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Abstract

Chemical burns are major causes of corneal blindness. Transforming growth factor beta-1 (TGF[3,) plays an important role in
induction of corneal inflammation-related-fibrosis leading to the blindness. Here, a topical delivery system consisting anti-
fibrotic TGF-f3; siRNA, an inflammatory suppressing gene, was designed for treatment of corneal injuries. TGF-3; siRNA
loaded in nanoparticles (NPs) made up of polyethyleneimine polymer demonstrated high fibroblast transfection efficiency.
Moreover, TGF-3; and PDGF genes and ECM deposition were suppressed in isolated human corneal fibroblasts. NPs inhibited
proliferation and transformation of fibroblasts to myofibroblasts by S-phase arrest and x-SMA suppression in vitro, respectively.
The mentioned finding was also confirmed in vivo, addressing high wound-healing potential of prepared gene delivery system
which was superior to conventional betamethasone treatment. Besides, CD4" and a-SMA antibody staining showed inhibited
angiogenesis and myofibroblast accumulation in treated corneas. This study opens a new way for treating corneal fibrosis through

topical siRNA delivery.
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Introduction

Chemical injuries to the eye (cornea and conjunctiva) can pro-
duce extensive damage to the ocular surface and anterior seg-
ment leading to visual impairment. Corneal alkaline burns are
more common and severe than acid burns. Generally, alkaline
agents penetrate more rapidly to the tissues and internal com-
partment of the eye. These agents will degrade the fatty acids,
proteoglycans, and collagen bundles that existed in the cell
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membrane, leading to corneal blindness [1, 2]. Considering
the severity of injury, corneal alkaline burns are graded into
four groups. Alkaline-burned corneas seldom heal properly,
and they show reduced corneal transparency (hazy cornea)
and opacity, except for a grade 1 injury [3]. Indeed, corneal
blindness is a fibrotic situation in which the corneal haze results
in corneal transparency loss. Comeal haze is characterized by
cloudy appearance of cornea that will disturb or obstruct the
patient’s vision. Myofibroblasts, «-smooth muscle actin (o-
SMA)-positive cells, are the major cells involve in corneal haze
development [4-7]. «-SMA, an altered crystalline protein pro-
duction, leads myofibroblasts to be less transparent than fibro-
blasts. Moreover, the a-SMA filaments are responsible for cel-
lular light scattering and blurry vision [8]. In addition,
myofibroblasts secrete large quantities of collagen type I (Col
I) and fibronectin (Fn) that will in turn worsen the corneal haze
[5, 9, 10]. Transforming growth factor (TGF-f3;) is a pivotal
molecule in tissue repair. In corneal alkaline burn injury,
TGF-f3, has been shown to promote migration of corneal epi-
thelial cells and fibroblasts, and to induce differentiation of the
fibroblasts to myofibroblasts, consequently contributing to the
repair of the corneal epithelium and stromal layer [11]. Studies
have shown that TGF-[3; will be up-regulated in corneal tissues
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following alkaline exposure. TGF-[3; also has the ability to
induce the expression of other cytokines, such as matrix metal-
loproteinase 9 (MMP-9), vascular endothelial growth factor
(VEGF), and monocyte/macrophage chemotactic protein-1,
which is believed to be involved in matrix degradation, local
neovascularization, and inflammation, respectively [3].
Actually, overexpression of TGF-[3; is regarded to exacerbate
damage to the injured cornea [3]. As TGF-3; can induce the
differentiation of fibroblasts to myofibroblasts, overexpressed
TGF- {3, reveals myofibroblast accumulation in the stromal lay-
er of the burned cornea, which was suggested to be the main
mechanism of corneal haze formation after injury [12, 13].
Besides, TGF-3; up-regulates platelet-derived growth factor
(PDGEF) as another fibrotic growth factor that activates the dif-
ferentiation of myofibroblasts [6, 14, 15]. Amniotic membrane
transplantation, bone marrow-derived human mesenchymal
stem cells therapy, human limbal allograft transplantation, and
corneal transplantation have been investigated to prevent the
corneal blindness after corneal chemical burns [16—18].
Moreover, studies showed the benefits of blocking TGF-f3,
secretion or its cognate receptor to prevent fibrosis following
corneal damages [19, 20]. Results from studies demonstrate
potential therapeutic benefits of TGF-[3; suppression immedi-
ately or 1 h post-corneal injury [21, 22]. The therapeutics were
used independent from severity of corneal damages or cytokine
up-regulations. Although, there are researches to preserve pa-
tient health and transparency following alkaline burn injuries.
However, studies for efficient topical therapeutics that can be
applied immediately after corneal injuries seem to be essential
to preserve patient eyesight. SIRNA therapeutics can degrade
the targeted mRNA in cytoplasm [23]. Generally, siRNA anti-
sense strand goes through RNA-induced silencing complex
(RISC) and explores and degrades the targeted mRNA [24].
The siRNA therapeutics are potent and selective therapeutics
for down-regulation of the desired genes. However, some lim-
itations still exist such as instability, cell penetration, and sus-
ceptibility of siRNA therapeutics to tissue and plasma RNAase.
Additionally, due to their high negative charge, they cannot
pass through the negatively charged cell membranes.
Polymeric NPs (chitosan, polyethyleneimine (PEI), poly(L-ly-
sine)) and lipid-based nanovehicles (stable nucleic acid lipid
particles (SNALPs), liposome) have been investigated for
siRNA delivery [25-31]. PEL a positively charged polymer,
is the most popular polymer for siRNA and gene delivery be-
cause of its high transfection efficiency [32, 33]. PEI can make
ionic complexes with negatively charged siRNA for effective
delivery [34, 35]. siRNA delivery is also interesting for
targeting ocular disorders [36]. Some studies investigated the
effect of subconjunctival injection of TGF-f3 receptor type 11
(TGF-BR2) siRNA and triple combination of TGF-3,
TGF-BR2, and connective tissue growth factor (CTGF)
siRNAs for reducing the corneal scar formation after injury
[37, 38]. Although, there are different in vivo studies for
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evaluating the effect of siRNA therapeutics to treat ocular dis-
orders. However, there is no comprehensive data indicating the
effectiveness of topical application of siRNAs for treating cor-
neal disorders. In the current study, the potential of TGF-f3,
siRNA-loaded PEI NPs on preventing the corneal fibrosis and
angiogenesis was evaluated in vitro and in murine model of
corneal alkaline burn. The effectiveness of the prepared formu-
lation was compared with betamethasone eye drop, as the main
therapeutic for treating corneal chemical burns.

Materials and methods
Materials

PEI (25 kDa) and humanized recombinant interleukin 6 (IL-6)
were supplied from Sigma Aldrich, Taufkirchen, Germany.
TGF-3; siRNA and Cy3 scramble siRNA were obtained from
Invitrogen, Waltham, MA, USA. Mouse anti-CD34" anti-
body, mouse anti-a-SMA antibody, and mouse secondary an-
tibody were purchased from Dako-Glostrup, Denmark.
Fibroblasts were prepared from male cadaver cornea sample
obtained from Eye Bank, Tehran, Iran.

Methods
Preparation and characterization of TGF-f3; siRNA-loaded NPs

Nanoparticles were prepared by loading TGF-f3; siRNA in
branched PEI polymer, average molecular weight 25 kDa.
To prepare TGF-3; siRNA NP stock solutions, 100 pmol of
siRNA was added to different amounts of PEI (2, 3, and 5 pg)
dissolved in 5 pL distilled water, vortexed for 1 min, and
incubated for 15 min at room temperature. The final concen-
tration of TGF-3; siRNA NP stock solutions was 10 pM. The
prepared NPs were used freshly and diluted in supernatant
culture medium to transfect the corneal fibroblasts.
Condensation ability of PEI containing 100 pmol TGF-3;
siRNA was evaluated through electrophoresis onto 1% aga-
rose gel plate. The electrophoresis was run in TAE (10 mM
Tris/HCI, 1% acetic acid (v/v), | mM EDTA) buffer at 90 V for
30 min. Also, hydrodynamic mean diameter and zeta potential
of NPs were measured by dynamic light scattering and laser
Doppler electrophoresis, respectively, using Zetasizer (Nano-
ZS, Malvern, UK) at 25 °C. The morphology of NPs was
evaluated through field emission scanning electron micro-
scope (FE-SEM; Hitachi S-4160, Germany) imaging at accel-
erating voltage of 30 kV. NP sample for FE-SEM imaging was
prepared by placing 10 puL of the prepared ionic complexes on
FE-SEM slide and was left at room temperature to become
completely dry and then covered with thin layer of gold as
conducting material.
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For investigating NP stability, the prepared NPs containing
siRNA was diluted in 500 uL Dulbecco’s modified Eagle’s
medium (DMEM) cell culture medium and incubated at room
temperature for 4, 12, and 24 h, respectively. Thereafter, the
size of the prepared NPs was measured and the results were
analyzed regarding NP primary size.

Human corneal fibroblasts cultivation

The cornea was dissected using aseptic techniques, and the
tissue was washed three times with phosphate-buffered saline
(PBS). The tissue was cropped into pieces of 1 mm? in size
and placed on the surface of a tissue culture dish with a cover
slip on top of it and cultured in DMEM (Invitrogen, USA)
contacting 10% FBS and incubated at 37 °C with 5% CO,.
The growth medium was changed every 3—4 days. The cells
were subcultured when they reached the 90% confluency.

Cell viability assay

For cell viability assay, 10* corneal fibroblasts were seeded in
96-well plate. After 24 h, the effect of different concentrations
of TGF-3; siRNA NPs (final concentration of 60, 80, and
100 nM TGF-f3; siRNA loaded in 5 pg PEI), different NP
formulations containing TGF-3; siRNA (mg PEI/0.1 nmol
TGF-f; siRNA—0.1, 0.2, 0.4, 0.6, and 0.8), different NP
formulations containing Cy3-scrambled siRNA (mg PEI/
0.1 nmol Cy3-scrambled siRNA—O0.1, 0.2, 0.4, 0.6, and
0.8), naked TGF-3; siRNA (60, 80, and 100 nM), and PEI
solution (0.01, 0.02, 0.04, 0.06, and 0.08 mg/mL) on the via-
bility of fibroblasts was evaluated 24 and 48 h post-treatment
using MTT assay according to the instruction that was previ-
ously described by our group [39]. Because of the anti-
proliferative properties of the TGF-[3; siRNA, the cytotoxicity
of NPs containing TGF-3; siRNA was evaluated through
trypan blue assay according to the previously described meth-
od [40]. Each experiment was performed in triplicate.

Uptake study

Cy3-conjugated scrambled siRNA (Cy3 siRNA) was used to
evaluate the transfection efficiency of PEI NPs by fibroblasts.
For this purpose, Cy3 siRNA was loaded in PEI according to
the procedure described earlier. About 5 x 10° fibroblasts were
seeded in 6-well plate containing 4% FBS. Cy3 siRNA NPs
were diluted in supernatant medium of cultivated fibroblasts
to reach a final concentration of 60 nM Cy3 siRNA and incu-
bated at 37 °C in the dark for 4 h. Each experiment was
performed in triplicate. Then, the cells were washed multiple
times with pre-warmed PBS to remove the excess amounts of
Cy3 siRNA NPs at the surface of fibroblasts, and subsequent-
ly, the cells were evaluated by fluorescent microscope imag-
ing. Thereafter, the cells were detached and re-suspended in

PBS for flow cytometry (Applied Biosystem, USA) to quan-
tify the uptake of Cy3 siRNA by fibroblasts.

In vitro inflammation induction

To imitate the inflammatory response and up-regulation of
fibrotic genes in isolated human fibroblasts, humanized re-
combinant interleukin 6 (IL-6, 2 ng/mL) was used. After
seeding the fibroblasts (final amounts of 10° cells/flask),
2 ng/mL of IL-6 was added to the medium. After 24 h incu-
bation, the levels of 7TGF-(3; and a-SMA gene expression in
the treated cells were quantified and compared with the levels
of these genes in control group (cells with no IL-6 treatment)
using qRT-PCR.

Gene expression study

To investigate the effect of TGF-3; siRNA NPs on TGF-j3;
and other fibrotic genes (PDGF, VEGF, collagen type lal
(Col Ivl), Col Iov2, and fibronectin (Fn)), 10° fibroblasts were
seeded in tissue culture flasks containing 4% FBS to prevent
the effect of FBS on myofibroblasts differentiation. After 24 h,
IL-6 (2 ng/mL) was added to the cell culture supernatant me-
dium to stimulate the expression of TGF-3; and a-SMA
genes. For fibroblasts transfection, TGF-3; siRNA NPs were
diluted in fibroblasts cell culture medium to reach the final
concentration of 60 nM of TGF-f3; siRNA (the ideal concen-
tration of siRNA for gene down-regulation in vitro as de-
scribed by manufacturer). The gene expression was quantita-
tively determined 24 and 48 h post-treatment by qRT-PCR.
The fibroblasts treated with IL-6 (2 ng/mL) were considered
control group. The gene expression profile of fibroblast was
detected to conform the effect of scrambled siRNA-loaded
NPs on fibrotic genes. Each experiment was performed in
triplicate. The total mRNA of fibroblasts was extracted by
RNX reagent (Cinagene, Iran) and subsequently converted
to cDNA. The cells were harvested, centrifuged, and lysed
by RNX reagent. The aqueous phase containing mRNA was
separated and mixed with cold isopropanol and kept at —
20 °C, overnight. A day after, the mixture was centrifuged at
12,000 RPM for 20 min at 4 °C. The precipitated mRNA was
washed with cold ethanol (70%, v/v) and eluted with 20 uL
MilliQ water. The isolated mRNA was converted to cDNA by
Fermentas reverse transcriptase (Fermentas, USA) according
to the standard instructions. QRT-PCR was performed using
ABI System (USA). qRT-PCR Master Mix (Yekta, Iran) was
used to detect the amplification procedure. Hypoxanthine
phosphoribosyltransferase (HPRT;) gene was selected as the
internal control. Forward and reverse primers (Table 1) were
designed to selectively amplify the desired cDNA. The obtain-
ed results were analyzed by REST® software.
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Table 1 Primers sequences

Gene Primer sequence (5'->3') Product size

HPRT, Forward....CCT GGC GTC GTG ATT AGT G 125
Reverse...TCA GTC CTG TCC ATA ATT AGT CC

o-SMA Forward CAATGAGCTTCGTGTTGCCC 158
Reverse CATAGAGAGACAGCACCGCC

TGF-$3, Forward CGACTCGCCAGAGTGGTTAT 154
Reverse GGTAGTGAACCCGTTGATGTC

Collagen type log Forward....GCC AAG GGT CTG ACT GG 133
Reverse....CCC ATC ACA CCA GCC TG

Collagen type lot, Forward AGCCGGAGATAGAGGACCAC 134
Reverse CAGCAAAGTTCCCACCGAGA

Fibronectin 1 Forward AGCCGAGGTTTTAACTGCGA 83
Reverse CCCACTCGGTAAGTGTTCCC

VEGF Forward GGCCTCCGAAACCATGAACT 169
Reverse GCAGTAGCTGCGCTGATAGA

PDGF-A Forward CACTAAGCATGTGCCCGAGA 146

Reverse AGATCAGGAAGTTGGCGGAC

Cell cycle analysis

To assess the anti-proliferative effect of TGF-{3; siRNA NPs
on the corneal fibroblasts, the cell cycle analysis was per-
formed. Briefly, the treated cells were detached, centrifuged,
and washed three times with PBS and were re-suspended in
50 uL PBS. To enhance the cell permeation to propidium
iodide (PI) fluorescent dye, 450 uL of cold ethanol (70%, v/
v) was added to the suspended cells. The cells were kept at —
20 °C, overnight. A day after, the suspended cells were cen-
trifuged at 2000 RPM for 20 min at 4 °C. The cell pellet was
re-suspended in 50 pL PT and RNase-A complex. The mixture
was incubated for 40 min at 37 °C. The samples were ana-
lyzed by flow cytometry (Applied Biosystem, USA) for cell
cycle analysis. Each experiment was performed in triplicate.

Animal study

The in vivo experiments were performed with the approval of
the Ethics Committee for Animal Experiments at Tehran
University of Medical Science (TUMS), Iran. For this purpose,
6-month-old male BALB/c mice (total number of animals, 15)
were selected. To induce the corneal alkaline burn, the animals
were anesthetized with ketamine/xylene. After induction of
deep anesthetization, 1 pL of NaOH (0.5 N) was placed at the
center of each mice right eye cornea. Immediately, the injured
cornea was washed with 1 mL distilled water. The animals were
divided into three groups containing five animals; negative con-
trol group received PBS and vehicle loaded with scramble
siRNA, positive control group received betamethasone (0.1%
(w/v), SinaDarou, Iran) three times a day, and TGF-3; siRNA
NP-treated group received TGF-3; siRNA treatment at a final
concentration of 10 uM three times a day. To prevent the mi-
crobial contamination, chloramphenicol (0.5% (w/v),
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SinaDarou, Iran) was administered to each damaged cornea at
the day of inducing the injury. To evaluate the anti-fibrotic
effect of treatments, the animals were killed 21 days following
the treatment. Eye globes were fixed in 15% buffered formal-
dehyde, overnight, and later, parallel sections from globes were
made and paraffin blocks were prepared. Multiple 3—5-pum sec-
tions from each block were obtained, and glass slides were
stained by routine hematoxylin and eosin (H&E) staining,
trichrome histochemical method, and immunohistochemical
(IHC) staining method for CD34" and a-SMA markers. All
slides were examined twice and scored with respect to severity
of inflammation, angiogenesis, fibrosis, and myofibroblastic
cellular proliferation in injured areas of corneal stromal. To
evaluate inflammation, density of neutrophilic leukocytes
(PMNs) in H&E stained, the slides were examined and scored
from 0 to 3+ (0; no PMN/x 1000 magnification, 1+; 1-10
PMN/x 1000 magnification, 2+; 11-20 PMN/x 1000 magnifi-
cation, 3+; more than 20 PMN/x 1000 magnification). The an-
giogenesis was evaluated in CD34"-stained slides, and the den-
sity of new vessels was also scored from 0 to 3+ (0; no vessel/x
1000 magnification, 1+4; 1-2 vessel/x 1000 magnification, 2+;
34 vessel/x 1000 magnification, 3+; 5 or more vessel/x 1000
magnification). The fibrosis and proliferation of myofibroblasts
were evaluated as a semi-quantitative index, considering irreg-
ular arrangement of collagen bundles in trichrome-stained
slides and density of myofibroblastic cells in a-SMA-stained
IHC slides. The results were scored from 0 to 2 (0; null, 1+;
slight to mild, 2+; moderate to severe).

Statistical data analysis

Significant differences between groups were indicated using
two-tailed Student’s # test that level of significance was con-
sidered significant at p < 0.05 and very significant at p <0.01.
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Results
Characterization of TGF-B, siRNA NPs

TGF-3; siRNA NPs showed spherical shape (Fig. 1A (a'))
with average diameter of 148 =53 nm, 0.178 polydispersity
index (PDI) (Fig. 1A (b)), and slightly positive surface charge
(+7+£3.2 mV). As confirmed by agarose gel electrophoresis
retardation assay, 5 pug of PEI was almost enough for conden-
sation of 100 pmol TGF-f3; siRNA and retardation of siRNA
mobility. In lower amounts of polymer (2 and 3 pg), slight
release and mobility of siRNA were seen (Fig. 1B) which
shows the incomplete siRNA condensation.

The stability analysis of NPs, also, demonstrated accept-
able results in which after 24 h incubation of the NPs with cell
culture medium, the size of the NPs did not change signifi-
cantly (p value > 0.05).

Isolation and cultivation of primary human corneal
fibroblast

Human corneal fibroblasts were successfully isolated using
explant technique [41]. The cells outgrew from tissue pieces
2 days after being plated in the culture flask. The migrated
cells revealed a combination of epithelial- and fibroblast-like
cell morphology. However, after four passages, the relative

Intensity (%)

pure fibroblast cells were observed (Fig. 2). The cells
displayed a typical long spindle shape.

Cell viability assay

MTT assay demonstrated that TGF-3; siRNA NPs had no
significant toxicity even at high concentration (100 nM
siRNA). No significant cytotoxicity related to naked
TGF-3, siRNA was also observed in different concentrations.
However, cell viability of fibroblasts next to PEI was dramat-
ically reduced at concentrations above 0.01 mg/mL of the
polymer; while, at 0.08 mg/mL of PEIL, only18% fibroblast
viability was seen (Fig. 3). Different NP formulations contain-
ing TGF-3; siRNA also exhibited excellent viability when
PEI concentration is lower than 0.01 mg/mL. However, at
higher concentrations, a cytotoxicity related to PEI was de-
tected. The same results was obtained for different NP formu-
lations containing Cy3-scrambled siRNA.

Uptake study

As confirmed by fluorescent microscopy and flow cytom-
etry, Cy3 siRNA NPs were efficiently up-taken and accu-
mulated in the cytoplasm of fibroblasts as indicated as red
shine under fluorescent microscope. Whereas, the naked
Cy3 siRNA showed no sign of fluorescence (Fig. 4A).
Flow cytometer analysis data also revealed a significant

10 100 1000 10000
Size (d.nm)

Fig. 1 FE-SEM image (A (a')), size distribution (A (b")), and agarose gel electrophoresis retardation results of condensation efficiency of TGF-3; siRNA

in different amounts of PEI ionic complexes (B)
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Fig.2 Morphology of primary human corneal fibroblasts cultured in vitro. (a) Fibroblast outgrew from the tissue 4 days after explanting; (b, ¢) the cells
at passage 4 showed relative pure fibroblasts displaying a long spindle morphology

(p value <0.05) difference in the fluorescent intensity of
Cy3 siRNA NP-treated fibroblasts as compared with na-
ked Cy3 siRNA (Fig. 4B). The fluorescent intensity of
Cy3 siRNA NP-treated fibroblasts was comparable with
those cells treated with Cy3 siRNA/Lipofectamine group.
Cy3 siRNA was up-taken by almost 20.7 and 28.6% of
the treated fibroblast with Cy3 siRNA NPs and Cy3
siRNA/Lipofectamine, respectively, which represent the
potential of PEI NPs as efficient siRNA delivery vehicle
to primary cells.
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Z *
5 60
I %
=
3 40 .
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0
0.01 mg/ml 0.02 mg/ml 0.04 mg/mi 0.06 mg/ml 0.08 mg/mi
PEI concentration (mg/ml)
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*
80
*
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*%*

40
%
20 ﬁ

0
0.05 0.1 0.2 04 0.6 08

NPs formulations (mg PEI/0.1 nmol TGFB1 siRNA)

Cell viability (%)

Fig. 3 Percent of viable cells 48 h after fibroblasts treatment with
different PEI concentrations (MTT assay) (a) and different NP
formulations (Trypan blue assay) (b). Indicated values are means of at
least three experiments + SD. (*p <0.05; **p <0.01) versus the control
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In vitro inflammation induction

The results obtained from qRT-PCR exhibited a significant (p
value < 0.05) increase in the expression levels of TGF-3; and
a-SMA genes 24 h after adding IL-6 (2 ng/mL). TGF-{3; and
a-SMA gene expressions showed 3 +1.2- and 2.5 +0.9-fold
up-regulation, respectively, as compared with the control

group.
Gene expression study

The gene expression profile of fibroblast cells demonstrated
that TGF-f3; siRNA NPs could down-regulate a variety of
fibrotic/angiogenic genes. As shown in Fig. 5, qRT-PCR anal-
ysis of fibroblasts genes 24 and 48 h after TGF-[3; siRNA NP
transfection showed potent down-regulation of 7GF-3; and
PDGF genes (p value <0.05). It seems that the expression
of PDGF was regulated by TGF-3;. Col type I and Fn, as
two major extracellular matrix (ECM) components secreted
from myofibroblasts, were also down-regulated due to
myofibroblasts suppression by TGF-f3; siRNA. x-SMA, an
internal filament feature of myofibroblasts, was suppressed
both 24 and 48 h post-transfection. Furthermore, VEGF ex-
pression was inhibited which is clinically valuable for
preventing the corneal angiogenesis after corneal injury.
Scrambled siRNA-loaded NPs are shown to have no signifi-
cant effect on the expression of 7GF-3; and other related
fibrotic genes as compared with untreated control group (p
value > 0.05), confirming that the observed results were attrib-
uted to the effect of TGF-f3; siRNA on the mRNA level of
TGF-$,;.

Cell cycle analysis

Analyzing the cell cycle of fibroblast cells, 24 h after trans-
fection showed significant (p value <0.05) differences be-
tween control and TGF-f3; siRNA NP-transfected group. As
indicated in Fig. 6, the number of cells in S-phase was signif-
icantly (p value<0.01) increased in TGF-f3; siRNA NP-
treated group as compared with the control group representing
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Fig. 4 Fluorescent microscope A
images of fibroblasts (A)
transfected with naked Cy3
siRNA (A (@), PEI/Cy3 siRNA
(A (b)), and Lipofectamine/Cy3
siRNA (A (¢')); quantitative
evaluation of Cy3 siRNA uptake
by fibroblasts (B) transfected with
PEI/Cy3 siRNA (B (a")) and
Lipofectamine/Cy3 siRNA (B (b
")) as compared with naked Cy3
siRNA-treated control group

Light Microscope

Image

Fluorescent Microscope

Image

Count

bll BL2-A-
71.4% F——286%

Count

the S-phase arrest and prevention of fibroblasts to enter into
mitosis and proliferation phases.

Animal study

Results from animal studies showed a promising potential of
topical TGF-3; siRNA NPs after corneal alkaline burn inju-
ries. The histological evaluation confirmed the in vitro find-
ings (Table 2; Fig. 7). TGF-; siRNA NP-treated group
showed minor changes 21 days post-treatment which was
comparable with the healthy cornea (p value>0.05) with no
angiogenesis, irregular fibrosis, or myofibroblasts accumula-
tion with significant superiority as compared with
betamethasone-treated cornea (p value < 0.05). Only minor
inflammation (number of PMN was less than 10 in x 1000
magnification) was detected in TGF-3; siRNA NP-treated

Fig. 5 Effect of TGF-f3; siRNA
NP treatment on TGF-3; and

downstream genes suppression 24 = 100
and 48 h post-transfection. &:— .
Indicated values are the means + e =
SD of at least three experiments s I
& el
=]
w
o A0
2 4D
[T}
(]

TGFB1

cornea. The histological changes in betamethasone and
burned cornea with no treatment were moderate to severe with
marked inflammation, angiogenesis, and fibrosis.
Betamethasone-treated group exhibited twice the number of
PMN [11-20] in comparison with TGF-{3; siRNA NP-treated
cornea with one to two vessels and fibrosis at x 1000
magnification.

Discussion

Corneal chemical burn is a disable situation in which patient
vision will be lost. TGF-[3;, as the most important inflammatory
growth factor along with PDGF, can accelerate the differentia-
tion of myofibroblasts as the most important cause of cornea
transparency loss after corneal chemical burns [42-44]. ECM

®24h 48 h
a-SMA Col lal Col lo2 Fn PDGF VEGF
Genes
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Fig. 6 Percent of fibroblasts in 80
different cell cycle phases after
TGF-3; siRNA NP treatment as
compared with untreated group.
Indicated values are means of at
least three experiments + SD. (*p
<0.05; **p < 0.01) versus the
control

Fibroblasts in different
cell cycle phases (%)

deposition in cornea and angiogenesis are two other causes of
vision loss in patients during corneal damages [45]. The
TGF-f31, as initiator of inflammatory fibrosis cascades, regulates
other downstream cytokines and growth factors such as PGDF
and VEGF [46, 47]. Efficient inhibition of key regulators of
fibrosis cascades immediately after corneal chemical burns can
preserve the patient eyesight. Several studies have been per-
formed regarding stem cell and limbal cell implantation to main-
tain the patient eyesight after corneal injuries. However, there is
a lack of efficient topical therapeutics to be applied immediately
after corneal chemical injuries for suppressing fibrosis. sSiRNA
strategies are novel nucleic acid-based therapeutics inspired
from natural-occurring RNA interference (RNAi) process which
is employed in an efficient and selective manner to suppress the
targeted gene [23, 48]. Despite the high potential use of siRNA
therapeutics, its clinical application is limited mainly due to its
short half-life in vivo and poor transport across the cell mem-
brane. However, packaging siRNA within nanoparticles has
proven to protect nucleotides from the complex biological envi-
ronment by increasing its stability and preventing RNase cleav-
age [49]. In this study, TGF-f3;, as a key regulator of fibrotic
cascades after corneal chemical burns, was down-regulated by
TGF-3; siRNA loaded in PEI NPs. PEI and its derivatives are
used in many studies for siRNA and gene delivery [33, 50, 51].
Actually, poor transfection efficiency of non-viral vectors for
corneal cells is a limiting factor in the development of non-
viral gene therapy for corneal diseases. PEI, as a polymer with
high transfection efficiency, is investigated for corneal gene

G0/G1 phase

= Control PEI/TGFB1 siRNA-treated

k%

Il n

S phase G2/M phase
Cell cycle phases

delivery in some research. The mentioned studies demonstrated
complete safety of PEI at optimized concentrations. PEI-DNA
nanoparticles are reported to be efficient vector for delivering
genes into corneal cells without compromising cellular prolifer-
ation, phenotype, or viability [52—54]. Ocular application of
PEI/Cy3 siRNA NPs revealed to have higher transfection effi-
ciency as compared with Lipofectamine 2000 or EntransterTM-
in vivo [53]. The PEI complexation of siRNA into PEI/siRNA
NPs provides a non-viral nucleic acid delivery platform that has
been shown efficacious in other pathological models, especially
in tumors. PEIs are positively charged polymers that form non-
covalent complexes with nucleic acids, thus protecting siRNAs
from degradation, mediating cellular uptake, and efficiently pro-
moting lysosomal protection and escape into the cytoplasm. The
efficiency and safety of PEI complex with gene/siRNA at the
concentration used in the experiments are confirmed through
several studies [55, 56]. Even infusion of PEI/siRNA NPs does
not affect the integrity of ependymal cells and brain parenchyma
[57]. The results obtained here was in accordance with previous
studies considering PEI safety and efficiency. TGF-3; siRNA
was loaded in minimum amount of PEI (5 pug) which had the
ability to condense the siRNA and transfect the primary fibro-
blasts with siRNA that was efficient as Lipofectamine without
any detectable toxicity even after 48 h. Moreover, the NPs dem-
onstrated acceptable stability considering their low zeta poten-
tial. Previously, it was shown that neutral-charged PEI NPs
(through substitution of the primary amino groups of PEI with
neutral hydrazine groups) do not only exhibited favorable

Table 2  Histological scores 21 days post-treatment in PE/TGF-31 siRNA-treated group as compared with the healthy subject and negative and

positive control groups

Treatment Inflammation Edema Vascularization Myofibroblast Anterior chamber
(CD34* cells) (x-SMA-positive cells) hemorrhage

Healthy subject 0 0 0

TGF-f; siRNA treated 1+ 0 0

Betamethasone treated (positive control) 2+ 1+ 1+ 1+ 0

No treatment (negative control) 3+ 1+ 3+ 2+ 1
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Fig. 7 Histologic findings from endothelial cells (CD34" cells) stained
with anti-CD34" secondary Ab (a’), «-SMA stained with anti-«-SMA
secondary Ab (b’), irregular collagen deposition and irregular fibrosis
stained with trichrome (c’), and PMN cells stained with H&E (d’) 21 days
post-injury (x1000 magnification). Healthy subject: (A). TGF-f3; siRNA
NP-treated group. Few sparse PMNS, slight stromal fibrosis, and rare
blood vessels in injured stroma; (B). Positive control group

biocompatibility, stability, and cell internalization efficiency in
vitro but also allowed significant tissue uptake and gene silenc-
ing in zebra-fish heart in vivo [58]. These observations demon-
strated that the tested PEI-siRNA NPs are safe for future devel-
opment. Due to high cationic charge, the branched polymers
exhibit high transfection efficiency, and particularly PEI of mo-
lecular weight of 25 kDa is considered a gold standard in gene
delivery. The application of PEI in vivo promises to take the
polymer-based vector to the next level wherein it can undergo
clinical trials and subsequently could be used for delivery of
therapeutics in humans [59]. Furthermore, simple production
of PEI NPs is in favor for pharmaceutical production. The po-
tential benefits of TGF-3; down-regulation for corneal wound
healing through anti-sense or siRNA are confirmed in vitro and
ex vivo [60, 61]. In the present study, the in vitro model was
designed in which inflammation-related fibrosis cascades were
up-regulated in isolated fibroblasts through IL-6 addition. IL-6
modulates the proliferation and differentiation of myofibroblasts
through induction of 7GF-3; and a-SMA gene expressions [62,
63]. IL-6, as modulatory cytokine, at concentration as low as
1 ng/mL, could induce a-SMA mRNA, whereas concentrations
of 10 and 50 ng/mL showed a progressive decrease of a-SMA
gene expression [62]. After induction of inflammatory fibrosis
cascades in fibroblasts cells, the TGF-3; siRNA NPs, at final
concentration of 60 nM, exhibited an efficient down-regulation
of TGF-f3; gene. PDGF and VEGF were also suppressed by
TGF-f3; siRNA after 24 h. It seems that the secretion of

(betamethasone-treated). Moderate neutrophilic infiltration and fibrosis
with occasional CD34" cells in stroma; (C) and negative control groups.
Severe inflammation, marked fibrosis, and frequent CD34" cells in
stroma; (D). Vessels and «-SMA-positive cells indicated in brown shine
as labeled with secondary antibody. Collagen fiber deposition demon-
strated in blue color, and PMN nucleuses are shown in purple

PDGF and VEGF from fibroblasts was related to TGF-3; se-
cretion. The data was confirmed through previous studies in
which they revealed that VEGF and TGF-[3; both induce angio-
genesis [64, 65]. In a study performed by Sriram et al., triple
siRNA was used to suppress the multiple inflammatory cascades
after corneal injury without evaluating the potency of each
siRNA to suppress inflammation and fibrosis [38]. The obtained
results demonstrated that TGF-[3; siRNA, alone, could efficient-
ly suppress other fibrotic/angiogenic cascades. In fact, PDGF
and VEGF genes were efficiently down-regulated by TGF-f3,
siRNA without any need for other medications. Furthermore, the
TGF-f3; siRNA inhibited the production of Col type I and Fn by
fibroblasts and myofibroblasts. Col type I and Fn are the major
ECM components secreted from myofibroblasts that are consid-
ered the second cause of light scattering after corneal injuries
[66]. x-SMA, the filamentous structure in differentiated
myofibroblasts, is the first and major cause of light scattering
after corneal injury [45]. Down-regulation of x-SMA by
TGF-f3; siRNA is valuable in clinical investigations.
Moreover, the NPs demonstrated to have anti-proliferative effect
on fibroblasts through S-phase arrest which prevented cells to
enter into mitosis phase.

Although, there are limited number of studies evaluating the
effect of TGF-3 down-regulation on corneal fibrosis. However,
the efficiency of topical application of these biopharmaceutical
products as simple eye drop has not yet been investigated [37,
38, 67]. In most of the studies, for in vivo consideration of
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corneal benefits of biopharmaceutical products, subconjunctival
injection has been used or designated delivery systems for top-
ical gene delivery are facing with challenges regarding NP
chemical synthesis which limits their pharmaceutical production
[68-70]. In the present study, topical application of NPs was
used to evaluate in vivo efficiency of the siRNA NPs. The in
vivo results were also excellently introduced with TGF-f3,
siRNA loaded in PEI NPs as a potent anti-fibrotic/anti-angio-
genic therapeutic. The siRNA was successfully delivered to the
damaged cornea through PEI NPs, and the histological evalua-
tion was comparable with the previous data obtained by
subconjunctival injection of TGF-3R2 anti-sense oligonucleo-
tide [37]. Murine model of cornea alkaline burn was completely
cured by a three-time-a-day topical application of TGF-f3,
siRNA NPs. Even after 1 week post-treatment, the cornea was
completely treated. In the negative control group, a propagated
hyphema was observed. Hyphema is an ocular emergency in
which a blood pool develops in the front chamber of the eye
[71]. Hyphema can enhance the ocular pressure and also in-
crease the thickness of the cornea [72, 73]. Hyphema was de-
veloped at day 7 and persisted until day 21 in the negative
control group. In the TGF-f3; siRNA NP-treated group,
hyphema dis not developed due to inflammation prevention that
can inhibit further damages. Histological investigations revealed
that TGF-f3; siRNA NPs could prevent the differentiation of
myofibroblasts and the irregular fibrosis beside from angiogen-
esis and inflammation as compared with positive and negative
control groups. After 21 days, there was minor inflammation in
the TGF-[3; siRNA NP-treated cornea while all other aspects of
histologic damages reached the basement as was observed in
healthy subjects. TGF-3; siRNA NPs demonstrated excellent
anti-fibrotic and anti-scarring properties after corneal chemical
burns. Furthermore, the mentioned system would be considered
a potent anti-angiogenesis therapeutic. Although, effectiveness,
stability, and specificity of siRNA are still in debate. However,
the concentrations needed are also generally very low as com-
pared with small molecule therapeutics (in the nM range),
whereas as the present study indicates, the siRNA is efficacious
even at 60 nM. Down-regulation of multiple cellular cascades
by TGF-3; siRNA NPs makes it as a potent, non-toxic thera-
peutic treatment to prevent corneal haze and fibrosis after cor-
neal chemical injuries. The most important is that TGF-f3,
siRNA NPs could be applied as a simple eye drop without any
requirement for additional device or invasive methods for
siRNA transfection.

Conclusion
TGF-3; siRNA was loaded in PEI to suppress 7GF-(3; gene as
a key regulator of inflammation-related-fibrotic after corneal

burns. TGF-3; siRNA was efficiently loaded into positively
charged PEI to make NPs. TGF-3; siRNA NPs down-

@ Springer

regulated the fibrotic and angiogenic genes in isolated human
corneal fibroblasts, with fibroblasts anti-proliferative effect.
Moreover, topical application of TGF-3; siRNA NPs in mu-
rine model of corneal alkaline burn prevented the fibrosis and
angiogenesis in a way that pathologic findings were almost
the same in TGF-f3; siRNA NP-treated and healthy subjects.
In conclusion, TGF-3; siRNA NPs would be regarded as
potent topical therapeutics for preventing corneal haze and
angiogenesis after chemical injuries.
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