficiently engulfed by macrophages, DCs and non-dying RPE cells

	Figure 1 Serum deprivation and H2O2 co-treatment result in induced autophagy in ARPE�-�19 and human primary RPE (hRPE) cells.
	Inhibition of autophagy in ARPE�-�19 cells by 3-MA attenuates phagocytosis by macrophages

	Figure 2 Detection of increased autophagic flux in ARPE�-�19 and primary hRPE cells.
	Engulfment of GFP-LC3-positive/autophagy-associated dying ARPE�-�19 cells

	Figure 3 ARPE�-�19 and primary hRPE cells die as a result of serum deprivation and H2O2 co-treatment in a time- and concentration-dependent manner.
	Macrophages engulfing H2O2-induced dying RPE cells release IL�-�6 and IL�-�8

	Figure 4 Non-professional and professional phagocytes are able to efficiently engulf autophagy-associated dying RPE cells in�vitro.
	Discussion
	Figure 5 Inhibition of autophagy-associated cell death of ARPE�-�19 cells by 3-MA and subsequent effect upon phagocytosis.
	Figure 6 Dynamics of the engulfment of GFP-LC3 transfected, H2O2-treated ARPE�-�19 cells.
	Figure 7 Release of IL�-�6 and IL�-�8 during phagocytosis of autophagy-associated dying RPE cells.
	Materials and Methods
	Ethics statement
	Cell culture and treatments
	Assays of cell death
	Quantification of LC3-positive cells by FACS analysis and fluorescence microscopy
	Electron microscopy
	Antibodies and immunoblotting
	Phagocytosis assay
	Time-lapse imaging microscopy
	Quantification of IL�-�6 and IL�-�8 release by ELISA
	Statistical analysis
	This research was co-financed by the European Social Fund in the framework of T&#x000C1;MOP�-�4.2.4.A/2-11�/�1-2012-0001�&#x02018;National Excellence Program&#x02019; which provided personal support to Krist&#x000F3;f EK, T&#x000C1;MOP�-�4.2.2.A�-�11�/�1/

	ACKNOWLEDGEMENTS



 
    
       
          application/pdf
          
             
                Clearance of autophagy-associated dying retinal pigment epithelial cells – a possible source for inflammation in age-related macular degeneration
            
         
          
             
                Cell Death and Disease ,  (2016). doi:10.1038/cddis.2016.133
            
         
          
             
                M Szatmári-Tóth
                E Kristóf
                Z Veréb
                S Akhtar
                A Facskó
                L Fésüs
                A Kauppinen
                K Kaarniranta
                G Petrovski
            
         
          doi:10.1038/cddis.2016.133
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/cddis.2016.133
          2041-4889
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/cddis.2016.133
            
         
      
       
          
          
          
             
                doi:10.1038/cddis.2016.133
            
         
          
             
                cddis ,  (2016). doi:10.1038/cddis.2016.133
            
         
          
          
      
       
       
          True
      
   




