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Background: Endostatin, a specific inhibitor of endothelial cell proliferation and angiogenesis, has been proved to
have effects on ocular neovascular diseases by intraocular injection. In order to increase its permeability to ocular
barriers andmake it effective on fundus oculi angiogenesis diseases via non-invasive administration (eye drops),
endostatin was fused to Tat PTD via a genetic engineering method.
Methods:Most of the Tat PTD– endostatinwas expressed as inclusion bodies in Escherichia coli, so pure and active
Tat PTD–endostatin was prepared by a series of operations, including inclusion body denaturation, refolding and
chromatography. The anti-angiogenesis activity of Tat PTD–endostatin was investigated by cell proliferation ex-
periments and chick embryo chorioallantoic membrane assay. In addition, its translocating ability and concrete
entrymechanism into cellswere also investigated byfluorescencemicroscope andflow cytometry. The penetrat-
ing ability to ocular barriers was also studied by immunohistochemistry. A mouse choroidal neovascularization
model was established to investigate the pharmacodynamics of Tat PTD–endostatin.

Results: The obtained Tat PTD–endostatin had excellent anti-angiogenesis activity and was superior to Es in cel-
lular translocating. Macropinocytosis may be the dominant route of entry of Tat PTD–endostatin into cells. Tat
PTD–endostatin could cross ocular barriers and arrive at the retina after eye-drop administration. In addition,
it displayed inhibitory effects on choroidal neovascularization via eye drops.
Conclusions: Tat PTD–endostatin possessed excellent ocular penetrating ability and anti-angiogenesis effects.
General significance: Tat PTD is a promising ocular delivery tool, and Tat PTD–endostatin is a potential drug for
curing fundus oculi angiogenesis diseases.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Endostatin (Es), a 20 kDa C-terminal fragment of collagen XVIII, is a
specific inhibitor of endothelial cell proliferation and angiogenesis
[1–4]. Its analogue, Endostar, has been approved by the China Food
and Drug Administration (CFDA) for the treatment of patients with
non-small-cell lung cancer [5]. In addition, researchers have made
some achievements with Es on the prevention and treatment of ocular
neovascular diseases [6]. For example, researchers have identified that
ction domain of Tat; Tat PTD–Es,
, blood–brainbarrier;EDTA,eth-
h factor;NS, normal saline; CNV,
Es and the Es gene could inhibit ocular neovascularization by bulbar
conjunctival injection or intravitreal injection [7,8]. However, due to
ocular barriers, Es has to be administered by intraocular injection to
cure fundus oculi diseases. This mode of operation is difficult and can
result in irreversible damage to the eyeball [9], and so it is critical to
develop a simple, safe and effective route for the administration of Es
to treat these ocular diseases. Although eye-drops seem to be an ideal
administration route, ocular barriers prevent penetration of Es into
fundus oculi sites.

Tat PTD, a protein transduction domain of the Tat protein of HIV-1,
has been studied extensively for its ability to pass through biological
membranes with different cargoes, including peptides, proteins, and
oligonucleotides [10–13]. Many in vitro and in vivo studies have
shown that Tat PTD and its cargos [14,15] were able to pass through
most cell line membranes [16]. After being fused with Tat PTD, some
proteins with poor cell membrane permeability could cross the
blood–brain barrier (BBB) and even the eye barriers [12,17–19]. It is,
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therefore, a promising tool for non-invasive cellular import of cargos
and for making therapeutic agents more efficient for the treatment of
many diseases. We hypothesized that Tat PTD might assist Es in pene-
trating the ocular barriers and playing its anti-angiogenesis role on
the fundus oculi via eye-drops.

Thus, in this study, Tat PTD was conjugated to the N-terminus of Es
through a bioengineering method and expressed in Escherichia coli.
After a series of operations, including inclusion body denaturation,
refolding and chromatography, pure Tat PTD–Es, which was expected
to have both ocular barrier-penetrating ability and anti-angiogenesis
effects, was obtained. In order to verify whether the purified Tat
PTD–Es possesses ocular penetrating ability and anti-angiogenesis
effects, its in vitro and in vivo activities were investigated. The anti-
angiogenesis activity of Tat PTD–Es in vitro was determined using cell
proliferation experiments and the chorioallantoic membrane (CAM)
assay. The ocular barrier-penetrating activity and inhibitory activity on
choroidal neovascularization (CNV) of Tat PTD–Es via eye-drops were
evaluated in vivo. Furthermore, its concrete entry mechanism into
cells was also investigated, since understanding its mechanism will aid
in its application in clinical treatment.

2. Materials and methods

2.1. Strains, vectors, cells and reagents

E. coliDH5α cells were used for plasmid propagation and E. coli BL21
(DE3) cells were used for expression of the fusion protein. A His-trap™
HP column,was purchased fromGEHealthcare (Sweden). EAHY926 en-
dothelial cells were obtained from Shanghai Cell Bank, the Institute of
Cell Biology, China Academy of Sciences (Shanghai, China). Avastin
was produced by Genentech/Roche (US). Mouse anti-His polyclonal an-
tibody was purchased from Zhongshan Golden Bridge Biotechnology
Co. Ltd (Beijing, China). Fertilized eggswere purchased fromYijia Chick-
en Farm (Jinan, China). Cell Counting Kit-8 (CCK-8)was purchased from
Shanghai Beibo Company (China). LPS ELISA Kit was purchased from
Wuhan ColorfulGene Company (China). All other reagents of biochem-
ical and molecular biology grade were obtained from Sigma-Aldrich
(China).

2.2. Animals

Kunming mice, weighing 25–28 g, were purchased from the Exper-
imental Animal Center of Shandong University. Five-week-old male
C57BL/6 mice, weighing 20–22 g, were purchased from Beijing Vital
River Company. The animals were housed in animal facilities accredited
by the ShandongCouncil on Animal Care and treated in accordancewith
approved protocols. The animals were maintained in a specific
pathogen-free environment that was temperature-controlled
(23 °C ± 2 °C) and humidity-controlled (60% ± 10%), under a 12:12-h
light/dark cycle.

2.3. Construction of a recombinant plasmid expressing Tat PTD–Es in E. coli

Tat PTD–Es cDNAwas amplified from theplasmid pVAX1-endostatin
by a standard polymerase chain reaction (PCR) with the forward primer
F1 (5′-AGAATCCCATATGTATGGCAGGAAGAAGCGGAGACAGCGACGAA
GACACAGCCACCGCGA-3′) and reverse primer R (5′-CGCGG ATCCTTAT
TACTTGGAGGCAGTCATGAA-3′). The forward primer F1 and reverse
primer R containedNde I and BamHI sites, respectively. A 562-bp ampli-
fied fragment was cut with Nde I and Bam HI and then ligated into the
pET28a vector that had been previously digested with Nde I and Bam
HI, to create the corresponding expression vector pET28a/Tat PTD–Es.
Another expression vector, pET28a/Es, was generated via the same pro-
cedure as above using the forward primer F2 (5′-AGGAATCCCATATGCA
CAGCCACCGCGACTT-3′) and reverse primer R. The accuracy of the
inserted genes was confirmed by DNA sequencing.
2.4. Expression, renaturation and purification of the proteins

E. coli BL21 (DE3) cells containing the recombinant plasmid were
cultured at 37 °C in LB medium containing 50 μg ml−1 kanamycin
with a shaking speed of 220 rpm. When the OD600 of the culture
reached 0.8–1.0, isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.25 mM. After a further 6-h cultiva-
tion, the cells were harvested and subjected to sonication. After centri-
fugation at 10,000 ×g for 30 min, the obtained inclusion bodies were
washed with Tris–HCl buffer (20 mM Tris–HCl, 0.5% Triton X-100,
pH 8.2) and Tris–HCl–urea buffer (20 mM Tris–HCl, 0.5% Triton X-100,
1 M urea, pH 8.2). The precipitate was then dissolved in denaturing
buffer (20 mM Tris–HCl, 8 M urea, 5 mM ethylene diamine
tetraacetic acid (EDTA), pH 8.2, 10 mM dithiothreitol). The denatur-
ing liquid was subjected to slow dilution into the refolding buffer
(20 mM Tris–HCl buffer, 2 M urea, 0.25 M oxidized glutathione,
0.1 mM reduced glutathione, pH 8.2) in a volume ratio of 1:100 at
4 °C. The solution was left standing for 24 h, ultrafiltrated to one-tenth
of the total volume through a ultrafiltration membrane with a molecu-
lar weight cut-off of 10 kDa, and then washed with Tris–HCl buffer
(20mM, pH 8.0) containing 0.3MNaCl. Subsequently, the protein solu-
tion was loaded onto a His-trap™ HP column and the fusion proteins
were eluted with Tris–HCl buffer (20 mM, pH 8.0) containing 0.3 M
NaCl and 100 mM imidazole. The fractions containing fusion proteins
were then ultrafiltrated to remove NaCl and imidazole. Throughout
the whole process, the fusion protein fractions were analysed by SDS-
PAGE. The immunoreactivity of fusion protein was checked byWestern
blotting. Mouse anti-His-tag monoclonal antibody was used as the
primary antibody.

The concentration of lipopolysaccharides (LPS) in samples was
determined by LPS ELISA Kit. Tat PTD–Es and Es were diluted to
10 μM, 50 μM and 100 μM with normal saline. The assay of LPS in the
samples was strictly operated by LPS ELISA Kit protocol.
2.5. Endothelial cell proliferation assay

EAHY926 endothelial cells were washed with PBS and digested in
0.05% trypsin solution. A cell suspension of 30,000 cells/ml was made
with DMEMplus 10% FBS, plated onto gelatinized 96-well culture plates
(0.1ml/well), and incubated (37 °C, 5% CO2) for 12 h. Tat PTD–Es and Es
were diluted with the culture media. After 20 min of incubation, the
culture media and basic fibroblast growth factor (bFGF) were added to
obtain a final volume of 0.2 ml of DMEM + 10% FBS + 5 ng ml−1

bFGF. Cellular viability was assessed using CCK-8 according to the
manufacturer's instructions.
2.6. Chick embryo CAM assay

Inhibition of angiogenesis by Tat PTD–Es and Es in vivowas tested in
a chick embryo CAM assay with some changes to the previously de-
scribed method [20,21]. Briefly, 3-day-old fertilized white leghorn
eggs were incubated at 37 °C and 40–60% humidity for 3 days, with ro-
tation every day. An artificial window (1–2 cm)was gently cut on day 4.
On day 7, a small piece of gelatin sponge (0.5 cm length, 0.5 cmwidth)
saturated with different solutions was placed on the areas between
pre-existing vessels. For the three control groups, the gelatin sponge
was treated with 60 μg hydrocortisone, sterile saline or 0.5 ng bFGF,
respectively. Additionally, for the two test groups, 0.5 nM Tat PTD–Es
or Es and 0.5 ng bFGF were added onto the gelatin sponge. The
embryos were further incubated for 48 h. The zones of neovascular-
ization under and around the gelatin sponge were photographed
using an anatomic microscope (Leica, MS5, Switzerland). Quantitative
analyses were performed with the Image-pro plus 6.0 image analysis
software.
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2.7. In vitro cellular uptake of Tat PTD–Es and Es

To examine whether the transduction efficiency into EAHY926 cells
could be enhanced, cellular uptake studieswere performed. The abilities
of cellular internalization of Tat PTD–Es and Es were visualized and
quantified using a fluorescence microscope (BX40, Olympus, Japan)
and flow cytometry, respectively. To track the internalization of pro-
teins, Tat PTD–Es and Es labelled with FITCwere prepared as previously
described [22]. EAHY926 cells were seeded in 12-well culture plates at
1.0 × 105 cells/well. The culture medium was removed after the cells
reached 80% confluence and the cells were treated with fresh serum-
free medium containing 10 μM FITC-labelled Tat PTD–Es and Es for 4 h
at 37 °C with 5% CO2 in an incubator. Sequentially, the cells were exam-
ined under a fluorescence microscope and the fluorescence signal was
determined by flow cytometer.

2.8. Studies on the cellular uptake pathway of Tat PTD–Es

To further understand the concrete uptake mechanism of Tat PTD–
Es by cells, the impact of concentration, time, temperature and some
inhibitors on the transduction of Tat PTD–Es was studied using a fluo-
rescence microscope (BX40, Olympus, Japan) and flow cytometry
respectively. To examine the effects of Tat PTD–Es concentration and
action time on transduction efficiency, the cells were incubated with
the FITC-labelled Tat PTD–Es or Es at different concentrations (1, 2.5,
5, 7.5 and 10 μM) for various time periods from 15min to 4 h. The effect
of temperature block was studied by pre-incubating the cells at 4 °C for
1 h and then treating with the FITC-labelled Tat PTD–Es (10 μM) for 2 h
at 4 °C. To study the effect of various inhibitors on theuptake of Tat PTD–
Es, cellswere pre-incubatedwith the following inhibitors individually at
concentrations that were not toxic to the cells: (1) 0.1% (w/v) sodium
azide for 1 h; (2) 450 mM sucrose for 1 h; (3) 10 μg ml−1 chlorproma-
zine for 30min; (4) 1 μgml−1 genistein for 30min; (5) 30mM cytocha-
lasin D for 30 min. Following the pre-incubation, the cells were further
treated with FITC-labelled Tat PTD–Es (10 μM) for 2 h. Subsequently,
the cells were washed three times with PBS, collected according to the
methods described above, and analysed by flow cytometry and fluores-
cence microscope, respectively. In the study, the group without any
treatment was used as a background in the flow cytometry analysis,
while the group in the presence of Tat PTD–Es, but without inhibitor
treatment, was used as the control, and their fluorescence intensities
are expressed as 100%. Comparing the fluorescence intensities of other
groups with the intensity of the control group could extrapolate the
possible mechanism of internalization.
2.9. Penetration of Tat PTD–Es through ocular barriers

Twenty-five Kunmingmicewere randomly divided into five groups:
(1) normal saline (NS) negative control group — mice were adminis-
tered 10 μl NS solution via eye-drops for 3 days (6 times per day);
(2) Es eye-drops group — mice were administered 10 μl Es solution
(50 μM) for 3 days (6 times per day); (3) Tat PTD–Es eye-drops
group — mice were administered 10 μl Tat PTD–Es solution (50 μM)
for 3 days (6 times per day); (4) Es intravitreal injection group — mice
were intravitreally injected with 1 μl Es solution (50 μM); (5) Tat
PTD–Es intravitreal injection group — mice were intravitreally injected
with 1 μl Tat PTD–ES solution (50 μM).

The solutions were administered to the left eyes of the mice, while
the right eye had no treatment. The mice of the eye-drop groups
(groups 1, 2, 3)were executed after the last administration. The left eye-
balls were removed and then cleaned using PBS. Eyeballs were fixed in
4% paraformaldehyde solution overnight. Cryosectionwas used tomake
slices of mouse eyeballs. Immunohistochemistry analysis using an anti-
6 × His monoclonal antibody was used to observe whether the protein
was distributed in the retina.
2.10. Inhibitory effects of Tat PTD–Es on CNV

A CNVmodel was generated by the modification of a previously de-
scribed technique [6,23]. Briefly, 5-week-old male C57BL/6 mice were
anaesthetized with chloral hydrate (4%, 0.14 ml/10 g), and the pupils
were dilated with 1% tropicamide. Four burns of krypton laser photoco-
agulation (50 μm spot size, 0.1-second duration, 160 mW) were deliv-
ered to each retina using the slit-lamp delivery system and a hand-
held cover slide as a contact lens. Production of a bubble during the
laser treatment, which indicates rupture of the Bruch's membrane, is
an important factor in obtaining CNV, so only the mice in which a bub-
ble was produced for all four burns were included in the study. The left
eyes were subjected to this treatment, while the right eyes had no
treatment.

Thirty of the CNV model C57BL/6 mice were randomly divided into
six groups: (1) normal saline (NS) negative control group — mice ad-
ministered 10 μl NS solution via eye-drops for 2 weeks (6 times per
day); (2) Avastin intravitreal injection positive group — mice were
intravitreally injected with 1 μl Avastin for 2 weeks (once per week);
(3) Tat PTD–Es eye-drops group — mice were administered 10 μl Tat
PTD–Es solution (50 μM) for 2 weeks (6 times per day); (4) Tat PTD–
Es intravitreal injection group — mice were intravitreally injected with
1 μl Tat PTD–ES solution (50 μM) for 2 weeks (once per week); (5) Es
eye-drops group — mice were administered 10 μl ES solution (50 μM)
for 2 weeks (6 times per day); (6) Es intravitreal injection group —

mice were intravitreally injected with 1 μl Es solution (50 μM) for
2 weeks (once per week). The solution was administered to their left
eyes, while the right eye had no treatment.

Fifteen days after treatment, the size of theCNV lesionwas evaluated
by measuring the area of CNV in choroidal flat mounts. The mice used
for the flat-mount technique were anaesthetized and perfused with
1 ml PBS containing 50 mg ml−1

fluorescein-labelled dextran as previ-
ously described [8]. The eyeballs were removed and fixed for 1 h in 10%
formalin solution. The cornea and lens were removed and the entire
retina was carefully dissected from the eyeballs. Radial cuts were
made from the edge of the eyecup to the equator and the eyecup was
flat-mounted in aqua mount with the sclera facing down and the cho-
roid facing up. The flat mounts were examined and the images were
digitized.

3. Results

3.1. Cloning, expression, renaturation and purification of Tat PTD–Es and Es

In this study, the Tat PTD sequence (YGRKKRRQRRR) was fused
to the N-terminus of Es protein and the fusion protein contained an
N-terminal polyhistidine purification tag (His-tag). The recombinant
fusion proteinwas expressed in E. coli at a level up to 20% of the total cell
proteins, and most of the fusion protein was detected as inclusion bod-
ies (Fig. 1). The molecular weight of Tat PTD–Es was 22 kDa, which was
consistentwith the size deduced from its coding sequence. The purity of
the fusion protein was N95%, evaluated by SDS-PAGE (Fig. 2a). The final
production of Tat PTD–Es was 20 mgml−1 of cell culture. Western blot
analysis showed that Tat PTD–Es and Es reacted with anti-6 × His anti-
body (Fig. 2b).

The concentration of LPS in samples was all lower than 10 pg ml−1

(the minimal assay range of LPS ELISA Kit) and there was no dose–
concentration relationship, which proved that LPS was absent in
samples and the production of recombinant proteins had reasonable
quality. Test for absence of LPS assured that the preparation would
not induce inflammatory reaction when used in vivo.

3.2. Inhibitory effect of Tat PTD–Es on endothelial cell proliferation

A CCK-8 assay was performed to investigate the anti-proliferative
effects of Tat PTD–Es and Es (Fig. 3). Both of the two proteins significantly



Fig. 1. SDS-PAGE of proteins from engineered strains. Lane 1. Inclusion bodies of
BL21(DE3)/Es; Lanes 2 and 3. Inclusion bodies of BL21(DE3)/Tat PTD–Es; Lane 4. Inclusion
bodies of BL21(DE3)/blank plasmid; Lane 5. The cell lysate of BL21(DE3); M. protein
marker; Lane 6. The cell lysate of BL21(DE3)/blank plasmid; Lane 7. The cell lysate of
BL21(DE3)/Tat PTD–Es; Lane 8. The cell lysate of BL21(DE3)/Es.

Fig. 3. The inhibitory effect of Tat PTD–Es and Es on EAHY926 cell proliferation.
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inhibited bFGF-induced EAHY926 endothelial cell proliferation in a
dose-dependent manner. The inhibitory rates of Tat PTD–Es at 0.2, 0.8,
2, 3, 4 and 8 μM were 25.09%, 38.36%, 65.55%, 75.64%, 83.94% and
86.45%, respectively. For Es, the inhibitory rates were 10.35%, 28.24%,
59.67%, 70.34%, 82.38% and 88.04%, respectively. Addition of Tat PTD
at the N-terminus of Es did not decrease the endothelial cell prolifera-
tion inhibitory activity. Both Tat PTD–Es and Es showed more than
80% inhibition of bFGF-induced EAHY926 endothelial cell proliferation
at high concentrations (4 and 8 μM). Tat PTD–Es even displayed an
enhanced inhibitory effect compared with Es (p b 0.05) at low concen-
trations (0.2 and 0.8 μM).

3.3. Inhibitory effect of Tat PTD–Es on angiogenesis in the chick embryo
CAM

To further study the anti-angiogenesis activity, Tat PTD–Es and
Es were tested using a CAM assay. Tat PTD–Es and Es inhibited the
development of new embryonic blood vessels without affecting pre-
existing vasculature (Fig. 4), suggesting that Tat PTD–Es and Es could
significantly inhibit angiogenesis of CAM induced by bFGF. Compared
with the bFGF group, the number of blood vessels of CAM was reduced
from 30.74 ± 6.58 to 12.18 ± 4.92 in the Tat PTD–Es group (Fig. 4).
Fig. 2. SDS-PAGE andWestern blotting of the purified Tat PTD–Es and Es. a. SDS-PAGE of
purified Tat PTD–Es and Es. Lane 1. Purified Tat PTD–Es; Lane 2. Molecular marker; Lane 3.
Purified Es. b. Western blotting of purified proteins. Lane 1. Es; Lane 2. Tat PTD–Es.
3.4. In vitro cellular uptake of Tat PTD–Es

Fluorescent micrographs of cells taken at 4 h after exposure to Tat
PTD–Es and Es are shown in Fig. 5a. Intracellular accumulation of
FITC-labelled protein was observed, and the fluorescence intensity in
cells exposed to Tat PTD–Es increased notably compared with Es. The
percentage of cells that internalized the FITC-labelled proteins was
quantified by flow cytometry (Fig. 5b and c). The percentage of positive
cells after exposure to Tat PTD–Es and Es was 99.28% and 33.61%,
respectively. The results indicate that Tat PTD significantly enhanced
Es delivery into EAHY926 cells (p b 0.05).
3.5. Cellular uptake pathway of Tat PTD–Es

The uptake of Tat PTD–Es by EAHY926 cells was clearly dependent
on the tested concentration range of 1–10 μM (Fig. 6a). When the con-
centration increased, the fluorescence intensity in EAHY926 cells
increased accordingly (Fig. 6b). In terms of the effect of the treatment
time on the internalization process of Tat PTD–Es, the fluorescence in-
tensity inside EAHY926 cells increased with incubation time (Fig. 7a).
Rapid entrance of Tat PTD–Es into cells was observed, and the fluores-
cence intensity increased sharply from 0 min to 2 h (Fig. 7b).

Endocytic uptake is an energy-dependent mechanism that can be
strongly inhibited by lowering the temperature and bymetabolic inhib-
itors [24]. In order to investigatewhether the cellular uptake of Tat PTD–
Es was an energy-dependent process, the cell uptake studies were car-
ried out at 4 °C and also in the presence of metabolic inhibitors (sodium
azide, NaN3) [25]. The group in the presence of Tat PTD–Es at 37 °C, but
without inhibitor treatment, was used as a control, and its fluorescence
intensities are expressed as 100% (Fig. 8). It can be seen from Fig. 8a that
the uptake of Tat PTD–Es in EAHY926 cells was inhibited but not
abolished completely at low temperature or in the presence of NaN3

in comparison with the control group. Low temperature decreased the
accumulation of Tat PTD–Es in EAHY926 cells by more than 90%. Simi-
larly, the cellular metabolism was also significantly inhibited by NaN3

with a cellular uptake reduction of 94%. The results of the low tempera-
ture and metabolic inhibitor assays indicate that Tat PTD–Es is taken up
into the cells via an energy-dependent process. However, Tat PTD–Es
might be taken up by different pathways, resulting in the differences
in their degrees of inhibition. Therefore, endocytic inhibitors were
used to investigate the uptake pathway of Tat PTD–Es in EAHY926 cells.

Exposure of cells to hypertonic media, such as sucrose, is known to
inhibit fluid-phase endocytosis [26]. When treated with sucrose
(450 mM) for 1 h, the uptake of Tat PTD–Es into EAHY926 cells was
reduced by 63% (p b 0.01, Fig. 8b). Hypertonic sucrose is known to
block the formation of the clathrin-coated vesicles and the results sug-
gest that Tat PTD–Es entered EAHY926 cell by clathrin-mediated endo-
cytosis. Inhibition of clathrin-mediated uptake was also tested by using
the cationic amphiphilic drug chlorpromazine, which is believed to



Fig. 4. Inhibitory effects of Tat PTD–Es and Es on chick embryo CAM. a. Photographs of angiogenesis of CAM. b. The inhibitory activity on CAM angiogenesis (*p b 0.05 compared to
the bFGF group).
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inhibit clathrin-coated pit formation by a reversible translocation of
clathrin and its adapter proteins from the plasmamembrane to intracel-
lular vesicles and causes clathrin to accumulate in late endosomes,
Fig. 5. Transduction of Tat PTD–Es and Es into EAHY926 cells. a. Fluorescentmicroscopy image o
profiles of EAHY926 cells after exposure to FITC-labelled Tat PTD–Es and Es. c. The positive rat
thereby inhibiting coated pit endocytosis [27]. Treatment with chlor-
promazine (10 μg ml−1) for 30 min resulted in obvious inhibition
of Tat PTD–Es uptake into EAHY926 cells, which also indicates that
f FITC-labelled Tat PTD–Es and Es incubatedwith EAHY926 cells (×200). b. Flow cytometry
es of cells exposed to Tat PTD–Es and Es.



Fig. 6. The effect of concentrations on uptake of Tat PTD–Es and Es into EAHY926 cells. a. Fluorescentmicroscope images of EAHY926 cells incubatedwith different concentrations of FITC-
labelled Tat PTD–Es and Es (×200). b. Uptake of Tat PTD–Es by EAHY926 cells at different concentrations of Tat PTD–Es.
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clathrin-mediated endocytosis might be involved in the uptake process
in EAHY926 cells.

Genistein, a tyrosine kinase inhibitor that causes local disruption
of the actin network at the site of endocytosis and inhibits the recruit-
ment of dynamin II, has been shown to inhibit the caveolae-mediated
Fig. 7. Uptake of Tat PTD–Es by EAHY926 cells at different treatment times. a. Fluorescent micr
PTD–Es by EAHY926 cells at different treatment times.
endocytosis of SV40 virus and cholera toxin X [28]. In this study, when
cells were pre-incubated with genistein (1 μgml−1) for 30min, the cel-
lular uptake of Tat PTD–Es was inhibited significantly by 33%, indicating
that a portion of Tat PTD–Es was internalized into the cells through
caveolae-mediated endocytosis.
oscopy images of EAHY926 cells at different treatment times (×200). b. The uptake of Tat



Fig. 8. Influence of different pathway inhibitors on the uptake of Tat PTD–Es by EAHY926 cells. a. Fluorescent microscopy images of EAHY926 cells with different treatments (×200). b.
Uptake of Tat PTD–Es by EAHY926 cells with different treatments compared with control, *p b 0.05, **p b 0.01. The group in the presence of Tat PTD–Es without inhibitor treatment was
used as a control and its fluorescence intensities are expressed as 100%. The fluorescence intensities of other groups are shown as relative fluorescence intensities compared with the
control.
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Cytochalasin D is known to inhibit actin polymerization and mem-
brane ruffling, which is involved in macropinocytosis and phagocytosis
[29]. The cellular uptake of Tat PTD–Es was significantly reduced by 72%
after the cells were treatedwith cytochalasin D (30mM) for 30min. The
results imply that macropinocytosis might be a major uptake mecha-
nism for Tat PTD–Es by EAHY926 cells.

3.6. Ocular barrier penetrating ability of Tat PTD–Es

Tat PTD–Es or Es was eye-dropped or intravitreally injected. The NS
group was employed as negative group. Mouse eyeballs were removed,
and the fusion proteinwas examinedwith 6×His antibody by immuno-
histochemistry (Fig. 9). Both Tat PTD–Es and Es appeared in the retina
after intravitreal injection. Tat PTD–Es was also distributed in the retina
after eye-drop administration, while Es did not appear in the retina in
the eye-drop group, which indicates that Tat PTD–Es had stronger pen-
etrating ability in vivo, and could penetrate the ocular barriers and arrive
at the retina after eye-drops, while Es could not.

3.7. Inhibition effects of Tat PTD–Es on CNV generation

Mouse CNVmodelswere established by laser burning. Tat PTD–Es or
Eswas eye-dropped or intravitreally injected. Eye-droppedNSwas used
as a negative control, and intravitreally injected Avastin was used as a
positive control (Fig. 10). The CNV areas of mice intravitreally injected
with Tat PTD–Es and Es were 961.2 ± 86.9 μm2 and 944.6 ± 88.3 μm2,
respectively, which was less than the negative control (2623.6 ±
240.9 μm2; p b 0.01), and was not significantly different from the posi-
tive control (863.5 ± 50.1 μm2). When Es was administered via
eye-drops, the CNV areawas 2514.7± 260.7 μm2, whichwas not signif-
icantly different from thenegative control, showingno inhibitory effects
on CNV. The CNV area of Tat PTD–Es eye-drop mice was 1378.4 ±
154.3 μm2, which was significantly less than the negative control
(p b 0.01). Therefore, the Tat PTD–Es eye-drops were capable of
inhibiting CNV angiogenesis, and these results demonstrate that Tat
PTD–Es had the capacity to penetrate the ocular barriers, reach the retina
choroid and play its roles in the fundus oculi via eye-drops.

4. Discussion

In our study, though His-tag and Tat PTD were fused to the N-
terminus of Es protein, no activity decrease was detected. Tat PTD–Es
even displayed an enhanced inhibitory effect on EAHY926 cells com-
pared with Es (p b 0.05) at low concentrations (0.2 and 0.8 μM),
which implies that the fusion of Tat PTD to Es enhanced the inhibitory
activity of Es on endothelial cells.

In the activity assay, both Tat PTD–Es and Es displayed excellent abil-
ity to inhibit endothelial cell proliferation. Tat PTD–Es even resulted in
higher inhibition than Es at low concentrations. It might be caused by
more translocation of Tat PTD–Es into cells. This pointwas substantiated
by in vitro cellular uptake studies, in which Tat PTD could favour the
delivery of Es into cells.

In terms of the internalization kinetics of Tat PTD–Es into EAHY926
cells, systematic studies were carried out. Direct translocation was not
excluded as a potential pathway for Tat PTD–Es into EAHY926 cells,
since the entrance of Tat PTD–Es into cells was not prevented complete-
ly at low temperature or in the presence of NaN3, although it was obvi-
ously reduced, which indicates that a small portion of Tat PTD–Es could
still penetrate the cell membrane without the energy via direct translo-
cation. Some studies came to similar conclusions [30–32]. Hypertonic
sucrose and chlorpromazine are known to block clathrin-mediated
endocytosis. The results suggested that Tat PTD–Es entered EAHY926



Fig. 9. Immunohistochemistry of mouse eyes.

Fig. 10. The inhibition effects of Tat PTD–Es on CNV generation. a. The fluorescent images of CNV (×40). b. The CNV areas of different groups (area, x� s, n= 5) ⁎p b 0.01 vs. NS group;
§p b 0.05 vs. Avastin group; △p b 0.05 vs. Tat PTD–Es injection.
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cells by clathrin-mediated endocytosis. In addition, the results showed
that a relatively small portion of Tat PTD–Es got into the cells via
caveolae-mediated endocytosis. Inhibitors of macropinocytosis greatly
reduced the uptake of Tat PTD–Es into EAHY926 cells. In summary, Tat
PTD–Es uptake by EAHY926 cells wasmainly via endocytosis and sever-
al pathways involved in its internalization.

Macropinocytosis was a dominant route of Tat PTD–Es internaliza-
tion into the cells. Tat PTDwas reported to follow the macropinocytosis
pathway in some studies [33–35]. Macropinocytosis was reported to be
a major route of entry for positively charged molecules [36], because of
the membrane-bound negatively charged proteoglycans, such as hepa-
ran sulphate. The negatively charged proteoglycans act as receptors for
positively charged molecules and might be involved in stimulating
endocytic uptake. Tat PTD–Es endow high positive charges, so we spec-
ulate that strong and multiple bonds between the positive protein and
the negatively charged surface proteoglycans will cause a large number
of proteins to accumulate on the cell membrane, and induce cyto-
skeleton rearrangement, resulting in the initiation of ruffle forma-
tion followed by uptake via macropinocytosis.

Though different mechanisms are involved in the entry of Tat PTD–
Es into cells, there is no doubt about its ability to translocate into cells.
Conjugating Tat PTD with Es not only retained the anti-angiogenesis
activity of Es, but also boosted its permeability into cells, which might
allow Tat PTD–Es to cross the ocular barrier and play its activity in
fundus oculi.

It is known thatmany drugs are prevented from reaching the fundus
oculi by ocular barriers and remain at the ocular surface after eye-drop
administration. As the blood flow of eyes is abundant, even for drugs
with the ability to penetrate corneal barriers, they will quickly be
brought into the systemic circulation when passing through blood–
eye barriers, and the amount of drugs in the fundus oculi is scarce. So,
in order to accumulate a higher drug concentration, more administra-
tion times (6 times per day) and longer times (3 days) were used in
the Tat PTD–Es eye-drop experiments. The results showed that Tat
PTD–Es exhibited stronger penetration power than Es in crossing the
ocular barrier, in which after eye-drop administration, Tat PTD–Es was
detectable in the retina, while Es was not. The results suggest that Tat
PTD could allow Es to cross corneal barriers, conjunctival barriers and
blood–retina barriers, and transport Es to the fundus oculi from the
ocular surface. Tat PTD–Es eye-drops may be applicable for curing
fundus oculi vascular proliferation diseases.

For a full evaluation of Tat PTD–Es, mice CNV models were used to
assess its inhibitory effects on choroidal neovascularization. Intravitreal
injection is commonly used as an efficient route in clinical treatment, so
we used this administration route to assess the anti-angiogenesis effects
of Tat PTD–Es and Es in vivo. Both of themdisplayed an inhibitory action
on CVN after intravitreal injection,which further indicates that Tat PTD–
Es and Es has anti-angiogenesis activities in vivo. When administrated
by eye-drops, Tat PTD–Es exhibited a suppressive function on CNV,
while Es did not. Different penetration capability might give rise to the
results. After being fused to Tat PTD, Es had high permeability to cross
ocular barriers, arrived in fundus oculi, such as the retina and choroid,
and further showed inhibitory effects on CNV. Additionally, when pre-
paring choroidal auxiliary pieces, bleeding inside the eye was observed
in intravitreally injectedmice, while no such phenomenonwas found in
the eye-drop groups. Therefore, there was less impairment to eyes for
eye-drop administration than for intravitreal injection. In clinical treat-
ment, eye-drops are an ideal and more acceptable method for ocular
administration. Our research made Es administration via eye-drops
possible, which may provide a means to explore administration of
proteins and other macromolecules in the treatment of fundus
oculi diseases.

However, some elaborate studies should be conducted. For instance,
the pathway of Tat PTD–Es across eye barriers and its distribution in dif-
ferent ocular tissues have not been determined, which needs to be
further investigated. Furthermore, various models, such as diabetic
retinopathy, should be established to acquire more ocular pharmacody-
namic information of Tat PTD–Es.
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