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7D6474 attenuates TGF-p1-induced fibrosis in human
Tenon fibroblasts and inhibits neovascularization
via AKT-mTOR signaling pathway
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Abstract

Purpose To investigate the anti-fibrotic effect of
ZD6474 (a novel inhibitor of VEGF and EGF) in
TGF-p1 stimulated human Tenon’s capsule fibroblasts
(HTFs) and the anti-angiogenetic role in HUVECsS,
compared to that of mitomycin C (MMC).

Methods The effects of ZD6474 on cell prolifera-
tion or migration in TGF-B1-stimulated HTFs and
HUVECs were determined, using CCK8 or wound
healing assay, respectively. The typical markers of
fibrosis in TGF-p1-stimuated HTFs were detected,
vimentin by immunofluorescence, «-SMA and snail
by western blot. Tube formation was applied to vali-
date the anti-angiogenesis effect in HUVECs follow-
ing ZD6474 treatment. Furthermore, phosphorylated
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AKT and mTOR (p-AKT and p-mTOR) were evalu-
ated, compared to the standardized total AKT and
mTOR, using western blot.

Results There was almost no decreased cell viabil-
ity in HTFs following ZD6474 (<1 pM/mL) treat-
ment, but MMC (> 50 pg/mL) significantly impaired
cell viability. ZD6474 significantly inhibited TGF-
p1-stimulated proliferation and migration in HTFs,
compared to control group (**P<0.01). ZD6474
also significantly attenuated the TGF-f1-stimulated
expression of vimentin, a-SMA and snail in HTFs.
Tube formation was notably interrupted in HUVECs
following ZD6474 treatment (**P<0.01). P-AKT
and p-mTOR were significantly decreased in response
to ZD6474 treatment in TGF-P1- induced HTFs and
HUVECs:.

Conclusions 7ZD6474 exerts anti-proliferation and
anti-fibrotic effects in TGF-p1-stimulated HTFs per-
haps via regulating AKT-mTOR signaling pathway.
ZD6474 also inhibited proliferation, migration and
tube formation in HUVECSs via the same signaling
pathway. We concluded that ZD6474 may be poten-
tially a novel agent in preventing bleb dysfunction
following glaucoma filtration surgery (GFS).

Keywords ZD6474 - Anti-fibrosis - Anti-
angiogenesis - Glaucoma surgery

Abbreviations
BSA Bovine serum albumin
CCK-8 Cell counting kit-8
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DMEM  Dulbecco’s modified Eagle medium

ECM Endothelial cell medium

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

FBS Fetal bovine serum

GFS Glaucoma filtering surgery

HTFs Human Tenon fibroblasts

HUVECs Human umbilical vein endothelial cells

IER Institute for eye research

MMC Mitomycin C

a-SMA a-Smooth muscle actin

TGF-p Transforming growth factor f

VEGF Vascular endothelial growth factor

VEGFR  Vascular endothelial growth factor
receptor

Introduction

Glaucoma is the second leading cause of blind-
ness affects millions of people. The global preva-
lence of glaucoma is 3.54% in the population aged
40-80 years old, with estimation of affecting 76
million worldwide in 2020 [1, 2]. Glaucoma filtra-
tion surgery (GFS) is the most effective treatment in
the management of intraocular pressure (IOP) when
medication and laser are insufficient. Although GFS
is considered as an effective treatment, post-operative
filtering bleb scar formation often leads to surgical
failure [3, 4]. The formation of hypertrophic scars
(HS) and excessive wound healing processes at the
filtering bleb serve as the major failure following
GEFES [5, 6]. Fibrosis is a key during the progression
of HS, which is closely associated with secretion of
EGF and/or TGF-f [7, 8].

Neovascularization also plays an important role in
the failure of GFS. VEGF is one of the hotspots in
ocular diseases, especially in the field of neovascular

Fig. 1 Chemical structure
of ZD6474
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fundus diseases and glaucoma [9, 10]. Some stud-
ies report that VEGF is notably upregulated follow-
ing GFS at the early stage [11, 12]. Extensive studies
have been explored in preventing GFS failure, either
via developing potential new therapeutic agents and/
or improving surgical techniques [13, 14]. Although
anti-metabolites such as mitomycin-C (MMC) and
5-flurouracil (5-FU) can effectively reduce post-
surgical scarring, it is not satisfactory for the serious
adverse devastating and potentially sight-threatening
complications, such as bleb leak, hypotony and cor-
neal toxicity [15, 16]. Consequently, it is extensively
explored that the potential therapeutic agent(s) with
high anti-scar formation, but low or no cytotoxicity.

7ZD6474, a compound with molecular weight of
475 Da, is a tyrosine kinase inhibitor (TKI) with an
affinity to multiple growth factor receptors, including
VEGFR-2 (IC50 40 nM), VEGFR-3 (IC50 110 nM)
and EGFR (IC50 500 nM) (Fig. 1) (Beyotime Insti-
tute of Biotechnology, Shanghai, China). ZD6474
has been approved for the treatment of patients with
thyroid cancer [17]. [FDA Center for Drug Evaluation
and Research. Labeling-Package Insert. Available
online: https://www.accessdata.fda.gov/ drugs at FDA
docs/label/2020/022405s0171bl.pdf (accessed on 30
January 2021)]. ZD6474, a co-inhibiter of VEGFR/
EGFR and mTOR kinases, is also illustrated sub-
stantially higher anti-proliferative activity than either
VEGFR inhibitor or EGFR inhibitor alone applied
in cancers [18]. Due to multi-kinase inhibitors can
accurately act on multiple signal pathways and their
cascade, so it can achieve a wide range of therapeutic
effect. Therefore, we speculated that ZD6474 (multi-
kinase inhibitor) can similarly exert biological func-
tions in minimizing fibrosis and/or neovascularization
following GFS, which would be a good candidate in
the management of potential adverse situation post-
surgery (GFS).
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The aim of this study was to investigate anti-fibro-
sis effect of ZD6474 in TGF-p1- stimulated HTFs
in vitro. In addition, the anti-angiogenesis effect of
7ZD6474 in HUVECs was also evaluated. These find-
ings may aid to develop ZD6474 as a novel agent for
the prevention of GFS failure.

Materials and methods
HTFs culture and morphology

The current study has been approved by the Institu-
tional Review Board (IRB) of the Huadong Hos-
pital, Fudan University. This study was conducted
in accordance with the tenets of the Declaration of
Helsinki. Written informed consent was obtained
from every patient after explicit explanation of the
study procedure and its possible benefits and risks.
All human Tenon’s fibroblast samples were col-
lected from these patients with consents. HTFs were
obtained from three patients undergoing cataract sur-
gery from June 2020 to Oct 2020 with the following
criteria: no ocular disease except cataract, no prior
history of ocular surgery and trauma.

Human Tenon’s fibroblast tissues were excised
from patients during surgery, and these tissues were
propagated in DMEM (Hyclone Life Technologies,
USA) supplemented with 10% FBS (Gibco Life Tech-
nologies), 100 U/mL penicillin and 100 g/mL strepto-
mycin (Gibco Life Technologies). Subsequently, the
cells were maintained at 37 °C in 5% CO, in a humid-
ified condition, and the medium was changed every
3 days thereafter. HTFs between the third and eighth
passages were used for following assays. Morphology
of HTFs was photographed from the cells with 80%
confluence in complete DMEM, using an upright
microscope (Zeiss, Inc., Thornwood, NY, USA).

STR HUVECs which were purchased from
Fuheng Bio-company were cultivated in Endothelial
cell medium (ECM, Sciencell 1001, CA, USA) sup-
plemented with 10% FBS (Gibco), 100 U/mL peni-
cillin and 100 g/mL streptomycin (Gibco). Subse-
quently, cultivation procedures were as same as HTFs
cultivation.

Cytotoxicity and cell proliferation assay

Cytotoxicity assay was detected, using Cell Count-
ing kit-8 (CCK-8; Dojindo Molecular Technologies,
Inc., Kumamoto, Japan) according to the manufac-
turer’s instructions. Cells under logarithmic phase
were seeded (1 x 10* cells/well) in 96-well plates with
FBS-free medium for 24 h. These cells were treated
with the various concentrations of ZD6474 (100 nM,
500 nM, 1 pM, 5 pM or 10 pM/ml) at 37 °C for
24 h after pre-hungry. To emulate clinical treatment,
MMC (10 pg, 50 pg or 200 pg/ml) (Yuanchuang,
Inc., Shanghai, China) was also added in these cells
for 5 min then replaced with FBS free medium. Fol-
lowing 24 h treatment, all the media in the well were
discarded and 10 pl CCK-8 solution was added at
37 °C incubation for 1.5 h. The colorimetric absorb-
ance was recorded at 450 nm, using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

To investigate the effect of ZD6474 on post-opera-
tive scarring, we mimicked TGF-f secretion by stim-
ulating HTFs with TGF-p1. Cells proliferation assay
of HTFs and HUVECs were seeded at appropriate
density in 96-well plates for assessment, using CCK-8
kit. To ascertain whether TGF-p1 affects HTFs pro-
liferation, HTFs were incubated + TGF-f1 (10 ng/
ml) for 24, 48 or 72 h, respectively. Subsequently,
the proliferation assay in HTFs was determined fol-
lowing treatment of ZD6474 (500 nM or 1 pM/ml) in
presence with TGF-f1(10 ng/ml) for 24, 48 and 72 h
and MMC 50 pg/ml for 5 min. In HUVEC:sS, the pro-
liferation assay was also determined with treatment of
ZD6474 (500 nM or 1 pM/ml) for 24, 48 and 72 h
and MMC 50 pg/ml for 5 min. After all exposure,
10 pl CCK8 was added in each well and incubated for
1.5 h. Finally, the colorimetric absorbance was also
recorded at 450 nm to draw the proliferation curve.

Wound healing assay

HTFs and HUVECs were incubated till 100% con-
fluence and the cell monolayer was scratched with
a 200 pl pipette tip. The scratched area was pho-
tographed by phase-contrast microscopy (magni-
fication, X4). HTFs were added with fresh DMEM
containing TGF-B1(10 ng/ml) with or TGF-p1 com-
bined with ZD6474 (500 nM or 1 pM/ml) for 24
or 48 h, while 50 ug/ml MMC was added for only
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5 min. HUVECs were added ZD6474 (500 nM or
1 pM/ml) in DMEM for 24 h, while 50 pg/ml MMC
was only added for 5 min. Following different treat-
ments, the distance of cell migration was recorded
by phase-contrast microscopy (magnification,X4)
and measured by Image J.

Immunofluorescence staining

Immunofluorescence (IF) staining was applied for
identification of HTFs and monitoring phenotype
changes in fibroblasts. The trans-differentiation of
fibroblasts into myofibroblasts is considered a piv-
otal step during fibrosis. At the molecular level, this
process is characterized by the upregulation of some
protein expressions, including vimentin, TGF-p1 and
oa-SMA [19]. The slides covered with HTFS were
incubated with anti-cytokeratin (1:200, Proteintech,
Inc.cat No 24789-1-AP), anti-vimentin (1:200, Pro-
teintech, Inc.cat No 60330-1-Ig) in a wet chamber
at 4 °C overnight, and then were further incubated
with goat polyclonal secondary antibody to mouse
or rabbit (1:100, Beyotime, Inc.) in a light proof
box after 3 times washing in TBS. Finally, the slides
were labelled with DAPI (Beyotime, Inc.) for 3 min
and coverslip. The labelled slides were observed
under fluorescence microscopy (Leica DFC 310 FX,
German).

Tube formation assay

Since HUVECs have been identified as a well-
established model for angiogenesis study in vitro,
we further conducted the tube formation assay to
investigate the anti-angiogenetic impacts of ZD6474
in HUVEC:s. Firstly, HUVECs (P3-P8) were treated
with ZD6474 (500 nM or 1 pM/ml) for 24 h. Mean-
while, a 48-well ice-cold plate was coated with
250 pl/well Matrigel (BD, Bioscience, USA, 1:4 dilu-
tion in serum-free DMEM) and incubated for 30 min
at 37 °C. After treatment, HUVECs in conditioned
medium were overlaid on the Matrigel. Finally, the
number of new capillary formation was observed
under a microscope (Zeiss, Inc., Thornwood, NY,
USA) and counted with Image J.
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Western blot

For mechanistic determination, the classic AKT-
mTOR signaling pathway was evaluated, using
western blot. HTFs and HUVECs with appropri-
ate density were seeded in 6-well plates for 2 days.
HTFs were treated with ZD6474 (500 nM or 1 pM/
ml) and/or MMC combined with 10 ng/ml TGF-p1,
while HUVECs were treated with ZD6474 (500 nM
or 1 pM/ml) and/or MMC without TGF-f1. Total
protein samples were isolated from the HTFs and
HUVEC:s, using RIPA lysis buffer (Thermo Fisher
Scientific, Inc.) supplemented with phosphatase
inhibitors (Thermo Fisher Scientific, Inc.) and pro-
tease inhibitors (Thermo Fisher Scientific, Inc.).
The protein samples were immediately stored at
—80 °C until use after quantity of protein was
measured using BCA protein kit (Beyotime, Inc.).
Protein samples (10 pg) were separated via
SDS-PAGE with 8% of separation gel and 5% stack-
ing gel, and then proteins were transferred to a poly-
vinylidene fluoride membrane (PVDF membrane,
Millipore Corp., Bedford, MA, USA). Protein trans-
ferred PVDF membranes were blocked with 5%
bovine serum albumin (BSA) and incubated with
primary antibodies, including GAPDH (1:10,000,
Proteintech, Inc.cat No 60004-1-lg), AKT rab-
bit polyclonal antibody (1:5000, Proteintech, Inc.
cat No 10176-2-AP), phospho-AKT(Serd73)
polyclonal antibody (1:5000, Proteintech, Inc.
cat No 28731-1-AP), mTOR mouse monoclo-
nal antibody (1:10,000, Proteintech, Inc. cat No
66888—1-1g), phosphor-mTOR mouse monoclo-
nal antibody (1:5000, Proteintech, Inc. cat No
67778—1-1g), smooth muscle actin polyclonal anti-
body (a-SMA, 1:5000, Proteintech, Inc. cat No
55135-1-AP) and rabbit anti-SNAIL polyclonal
antibody (1:1000, Bioss Institute of Biotechnology,
Beijing, China) on the shaker at 4 °C overnight.
The PVDF membranes with targeted protein were
incubated with HRP-labeled goat anti-mouse/rabbit
antibodies (1:1000, Beyotime, Inc.) for 1 h at room
temperature. Immunoreactive bands were visualized
using an enhanced chemiluminescence (Beyotime,
Inc.), and the density of protein bands was captured
by a GS-700 Imaging Densitometer (BIO-RAD,
Hercules, CA, USA) and analyzed by Image J.
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Statistical analysis

Data were analyzed using SPSS V17.0 soft-
ware (SPSS Inc.; Chicago, USA) and GraphPad
Prism version 7.0 (GraphPad Software, Inc., La
Jolla, CA, USA). Numerical data were presented
as mean+standard deviation (SD). Compari-
sons among multiple groups were performed by
one-way analysis of variance (ANOVA) with least-
significant difference (LSD) post-hoc test. The
results are indicated as P values, where *P <0.05
was considered to indicate a statistically significant
difference. The normal distribution test was con-
ducted to check whether the numerical variables
were normally distributed.

1 HTFs 2

HTFs+TGF-B

Vimentin

Cytokeratin

3 HTFs

Results

Cell morphology and expression levels of a-SMA
and snail in HTFs

The morphology for the primary HTFs exhibited a
typical spindly and elongated shape with distribu-
tion similar to feather and vortex. HTFs proliferated
rapidly and became more closely connected, follow-
ing TGF-B1 stimulation (10 ng/ml) (Fig. 2a). Immu-
nofluorescence staining revealed that vimentin, but
not cytokeratin was extensively expressed in HTFs
(Fig. 2b). Compared with untreated HTFs, a-SMA
and snail were significantly increased in TGF-p1-
stimulated HTFs indicated that TGF-f1 can success-
fully trigger the conversion of fibroblasts into myofi-
broblasts in HTFs (Fig. 2c).

DAPI

HTFs+TGF-B

GAPDH

Fig. 2 Morphology and identification of HTFs. a Morphol-
ogy of HTFs+TGF-f1 stimulation. b Fibroblast marker
vimentin was stained but not epithelial cell marker cytokera-
tin in primary HTFs. Nuclei were labeled with DAPI. Scale

Snail |- -I
3

PP—
. il

relative expression of SMA and snail,
Xx/GAPDH ratio

TGF-B a-SMA  Snail

bar 200 pm. ¢ Representative western blot images of a-SMA
and snail protein levels in HTFs with or without TGF-f1-
stimulaiton, which was normalized to GAPDH as the loading
control
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Cytotoxicity and cell proliferation of ZD6474 on
HTFs and HUVECs

It was observed that MMC (>50 pg/mL) reduced
cell viability significantly in HTFs and HUVECs:,
compared that to the mock treated (**P<0.01,
Figs. 3). No significant difference of cell viability was
observed between ZD6474 treated (<1 pM/ml) and
the mock treated group (Fig. 3a). Similar cytotoxicity
results were also obtained in HUVECs (Fig. 3b).

C HTFs
3.5=
—— cul
3.0 —@— TGF-p1
—-  ZD 500nM+TGF-B ]“
25 —A- ZD1uM+TGFB **
—¥—  MMC 50+TGF-B
E 20+
g
[a) -
3 15
1.0
0.5
0.0 T T T |
0 1 2 3 4
days

Fig. 3 The effects of ZD6474 and MMC on cell viability and
proliferation. a HTFs were exposed to different concentra-
tions of ZD6474 (100 nM, 500 nM, 1 pM, 5 pM or 10 pM/ml)
for 24 h and MMC (10, 50 or 200 ug) for 5 min. b HUVECs
were exposed to different concentrations of ZD6474 (100 nM,
500 nM, 1 pM, 5 pM or 10 pM/ml) for 24 h and MMC (10, 50
or 200 pg) for 5 min. ¢ Proliferation curve of HTFs exposed
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Proliferation assay verified that TGF-p1 (10 ng/
ml) promoted HTFs proliferation significantly
(3.063+0.24 vs 2.471+0.11, **P<0.01) (Fig. 3c),
but the effect was almost diminished in the pres-
ence of ZD6474 of 500 nM treatment for 72 h
(3.063+0.24 vs 1.879+0.14, **P <0.01, Fig. 3c). In
HUVEC:s, cell proliferation was also mainly abated in
the presence of 500 nM ZD6474 treatment for 72 h
compared with the mock treated group (2.922+0.16
vs 1.815+0.16, **P <0.01, Fig. 3d).

B HUVECs

D HUVECs
3.5=
- cul
3.0 —- 2ZD500nM
25 —&— ZD1uM -
—¥— MMCS50
E 2.0
g
[a) -
3 15
1.0
0.5
0.0 T T T |
0 1 2 3 4
days

to control medium, medium with 10 ng/ml TGF-p1 and 10 ng/
ml TGF-B1 in presence with ZD6474 (500 nM or 1 pM/ml) for
24, 48 and 72 h and MMC (50 pg/ml) for 5 min. d Prolifera-
tion curve of HUVECsS exposed to ZD6474 (500 nM or 1 pM/
ml) for 24, 48 and 72 h and MMC (50 g/ml) for 5 min. Data
are expressed as percentage of each value. Error bars represent
SD (*P<0.05, **P<0.01)
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7D6474 inhibits migration in TGF-p1-induced
HTFs and HUVECs

Wound healing assay was conducted to evaluate the
migratory activity of the cells in vitro, which is a part
of the scarring process. TGF-p1 robustly induced the
migration of HTFs, but in the presence of ZD6474
obviously attenuated the migration of HTFs stimu-
lated by TGF-p1. Co-cultivated with TGF-p1 for
24 h, the cell migration area of 500 nM ZD6474 was
about 10.87 +3.21%, much narrower than the area of
untreated group (59.06+3.13%, **P<0.01, Fig. 4a
and c¢).

Similar results were obtained in 48 h treat-
ment. Co-cultivated with TGF-f1 for 48 h, the
cell migration area of 500 nM ZD6474 was about
13.26+2.91%, much narrower than the area of
untreated group (42.50+2.26%, **P<0.01). MMC
also attenuated the migration area (23.92+2.22%)
in TGF-pl-induced HTFs, but the migration area
was slight wider than the area in ZD 500 nM
(13.26 +£2.91%, **P <0.01; Fig. 4a and c).

In HUVECsS, cell migration was also observed
inhibited in the presence of ZD6474. The migration
area in control group was 59.06+3.13%, obvious
wider than that of 500 nM ZD6474 (25.17 +2.60%,
**P <0.01; Fig. 4b and c). Generally, ZD6474 notice-
ably attenuated the migration of TGF-pl-induced
HTFs and HUVECs.

ZD6474 attenuated trans-differentiation to
myofibroblasts in TGF-p1-induced HTFs

To ascertain conversion of fibroblasts into myofibro-
blasts, the typical markers of fibrosis and EMT were
examined, including vimentin, a-SMA, and snail.
Change in vimentin expression was evaluated using
IF, while changes in a-SMA and snail were evaluated
using western blot in TGF-f1- induced HTFs.

TGF-B1 (10 ng/ml) significantly increased a-SMA,
and snail protein expressions in HTFs indicated that
TGF-p1 can successfully trigger the conversion of
fibroblasts into myofibroblasts in HTFs (Fig. 2c).
7ZD6474 (500 nM or 1 pM/ml) largely attenuated
a-SMA, and snail expression in TGF-pl-induced
HTFs, which certified that ZD6474 can obviously
inhibit the conversion progress of fibrosis in TGF-f1
activated HTFs (Fig. 5a and b).

ZD6474 inhibits tube formation in HUVECs

Untreated HUVECS largely formed complete tubu-
lars on the Matrigel. The angiogenesis length in
untreated group was about 91.2%, while that of
7ZD6474 (500 nM or 1 pM) groups were much less
than 50%. The tubule formation experiment indicated
that the tubulars number in the ZD group were much
lower than that in the untreated group (**P<0.01,
Fig. 6a and b).

ZD6474 suppresses AKT-mTOR signal pathway in
TGF-p1-induced HTFs and HUVECs

AKT and mTOR phosphorylation (p-AKT and
p-mTOR) protein levels were detected, using west-
ern blot and normalized to total AKT and mTOR
proteins. In TGF-pl-stimulated HTFs, western
blot analysis showed that the expression levels of
p-AKT and p-mTOR in the ZD group were signifi-
cantly decreased (all **P <0.01, Fig. 7a), whereas in
HUVEC:s those proteins in the ZD group were sig-
nificantly decreased too (all **P <0.01; Fig. 7b). The
results suggested that ZD6474 might play its biologi-
cal function through downregulating the PI3k-AKT-
mTOR signaling pathway.

Discussion

Our study confirmed that ZD6474 reduced cell pro-
liferation and migration in TGF-B1-stimulated HTFs.
Trans-differentiation to myofibroblasts and EMT
were also attenuated in presence with ZD6474 in
TGF-p1-stimulated HTFs. In contrast with the obvi-
ous toxicity of MMC [20, 21], ZD6474 showed a
selective toxicity effect on the normal HTFs. Hence,
we identified the anti-fibrosis effect of ZD6474 in
preventing scar formation following GFS with better
safety than MMC.

GFS is to deliberately open an extra aqueous out-
flow pathway in trabecular meshwork to decrease
IOP effectively, but there are still numerous poten-
tial complications post-operatively. After GFS, the
re-blockage of the pathway due to scar formation
(severe fibroblasts proliferation, extra ECM accu-
mulation), resulting in upregulating IOP again is
very common [22]. During the early stage of wound
healing post-operatively, excessive TGF-f promotes
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«Fig. 4 ZD6474 inhibits cell migration in TGF-p1-stimulated
HTFs and HUVECs. Cell migration was evaluated by
wound-healing assay. a Representative images of the different
treatment groups in TGF-p1-induced HTFs at 24 and 48 h after
scratch. b Representative images of different treatment groups
in HUVECs at 24 h after scratch. ¢ Quantitative analyses of
denuded area percentages (denuded area at the specified time
point/denuded area at O h) after different treatments at differ-
ent times in TGF-Pl-induced HTFs and HUVECs. Data are
presented as the means +standard deviation of 3 independent
repeats. *P <0.05, ¥**P <0.01, vs. the TGF-B1 or control group
by one-way ANOVA followed by LSD test. Original magnifi-
cation, X4

fibrosis perhaps via recruiting fibroblasts and increase
fibroblast proliferation [23]. It has been reported that
failure of GSF is mainly due to scar formation and
extra ECM accumulation, particular in the presence
of TGF-P1 secreted by activated fibroblasts [24]. We
found that stimulated with TGF-f1 significantly pro-
moted HTFs proliferation and migration, but these
effects were largely diminished in presence with
ZD6474, suggesting that ZD6474 is capable of reduc-
ing scar formation following GFS. Thus, ZD6474 (a
multi-kinase inhibitor) can also target to both VEGF
and EGF pathways, which are able to achieve simi-
lar therapeutic effects as bevacizumab and 5-FU.
Hence, such finding suggests that ZD6474 may also
exert equal therapeutic effect, but substantially reduce
adverse effect following GFS. Our explanation is in
agreement with previous clinical study, showing that
application of bevacizumab (a single VEGF inhibitor)
and 5-FU (anti-metabolic drug) together during GFS
significantly decreases failure rate after glaucoma sur-
gery [25].

Trans-differentiation of HTFs to myofibroblasts
and subsequent deposition of EMT are key steps dur-
ing the scar formation following GFS [26]. In the pro-
cess of EMT and fibrosis [27, 28], various cytokines
and inflammatory factors (TGF, EGF, CTGF) act as
molecular switches to start a series of downstream
biological functions. EGFR, one of the tyrosine
kinases (HERI1-4) receptors, has a wide range of
physiological functions in many activities of life [29].
Once EGFR binding with EGF, activated EGFR can
trigger downstream signal pathways and ultimately
elicit uncontrolled cell proliferation and fibrosis
[29, 30]. ZD6474 can precisely target on EGFR to
achieve its therapeutic effect. In the current study, we
observed that higher expression of snail and a-SMA
in TGF-B1-induced HTFs, but ZD6474 reversed the

transformation from fibroblasts into myofibroblasts
and EMT of TGF-pl-stimulated HTFs perhaps by
inhibiting the activation of EGF to achieve the cura-
tive effect.

Conventional anti-metabolic drugs (MMC and
5-FU) are routinely applied locally during and/or post
operation (GFS) for inhibiting proliferation of fibro-
blasts in the wounded micro-environment. However,
the major downside of MMC and 5-FU is cytotoxic-
ity, including bleb leakage, hypotony maculopathy,
corneal toxicity and sclera melting [31, 32], com-
promising the application of MMC and 5-FU signifi-
cantly. In our current study, a transient 5-min expo-
sure of MMC on HTFs could lead to mass cell death
and apoptosis. By contrast, ZD6474 at the proper
concentration was proved to be less toxic in HTFs.
Therefore, ZD6474 had been confirmed with great
curative effect and less side effects rather than MMC.
Safety provides a strong guarantee for the follow-up
research on ZD6474 to explore the curative effects.

Neovascularization, a major contributing factor for
scaring formation, has been proved to be closely asso-
ciated with fundus and glaucoma diseases [33, 34].
It is well documented that VEGF is secreted in both
autocrine and paracrine fashions in the glaucomatous
eyes at baseline, particularly over-secreted [5, 35, 36].
During the proliferative stage of wound healing, the
overgrowth of angiogenesis results in new blood ves-
sels formation with release of inflammatory molecu-
lar and cytokines that lead to scar formation and bleb
dysfunction [35, 36]. As for the anti-neovasculariza-
tion in our study, the proliferation and migration of
HUVECs and tube formation were notably inhibited
in the presence of ZD6474, suggesting that ZD6474
can robustly suppress neovascularization. Our find-
ing is consistent with others, showing that ZD6474
significantly inhibits neovascularization to achieve
anti-tumor effect in thyroid and breast cancers [18,
37]. Thus, our finding further suggests that ZD6474
seems to be a good candidate in reducing re-closure
of pathway in trabecular meshwork by interfering
formation of neovascularization post-GFS, i.e. anti-
proliferation, anti-fibrotic and anti-angiogenesis, but
substantially reduced adverse effect following GFS
effectively.

Our western blot data showed that AKT-mTOR
signaling pathway was downregulated in HTFs
in response to ZD6474 treatment, suggesting that
ZD6474 prevents scarring after GFS via reducing
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«Fig.5 ZD6474 attenuated trans-differentiation to myofibro-
blasts in TGF-p1-induced HTFs. a Immunofluorescence was
performed to detect vimentin (green) expression. The nuclei
(blue) were labeled with DAPI. Scale bar, 200 pm. b Protein
levels of snail and a-SMA in TGF-pl-induced HTFs were
analyzed by western blot analysis and normalized to GAPDH
expression

aqueous outflow resistance, using AKT-mTOR sign-
aling pathway. This is in line with the finding that,
mTOR inhibitor abates TGF-f2-induced fibrotic
changes in trabecular meshwork cells and increases
aqueous outflow in glaucoma treatment [38]. ZD6474
can accurately downregulate the downstream EGFR
signaling pathway, which is at the heart of cell prolif-
eration and migration [30], so targeting on EGFR to
suppress its downstream network is widely exploited
in fibrosis and EMT process [39, 40]. EGFR can
recruit the PI3K lipid kinase via GAB1 and GAB?2,
and then PI3K catalyzes PIP2 into PIP3, which
recruits AKT, leading to the activation of the PI3K
-AKT-mTOR signaling pathway for various physi-
ological functions [41]. Phosphorylation of AKT
eventually leads to the inhibition of antagonists and
cell proliferation and division [42]. Herein, EGF
is closely related to the activation of AKT-mTOR
signaling pathway. In present study, EGF-induced
AKT-mTOR activation were considerably inhibited
by ZD6474 treatment, as was EGF-induced EGFR
phosphorylation.

VEGF, the most important angiogenesis factor, can
be activated by binding with VEGF, and then many
downstream signal-transduction networks associated
with neovascularization can be successively acti-
vated, such as PI3K/AKT/mTOR, ERK1/2, and many
others, so VEGF is crucial for angiogenesis-related

A Ctrl

ZD 500nM

Fig. 6 ZD6474 inhibits tube formation in HUVECs. Assessment
of angiogenesis ability of HUVECs with or without ZD6474. a
Tube and network formation assay of HUVECsS treated with con-
ditional media, 500 nM or 1 pM/ml ZD6474. b Branch points of

processes [43]. In several previous studies, VEGF
activation is confirmed to be tightly associated with
the activation of PI3K-AKT-mTOR signaling path-
way [44, 45]. To explore the possible mechanism of
7ZD6474 on HUVECs, p-AKT and p-mTOR expres-
sion were detected and found were obviously dimin-
ished. Hence, it is suggested that ZD6474 attenuates
AKT/mTOR phosphorylation probably through a
reduction in VEGF-receptor activation in HUVECs,
resulting to the reduce of angiogenesis to prevent sur-
gery failure after GFS.

Integrated with anti-fibrosis and anti-angiogenesis
effects of ZD6474, we found that ZD6474 can play
a positive role in preventing bleb dysfunction after
GFS. Considering the low toxicity and good efficacy,
7ZD6474 can undoubtedly obtain great outcomes and
applications in clinical. Hence, the present study
implicates that multi-kinase inhibitors may improve
outcomes with good safety during the period of post-
operative recurrence after GFS.

It should be stated that there are some limitations
in the present study. In vitro assays are not ample to
assess the anti-fibrotic and anti-angiogenesis effect
of ZD6474. Thus, it cannot be extrapolated directly
in clinical situations. Additionally, the mechanism
underlying the anti-fibrosis and anti-angiogenesis
effects of ZD6474 warrants further investigation in
animal model and in human glaucoma patients.

Conclusion
In summary, ZD6474 treated on TGF-p1-stimulated

HTFs inhibited cell migration, proliferation in
HTFs, and attenuated trans-differentiation of HTFs
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capillaries were counted and analyzed. Scale bar=100 pm. Data
were presented as mean+SD. *P <0.05, **P<0.01
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Fig.7 ZD6474 downregulated AKT-mTOR signal pathway in
TGF-B1-stimulated HTFs and HUVECs. a The expression levels
of p-AKT and p-mTOR in TGF-B1- stimulated HTFs were detected
by western blot analysis and normalized to total AKT, mTOR
and GAPDH, respectively. b The expression levels of p-AKT and

to myofibroblasts. ZD6474 restrained tube forma-
tion and attenuate cell proliferation and migration in
HUVEGCs, perhaps via AKT-mTOR signaling path-
way in TGF-f1-stimulated HTFs and HUVECs. Our
data strongly support that ZD6474 is a potential agent
for prevention bleb dysfunction following GFS.

Acknowledgements The authors would like to thank for
Professor Shisan Bao of Discipline of Pathology, School of
Medical Science and Bosch Institute, Charles Perkins Centre,
University of Sydney, Sydney, Australia, for assistance with the
revise of this manuscript.

@ Springer

HUVECs

0“@ S S

A & N3 (@]

& © N

MTOR | g i S—  a—
p-mTOR " Ay e ﬁ
'_ - v |
- [ . .-

p-AKT

HUVECs
1.5+ 1.5
g - g o
1 L — g2 T T
52 1.0 28 1.0
e & 9 s
2& ge
g8 iz
sk £8
$¥ 0.5 S 054
g g
o =
e :
0.0-
S ‘P@‘ & “1:,“‘° B @e““ °’§ ‘}cf’e
O
o v o v S

p-mTOR in HUVECSs were detected by western blot analysis and
normalized to total AKT, mTOR and GAPDH. HTFs, human
Tenon fibroblasts, HUVECs, human umbilical vein endothelial cells

Authors’ contributions ZYY participated in the project
design and revision of the manuscript. LWT was responsible
for cell culture, cell cytotoxicity, cell migration, immunofluo-
rescent staining, Western blot. LWT performed the statistical
analysis, drafted figures and the manuscript. All authors read
and approved the final manuscript.

Funding This study was financially supported by the Sci-
ence and Technology Commission of Shanghai Municipality to
Zhang YY (Technology Project 18441901400).



Int Ophthalmol (2023) 43:1523-1536

1535

Data availability The datasets used and/or analyzed during
the present study are available from the authors on reasonable
request.

Declarations

Competing interests
ests.

The authors declare no competing inter-

Conflict of interest We declare that we have no financial and
personal relationships with other people or organizations that
can inappropriately influence our work, there is no professional
or other personal interest of any nature or kind in any product,
service and/or company that could be construed as influencing
the position presented in the manuscript entitled.

Ethics approval and consent to participate This study is
strictly conducted on the basis of the Declaration of Helsinki
and was approved by the Ethics Committee of the Huadong
Hospital of Fudan University. After procedures of the study
and potential benefits and risks were explicit elaborated, writ-
ten informed consents have been obtained from all participants
prior to the surgery.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Kwon YH, Fingert JH, Kuehn MH et al (2009) Primary
open-angle glaucoma. N Engl J Med 360(11):1113-1124

2. Skuta GL, Parrish RK 2nd (1987) Wound healing in glau-
coma filtering surgery. Surv Ophthalmol 32(3):149-170

3. Sharpe RA, Kammerdiener LL, Williams DB et al (2018)
Efficacy of selective laser trabeculoplasty following inci-
sional glaucoma surgery. Int J] Ophthalmol 11(1):71-76

4. Knorr M, Denk PO (1999) Wound healing after glau-
coma filtering surgery—a review. Klin Monbl Augenheilkd
214(3):147-155

5. Atreides SP, Skuta GL, Reynolds AC (2004) Wound heal-
ing modulation in glaucoma filtering surgery. Int Ophthal-
mol Clin 44(2):61-106

10.

12.

13.

14.

15.

17.

18.

20.

Meyer-Ter-Vehn T, Klink T, Grehn F et al (2009) Beyond
TGF-beta: wound healing modulation in filtering glau-
coma surgery. Klin Monbl Augenheilkd 226(1):22-26
Nakamura-Shibasaki M, Ko JA, Takenaka J et al (2013)
Matrix metalloproteinase and cytokine expression in
Tenon fibroblasts during scar formation after glaucoma
filtration or implant surgery in rats. Cell Biochem Funct
31(6):482-488

Wimmer I, Grehn F (2002) Control of wound heal-
ing after glaucoma surgery. Effect and inhibition of the
growth factor TGF-beta. Ophthalmologe 99(9):678-82
Corazza P, D’Alterio FM, Kabbani J et al (2021) Long-
term outcomes of intravitreal anti-VEGF therapies in
patients affected by neovascular age-related macu-
lar degeneration: a real-life study. BMC Ophthalmol
21(1):300

Hase K, Kase S, Kanda A, et al (2021) Expression of
vascular endothelial growth factor-C in the trabecular
meshwork of patients with neovascular glaucoma and
primary open-angle glaucoma. J Clin Med, 10(13).

. LiZ, Van Bergen T, Van de Veire S et al (2009) Inhibi-

tion of vascular endothelial growth factor reduces scar
formation after glaucoma filtration surgery. Invest Oph-
thalmol Vis Sci 50(11):5217-5225

Van Bergen T, Vandewalle E, Van de Veire S et al
(2011) The role of different VEGF isoforms in scar for-
mation after glaucoma filtration surgery. Exp Eye Res
93(5):689-699

Hu D, Jiang J, Lin Z et al (2021) Identification of key
genes and pathways in scleral extracellular matrix
remodeling in glaucoma: Potential therapeutic agents
discovered using bioinformatics analysis. Int J] Med Sci
18(7):1554-1565

Weinreb RN, Aung T, Medeiros FA (2014) The patho-
physiology and treatment of glaucoma: a review. JAMA
311(18):1901-1911

Anand N, Arora S, Clowes M (2006) Mitomycin C aug-
mented glaucoma surgery: evolution of filtering bleb
avascularity, transconjunctival oozing, and leaks. Br J
Ophthalmol 90(2):175-180

. Adegbehingbe BO, Oluwatoyin HO (2008) Intra-oper-

ative 5-FU in Glaucoma Surgery: A Nigerian Teaching
Hospital Experience. Middle East Afr J Ophthalmol
15(2):57-60

Gild ML, Landa I, Ryder M et al (2013) Targeting mTOR
in RET mutant medullary and differentiated thyroid can-
cer cells. Endocr Relat Cancer 20(5):659-667

Li L, Yu J, Jiao S et al (2018) Vandetanib (ZD6474)
induces antiangiogenesis through mTOR-HIF-1 alpha-
VEGF signaling axis in breast cancer cells. Onco Tar-
gets Ther 11:8543-8553

. Shu DY, Lovicu FJ (2017) Myofibroblast transdiffer-

entiation: The dark force in ocular wound healing and
fibrosis. Prog Retin Eye Res 60:44—65

Sihota R, Angmo D, Chandra A et al (2015) Evaluating
the long-term efficacy of short-duration 0.1 mg/ml and
0.2 mg/ml MMC in primary trabeculectomy for primary
adult glaucoma. Graefes Arch Clin Exp Ophthalmol
253(7):1153-9

@ Springer


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

1536

Int Ophthalmol (2023) 43:1523-1536

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lin ZJ, Li Y, Cheng JW et al (2012) Intraoperative mito-
mycin C versus intraoperative 5-fluorouracil for trab-
eculectomy: a systematic review and meta-analysis. J Ocul
Pharmacol Ther 28(2):166-173

Fan Gaskin JC, Nguyen DQ, Soon Ang G et al (2014)
Wound healing modulation in glaucoma filtration surgery-
conventional practices and new perspectives: antivascular
endothelial growth factor and novel agents (Part II). J Curr
Glaucoma Pract 8(2):46-53

Kottler UB, Junemann AG, Aigner T et al (2005) Com-
parative effects of TGF-beta 1 and TGF-beta 2 on extra-
cellular matrix production, proliferation, migration, and
collagen contraction of human Tenon’s capsule fibroblasts
in pseudoexfoliation and primary open-angle glaucoma.
Exp Eye Res 80(1):121-134

Park HY, Kim JH, Park CK (2013) VEGF induces TGF-
betal expression and myofibroblast transformation after
glaucoma surgery. Am J Pathol 182(6):2147-2154

How A, Chua JL, Charlton A et al (2010) Combined treat-
ment with bevacizumab and S5-fluorouracil attenuates
the postoperative scarring response after experimental
glaucoma filtration surgery. Invest Ophthalmol Vis Sci
51(2):928-932

Sharma A, Anumanthan G, Reyes M et al (2016) Epige-
netic Modification Prevents Excessive Wound Healing
and Scar Formation After Glaucoma Filtration Surgery.
Invest Ophthalmol Vis Sci 57(7):3381-3389

Marconi, G.D., L. Fonticoli, T.S. Rajan, et al (2021) Epi-
thelial-mesenchymal transition (EMT): the type-2 EMT
in wound healing, tissue regeneration and organ fibrosis.
Cells, 10(7).

Cruz-Solbes AS, Youker K (2017) Epithelial to mesen-
chymal transition (EMT) and endothelial to mesenchymal
transition (EndMT): role and implications in kidney fibro-
sis. Results Probl Cell Difter 60:345-372

Roskoski R Jr (2014) The ErbB/HER family of protein-
tyrosine kinases and cancer. Pharmacol Res 79:34-74

Xu N, Fang W, Mu L et al (2016) Overexpression of
wildtype EGFR is tumorigenic and denotes a thera-
peutic target in non-small cell lung cancer. Oncotarget
7(4):3884-3896

Hsu CR, Chen YH, Tai MC et al (2018) Combined tra-
beculotomy-trabeculectomy using the modified Safer
Surgery System augmented with MMC: its long-term out-
comes of glaucoma treatment in Asian children. Graefes
Arch Clin Exp Ophthalmol 256(6):1187-1194
Wojtulewicz M, Rekas M, Wierzbowska J (2005) Sub-
conjuctival application of 5-fluorouracil (5-FU) following
surgical treatment of glaucoma with deep sclerectomy—
indications, complications and initial evaluation of effec-
tiveness. Klin Oczna 107(4-6):232-235

Sastry A, Ryu C, Jiang X et al (2021) Visual Outcomes in
Eyes With Neovascular Glaucoma and Anterior Segment

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Neovascularization Without Glaucoma. Am J Ophthalmol
236:1-11

Sun C, Zhang H, Tang Y et al (2020) Aqueous Inflam-
mation and Ischemia-Related Biomarkers in Neovascular
Glaucoma with Stable Iris Neovascularization. Curr Eye
Res 45(12):1504-1513

Apte RS, Gordon M, Kass MA (2017) Anti-VEGF
Injections and Glaucoma Surgery. JAMA Ophthalmol
135(4):368-369

Slabaugh M, Salim S (2017) Use of Anti-VEGF Agents in
Glaucoma Surgery. J Ophthalmol 2017:1645269

Sarkar S, Konar S, Prasad PN et al (2017) Micellear gold
nanoparticles as delivery vehicles for dual tyrosine kinase
inhibitor ZD6474 for metastatic breast cancer treatment.
Langmuir 33(31):7649-7659

Igarashi N, Honjo M, Aihara M (2021) mTOR inhibitors
potentially reduce TGF-beta2-induced fibrogenic changes
in trabecular meshwork cells. Sci Rep 11(1):14111

Jiao W, Mi X, Yang Y et al (2022) Mesenchymal stem
cells combined with autocrosslinked hyaluronic acid
improve mouse ovarian function by activating the PI3K-
AKT pathway in a paracrine manner. Stem Cell Res Ther
13(1):49

Zhang F, Liu K, Zhao H et al (2018) The emerging role
of fibrocytes in ocular disorders. Stem Cell Res Ther
9(1):105

Porta C, Paglino C, Mosca A (2014) Targeting PI3K/Akt/
mTOR Signaling in Cancer. Front Oncol 4:64
Martin-Fernandez ML (2022) fluorescence imaging of
epidermal growth factor receptor tyrosine kinase inhibitor
resistance in non-small cell lung cancer. Cancers (Basel)
14(3):686. https://doi.org/10.3390/cancers 14030686
Huang TF, Wang SW, Lai YW, Liu SC, Chen YJ, Hsueh
TY, Lin CC, Lin CH, Chung CH (2022) 4-acetylantroqui-
nonol B suppressesprostate cancer growth and angiogen-
esis via a VEGF/PI3K/ERK/mTOR-dependent signaling
pathway in subcutaneous xenograft and in vivo angiogen-
esis models. Int J Mol Sci. 27(3):1446

Yan X, Hui Y, Hua Y et al (2019) EG-VEGF silencing
inhibits cell proliferation and promotes cell apoptosis in
pancreatic carcinoma via PI3K/AKT/mTOR signaling
pathway. Biomed Pharmacother 109:762-769

Husain A, Khadka A, Ehrlicher A et al (2022) Substrate
stiffening promotes VEGF-A functions via the PI3K/
Akt/mTOR pathway. Biochem Biophys Res Commun
586:27-33

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.3390/cancers14030686

	ZD6474 attenuates TGF-β1-induced fibrosis in human Tenon fibroblasts and inhibits neovascularization via AKT-mTOR signaling pathway
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	HTFs culture and morphology
	Cytotoxicity and cell proliferation assay
	Wound healing assay
	Immunofluorescence staining
	Tube formation assay
	Western blot

	Statistical analysis
	Results
	Cell morphology and expression levels of α-SMA and snail in HTFs
	Cytotoxicity and cell proliferation of ZD6474 on HTFs and HUVECs

	ZD6474 inhibits migration in TGF-β1-induced HTFs and HUVECs
	ZD6474 attenuated trans-differentiation to myofibroblasts in TGF-β1-induced HTFs
	ZD6474 inhibits tube formation in HUVECs
	ZD6474 suppresses AKT-mTOR signal pathway in TGF-β1-induced HTFs and HUVECs

	Discussion
	Conclusion
	Acknowledgements 
	References




