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ABSTRACT
Purpose To measure the cytoprotective effects of rhHsp70
against oxidative stress and study its cellular uptake, intracellular
and intraocular distribution in the retinal pigment epithelium.
Methods Human retinal pigment epithelial cells (ARPE-19) were
pre-treated with rhHsp70 for 24 h, 48 h, and 72 h before being
exposed to 1.25 mM hydrogen peroxide. Non-treated cells
served as control. We analysed interleukin 6 secretion, cell viabil-
ity, and cytolysis. Uptake and intracellular distribution of fluores-
cently labelled rhHsp70 were investigated with flow cytometry
and confocal microscopy, respectively. Ocular distribution of ra-
dioactively labelled rhHsp70 was followed ex vivo in porcine eyes
by micro SPECT/CT.
Results After exposure to hydrogen peroxide, IL-6 secretion
decreased by 35–39% when ARPE-19 cells were pre-treated

with rhHsp70. Cell viability increased by 17–32%, and cell lysis,
measured by the release of lactate dehydrogenase, decreased by
6-43%. ARPE-19 cells endocytosed rhHsp70 added to the cul-
turemedium and the protein was localized in late endosomes and
lysosomes. Following intravitreal injection into isolated porcine
eyes, we found 20% rhHsp70 in the RPE.
Conclusions Recombinant hHsp70 protein offers protection
against oxidative stress. RPE cells take up the exogenously deliv-
ered rhHsp70 and localize it in late endosomes and lysosomes.
This work provides the basis for a therapeutic strategy to target
aggregate-associated neurodegeneration in AMD.
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ABBREVIATIONS

AMD Age-related macular degeneration
Hsp Heat shock protein
ROS Reactive oxygen species
RPE Retinal pigment epithelium

INTRODUCTION

Age-related macular degeneration (AMD) is a progressive,
neurodegenerative ocular disease and leading cause of blind-
ness in the elderly in developed countries. Age-related changes
predisposing a person to AMD occur in the outer retina that
includes the photoreceptors, the retinal pigment epithelium
(RPE), and Bruch’s membrane (1). Due to its essential func-
tions of maintenance and homeostasis, the RPE is particularly
important for retinal health: RPE dysfunction and degenera-
tion are critical events in AMD pathogenesis. During a per-
son’s lifetime, RPE cells endure high levels of oxidative stress
because of their substantial consumption of oxygen,
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accumulation of lipid peroxidation products from ingested
photoreceptor outer segments, and constant exposure to
light (2, 3). In healthy RPE cells, however, this harmful and
potentially damaging microenvironment is neutralized by the
presence of a range of antioxidant and efficient repair systems.
Unfortunately, as we age oxidative damage caused by reactive
oxygen species (ROS) increases, antioxidant capacity
decreases and the efficiency of reparative systems becomes
impaired (4). ROS such as singlet oxygen, superoxide and
hydrogen peroxide, are highly reactive and toxic molecules
that can lead to lipid, protein, and DNA damage, as well as
mitochondrial dysfunction. Oxidative stress in the retina is
further aggravated by growing amounts of lipofuscin, the
autofluorescent age-pigments consisting of photo-sensitive
bisretinoid compounds that can generate ROS, in the lyso-
somes of RPE cells, especially in AMD eyes (5). Chronic
exposure to oxidative stress and a decline in lysosomal activity
may eventually lead to the aberrant folding, aggregation, and
accumulation of proteins resulting in cellular damage and
tissue dysfunction. Virtually all cells respond to these poten-
tially toxic conditions by induction of a set of highly conserved
genes that encode heat shock proteins (Hsps). This set of
proteins functions as the major cellular defense against the
accumulation of damaged or mutant proteins (6, 7). Hsps,
together with cellular clearance mechanisms such as the ubiq-
uitin proteasome system and autophagy, are responsible for
protein quality control (8), hence fulfilling a key role in the
proteostasis network. The essential tasks of Hsps include
assisting in the refolding of damaged proteins, facilitating their
translocation to their correct intracellular localization, and
mitigating the harmful effects of protein misfolding and
aggregation (9). Several studies indicate that weakening of
the heat shock response is a common effect in aging cells that
has been observed in various tissues (10–17), as well as in the
RPE of human donor AMD eyes, where recent studies
(18–20) found decreased expression of Hsps, including
Hsp70, lysosomal Hsc70, mitochondrial mtHsp70, Hsp60,
and αA crystallin. The senescent RPE seems to fail to induce
an appropriate heat shock reaction in response to oxidative
damage. In contrast to the aging RPE, the human retinal
pigment epithelium cell line ARPE-19 upregulated the ex-
pression of Hsp27, Hsp40, and Hsp70 after oxidant-mediated
injury (21–24). Furthermore, an increase in Hsp expression
correlated with cell differentiation and enhanced resistance to
oxidative stress (25, 26). Our previous work has shown that
Hsp70 participates in the clearance of aggregates induced by
the inhibition of the proteasome in ARPE-19 cells (8).
However, when ARPE-19 cells were cultured on advanced
glycation end products (AGE)-modified basement membrane,
the expression of Hsps was significantly down regulated (27).

Given the ability of non-senescent RPE cells to effectively
tackle oxidative stress and clear lysosomal aggregates, we
hypothesize that exogenous delivery of rhHsp70 may provide

a therapeutic strategy to target aggregate-associated neurode-
generation in AMD. Here we study the cytoprotective prop-
erties of rhHsp70 against oxidative damage and the feasibility
of rhHsp70 protein therapy. Our study demonstrates that
rhHsp70 treatment protects ARPE-19 cells from oxidative
harm by reducing inflammation, increasing cell viability and
decreasing cytolysis. We also establish that exogenously deliv-
ered rhHsp70 is internalized by dividing and differentiated
ARPE-19 cells and is subsequently localized in late endosomes
and lysosomes. Moreover, preliminary experiments with iso-
lated porcine eyes indicate that rhHsp70 is able to reach the
retina after intravitreal injection. Together our results provide
a rationale for future testing of a prolonged action rhHsp70
protein therapy to mitigate damage of the RPE.

MATERIALS AND METHODS

Materials

Recombinant human Hsp70 (rhHsp70, 72 kDa) was from
Enzo Life Sciences (Farmingdale, NY, USA). Labeling re-
agents: Alexa Fluor 488 microscale protein labeling kit was
from Molecular Probes (Thermo Fisher Scientific, Waltham,
MA, USA), sodium iodide 123I labeling solution in 0.1 M
sodium hydroxide was from MAP Medical Technologies
(Helsinki, Finland), Pierce pre-coated iodination tubes (12 x
75 mm coated with 50 μg Pierce iodination reagent) were
from Thermo Fisher Scientific (Waltham, MA, USA),
Sephadex PD MiniTrap G-25 columns were from GE
Healthcare Bio-Sciences (Uppsala, Sweden). Cell culture re-
agents were from Life Technologies (Thermo Fisher
Scientific, Waltham, MA, USA), except for mouse laminin
from BD Biosciences (San Jose, CA, USA). Hydrogen perox-
ide was from Sigma-Aldrich (St. Louis, MO, USA), the hu-
man IL-6 ELISA OptEIATM kit was from BD Pharmingen
(San Jose, CA, USA), MTT was from Sigma-Aldrich (St.
Louis, MO, USA), CytoTox 96 nonradioactive cytotoxicity
assay kit was from Promega (Madison, WI, USA), CellLight
Late Endosomes-RFP and CellLight Lysosomes-RFP were
from Molecular Probes (Thermo Fisher Scientific, Waltham,
MA, USA).

rhHsp70 Protein Labeling

Recombinant human Hsp70 protein was labeled with Alexa
Fluor 488 tetrafluorophenyl reactive dye using the microscale
protein labeling kit and following the manufacturer’s instruc-
tions. The labeled protein was separated from the unreacted
dye with spin filters, also provided with the kit. The conjugates
were analyzed using a SPECTROstar Nano spectrometer
(BMG Labtech, Ortenberg, Germany), aliquoted and stored
at −80°C until further use.
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Recombinant human Hsp70 protein was radio-iodinated
following the Iodo-Gen method. Briefly, 10 μg rhHsp70 were
diluted in 50 μl sodium phosphate buffer (0.2M, pH 7.4), then
combined with 100 MBq Na123I labeling solution in a Iodo-
Gen pre-coated tube. After 15 min reaction time with occa-
sional mixing, the mixture was transferred to a tube contain-
ing 250 μl tyrosine solution (50 μg/ml) to stop the iodination
reaction. The radiolabeled protein was separated from the
remaining radioactive iodide and radiolabeled tyrosine by gel
filtration with Sephadex PD MiniTrap G-25 columns using
sodium phosphate buffer (0.2 M, pH 7.4) as eluting buffer.
Purified [123I] rhHsp70 was analyzed on Whatman 1 chro-
matography paper (Millipore, Billerica, MA, USA) using a
mixture of methanol and water (50:50) as eluent (Rf

[123I]rhHsp70=0.0, Rf [
123I] tyrosine and Na123I=1.0). The

chromatography paper was exposed to digital imaging plate
(Fujifilm Corporation, Japan), scanned on a Fujifilm FLA-
5100 scanner and analyzed with AIDA 2.0 imaging software
(Raytes t I sotopenmessgeräte GmbH, Germany) .
Radioiodinated rhHsp70 protein was used immediately after
labeling.

Cell Culture

ARPE-19 cells (human retinal pigment epithelial cell line,
ATCC CRL-2302) were cultured in Dulbecco’s Modified
EagleMedium:NutrientMixture F-12 (DMEM/F-12) supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine and antibiotics. The cells were subcultured once a
week. For filter culture, cells were seeded at a density of 1.6 ×
105 cells/cm2 on laminin coated Transwell permeable sup-
ports (surface area 4.67 cm2, pore size 0.4 μm, Corning Life
Sciences, Corning, NY, USA) and differentiated for 4 weeks
(for details see (28)). The culture medium of filter grown
ARPE-19 cells contained only 1% FBS, but was otherwise
same as above. The cells were maintained at 37°C in 5 or 7%
CO2.

rhHsp70 Protein Treatment

ARPE-19 cells were seeded on 24-well plates at a density of
100,000 cells/well. The cells were differentiated for four
weeks and then divided into four groups: control group (no
treatment), rhHsp70 group (protein treatment), rhHsp70/
H2O2 group (protein treatment followed by exposure to oxi-
dative stress), and H2O2 group (exposure to oxidative stress).
At first, groups rhHsp70 and rhHsp70/H2O2 were treated
with recombinant human Hsp70 protein at a concentration of
5 μg/ml. After 24 h, 48 h, or 72 h the cell culture medium was
replaced and groups rhHsp70/H2O2 and H2O2 were ex-
posed to1.25 mM hydrogen peroxide. The exposure to
H2O2 was repeated after 24 h (total exposure time: 48 h).

IL-6 Secretion

IL-6 is a pro-inflammatory cytokine, whose release increases
in response to inflammation and cell/tissue injury. The con-
centration of IL-6 (pg/ml) in the cell culture medium was
measured by a commercial enzyme-linked immunosorbent
assay (ELISA) using OptEIATM sets. The method was per-
formed according to the manufacturer's instructions.
Absorbance was measured at a wavelength of 450 nm with a
reference wavelength of 655 nm using a plate reader (Bio-Rad
Model 550, Bio-Rad, Hercules, CA, USA).

MTTAssay

Cell viability was analyzed by MTT assay. In this method,
NAD (P) H-dependent cellular oxidoreductase enzymes re-
duce the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide to insoluble formazan in the
mitochondria of living cells. The assay was performed as
previously described (29). The absorbance was measured at
a wavelength of 595 nm using a plate reader (Bio-Rad Model
550, Bio-Rad, Hercules, CA, USA). The cell viability was
presented as percentage of the control group.

LDH Release

Lactate dehydrogenase (LDH) is released into the cell culture
medium after cell membrane damage. LDH was detected by
CytoTox 96 nonradioactive cytotoxicity assay kit according to
the manufacturer’s instructions. LDH activity was quantified
using a plate reader (Bio-Rad Model 550, Bio-Rad, Hercules,
CA, USA) with a measurement wavelength of 490 nm and
reference wavelength of 655 nm.

rhHsp70 Cell Uptake

Dividing ARPE-19 cells were seeded on 6-well plates at a
density of 500,000 cells/well one day before the uptake ex-
periment. Differentiated ARPE-19 cells were used after
4 weeks differentiation on filter. On the experiment day, cells
were washed with HBSS buffer supplemented with 10 mM
Hepes (pH 7.4) and then equilibrated in the same buffer for
30 min in the cell incubator. The cells were incubated with
Alexa Fluor 488-labeled rhHsp70 (0.26 μg/cm2) for 1 h, at
37°C. Subsequently the cells were rinsed with buffer, de-
tached from the wells with trypsin (0.05 g/l)-EDTA (0.02 g/
l), diluted with buffer and centrifuged at 1200 rpm for 5 min.
After discarding most of the supernatant, the cells were gently
re-suspended in buffer and immediately analyzed by flow
cytometry (LSR II, BD Biosciences, San Jose, CA, USA) with
a blue solid-state laser (488 nm) as the excitation source.
Fluorescence of labeled rhHsp70 was collected with a 530/
30 band-pass filter. For each sample 10,000 events were
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collected. Control cells were visualized on a forward
angle light scatter (FSC) versus a 90° angle side scatter
(SSC) display. The major cell population was gated and
only cells falling within this area were used for further
analysis. Data collection was controlled using FACSDiva
software (BD Biosciences, San Jose, CA, USA) and data
analysis was performed with FlowJo software (Tree Star,
Ashland, OR, USA). The Overton cumulative histogram
subtraction algorithm was used to calculate the percent-
age of positive cells.

rhHsp70 Intracellular Distribution

Dividing ARPE-19 cells were seeded on Nunc Lab-Tek II
chambered cover glass (1.7 cm2) (Thermo Fisher Scientific,
Waltham, MA, USA) at a density of 50,000 cells/well two
days before the uptake experiment. Differentiated ARPE-19
cells were used after 4 weeks differentiation on Lab-Tek II
chambered cover glass (1.7 cm2). The next day, lysosomes or
late endosomes were stained with CellLight Lysosomes/Late
endosomes-RFP reagent following the manufacturer’s instruc-
tions and the cells were returned to the incubator for 16 h. On
the experiment day, the cells were incubated with Alexa Fluor
488-labeled rhHsp70 (0.6 μg/cm2) for 1 h, at 37°C.
Subsequently the cells were rinsed with cell culture medium,
and immediately imaged with an inverted spinning disk con-
focal microscope (Marianas, 3i Intelligent Imaging
Innovations, Ringsby, CT, USA) equipped with a tempera-
ture control system and a CO2 chamber. The cells were
observed using a 63x/1.2 W C-Apochromat Corr WD=
0.28 M27 objective, a blue (488 nm/50 mW), and a lime
(561 nm/50 mW) solid state lasers. 3D multichannel image
processing was performed using Imaris software (Bitplane AG,
Zurich, Switzerland).

rhHsp70 Intraocular Distribution

Fresh porcine eyes were obtained from a slaughterhouse (HK
Ruokatalo, Forssa, Finland) one day before the experiment
and kept at +4°C in a balanced salt solution (BSS Plus, Alcon
Laboratories, Forth Worth, TX, USA). On the experiment
day, extraocular tissues were removed and the eyes were
quickly dipped in 70% ethanol before injection of 100 μl
[123I] rhHsp70 (about 4 MBq) with a Micro-Fine 30 gauge
needle (0.30 mm x 8 mm, Terumo, Japan). The injection site
was located 3–4 mm behind the limbus and the needle was
directed towards the center of the vitreous. The eyes were
imaged with a NanoSPECT/CT (Mediso, Budapest,
Hungary) at 30 min, 2 h, 4 h, and 24 h post-injection in 20
projections using a time per projection of 120 s (for 30 min,
2 h, and 4 h) and 150 s/250 s (for 24 h). CT imaging was
carried out with a 45 kVp tube voltage in 240 projections.
SPECT images were reconstructed with HiSPECT NG

software (Scivis, Göttingen, Germany) and fused with CT
datasets using InVivoScope software (Bioscan, Poway, CA,
USA). The eyes were kept at 37°C in BSS Plus when they
were not imaged. After the last time point (24 h) the vitreous,
retina, RPE, and sclera were collected, weighted and their
radioactivity measured with a gamma counter (Wallac 1480
Wizard 3”, Turku, Finland).

STATISTICAL ANALYSIS

Mann–Whitney U-test was used to study the statistical
significance of the results in the IL-6 secretion, MTT,
and LDH release assays. The significance level of the
test was set to 0.05.

RESULTS

Labeling of rhHsp70

The degree of labeling (DOL) of the Alexa Fluor 488 dye-
labeled rhHsp70 protein was analyzed with a spectrometer
and we obtained a DOL of 5.68. The DOL is a measure of the
labeling efficiency and indicates the average number of dye
molecules attached to the protein. The radio-iodination reac-
tion had a radiochemical yield of 31.3% and the radiochem-
ical purity of the injected [123I] rhHsp70 was 95.9%.

rhHsp70 Protects ARPE-19 Cells from Oxidative
Damage

Pre-treatment with rhHsp70 (rhHsp70/H2O2) prior to the
exposure of ARPE-19 cells to oxidative stress decreased IL-6
release by 39% (24 h treatment), 36% (48 h treatment), and
35% (72 h treatment) compared to cells that were not treated
(H2O2) (Fig. 1). The results were statistically significant (P=
0.008 for 24 h treatment, P=0.019 for 48 h treatment, and
P=0.038 for 72 h treatment). Addition of rhHsp70 (5 μg/ml)
to ARPE-19 did not increase the release of IL-6 compared to
control cells (P=0.422, 0.208, and 0.737 respectively).

Pre-treatment with rhHsp70 (rhHsp70/H2O2) prior
to the exposure of ARPE-19 cells to oxidative stress
increased cell viability by 17% (24 h treatment), 32%
(48 h treatment), and 29% (72 h treatment) compared
to cells that were not treated (H2O2) (Fig. 2). The
results were statistically significant (P=0.036 for 24 h
treatment, P<0.001 for 48 h treatment, and P=0.035
for 72 h treatment). Also, for the 24 h treatment, there
was no statistical difference between control cells and
rhHsp70 pre-treated cells (rhHsp70/H2O2) (P=0.075).
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Pre-treatment with rhHsp70 (rhHsp70/H2O2) prior to the
exposure of ARPE-19 cells to oxidative stress decreased cytol-
ysis by 43% (24 h treatment), 33% (48 h treatment), and 6%
(72 h treatment) compared to cells that were not treated

(H2O2) (Fig. 3). The results were statistically significant (P=
0.035 for 24 h treatment, P=0.041 for 48 h treatment, and
P=0.020 for 72 h treatment). Addition of rhHsp70 (5 μg/ml)
to ARPE-19 cells was not cytotoxic.

Fig. 1 IL-6 secretion in ARPE-19
cells after exposure to 1.25 mM
H2O2. Cells were pre-treated with
5 μg/ml rhHsp70 for 24 h,48 h, or
72 h before the oxidative challenge.
IL-6 concentration in the culture
medium was measured with a
commercial ELISA assay.
Absorbance was measured at
450 nm with a reference
wavelength of 655 nm. According
to Mann–Whitney U-test,
treatment with rhHsp70, prior to
the exposure to H2O2, decreased
IL-6 release in ARPE-19 cells.
Statistical significance: *=P<0.05,
**=P<0.01, and ***=
P<0.001. Data are presented as
mean+S.E.M., n=4.

Fig. 2 Viability of ARPE-19 cells
after exposure to 1.25 mM H2O2.
Cells were pre-treated with 5 μg/ml
rhHsp70 for 24 h, 48 h, or 72 h
before the oxidative challenge. Cell
viability was evaluated by MTT
assay. Absorbance was measured at
595 nm. According to Mann–
Whitney U-test, treatment with
rhHsp70, prior to the exposure to
H2O2, increased cell viability of
ARPE-19 cells. Statistical
significance: *=P<0.05, **=
P<0.01, and ***=P<0.001.
Data are presented as mean+
S.E.M., n=4.
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ARPE-19 Cells Internalize rhHsp70

The flow cytometry histogram (Fig. 4) shows that both divid-
ing and differentiated ARPE-19 cells internalized rhHsp70. A
single peak distinctly shifted to the right represented the pos-
itive dataset of dividing ARPE-19 cells (a); whereas flow

analysis of differentiated ARPE-19 cells (b) produced a mixed
population of cells resulting in two peaks on the histogram. In
differentiated ARPE-19 cells, there was no clear separation
between cells that had internalized the fluorescent protein
(peak on the right) and those that had not (peak overlapping
the negative control in grey). The percentage of positive cells,

Fig. 3 LDH release in ARPE-19
cells after exposure to 1.25 mM
H2O2. Cells were pre-treated with
5 μg/ml rhHsp70 for 24 h, 48 h, or
72 h before the oxidative challenge.
LDH was detected by CytoTox 96
nonradioactive cytotoxicity assay kit
with a measurement wavelength of
490 nm and reference wavelength
of 655 nm. According to Mann–
Whitney U-test, treatment with
rhHsp70, prior to the exposure to
H2O2, decreased cytolysis of ARPE-
19 cells. Statistical significance: *=
P<0.05, **=P<0.01, and ***=
P<0.001. Data are presented as
mean+S.E.M., n=4.

Fig. 4 Internalization of rhHsp70 in ARPE-19 cells. Cell association of rhHsp70 was studied in dividing and differentiated ARPE-19 cells by flow cytometry. (a)
97% of dividing ARPE-19 cells was found positive whereas only (b) 57% of differentiated ARPE-19 cells had internalized the protein. However, FACS results may
underestimate the uptake of differentiated ARPE-19 cells because these cells were found to grow in two layers instead of one (see discussion).

216 Subrizi et al.



according to the Overton cumulative histogram subtraction
algorithm, was 97±2% for dividing ARPE-19 cells and 57±
12% for differentiated ARPE-19 cells.

rhHsp70 is Localized in Lysosomes and Late Endosomes

Intracellular localization of exogenously delivered fluorescent-
ly labeled rhHsp70 was studied qualitatively with live cell
confocal microscopy (Fig. 5). This method allows distinction
between rhHsp70 that is associated with cells and is therefore

immobilized on the cell surface, from rhHsp70 that has been
internalized and moves intracellularly, i.e. together with lyso-
somes. Endocytosed rhHsp70 (in green) was found in lyso-
somes and late endosomes (in red) in dividing and differenti-
ated ARPE-19 cells.

rhHsp70 Distributes to the Outer Layers of the eye

Following intravitreal injection into an isolated porcine eye,
radiolabeled rhHsp70 diffused from the injection site to the

Fig. 5 Intracellular localization of
AlexaFluor488 labeled rhHsp70 in
living ARPE-19 cells. RhHsp70 (in
green) was incubated with the cells
for 1 h, immediately thereafter the
cells were visualized with a confocal
microscope. Lysosomes and late
endosomes (in red) were stained
with with CellLight RFP reagent.
Scale bars are 10 μm.
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retina within 30 min (Fig. 6). At 2 h post-injection the protein
was still mostly localized in the retina. At later times (4 h and
24 h) rhHsp70 partially diffused back into the vitreous. Even
24 h after administration, the injected protein was not found
in the anterior chamber of the eye. In the control eye, radio-
active iodide diffused throughout the vitreous, but the signal
was lost after 2 h, probably because the radionuclide diffused
out of the eye and was diluted in the buffer where eyes were
kept between measurements.

The resolution of the micro SPECT/CT instrument was
too low to distinguish distribution in the outer tissue layers of
the eye; therefore, after the last time point, vitreous, retina,
RPE, and sclera were collected and the radioactivity of the
single tissues was quantified with a gamma counter. We found
41% of the total collected activity per g tissue in the vitreous,
14% in the retina, 20% in the RPE, and 6% in the sclera.

DISCUSSION

An increasing number of neurodegenerative diseases is charac-
terized by protein misfolding, accumulation of protein aggre-
gates, and abnormal protein degradation. In the case of age-
related macular degeneration (AMD), protein aggregates occur
both intracellularly inside lysosomes as lipofuscin, and in the

form of drusen, in the extracellular space between the RPE and
the Bruch’s membrane. In healthy RPE cells, detrimental
aggregation of proteins is prevented by complex cellular quality
control mechanisms; one of these endogenous cytoprotective
mechanisms is the heat shock response. Under stress conditions,
including oxidative stress, cells respond by activating the syn-
thesis of inducible chaperones called heat shock proteins (Hsps),
whose undertakings include the participation in the folding,
activation and reactivation of non-native proteins. Hsps are
also responsible for facilitating the degradation of proteins that
have failed to refold and reactivate, thereby preventing accu-
mulation of protein aggregates and protecting the cells from
degeneration. In addition, members of the Hsp70 family, in
collaboration with other co-chaperones, have the remarkable
function of dissolving protein aggregates (30–32). Clearly, the
ability of healthy RPE cells to deal with high levels of oxidative
stress is tightly linked to a prompt induction of the heat shock
response, which several studies have shown to be dysfunctional
in AMD (18–20). Therefore, given the cytoprotective proper-
ties of Hsps and their inadequate activation in AMD, rhHsp70
supplementation is a potential therapeutic approach that we
wanted to investigate.

To test the efficacy of exogenously delivered rhHsp70 in
protecting RPE cells against oxidative stress, we exposed
ARPE-19 cells to hydrogen peroxide with and without

Fig. 6 Intraocular distribution of
[123I] rhHsp70 after intravitreal
injection (4.4 MBq). Ocular diffusion
of [123I] rhHsp70was followed over
a time period of 24 h with micro
SPECT/CT. The outer ocular layers
were reached within 30 min after
administration. The arrow in the
sagittal image at 30 min indicates the
injection site. MIP: maximum
intensity projection.
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rhHsp70 pre-treatment. ARPE-19 cells that were pre-treated
with rhHsp70 displayed reduced inflammation, higher viabil-
ity and decreased cytotoxicity compared to cells that did not
receive such treatment before the oxidative challenge. The
length of rhHsp70 pre-treatment was 24 h, 48 h, or 72 h and
was chosen in order to mimic the situation found in vivo,
indeed the half-life of rhHsp70 in the vitreous is likely to be
of several days, similarly to other proteins of comparable size;
for example, the intravitreal t1/2 of ranibizumab (MW=
48 kDa) is 7.2–9 days (33, 34). The results show that the length
of rhHsp70 pre-treatment that we chose for these experiments
does not seem to influence the protective effect on ARPE-19
cells. Indeed, in all three assays testing cell health, we found
that exogenous delivery of rhHsp70 protected the cells from
the oxidative challenge. Our findings are in line with a recent-
ly published work (35), which evaluated the antiapoptotic
properties of another Hsp, α-crystallin and α-crystallin-
derived peptides, in human fetal RPE. Moreover, others and
we have previously shown that endogenous Hsp70 is upregu-
lated, promotes cell survival and clearance of lysosomal ag-
gregates after oxidant-mediated injury (8, 21, 22, 25, 30–32).
For these reasons we believe that, even if still in its infancy,
exogenous delivery of rhHsp70 may be a therapeutic strategy
worth pursuing for the treatment of RPE degeneration that is
a central hallmark of AMD.

The efficacy of rhHsp70 therapy, however, relies on the
successful delivery of the protein to the lysosomes of RPE cells.
Therefore, in the second part of our work we concentrated on
the feasibility of rhHsp70 protein delivery to the RPE. There
are two main aspects to consider when delivering a therapeu-
tic protein to the RPE: firstly, whether the protein is taken up
by RPE cells and, if uptake takes place, where is the protein
localized intracellularly, and secondly, whether the protein is
able to diffuse to the RPE after intravitreal injection. To
evaluate the in vitro uptake of rhHsp70, we added the fluores-
cently labelled protein to the culture medium of human retinal
pigment epithelial cells (ARPE-19). ARPE-19 cells, when
cultured on filters for four weeks, will differentiate into tight
cell monolayers mimicking the outer blood-retinal barrier
(28). Even though both dividing and differentiated ARPE-19
cells did internalize rhHsp70, only 57% of differentiated
ARPE-19 cells were found positive compared to 97% of
dividing ARPE-19 cells. A possible explanation to this obser-
vation is the fact that differentiated ARPE-19 cells, instead of
growing in monolayers, were found to form double layers of
cells (confocal microscopy of ARPE-19 cells with labelled cell
nuclei, data not shown). We can therefore assume that the
upper layer of cells internalized rhHsp70, whereas the lower
layer, closer to the filter membrane, could not because it did
not have access to the protein. For this reason, we think that
the flow cytometry results may underestimate the uptake of
labelled rhHsp70 by differentiated ARPE-19 cells. The inter-
nalization of a protein in RPE cells is not a trivial problem; in

fact a recently published study (35) reported that αB-crystallin,
a member of the small heat shock protein (Hsp20) family, did
not enter human fetal RPE cells. Our work further showed
that exogenously delivered rhHsp70 was localized in late
endosomes and lysosomes. Lysosomal targeting of rhHsp70
is a desired feature for rhHsp70 therapy, since it is in the
lysosomes that the toxic protein aggregates accumulate and
our previous study demonstrated that Hsp70 promoted their
clearance (8).

In the ophthalmology practice, therapeutic proteins used in
the treatment of wet AMD are administered into the vitreous.
For this reason we wanted to evaluate the diffusion of
rhHsp70 in the vitreous using the pig eye as an ex vivo model.
The negatively charged vitreous is a complex three-
dimensional network that may restrict the mobility of large
cationic molecules (36). Nonetheless, our preliminary study
showed that after intravitreal administration radiolabelled
rhHsp70 did not remain fixed at the injection site, but instead
it rather quickly diffused to the retina and RPE. Hsp70 is
negatively charged (pI=5.48) at physiologic pH, hence elec-
trostatic repulsion may prevent aggregation of the protein in
the anionic vitreous humour. From the vitreous rhHsp70 may
eventually penetrate the different layers of the retina and
reach the RPE via passive diffusion. Despite this positive result,
we understand that the use of an ex vivo model has its short-
comings, the most obvious being the impossibility to evaluate
the role of convective flow in the movement of rhHsp70.
Furthermore, age-related changes such as vitreous liquefac-
tion and contraction, disease states compromising the tight-
ness of the intraocular barriers, as well as the site of needle
placement during injection may also significantly modify the
diffusion of rhHsp70 from the site of administration to the
retina. Most of the mentioned scenarios however are expected
to ease rather than hinder rhHsp70 permeation to the RPE.
Nevertheless, the fact that full-sized 150 kDa antibodies are
successfully used in the clinical practice to treat retinal neo-
vascularization has established that even large proteins can be
targeted to the retina and the RPE after intravitreal injection.

Together our results provide a proof of concept evidence to
the applicability of rhHsp70 protein therapy against oxidative
stress in AMD as well as the feasibility of rhHsp70 delivery to
RPE cells. Future avenues of research should include the
formulation of a controlled delivery system that will allow a
sustained release of rhHsp70 into the vitreous and conse-
quently decrease the frequency of administration. Several
delivery systems have been tested for the controlled release
of proteins inside the eye, including implants (Tethadur from
pSivida), PLGAmicrospheres (37–39), nanoparticles (40), and
liposomes (41). Another option is encapsulated cell technolo-
gy; Neurotech’s intravitreal implant of encapsulated human
retinal pigment epithelial cells releasing ciliary neurotrophic
factor (CNTF) (42) is currently in a phase II clinical trial for
macular degeneration. Other delivery routes than intravitreal

Hsp70 Therapy Against Oxidative Stress in the RPE 219



administration may also be explored, for example computa-
tional models have assessed the adequacy of protein delivery
through the sclera using hydrogels (43, 44). Moreover protein
engineering techniques may enhance rhHsp70 cellular up-
take, lysosomal delivery, as well as provide selective targeting
to the RPE; therefore increasing the therapeutic efficacy and
reducing potential side effects.

CONCLUSION

The treatment of neovascularization in wet AMD has im-
proved enormously since the introduction of anti-
neovascular agents; however to date no treatment is available
for patients suffering fromRPE atrophy. Recently, the chronic
exposure to oxidative stress and a decline in lysosomal activity
of RPE cells have been recognized as a possible cause for RPE
degeneration (2–4). On the contrary to healthy RPE cells,
their diseased counterparts are unable to effectively tackle
oxidative stress and clear lysosomal aggregates, possibly due
to a downregulation of the heat shock response. Our study
showed that rhHsp70 therapy to the RPE offered protection
against oxidative challenge and that the exogenously delivered
protein was internalized into RPE cells and localized inside
late endosomes and lysosomes. Furthermore, after intravitreal
administration rhHsp70 protein diffused to the outer ocular
layers and was found inside the RPE. Overall, this work
provides a novel therapeutic option for the treatment of
RPE degeneration in AMD.
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