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Abstract Uveitis is a sophisticated syndrome showing a high relevance with reactive oxygen species (ROS). Herein, an ROS-responsive
PEGylated polypeptide based macromolecular prodrug of herbaceous antioxidant ethyl caffeate (EC) is designed via phenylboronic esters with
improved solubility for the alleviation of uveitis. The antioxidative 4-hydroxybenzyl alcohol (HBA) and EC can be released from the
macromolecular EC prodrug under the stimulation of ROS, which can effectively protect cells against oxidative stress-induced injury in an ROS-
depletion way. The antioxidative and protective effects of the macromolecular EC prodrug in vivo are further verified in a uveitis mouse model.
Overall, this work not only provides a handy method to synthesize a phenylboronic ester-bearing EC prodrug which is highly sensitive to
pathological ROS, but also depicts a promising future to apply macromolecular antioxidative prodrugs in the treatment of uveitis as well as other
ROS-related diseases.
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INTRODUCTION

Uveitis is a complex ocular inflammation of uvea, including iris,
ciliary body as well as chorioidea, and adjacent apparatus like
retina, optic nerves, vitreum even sclera may get affected at the
same time."3 It was reported that 5%—10% of the visual
impairment, along with 10%—-15% of blindness was caused by
uveitis around the world,"? which would be much more severe
in developing countries.”! There are many reasons to cause
uveitis. However, compared with infection-induced uveitis,
which could be mitigated by anti-infective therapy, aseptic
uveitis is much more challenging to deal with for its
sophisticated inducement such as immune dysfunction and
autoinflammatory response.! An increasing number of studies
pointed out that the imbalance of reactive oxidant species (ROS)
played a vital role in numerous kinds of inflammation, including
uveitis.® As a typical proinflammatory mediator, ROS bears a
great potential to propagate the formation of inflammasomes
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and promote the secretion of inflammatory mediators like
interleukin (IL)-18 and IL-18-'2 On the other hand, the
excessive ROS, or so-called oxidative stress, will oxidate and
destroy lipids and proteins in normal cells, thus poses a great
threat in affected tissues.'3'4

Considering the essential role of ROS in the progression of
inflammatory diseases, more and more attempts have been
reported to introduce antioxidants for the alleviation of in-
flammatory diseases including uveitis.'>-'8] As an herbaceous
antioxidant, ethyl caffeate (EC) is widely applied in anti-in-
flammatory and anti-infectious areas.['"-211 However, the
bioavailability and therapeutic efficiency of EC are severely
limited due to its low water solubility. To break this constric-
tion, a macromolecular prodrug strategy is very promising for
its improvement of solubility.22231 Polypeptides are ideal
macromolecular carriers with many advantages, such as easy
synthesis and functionalization, excellent solubility, biocom-
patibility and degradability.[24-26]

The “smart delivery” is usually referred in the rational
design of drug delivery systems which requires the site-spe-
cific release of drugs in the pathological microenvironment
(acidic pH, specific enzymes, redox, etc.), which is generally
significantly different to that of normal tissue.l2’-37 Techni-
cally, the high ROS level in uveitis itself could be utilized as a
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trigger.3233] Because of the responsiveness to high ROS level,
phenylboronic acid esters are attracting a great deal of atten-
tion for the design of stimuli-responsive drug delivery sys-
tems.34 Interestingly, it is reported that an ROS scavenger 4-
hydroxybenzyl alcohol (HBA) can be produced as a byproduct
during the releasing process when 4-hydroxymethyl phenyl-
boronic acid is used to prepare phenylboronic acid esters.[?3]
Therefore, such 4-hydroxymethyl phenylboronic acid ester is
especially promising in antioxidative and anti-inflammatory
applications.

Herein, a PEGylated polypeptide based macromolecular
prodrug of EC was developed for the treatment of aseptic
uveitis. The macromolecular EC prodrug (P-HPEC) was syn-
thesized by conjugating 4-(hydroxymethyl) phenylboronic
acid ethyl caffeate ester (HPEC) to the side chains of ethano-
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lamine modified PEG-b-polyglutamic acid (P-OH) (Fig. 1A).
The prepared prodrug P-HPEC could be easily dissolved in
water. Meanwhile, EC and HBA could be effectively released
in the high ROS level microenvironment of aseptic uveitis.
The ROS scavenging ability of P-HPEC was inherited from the
released EC and HBA. Accordingly, P-HPEC could protect L929
fibroblasts and human corneal epithelial cells (HCEC) due to
the decrease of oxidative stress, which was much more effect-
ive than the free drugs. The excellent antioxidative capability
of P-HPEC was further confirmed in vivo by a uveitis mouse
model. Therefore, an ROS-responsive EC prodrug with high
water solubility was designed. The antioxidative capacity of
EC was enhanced with the help of HBA, leading to a superior
therapeutic outcome against uveitis in an ROS-scavenging
manner.
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Synthesis and characterization of macromolecular EC prodrug P-HPEC. (A) Synthetic route of P-HPEC and its mechanism of scavenging
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MATERIALS AND METHODS

Materials and Characterizations

DMF, ethyl acetate, THF, NaCl, anhydrous Na,SO,, hexane, ether,
acetonitrile, DMSO, H,0, and ethanol were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). EC, 4-
hydroxymethyl phenylboric acid, y-benzyl L-glutamate, 2-
hydroxypyridine and ethanolamine were purchased from
Energy Chemical Co., Ltd. (Shanghai, China). Methyloxirane and
LiBr were obtained from TCl (Shanghai) Development Co., Ltd.
(Shanghai, China). Triphosgene, 1,1'-carbonyldiimidazole,
anhydrous DMF and methoxypolyethylene glycol amine were
brought from Macklin Inc. (Shanghai, China). CD;0D, DMSO-d,,
DAPI and lipopolysaccharide (LPS) were brought from Sigma-
Aldrich (St. Louis, MO, USA). CDCl; was purchased from Adamas
Reagent, Ltd. DPPH was supplied by TargetMol Chemicals Inc.
(Boston, MA). 4-Dimethylaminopyridine, Rhodamine B and
paraformaldehyde were purchased from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Roswell Park Memorial
Institute (RPMI) 1640 medium, Dulbecco’s modified Eagle’s
medium and Ham'’s F12 medium (DMEM/F12) and Penicillin-
Streptomycin were provided by Cienry Ltd. (Huzhou, China).
Fetal bovine serum (FBS), RIPA buffer, Halt™ Protease
Inhibitor Cocktail, EDTA-Free (100x), SuperSignal West Dura
Extended Duration Substrate, Goat anti-Rabbit IgG (H+L) (HRP
labelled) and Goat anti-Mouse IgG (H+L) (HRP labelled)
secondary antibodies were obtained from Thermo Fisher
Scientific Inc. (Waltham, MA). Cell Counting Kit-8 (CCK-8) was
supplied by Dalian Meilun Biotechnology Ltd. (Dalian, China).
20xPBS buffer was bought from Sangon Biotech. Co., Ltd.
(Shanghai, China). Reactive Oxygen Species Assay Kit (DHE)
was purchased from Bestbio Co., Ltd. (Shanghai, China). BCA
Protein Assay Kit was purchased from Beyotime Institute of
Biotechnology (Haimen, China). Acrylamide Solution (30%)
was obtained from Bio-Rad Laboratories, Inc. (Hercules,
California, USA). BSA was supplied by Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China). X-ray film was
purchased from Huadong Medicine Co., Ltd. (Hangzhou,
China). TNF-a, Nrf2, HO-1 and B-actin primary antibodies were
purchased from Abcam plc (Cambridge, UK). ECL DualVue WB
Marker was purchased from General Electric Company (Boston,
USA).

The chemical structure or average molecular weight of pre-
pared prodrug and its precursors were analysed by "H-NMR,
using a Bruker AVANCE Ill 500 MHz spectrometer. The num-
ber- (M,)) or weight- (M,,) average molecular weight as well as
the polymer dispersity index (PDI) of PEG-PBLG and P-OH
were measured with GPC (Waters 1515/2414). The mobile
phase was LiBr/DMF with a flow rate of 1 mL/min and the in-
jection volume was 50 pL of stock solution (4.5 mg of PEG-
PBLG or P-OH dissolved in 1.5 mL of LiBr/DMF), using mono-
disperse polystyrene as a standard. UV-Vis spectrophotome-
ter (SHIMADZU UV-2550) was carried out in the wavelength
range of 200—600 nm to assess the spectra of prepared pro-
drug and its precursors. Cell viability was determined by an
Agilent BioTek Synergy H1 Multimode Reader. Fluorescent
images of cell uptake or intracellular ROS were captured un-
der a Nikon Eclipse Ts2 Inverted Routine Microscope. Protein
blots in western blot analysis were visualized by chemilumin-
escence (ChemiScope 6100).

Synthesis of Macromolecular EC Prodrug P-HPEC

Synthesis of HPEC

EC (1.87 g, 9 mmol) and 4-hydroxymethyl phenylboric acid (1.38
g, 10 mmol), dissolved in 10 mL of DMF, were stirred at 100 °C
for 8 h, and the mixture gradually turned to a clear, dark green
color during the reaction. The solvent was removed by rotary
evaporation until the substance in the reaction vessel became
an atrovirens tar. 5 mL of cold ethyl acetate (—20 °C) was poured
into the concentrate and the mixture was stored overnight at
—20 °C for recrystallization. The precipitated white powder was
collected and dried in vacuum at room temperature to obtain
the product. (Methanol-d, for "H-NMR).

Synthesis of y-benzyl L-glutamate N-carboxyanhydrides
(BLG-NCA)

After blending y-benzyl L-glutamate (5.0 g, 21.1 mmol, 1.0
equiv.), THF (75 mL) and methyloxirane (6.5 mL, 84.5 mmol, 4.0
equiv.) under magnetic stirring, triphosgene (3.15 g, 10.6 mmol,
0.5 equiv.) was added and the reaction vessel was immediately
sealed. When the turbid solution was clarified after reaction for
2 h, for safety reasons, 35 mL of deionized water was added to
the mixture to react with excessive triphosgene for 3 min. The
solution was extracted with ethyl acetate (EA, 25 mL x 2), and
the combined organic phase was washed twice with saturated
salt water and dried with anhydrous Na,SO,. The solvent was
removed by rotary evaporation at 45 °C; later, the white acicular
crystalline products were obtained by recrystallization below
10°C in hexane or THF.3® (CDCl; for '"H-NMR)

Synthesis of PEG-b-polybenzyl L-glutamate (PEG-PBLG)

The initiator methoxypolyethylene glycol amine (203 mg, 0.10
mmol, 1.0 equiv.), dissolved in 1 mL of anhydrous DMF, was
quickly added to the solution of BLG-NCA (800 mg, 3.0 mmol, 30
equiv.) in anhydrous DMF (1 mL). The mixture was stirred at
45 °C for 48 h under water-free and oxygen-free condition. Then
the mixture was precipitated in excessive ether and centrifuged.
The collected product was washed twice with ether and dried
overnight in vacuum to obtain the white solid product PEG-
PBLG. (DMSO-d for "TH-NMR)

Synthesis of P-OH

PEG-PBLG (150 mg, with ~0.525 mmol grafting benzyloxycar-
bonyl groups), 2-hydroxypyridine (499.4 mg, 5.25 mmol) and
ethanolamine (641.4 mg, 10.5 mmol) were fully mixed in 4 mL of
DMF and stirred at 45 °C for 48 h. The solution was then
precipitated in a precipitant (acetonitrile:ether=1:1, ViV). The
product was centrifuged, washed with ether for twice and dried
overnight in vacuum, which finally was yellowish brown and
slightly viscous solid. (DMSO-d, for '"H-NMR)

Synthesis of P-HPEC

P-OH (100 mg, with ~0.42 mmol grafting hydroxyl group) and
1,1-carbonyldiimidazole (CDI, 1358 mg, 0.84 mmol) were
dissolved in 8 mL of DMF and reacted under stirring at 45 °C for
6 h. Then, deionized water, equivalent to CDI, was added under
agitation to prevent unreacted CDI from precipitation in the
subsequent process. After 4-dimethylaminopyridine (DMAP,
51.1 mg, 0.42 mmol) and the solution of HPEC (298.3 mg, 0.84
mmol) in 4 mL DMF were added to the reaction vessel, the
mixture was stirred at 45 °C for 72 h in the dark, and then
precipitated in excessive ether. The solid product was collected
by centrifugation and washed for twice with ether. Our
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macromolecular EC prodrug P-HPEC was ultimately obtained as
olive-drab powder after vacuum drying overnight. (DMSO-d, for
"H-NMR)

In vitro Release of P-HPEC

In vitro release study, PBS (pH=7.4) with or without 1.0 mmol/L
H,0, was used as the release medium to investigate the release
of P-HPEC in it. Briefly, T mL of solution of P-HPEC in PBS
containing 0.5 mg of P-HPEC was sealed into a dialysis
membrane (MWCO 1kDa)-sealed chamber and immersed into
10 mL PBS or PBS containing 1 mmol/L H,0, in a 37 °C shaker
for the period of release in vitro. At the preset time points, 300
UL of release medium was collected for measurement, followed
by replenishing the same volume of fresh release medium. The
released concentration of byproduct HBA in peripheric buffer
was quantified by UV-Vis spectrophotometer at 273 nm.

Radical Scavenging Ability of P-HPEC

25 pL of EC with different concentrations (finally ranging from
1.50, 3.75, 7.50, 11.3 to 15.0 pg/mL after mixture) or P-HPEC
(with a series of EC of equivalent concentrations) were mixed
with 75 pL freshly prepared DPPH solution (100 pmol/L in
ethanol) in the shaker at 37 °C for 30 min in the dark to evaluate
the ability of P-HPEC to eliminate free radical. Thereafter,
absorbance at 517 nm was detected and the relative DPPH
concentration was calculated as below:

As - Ag .
A X 100% (1)

where Ag is absorbance of tested samples, Ag is average
absorbance of 25 L of deionized water and 75 L of ethanol, A,
is average absorbance of 25 L of deionized water and 75 pL of
DPPH solution in ethanol.

Cell Culture

L929 fibroblasts and human corneal epithelial cells (HCEC)
were provided by American Tissue Culture Collection
(Manassas, VA, USA). L929 cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% fetal bovine
serum (FBS); HCEC were cultured in Dulbecco’s modified
Eagle’s medium and Ham's F12 medium (DMEM/F12)
containing 10% FBS and 1% Penicillin-Streptomycin. They
were all incubated at 37 °C in a constant temperature
incubator with 5% CO..

Cell Uptake

P-HPEC (10 mg) and Rhodamine B (1%) were suspended in
DMSO at room temperature in the dark for 24 h. The mixture
was dialyzed (MWCO 2.5 kDa) against deionized water and
freeze dried to get Rhodamine B labelled P-HPEC as pink
powder. Rhodamine B labelled P-HPEC (3 mg) was dissolved in 1
mL of PBS to prepare the stock solution. L929 cells were planted
in 24-well plates at a density of 3x10* cells per well and cultured
in an incubator for 24 h to make the cells adhere to the wall.
After the removal of medium, the cells were incubated with
phenol red-free and serum-free RPMI 1640 containing 20 pL of
stock solution for 2, 4 and 6 h, respectively. After incubation for
different periods of time, cells were fixed with 500 pL of 4%
paraformaldehyde in each well for 15-20 min. Then the cells
were rinsed with PBS for 3 times before adding 200 uL of DAPI
(1 pg/mL) to restain the nucleus for 10 min. Again, the cells were
washed with PBS for 3 times, and 200 pL of PBS was added. The
internalization images of Rhodamine B labeled P-HPEC were

Relative DPPH concentration (%) =

captured under fluorescence microscope.

Cytotoxicity

CCK-8 assay was used to determine the cell viability of L929 and
HCEC after being exposed to a series of prodrug concentrations
to evaluate the cytotoxicity of P-HPEC. In brief, 200 pL of
medium containing 1x10* cells was added to sterile 96-well
plates and cultured in an incubator containing 5% CO, at 37 °C
for 24 h to make cells adherent. Then the medium was sucked
out, and 200 pL of medium containing different concentrations
of P-HPEC (with a series of equivalent EC concentrations ranging
from 1.5 yg/mL to 15 pg/mL) was added to each well. A group
without the adding of prodrug under the same conditions was
used as control. After incubation for 24 h, the medium was
removed and 100 pL of CCK-8 solution was added to each well,
followed by another 2 h of incubation. 100 pL of CCK-8 solution
was used as blank. Thereafter, the absorbance of each well at
450 nm was measured by a microplate reader and cell viability
was calculated as below:

As =28  100% 2)
0~ As

where Ag is absorbance of tested samples, Ag is average
absorbance of blank, A, is average absorbance of control.

A
Cell viability (%) = AS

Rescuing Ability against Oxidative Stress
To evaluate the rescuing ability against oxidative stress, CCK-8
assay was used to measure the cell viability of L929 and HCEC
after exposure to H,0, and simultaneously to different
treatments including PBS, EC, P-OH and P-HPEC. Similar to
cytotoxicity assay, cells were seeded in 96-well plates at the
density of 1x10* cells/well and incubated at 37 °C in air
containing 5% CO, for 24 h. Each experimental group was
dosed with H,0, at a final concentration of 50 pmol/L (L929) or
400 pmol/L (HCEC) and simultaneously treated with PBS, EC (7.5
pg/mL), P-HPEC (with an equivalent EC concentration), P-OH
(with an equivalent polymer backbone concentration). Cells
without being manipulated were used as control. After
incubation for 24 h, 100 L of CCK-8 solution was added to each
well, followed by incubation for another 2 h. 100 pL of CCK-8
solution was used as blank. The absorbance at 450 nm of each
well was recorded by a microplate reader. Finally, cell viability
was calculated as the following equation:

Cell viability (%) = A=A 100% (3)

Ao — A

where Ag is absorbance of tested samples, Az is average
absorbance of blank, A, is average absorbance of control.

Fluorescent Staining of Intracellular ROS

L929 cells were seeded in a 24-well plate at the density of 5x10*
cells/well and cultured in incubator with 5% CO, at 37 °C for
24 h. Thereafter, the medium was changed to phenol red-free
and serum-free RPMI 1640 and each experimental group was
dosed with H,0, at a final concentration of 50 pmol/L and
simultaneously treated with PBS, EC (7.5 pg/mL), P-HPEC (with
an equivalent EC concentration), P-OH (with an equivalent
polymer backbone concentration). Cells without being
manipulated were used as control. After 4 hours’ culture, 200
pL of solution of DHE (1:1000 diluted to phenol red-free and
serum-free RPMI 1640) was add to each well and the cells were
incubated for 40 min. Then the cells were washed with PBS for 3
times and fixed with 500 L of 4% paraformaldehyde in each
well for 15-20 min. After washing with PBS for three times
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again, 200 pL of PBS was added to each well. The ROS
fluorescent images were captured under fluorescence
microscope.

Western Blot Analysis

Western blot analysis was conducted to evaluate the in vitro
anti-inflammatory activity and the ability to resist oxidative
stress damage of P-HPEC. L929 cells were seeded into a 6-well
plate at the density of 5x10° cells/well and cultured in incubator
with 5% CO, at 37 °C for 24 h. Subsequently, each experimental
group was dosed with H,0, at a final concentration of 50
pumol/L and treated with PBS, EC (7.5 pyg/mL), P-HPEC (with an
equivalent EC concentration), P-OH (with an equivalent polymer
backbone concentration), respectively, at the same time. Cells
without being manipulated under the same condition were
used as control. After incubation for 24 h, cells were lysed with
RIPA lysis buffer and the homogenate of each group was
collected and centrifuged for supernatant. Protein
concentrations were determined by a BCA Protein Assay Kit and
the loading volume of each sample was calculated according to
its protein loading amount (60 pg). After denaturation, the
proteins were separated on a gel plate by electrophoresis and
transferred to a poly(vinylidene fluoride) (PVDF) membrane
(Millipore), which was then blocked in 5% BSA in TBS with
tween 80 at room temperature for 2—3 h. The membranes were
incubated with TNF-a (1:2000 dilution), Nrf2 (1:2000 dilution),
HO-1 (1:1000 dilution) and B-actin (1:1000 dilution) primary
antibodies at 4 °C overnight, followed by being incubated with
relevant secondary antibodies (1:5000 dilutions) for 2 h at room
temperature. Protein blots were visualized by chemilumines-
cence in the dark.

EIU Model and Treatment

Animals (C57BL/6 mice, male, 6—8 weeks) were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd. All animal
experiments in this study complied with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research were
approved by the Zhejiang University Administration on
Laboratory Animal Care.

According to the previous study,37) the EIU mouse model
was induced by the intravitreal injection of LPS (100 ng per
eye) using a 30 G insulin syringe. After the intravitreal injec-
tion of LPS, mice were randomly divided into three groups
and treated with PBS, EC (29.2 yg/mL), P-HPEC (with an equi-
valent EC concentration). The treatment for each group was
performed at 3, 6, and 24 h after EIU induction by intravitreal
injection. Then, slit-lamp examinations were performed to
evaluate the inflammatory severity under systemic anes-
thesia. The clinical scores of EIU were graded according to the
established method.B37!

RESULTS AND DISCUSSION

Synthesis and Characterization of Macromolecular EC
Prodrug

4-(Hydroxymethyl) phenylboronic acid ethyl caffeate ester
(HPEC) was synthesized at first by the reaction between EC and
4-hydroxymethyl phenylboric acid. Unlike traditional ways
including tedious steps to deprotect the pinacol ester of boric
acid, the direct esterification was achieved at 100 °C with
consistent removal of moisture in this research. The successful
synthesis of HPEC was verified by 'H-NMR (Fig. S1 in the

electronic supplementary information, ESI). Secondly, the ring-
opening of y-benzyl L-glutamic-NCA (BLG-NCA) was initiated via
methoxypolyethylene glycol amine (MW=2000) to synthesize
the polymer PEG-PBLG (Fig. 1A). The grafting benzyloxycarbonyl
(Cbz) groups in PEG-PBLG were replaced with ethanolamine to
get hydroxyl functionalized polymer P-OH. The polymerization
and post-modification described above were supported by gel
permeation chromatography (GPC) and 'H-NMR (Fig. 2a, Figs.
S3 and S4 in ESI). The degree of polymerization (DP) of the
polypeptide block was about 30 as calculated from 'H-NMR, and
the polydispersity index (PDI) of polymer was as narrow as 1.04
(P-OH) or 1.05 (PEG-PBLG). Thereafter, 1,1-carbonyldiimidazole
(CDI) was used to activate hydroxyl groups, which reacted with
HPEC later to obtain the prodrug P-HPEC. Besides "H-NMR, the
UV-Vis spectra of prepared prodrug and its precursors were
recorded to demonstrate the drug-loading pattern (Figs. 1B and
2b). Compared with the backbone P-OH, the additional
absorption around 330 nm of P-HPEC was ascribed to loaded
EC, and the loading efficiency was calculated as 21.6%, which
agreed well with the structure inferred from "H-NMR.

Thereafter, the ROS-responsive and scavenging abilities
were further investigated. To demonstrate the drug release
behavior, 1 mL of solution of P-HPEC in PBS containing 1
mmol/L H,0, was incubated at 37 °C in a dialysis membrane
(MWCO 1000 Da)-sealed chamber, and the released drug mo-
lecules were effused into peripheric buffer and used for calcu-
lation. At the beginning of the ROS stimulation, the releasing
percent bursts into 88.5% in the first 4 h and gradually accu-
mulates to 92.1% after 24 h. In contrast, only 10.8% of load-
ing drugs release after 24 h if P-HPEC was incubated in the
absence of H,0, (Fig. 2c). The antioxidant capability of P-
HPEC was then tested by incubating with 100 umol/L DPPH
radical. As shown in Fig. 2(d), P-HPEC shows a concentration-
dependent DPPH scavenging ability, and DPPH was nearly
completely cleared at an EC equivalent concentration of 7.5
Mg/mL. Both the ROS-responsive and scavenging capability of
P-HPEC solidified our design and guaranteed the anti-inflam-
mation outcomes by ROS depletion.

Rescuing Capacity of P-HPEC against Oxidative Stress

on L929 and HCEC

Since excessive ROS generated during inflammation can destroy
lipids, proteins and DNA, resulting in serious damage to cells,
the rescuing effect of antioxidative P-HPEC was then evaluated
using L929 and HCEC.

The internalization of P-HPEC by cells is the first step for
ROS depletion. Therefore, Rhodamine B labelled P-HPEC was
synthesized to investigate the cell uptake behavior. The up-
take of P-HPEC by L929 cells was detected by fluorescence
microscope. As can be seen from Fig. 3(a), the intracellular red
fluorescence of Rhodamine B increases with the prolonga-
tion of incubation time, indicating that P-HPEC could be ef-
fectively internalized by L929.

In order to exclude the possibility of cytotoxicity of P-HPEC
after cell uptake, the cell viability of L929 and HCEC after
treated with P-HPEC was evaluated by CCK-8 (Figs. 3b and 3c).
The experimental results suggested that P-HPEC exhibited
minimal cytotoxicity towards L929 and HCEC. The cell viabi-
lity was higher than 90% even at the highest concentration of
P-HPEC (15 pg/mL EC equiv.). The dose of P-HPEC used in sub-
sequent cell experiments was at an EC equivalent concentra-
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simultaneously incubated with PBS, EC (7.50 pg/mL), P-HPEC (with an equivalent EC concentration) or P-OH (with an equivalent polymer

backbone concentration), respectively. Scale bar, 50 pm.

tion of 7.5 pg/mL, which indicated the excellent biosafety of
P-HPEC.

It has been proven that P-HPEC could be internalized by
cells without obvious cytotoxicity. Next, it is necessary to in-
vestigate whether P-HPEC can play its antioxidative function
intracellularly. In this study, H,O, was used to simulate the ox-
idative stress environment of L929 and HCEC (Fig. S5 in ESI).
H,0, treated L929 and HCEC were simultaneously incubated
with PBS, EC, empty carrier P-OH, or P-HPEC to evaluate their
rescuing capacity against oxidative stress. As shown in Figs.
3(d) and 3(e), H,0, shows obvious cytotoxicity due to the sig-
nificantly increased oxidative stress. P-OH has almost no pro-
tective effect against oxidative stress since it shows no antiox-
idative capability. EC does have some rescuing effects due to
its intrinsic antioxidative capability. Surprisingly, P-HPEC ex-
hibits much better protective effect than free EC with signific-
ant difference, which might be ascribed to the dual antioxid-
ative capability of released EC and HBA. P-HPEC had signific-
ant cell rescuing capacity and could effectively inhibit oxidat-
ive stress-induced cell apoptosis.

To further explore the potential reasons of the rescuing ca-
pacity of P-HPEC, intracellular ROS level was investigated by
fluorescent imaging after H,0, treated L929 cells were simul-
taneously incubated with PBS, EC, P-OH and P-HPEC (Fig. 4). It
could be intuitively observed that the red fluorescence of ROS
was significantly enhanced after H,0, incubation. Compared
with the H,0, treated group, EC and P-HPEC could effectively
reduce intracellular ROS level. The ROS fluorescence of the P-
HPEC group is lower than EC group, suggesting that P-HPEC
has a stronger ROS scavenging activity than EC.

As immunomodulators, cytokines are proteins produced by
immune cells that can participate in the process of biological
immune response, among which, TNF-a is a potent pro-
inflammatory factor and plays an important role in inflamma-
tory response.3839 Therefore, the determination of intracellu-
lar TNF-a content can indicate the degree of inflammation.
Western blot analysis was used to demonstrate the content of
TNF-a in L929 induced by H,0, and simultaneous treatment
with PBS, P-OH, EC, or P-HPEC. As shown in Fig. 5, the expres-
sion of TNF-a in L929 cells increases significantly after being
treated with H,0,, which implied serious inflammatory re-
sponse induced by H,0,. EC cannot effectively inhibit the ex-
pression of TNF-a release. In sharp contrast, P-HPEC is very ef-
fective in inhibiting the expression of pro-inflammatory cy-

tokine TNF-a, which implies that P-HPEC is an ideal candidate
in inhibiting ROS-induced inflammatory response. In addition,
Nrf2-HO1 signalling pathway, as a key signal pathway of en-
dogenous antioxidant stress, can regulate the expression of
antioxidant protein genes and induce the upregulation of
HO-1 (heme oxygenase-1) by activating Nrf2 (nuclear factor
erythroid-2 related factor 2), playing a key role in intracellular
antioxidant stress.[“0411 The expression of Nrf2 and HO-1 in
L929 cells was also greatly down-regulated after H,0, treated
L929 cells were incubated with P-HPEC at the same time,
which was consistent with the trend of TNF-a. These results
indicated that P-HPEC could effectively alleviate oxidative
stress and inhibit inflammatory response, leading to excel-
lent cell rescuing capacity.

Alleviation of Uveitis In vivo

To examine the in vivo therapeutic efficacy on endotoxin-
induced uveitis (EIU) model, we compared the therapeutic
effects of P-HPEC with PBS and EC (Fig. 6a). As shown in Fig. 6(b),
Control PBS EC P-OH P-HPEC

————
80kDa

———
Sl M B it 33kDa

B-Actin

Fig. 5 Western bloting analysis of TNF-a, Nrf2, and HO-1 in L929
cells. L929 cells were treated with H,0, and simultaneously incubated
with PBS, EC (7.50 pg/mL), P-HPEC (with an equivalent EC
concentration) or P-OH (with an equivalent polymer backbone
concentration), respectively.
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ocular segment of each group. Arrow indicates the pupil synechiae. Blue dashed line indicates the area of purulent exudate. Scale bar,
1 mm. (c) Clinical score of inflammatory severity from each group. Date are expressed as meanzts.d., n=5, and **p<0.01 (one-way

ANOVA).

the intravitreal injection of LPS stimulates typical clinical signs of
anterior uveitis including pupil synechiae, exudate in anterior
chamber, and hypopyon after 24 h. The treatment of EC partially
relieves the inflammatory response and the low therapeutic
performance of EC might be attributed to its very low water
solubility. However, P-HPEC could remarkably alleviate these
inflammatory responses. This result was consistent with the
clinical score, in which P-HPEC-treated group was significantly
lower than those of PBS group and EC group (Fig. 6c).

CONCLUSIONS

In summary, we developed a macromolecular EC prodrug P-
HPEC that conjugated EC to a water-soluble and biocompatible
macromolecular chain of polyglutamic acid through a
phenylboronic acid ester linkage. The macromolecular prodrug
was sensitive under ROS stimulation and produced two kinds of
antioxidants, EC and HBA, with dual ROS scavenging capability.
P-HPEC was able to effectively inhibit cell apoptosis induced by
H,0, in 1929 and HCEC, implying excellent cell rescuing
capacity. Meanwhile, P-HPEC was effective in depleting
intracellular ROS and inhibiting the expression of pro-
inflammatory cytokine TNF-a. In addition, the in vivo endotoxin-
induced uveitis (EIU) model indicated that P-HPEC could
effectively protect mice from LPS-induced uveitis injury. Overall,
this study provided a promising therapeutic strategy for the
treatment of uveitis, which was also instructive in the alleviation
of other ROS related diseases.
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