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Editorial on the Research Topic

Next Therapeutic Targets in Ocular Diseases

Vision impairment significantly impacts the length and quality of life (QOL). Over the last several
decades, there has been a revolution in our understanding of ocular diseases and an advance in the
development of medical and surgical treatment for patients. Particularly in developed countries, the
leading causes of vision impairment are diabetic retinopathy, glaucoma, and age-related macular
degeneration (AMD).

The most recent medical treatment in ocular diseases is anti-vascular endothelial growth factor
(VEGF) therapy for AMD, diabetic macular edema (DME), and neovascular glaucoma. However,
the currently available treatments are ineffective for some ocular diseases. These inefficacies in the
treatment of vision impairments need to be addressed.

Given these unmet medical needs, it is imperative to investigate the pathological factors that
constitute the risks of vision impairment. It is this important topic that provides a platform for
this collection of papers to explore the next therapeutic targets in ocular diseases with visual
impairment. The inquiry can be sub-divided into three categories:

1. Cutting-edge treatments for DME and diabetic retinopathy: VEGF and next related factors.
2. Next medical applications of treatment options for ocular diseases: gene therapy, new or existing

anti-inflammatory therapy.
3. Advanced surgical technologies for ocular diseases: exploring novel usages of these medical

devices, and also the application of VEGF.

The first category, Cutting-edge treatments for DME and diabetic retinopathy, involves the selective
accumulation of clinical studies in patients with DME, or diabetic retinopathy, in order to
investigate future therapeutic options. As mentioned in the introduction section, anti-VEGF agents
such as ranibizumab are the most successful treatment options for DME, which are pathologically
linked to the disruption of the blood retinal barrier broken by VEGF. Nonetheless, monthly
injections of ranibizumab are impractical as the cost of anti-VEGF agents and the requirement
of frequent clinic visits can be serious barriers to patient compliance to the treatment regimen. Lai
et al. demonstrated that a treat-and-extend (T&E) regimen with ranibizumab at 4-week intervals
effectively improved best corrected visual acuity (BCVA) and reduced central retinal thickness
(CRT) for 91 eyes from the 64 patients they studied. In their contribution, Chen et al. found
that erythropoietin has an angiogenic potential equal to VEGF, and that intravitreal injection of
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ranibizumab (IVR) discernibly reduced the erythropoietin level,
but not enough to the normal level when they compared
24 proliferative diabetic retinopathy patients with 11 non-
diabetic patients.

To determine the prognostic factors in vitrectomized eyes with
DME, which is not the effect of anti-VEGF therapy, Liang et al.
demonstrated that intraocular inflammation has an important
influence on the pathogenesis of DME in 36 vitrectomized eyes
when compared with 71 treatment-naïve eyes and suggested
that anti-inflammatory therapies may represent another strategy
for the treatment of DME in vitrectomized eyes. Moreover,
Hsia et al. evaluated the effectiveness and safety of anti-
inflammatory therapies as intravitreal dexamethasone (DEX)
implants in refractory DME treated by intravitreal ranibizumab.
They concluded that switching to a DEX implant is not only
feasible but also safe for treating patients of DME refractory with
intravitreal ranibizumab.

In an insightful work using acrolein, a highly reactive aldehyde
that covalently binds to cellular macromolecules, Fukutsu
et al. demonstrated that Rho-associated coiled-coil-containing
protein kinases-1 (ROCK-1) mediated the migration of retinal
glial cells: a pathological hallmark of diabetic retinopathy.
Although VEGF is one of the prominent participants in the
pathological factors in diabetic ocular disease, the current data
suggests that inflammation is the next therapeutic target in the
mechanisms of progressive and encouraging factors in DME and
diabetic retinopathy.

The second category of papers in this collection, Medical
applications of ocular diseases, explores the next medical
treatment options, including gene therapy, biologics, and
immune mediators. Inherited retinal dystrophies represent a
clinical and Research Topic of great interest. This is because
of the lack of approved treatments in most cases and also
because of the increasing prevalence related to the evolution
of diagnostic approaches to detect these diseases early. In their
paper, Amato et al. reviewed the current state-of-the-art, and
the rapidly evolving future perspectives regarding gene therapy
in the primary inherited retinal dystrophies in order to provide
an updated, broad, and comprehensive scenario regarding the
present situation and future attitudes.

As is now widely known, and generally accepted, uveitis is one
of the significant causes of vision loss and is estimated to cause
∼10% blindness in developed countries. Immunosuppressive
therapy, including local or systemic corticosteroids, is the
primary treatment for non-infectious uveitis. Although
prolonged corticosteroid used leads to severe ocular and
systemic side effects, it is now increasingly hoped corticosteroid-
sparing agents will be the next effective and practical therapeutic
agents in ocular inflammatory diseases. Harada et al. performed
clinical studies and found the efficacy and safety of methotrexate
in treating Japanese patients with non-infectious uveitis.
Hiyama et al. also investigated immunosuppressive therapies’
clinical characteristics and efficacy in 65 eyes in 35 patients
(14 male and 21 female) with Vogt-Koyanagi-Harada (VKH)
disease. They proposed the treatment possibility for patients
with late-stage VKH disease with adalimumab and low-dose
methotrexate combination therapy. However, some severe uveitis

cases are resistant to steroid treatment, multiple conventional
disease-modifying antirheumatic drugs (methotrexate and
salazosulfapyridine), and tumor necrosis factor-α (TNF-α)
inhibitors (adalimumab and infliximab). Kaneko et al. reported
the possibility of a Janus kinase (JAK) inhibitor, including
baricitinib, as a viable option in treating uveitis with resistance to
conventional treatment.

Some other medical procedures that can be categorized
as Medical applications for ocular diseases are the effect of
Sulforaphane (SFN), a natural isothiocyanate, reported by Sim
et al. SFN effectively alleviates PM2.5-induced oxidative damage
in human ARPE-19 cells by its antioxidant effects; additionally,
SFN can potentially be used as a therapeutic agent for AMD,
particularly in cases related to PM2.5 exposure. The role of
oxymatrine as a transforming growth factor-β (TGF-β) and
TNF-α inhibitor is to retard the development and progression of
an animal model of glaucoma, as has been proposed by Das et al.
in their contribution.

The third category, Surgical technologies for ocular diseases,
is related to research efforts for the development of advanced
therapeutic techniques. For instance, Kim et al. presented the
data on the effectiveness and safety profile of 27-gauge pars plana
vitrectomy (PPV) for various vitreoretinal conditions associated
with uveitis. This study proposes that most uveitis specialists
anticipate using 27-gauge PPV because of its minimally invasive
nature which suit uveitis eyes.

Melega et al. conducted a randomized clinical trial to compare
nylon sutures to polyglactin sutures in pediatric cataract patients
and demonstrated that polyglactin 10-0 sutures in pediatric
patients’ cataract surgeries are safe and result in fewer post-
operative complications than non-absorbable nylon 10-0 sutures.

In their innovative study on vitrectomy, Park et al.
demonstrated that the customized color settings available in the
digitally assisted vitreoretinal surgery (DAVS) system enabled
surgeons to lower the indocyanine green (ICG) concentration
as much as 3-fold, which would be helpful in reducing the ICG
toxicity. This is the first study that quantitatively measured the
macular color contrast according to different color channels
using the DAVS color settings.

In another exciting contribution that suggests an alternative
treatment to both surgery and the conventional medical
treatment for pterygium, Omar et al. proposed the possible use
of intralesional anti-VEGF as the future modality of adjunctive
therapy for pterygium surgery.

This compendium of papers on this Research Topic provides
interesting, innovative and helpful insights that can surely
contribute to the development of subsequent management and
treatment regimens for vision loss from ocular diseases, including
DME, diabetic retinopathy, inherited retinal dystrophies, uveitis,
AMD, glaucoma and pterygium. This timely collection of
articles pertinently emphasizes the importance of DME and
anti-VEGF therapies in basic research and clinical settings.
It presents not only some novel and creative methods of
anti-VEGF therapy, gene therapy, anti-inflammatory therapy,
and offers improvements in current treatment practices for
vitrectomy and pterygium surgery but also questions, re-
considers and re-interprets widely held assumptions in the light
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of these emerging therapeutic procedures, application options
and advanced technologies for ocular diseases. However, one
limitation of this collection is the paucity of evidence. This
insufficiency may well be because of the number of subjects
studied, or the size of the data. Also, in some instances, the
specific mechanisms for the studies could be rendered clearer, or
made more lucid, by further elaboration.

It is our expectation and hope that this collective inquiry in
the form of research papers will raise the level of understanding
about, and also sharpen the focus on the pathogenesis of ocular
diseases, including genomic, molecular, cellular predisposition.
We also hope that the contributions assembled here will play
a significant catalytic role in the future development of next
therapeutic options.
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Introduction: To evaluate the effectiveness and safety of intravitreal dexamethasone

(DEX) implants in refractory diabetic macular edema (DME) treated by

intravitreal ranibizumab.

Materials and Methods: We retrospectively analyzed DME patients who received DEX

implant treatment after being refractory to at least 3 monthly intravitreal ranibizumab

injections. The main outcomes were best-corrected visual acuity (BCVA), central retinal

thickness (CRT), and intraocular pressure (IOP).

Results: Twenty-nine eyes of 26 patients who had previously received an average of

8.1± 4.4 ranibizumab injections were included. Patients received between one and three

DEX implants during 12.4 ± 7.4 months of follow-up. The mean final CRT significantly

decreased from 384.4 ± 114.4µm at baseline to 323.9 ± 77.7µm (p = 0.0249). The

mean final BCVAwas 51.4± 21.3 letters, which was not significant compared to baseline

(44.9 ± 30.2 letters, p = 0.1149). Mean IOP did not increase significantly. All patients

tolerated the treatment well without serious adverse events. Higher baseline CRT and

worse BCVA correlated with better therapeutic responses.

Conclusion: Switching to DEX implant is feasible and safe for treating patients of DME

refractory to intravitreal ranibizumab in real world. Further larger-scale or multicenter

studies would be conducted to explore different DEX treatment strategies for DME, such

as first-line or early switch therapy, for better BCVA improvement.

Keywords: diabetic macular edema, intravitreal dexamethasone implant, intravitreal ranibizumab, ozurdex,

refractory diabetic macular edema
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INTRODUCTION

Diabetes mellitus is one of the most important global health
issues of the twenty-first century. At present, there are 425
million patients with diabetes worldwide, and this number is
projected to reach 629 million by 2045 (1). Diabetic retinopathy,
a microvascular complication of diabetes, has an estimated
prevalence of 34.6% among patients with diabetes. Diabetic
macular edema (DME), a manifestation of diabetic retinopathy,
develops in ∼6.8% of patients with diabetes and is a major cause
of visual loss in this population (2).

Hyperglycemia in diabetes increases oxidative stress,
inflammation, and vascular dysfunction. Oxidative stress and
inflammation induce the upregulation of growth factors, such
as vascular endothelial growth factor (VEGF) and cytokines,
which contribute to the breakdown of the blood-retinal barrier
(BRB) by disrupting the integrity of retinal vascular endothelial
cell tight junctions and increasing vascular permeability (3).
The ensuing fluid accumulation, in addition to the persistent
presence of inflammatory factors, causes dysfunction of the inner
nuclear layer and subsequent development of DME (4).

VEGF antagonists are frequently used as intravitreal
treatments for DME, as several studies reveal that patients
with DME had favorable visual and anatomic responses to
ranibizumab (5, 6). However, there are still patients who, after a
favorable initial response to anti-VEGF agents, show decreased
responses over time and became resistant to further intravitreal
injections. This may be a result of inflammatory mediators
other than VEGF contributing to the persistence of DME (7).
Increasing dosages of intravitreal injections are needed to
control the disease. However, this carries an increased risk of
complications and poor compliance (8).

Corticosteroids have been demonstrated to inhibit the
expression of VEGF and other inflammatory factors,
thus reinforcing the BRB. The biodegradable intravitreal
dexamethasone (DEX) implant provides sustained release of
the anti-inflammatory corticosteroid dexamethasone into the
vitreous. DEX implants have been identified as an effective
treatment of DME and have recently been approved by the
US Food and Drug Administration (FDA) (9–11). We thus
conducted this study to investigate anatomic and functional
improvements of DEX implant treatment in a group of patients
with DME refractory to previous ranibizumab injections.

MATERIALS AND METHODS

This retrospective, non-comparative, consecutive case series
study was approved by the Institutional Ethics Committee and
conducted in compliance with the tenets of the Declaration
of Helsinki. We retrospectively analyzed the eyes of patients
with DME refractory to intravitreal ranibizumab treatment, were

Abbreviations:DEX, dexamethasone; DME, diabetic macular edema; BCVA, best-

corrected visual acuity; CRT, central retinal thickness; IOP, intraocular pressure;

VEGF, vascular endothelial growth factor; BRB, blood-retinal barrier; FDA, Food

and Drug Administration; HbA1c, glycated hemoglobin; ETDRS, Early Treatment

Diabetic Retinopathy Study; GLMM, generalized linear mixed model.

treated with DEX implant between August 2013 and October
2017. Informed oral and written consent was obtained from all
patients. Before March 2020, Taiwan National Health Insurance
scheme only reimbursed 3 initial plus 5 additional injections
of ranibizumab for eligible patients with DME. No switch to
DEX was allowed. Therefore, patients had to continue 3 to 8
ranibizumab injections unless they decide to pay for DEX out
of pocket.

The inclusion criteria were as follows: (1) a diagnosis of
DME (the presentation of choroidal neovascularization with
macular edema, confirmed by fluorescein angiography and
optical coherence tomography [OCT]); (2) a history of treatment
with at least 3 monthly intravitreal ranibizumab injections,
followed by increasing or persistent sub-retinal fluid or retinal
edema on OCT; and (3) a CRT >250µm. The criteria for
treatment with DEX implant were the same as the retreatment
criteria for ranibizumab regarding the presence of intraretinal or
subretinal fluid.

We recorded general patient data including age, sex,
laterality, medical history, glycated hemoglobin (HbA1c), best-
corrected visual acuity (BCVA), central retinal thickness (CRT),
intraocular pressure (IOP), and results of external ocular and
slit-lamp examinations. Each patient underwent a thorough
bilateral fundus examination by indirect ophthalmoscopy,
fundus photography, fluorescein angiography, and spectral-
domain OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Inc.,
Dublin, CA) scans. Over the course of the treatment, patients
received between one and three injections of DEX implant
0.7mg (Ozurdex, Allergan, Inc, Irvine, CA). Before each DEX
implantation, the topical antibiotic levofloxacin (Cravit, Santen
Pharmaceutical Co., Osaka, Japan) was applied. Topical and
subconjunctival anesthesia was achieved by 0.5% proparacaine
hydrochloride (Alcaine, Alcon Pharmaceuticals, Puurs, Belgium)
before surgery. Each eye was prepared in a sterile manner using
5% povidone/iodine. TheDEX implant was inserted intravitreally
via a pars plana puncture (3.5mm away from the limbus).
Application of levofloxacin eyedrops was prescribed four times
a day for 1 week after the operation. Initial management with
ranibizumab and the number of subsequent treatments with DEX
implant were collected. All of the patients were scheduled for
monthly follow-ups.

The main outcome measures included the mean change in
CRT from baseline as measured by spectral-domain OCT and
mean change in BCVA (approximate Early Treatment Diabetic
Retinopathy Study [ETDRS] letter scores) from baseline during
monthly follow-ups. Therefore, the outcome of DEX implant
after ranibizumab was evaluated by analyzing changes in retinal
anatomy and vision, with reference to patient characteristics and
fundus findings. Safety was evaluated by recording complications
and other adverse events during the follow-up period.

For statistical analyses, SAS 9.4 was used in this study. For
comparison of cross-section data, one-way ANOVA was used for
continuous data and Fisher’s exact test was used for categorical
data. For comparison of serial data, the principle of a generalized
linear mixed model (GLMM) was applied using the GLIMMIX
procedure in SAS. Generalized linear mixed model is actually a
method with the same concept as repeatedmeasured ANOVA for
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serial data comparison but is more flexible and tolerant of data
completeness. Shapiro-Wilk test and Kolmogorov-Smirnov tests
were both used for normality test with SAS procedure univariate.

RESULTS

Study Population and Treatments
A total of 29 eyes of 26 patients with DME were included in this
study. The study group comprised of 14 men and 12 women,
and the mean age was 62.0 ± 9.1 (range 46–84) years. The mean
baseline HbA1c was 7.5± 1.3 %. Before any treatment (baseline),
the mean CRT was 384.4± 114.4 (range 248–727) µm (Table 1).
After ranibizumab treatment, patients were followed up for an
average of 12.4 ± 7.4 months. Prior to receiving DEX implant
treatment, all patients had been treated with an average of 8.1
± 4.4 (range 3–18) injections of intravitreal ranibizumab. The
time between the last ranibizumab injection and the first DEX
injection was a month. Each eye received an average of 1.3 ±

0.6 DEX implant (range 1–3) injections. Of the 29 study eyes,
23 eyes received only one DEX implant, four eyes received two
DEX implants and two eyes received three DEX implants. The
mean interval between DEX implant injections in the six eyes
that received more than one injection was 5.93 ± 2.68 months
(range 3.1 ∼ 10.2 months). The follow-up period before DEX
was 12.39 ± 7.44 months, the follow-up period after DEX was
7.43± 4.60 months, and the entire follow-up period was 19.82±
8.96 months.

Anatomic Changes
Distribution of CRT thickness before DEX implant treatment
were as follows: 16 eyes between 350 and 250µm, 8 eyes

TABLE 1 | Baseline characteristics of the patients.

Baseline characteristics Mean ± SD or (%)

Age (years) 62.0 ± 9.1

Gender (n = 26)

Female 12 (46.2%)

Male 14 (53.8%)

Eyes (n = 29)

OD 16 (55.2%)

OS 13 (44.8%)

Baseline BCVA (letter score) 44.9 ± 30.2

Baseline CRT (µm) 384.4 ± 114.4

Baseline IOP (mmHg) 14.9 ± 3.1

Lens status

Phakic 20 (69%)

Pseudophakic 9 (31%)

Follow-up (months)

Total 19.8 ± 9.0

Before ozurdex (anti-VEGF use) 12.4 ± 7.4

After ozurdex 7.4 ± 4.6

BCVA, best-corrected visual acuity; CRT, central retina thickness; IOP, intraocular

pressure; VEGF, vascular endothelial growth factor.

between 450 and 350µm, 3 eyes between 550 and 450µm, 1
eye between 650 and 550µm, and 1 eye >650µm. All eyes
showed anatomic improvement after switching to intravitreal
DEX implant treatment, with significant postoperative changes
in CRT as measured by OCT. After DEX implant treatment,
the mean final CRT (323.9 ± 77.7, range 201–488µm) was
significantly lower than the baseline value (384.5 ± 114.4, range
248–727µm) (p = 0.0249), and also significantly lower than the
mean CRT at 1 month after the last injection of ranibizumab
(375.5 ± 111.0, range 261–757µm) (p = 0.0265; Figure 1A).
The mean best CRT (the lowest CRT value recorded during
follow-up)after ranibizumab treatment (302.1± 73.5, range 195–
568µm) was significantly lower than the baseline value (p =

0.0004), and it was maintained if not further improved after
DEX implants (286.1 ± 56.3, range 172–414µm) (p < 0.0001
compared to baseline; Figure 1B).

Changes in Best-Corrected Visual Acuity
After DEX implant treatment, the mean final BCVA (51.4± 21.3
letters) did not significantly improve as compared to baseline
(44.9± 30.2 letters) (p= 0.1149; Figure 2A). However, the mean
maximal BCVA (the highest letter score recorded during follow-
up) after DEX implant (61.2 ± 17.4 letters) was significantly
higher than baseline (p= 0.0022; Figure 2B).

Predictors of Therapeutic Response
Several baseline patient parameters were analyzed to explore
the correlation with the treatment responses (Table 2). Thicker
baseline CRT (Figure 3), lower HbA1c, and worse BCVA
(Figure 4) had better responses to the treatment. Multivariate
logistic regression and general linear model analyses confirmed
the same results that thicker baseline CRT and worse baseline
BCVA had better responses to the treatment (p < 0.0001).

Safety Outcomes
The mean final IOP (15.3 ± 3.2 mmHg) was not significantly
higher than the baseline value (14.9 ± 3.1 mmHg, p = 0.5643),
and not significantly higher than the IOP at 1 month after the
last injection of ranibizumab (15.3 ± 3.3, p = 0.9985). The
mean maximal IOP (the highest IOP recorded during follow-up)
was 20.1 ± 4.7 mmHg, which was significantly higher than the
baseline (14.9 ± 3.1 mmHg, p < 0.0001), but not significantly
higher than the IOP at 1 month after the last ranibizumab
injection (20.0 ± 4.5, mmHg, p = 0.8480). During the study,
seven patients experienced IOP increases >22 mmHg after DEX
implant, but all these patients had IOP returned to ≤22 mmHg
after being managed with topical IOP-lowering medications.

All patients tolerated the treatment well, and none
experienced serious ocular (e.g., endophthalmitis, non-infectious
endophthalmitis, vitreous hemorrhage, retinal tear, retinal
detachment, or sustained IOP elevations) or systemic adverse
events during the follow-up period.

DISCUSSION

This retrospective case series, carried out in a tertiary medical
center in central Taiwan, studied the therapeutic effects of DEX
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FIGURE 1 | (A) Mean baseline and final CRT after the respective treatments. The mean final CRT after DEX implant treatment was significantly lower than the CRT (p

= 0.0249) at baseline and 1 month after the last ranibizumab injection (p = 0.0265). (B) Mean best CRT (the lowest CRT value recorded during follow-up) at baseline

and after the respective treatments. The mean best CRT after DEX implant treatment was significantly lower than the CRT (p < 0.0001) before treatment. *p < 0.05;

**p < 0.001 compared to before-treatment data (Generalized linear mixed model).

implant treatment on DME in eyes that had been unsuccessfully
treated with intravitreal ranibizumab. In this study, DEX
implants were effective in the anatomical improvement. Patients
were assessed at monthly intervals postoperatively, and anatomic
improvements as gauged by CRT were sustained throughout the
entire course of follow-up. Even though improvements in CRT
did not correlate with significantly improved BCVA, neither did
BCVA decrease over the course of treatment and follow-up. DEX
implants were well-tolerated, with only a few cases of increased
IOP that were manageable with antihypertensive eyedrops.

Currently, there is no optimal treatment regimen for DEX
implant therapy for DME (12). In the MEAD study, the protocol
allows as-needed (pro re nata, PRN) retreatment with DEX
implant with a frequency of no more than once every 6 months
(13). As the out-of-pocket expense for our patients was about
40,000 NTD (1,370 USD) for each DEX implant during the study,
we treated most eyes with one dose of DEX implant, followed
by PRN injections when macular edema reoccurred. During the
mean follow-up of 7.4 ± 4.6 months, almost 80% of the patients

received only one DEX implant, and only two eyes received
three injections.

The various available treatments for DME include anti-
VEGFs, laser, surgery, and corticosteroids, with each targeting
different pathogenic mechanisms of the disease (4). Our
study suggests two main explanations for the observed
benefit of DEX implant after refractory ranibizumab treatment:
the pharmacologic and pharmacokinetic properties of the
DEX implant and the possible tachyphylaxis or tolerance to
ranibizumab. First, inflammation plays a prominent role in
the pathogenesis of DME. Many features of inflammation,
such as the leukocyte recruitment and adhesion to vascular
endothelium (leukostasis), increased blood flow and vascular
permeability, tissue (macular) edema, neovascularization, and
upregulation of inflammatory mediators, have been described in
both human and animal models of diabetic retinopathy (12, 14–
18). Intravitreally administered corticosteroids act to ameliorate
DME in multiple ways. As established anti-inflammatory agents,
they reduce the production of pro-inflammatory factors, limit
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FIGURE 2 | (A) Mean BCVA at baseline and after the respective treatments. There was no significant improvement in BCVA 1 month after the last ranibizumab and

after DEX implant treatment. (B) Mean maximal BCVA (the highest letter score recorded during follow-up) at baseline and after respective treatments. The mean

maximal BCVA after DEX implant treatment was significantly higher than baseline BCVA (p = 0.0022). *p < 0.05 compared to before-treatment data (Generalized

linear mixed model).

TABLE 2 | Clinical parameters of patients with different therapeutic responses.

1CRT ≤ −50

n = 12 (41.38%)

1CRT > −50

n = 17 (58.62%)

p 1BCVA ≥ 15

n = 8 (27.59%)

1BCVA< 15

n = 21 (72.41%)

p

Initial CRT 2 477.17 ± 106.90 319.00 ± 63.61 <0.0001* 420.38 ± 134.10 370.76 ± 106.37 0.305

Initial HbA1c 6.65 ± 0.59 7.99 ± 1.61 0.018* 7.12 ± 1.41 7.60 ± 1.50 0.487

Age 61.17 ± 10.25 61.94 ± 7.82 0.819 57.25 ± 6.09 63.29 ± 9.13 0.097

Gender

Female 7 (58.33%) 6 (35.29%) 0.274 6 (75.00%) 7 (33.33%) 0.092

Male 5(41.67%) 11 (64.71%) 2 (25.00%) 14 (66.67%)

Initial BCVA (Letters) 37.42 ± 27.27 50.24 ± 31.89 0.269 18.63 ± 40.19 54.95 ± 18.24 0.002*

Initial IOP 14.67 ± 2.93 15.12 ± 3.33 0.709 14.13 ± 3.00 15.24 ± 3.19 0.402

Anti-VEGF injection times 9.00 ± 4.43 7.53 ± 4.32 0.379 9.88 ± 3.80 7.48 ± 4.45 0.189

Lens status

Phakic 9 (75.00%) 11 (64.71%) 0.694 7 (87.50%) 13 (61.90%)

Pseudophakic 3 (25.00%) 6 (35.29%) 1 (12.50%) 8 (38.10%)

*p < 0.05; BCVA, best-corrected visual acuity; CRT, central retina thickness; HbA1c, glycated hemoglobin; IOP, intraocular pressure; VEGF, vascular endothelial growth factor.

vascular permeability, and inhibit the expression of VEGFs (19).
The DEX implant, a sustained-release drug delivery system
for the potent corticosteroid dexamethasone, was developed to
reduce the need for frequent intraocular injections due to the

short half-life of intravitreally injected dexamethasone (<4 h)
(20). The implant releases DEX into the vitreous for up to 6
months (21). In a previous study, Lazic et al. demonstrated
the therapeutic efficacy of DEX implant for DME resistant to
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FIGURE 3 | Correlation between changes in CRT and baseline CRT.

the anti-VEGF bevacizumab (22). The use of bevacizumab for
DME is off-label, and therefore we examined patients who
were initially treated with ranibizumab, which is FDA-approved
for DME. Second, the patients’ tachyphylaxis/tolerance to the
previously administered ranibizumab might be another possible
mechanism for the observed therapeutic effect after switching
to intravitreal DEX implant. Even though there is a difference
between tachyphylaxis and tolerance, both terms have long been
presented as phenomena of reduced drug efficacy and are used
synonymously in the literature (23). Tachyphylaxis/tolerance
in chronic treatment with bevacizumab and ranibizumab was
first described in 2007 for age-related macular degeneration
(24, 25). Tachyphylaxis/tolerance to ranibizumab might be a
result of the neutralization of ranibizumab by the formation of
circulating antibodies, the desensitization of the target tissue to
the drug, or the reactivation of DME driven by another pathway
(26, 27). These effects might be circumvented with the use of
pharmaceuticals aiming at other DME-associated pathways.

In our study, DEX implant treatment showed a generally
favorable safety profile. Historically, adverse events most

commonly associated with corticosteroid therapy include
cataracts and steroid-induced glaucoma. Although none of
our patients received a cataract surgery after DEX implants,
the mean follow-up period was about 7 months, which may
not be sufficient for the worsening of cataracts. Some patients
in this study experienced transient increase in IOP that were
successfully managed with topical medication. There was
no case of serious ocular or systemic adverse events such as
endophthalmitis, non-infectious endophthalmitis, vitreous
hemorrhage, retinal tear, retinal detachment, or sustained
IOP elevations.

We found three clinical factors that correlated with the
treatment responses. Patients with lower baseline HbA1c had
better anatomic improvement after treatment. The importance of
glycemic control in the management of diabetic retinopathy was
emphasized by previous studies (28, 29). The other two baseline
predictive factors were thicker CRT and worse BCVA. Both
factors correlated with better responses to DEX treatment in their
respective aspects. Campos et al. also found that lower baseline
BCVA predicted a higher visual acuity gain (30). It may be
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FIGURE 4 | Correlation between changes in BCVA and baseline BCVA.

suggestive of a “ceiling effect” that cannot be ruled out completely
in this prediction model; that is, smaller improvements are
required to achieve good vision in patients with better starting
vision, while those with lower BCVA at baseline have greater
capacity to achieved better vision outcome. Another limit of
visual acuity improvement was the uncertain optimal timing
for DEX switching in patients with DME non-responder to
intravitreal ranibizumab. If we can determine patients with
DME who are more response to DEX implants, early switch to
DEX implant may be performed, which may additional improve
their final visual acuity. Limitations of this study include the
small sample size and short-term follow-up, the uncontrolled
retrospective design of the study, the non-standard treatment
protocols, and a lack of consistent performance of fluorescein
angiography prior to switching to DEX implant treatment.
Nevertheless, this study showed that intravitreal DEX implant
treatment was effective immediately after switch and safe in cases
of refractory DME resistant to ranibizumab. Switching to DEX
implant can be considered in eyes with DME that do not respond
to anti-VEGF treatments. Furthermore, higher baseline CRT and

worse BCVA were found to be the predictive factors for better
therapeutic responses. However, further studies are necessary to
determine the optimal timing for DEX switching in patients with
DME non-responder to intravitreal ranibizumab and to shed
light on the long-term outcomes of this treatment modality.

CONCLUSION

This study demonstrated the feasibility of switching to
intravitreal DEX implant in cases of DME that are refractory
to intravitreal ranibizumab treatment. Conversion to DEX
implant treatment resulted in a significant improvement in CRT.
Although BCVA decreased a little after DEX treatment compared
with BCVA after anti-VEGF injections, there was no statistical
significance. Nevertheless, higher baseline CRT and worse BCVA
can predict better therapeutic responses. Further larger-scale or
multicenter studies would be conducted to explore different DEX
treatment strategies for DME, such as first-line or early switch
therapy, for better BCVA improvement.
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Objective: We report the tri-center 1-year outcomes of a treat-and-extend (T&E)

regimen in four-week intervals with ranibizumab for diabetic macular edema (DME).

Methods: In this retrospective study, all eyes received 3 monthly loading injections of

0.5mg ranibizumab, followed by a T&E regimen for DME. Regression models were used

to evaluate the associating factors for visual and anatomical outcomes.

Results: Ninety one eyes from 64 patients were enrolled. Mean LogMAR best-corrected

visual acuity (BCVA) improved from 0.58 at baseline to 0.36 at month 12 and mean

central retinal thickness (CRT) decreased from 411µm at baseline to 290µm at month

12. Younger age and eyes having thinner baseline CRT, with ellipsoid zone disruption

(EZD), and without epiretinal membrane (ERM) were associated with better final CRT.

Moreover, eyes with thicker baseline CRT tend to receive more injections. Among the

parameters, only having ERM or EZD was associated with significant BCVA recovery.

Conclusions: A T&E regimen with ranibizumab by 4-week intervals is effective in

improving BCVA and reducing CRT with efficacy notable starting from the third month.

Clinical parameters including age, initial CRT, and presence of ERM or EZD significantly

influenced therapeutic outcomes. Moreover, the presence of ERM should not preclude

DME patients from receiving anti-VEGF therapy. Future studies with larger cohorts

are warranted.

Keywords: age, central retinal thickness, diabetic macular edema, OCT biomarkers, ranibizumab,

treat-and-extend regimen 5
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INTRODUCTION

Diabetic retinopathy (DR) affects an estimated one in three
people with diabetes mellitus (DM) (1) and causes severe
visual impairment. Diabetic macular edema (DME), a common
complication of DR, can present in both non-proliferative
diabetic retinopathy (NPDR) and proliferative diabetic
retinopathy (PDR) (2).

DME is pathologically linked to the disruption of the
blood retinal barrier. In the hypoxic microenvironment of
DR, vascular endothelial growth factor (VEGF) increases
capillary permeability and breaks down blood retinal barrier (3).
Ranibizumab (Lucentis, Genentech Inc., South San Francisco,
CA), an anti-angiogenic agent, has revolutionized the treatment
of DME. The RISE and RIDE phase II trial showed that 44.8%
of patients gain more than 15 letters in vision after monthly
injections of 0.3mg ranibizumab (4). The success of ranibizumab
over intravitreal steroid and photocoagulation monotherapy has
also been established in the literatures (5, 6).

Nonetheless, monthly injections of ranibizumab is impractical
as the cost of anti-VEGF agents and the requirement of frequent
clinic visits be barriers to patient compliance to regimen (7). The
TREX-DME study demonstrated that treat and extend (T&E)
dosing was comparable with monthly dosing and allows for
incremental increases in treatment intervals by 2 weeks. This
resulted in less frequent injections and less expenditure (8).
Therefore, T&E dosing with 4-week intervals may be more
practical in terms of reducing treatment burden.

Despite robust findings from clinical trials, around half of eyes
do not fully respond to anti-VEGF (9), and further exploration
of prognostic factors associated with better visual outcomes
is warranted. Age, HbA1c status, central retinal thickness
(CRT) have been investigated but to mixed results (10–13).
Moreover, little is known regarding how optical coherence
tomography (OCT) biomarkers including epiretinal membrane
(ERM) and ellipsoid zone disruption (EZD) affect the resolution
of macular edema and final vision, and its implication for
therapeutic strategy.

This tri-center 12 month study aims to investigate the efficacy
of ranibizumab on DME following a regimen of 3 monthly
loading injections plus 4-week T&E therapeutic intervals. To
understand favorable factors for functional and anatomical visual
outcomes, we assessed clinical parameters of patients with
different therapeutic responses.

MATERIALS AND METHODS

Subjects
This retrospective study was conducted from 2017 to 2019 at the
Department of Ophthalmology of three tertiary centers in Taiwan
(China Medical University Hospital, National Taiwan University
Hospital, and Far Eastern Memorial Hospital). We reviewed
subjects with either type I or type II DM and a concomitant
DR diagnosis. DME diagnosis was made according to features
of exudates and macular thickening on fundus and OCT exam.
CRT was calculated as the average thickness of the central

1,000µm diameter area (14) with spectral domain OCT (SD-
OCT) device (Heidelberg Engineering, Heidelberg, Germany).
Among the OCT biomarkers, EZD is defined as having any
discontinuity of the second hyper-reflective layer of fovea on
OCT. The shadowing effect of cysts and retinal vessels was not
regarded as part of the EZD (15).

Inclusion criteria for receiving ranibizumab were as follows:
eyes having Snellen best-corrected visual acuity (BCVA)
between 20/400 and 20/40, CRT on OCT being >300µm
at the initial presentation, and eyes demonstrating late onset
hyperfluorescence typical of macular leakage on fluorescence
angiography (FA). Exclusion criteria involves having macular
edema of non-diabetic causes, a history of vitrectomy and
laser photocoagulation 3 months prior to study entry. Among
PDR patients, subjects who were treated with additional laser
photocoagulation during the study period were excluded. OCT
images of poor quality were excluded as well.

The study protocol was approved by the Institutional Review
Board and informed consent was obtained from all participants.
The study complies with the tenets of the Declaration of Helsinki.

Study Design and Statistical Analysis
All patients received 3 monthly loading injections of 0.5mg
ranibizumab, followed by a T&E algorithm in which the
treatment intervals were increased by 4 weeks after reaching a
stable BCVA status and a CRT<300µm. Ranibizumab injections
interval were reduced by 4 weeks if the individual had vision loss
due to DME recurrence. DME recurrence was defined as having
CRT >300µm. If there was no recurrence, patients were allowed
to extend their clinical visit and injection one more month due
to personal reasons (Figure 1). All subjects were followed for at
least 12 months.

Primary outcomes included variations in BCVA and CRT
after 12 months of treatment. Secondary outcomes were the
univariate analysis and multivariate logistic regression analysis
of the biomarkers that predicted better BCVA outcomes in
DME. We applied Chi-square for the univariate analysis of
categorical variable and ANOVA for numerical variable. In the
multivariate logistic regression analysis, eventual CRT, BCVA
changes and injection times were dependent variables. Baseline
parameters such as age, DR staging and OCT biomarkers were
independent variables. Statistical analysis was conducted with
Statistical Package for the Social Sciences (SPSS) version 22.0
for Windows.

RESULTS

Ninety-one eyes of 64 patients with DME were enrolled. Thirty
five (54.7%) males and 29 (45.3%) females were included. The
baseline HbA1C was 7.44 ± 1.02 %. There were 4 eyes of mild
NPDR, 14 of moderate NPDR, 28 of severe NPDR, 6 of PDR,
and 39 of eyes with PDR that had received PRP (Table 1). The
majority of DR staging was severe NPDR and PDR.

The mean injection number was 7.67 ± 2.09 (5–12; 95%
confidence interval) with 71.21% eyes received five to eight
injections. The majority of cases needed eight injections. The
proportion of eyes with BCVA improvement had gradually
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FIGURE 1 | Illustrated the treat and extend (T&E) dosing algorithm in our real world study to determine treatment intervals. In this study, there were 3 monthly

injections of ranibizumab, and injection intervals were extended by 4 weeks if there was no DME recurrence. DME recurrence was defined as having central retinal

thickness >300 µm. If there was no recurrence, patients were allowed to extend their clinical visit and injection one more month due to personal reasons. BCVA,

best-corrected visual acuity; DME, diabetic macular edema.

TABLE 1 | Demographic data.

Baseline characteristics All patients (N = 64), Eyes (n = 91)

Age 60.31 ± 10.75

Gender

Female 29/64 (45.3%)

HbA1C (%) 7.44% ± 1.02%

CRT (µm) 411.30 ±114.61

LogMAR 0.58 ± 0.36

DR staging

Mild NPDR 4/91 (4.40%)

Moderate NPDR 14/91 (15.4%)

Severe NPDR 28/91 (30.8%)

PDR 6/91 (6.59%)

PDR with PRP 39/91 (42.9%)

IRC 71/91 (78.0%)

HE 70/91 (76.9%)

DRIL 31/91 (34.1%)

EZD 26/91 (28.6%)

ERM 23/91 (25.3%)

SRF 18/91 (19.8%)

N, number; CRT, Central Retinal Thickness; DR, Diabetic Retinopathy; NPDR, Non

Proliferative Diabetic Retinopathy; PDR, Proliferative Diabetic Retinopathy; PRP, Panretinal

Photocoagulation; IRC, Intra-Retinal Cyst; HE, Hard Exudate; DRIL, Disorganization of

Retinal Inner Layers; EZD, Ellipsoid Zone Disruption; ERM, Epiretinal Membrane; SRF,

Subretinal Fluid.

increased from 58.2% since Month three and reached 72.5% at
month 12. The mean LogMAR BCVA improved significantly
from 0.58 at baseline to 0.36 in month 12 (Figure 2). The mean
CRT decreased significantly from 411.3µmat baseline to 289.8m

in month 12 (Figure 3). In both Figures 2, 3, all the p-values
shown were compared to the baseline LogMAR and baseline
CRT, respectively.

Next, we performed inter-cohort univariate and multivariate
analysis. Patients were further classified according to final CRT
thickness (> or <300µm), the final change in BCVA (with or
without BCVA improvements) and total injection times (more or
fewer than six injections) (Table 2). In the inter-cohort analysis
of final CRT > or < 300µm, eyes of younger age and eyes
having thinner baseline CRT, with EZD, and without ERM
were associated with better final CRT (<300µm) (Table 2). This
correlation were also confirmed in multivariate analysis, where
older age (odds ratio = 1.094, p = 0.0115), thicker CRT at study
entry (odds ratio = 1.009, p = 0.0013), having ERM (odds ratio
= 3.619, p = 0.0256) and without EZD (odds ratio = 0.127,
p= 0.0045) were associated with worse final CRT (Table 3).

Comparing the two groups with or without BCVA
improvements, we observed that patients having worse baseline
BCVA, severe baseline NPDR status, and having ERM or EZD
were associated with significant logMAR BCVA improvements
in univariate analysis. Subjects with mild NPDR status were not
associated with significant BCVA recovery (Table 2). However,
in multivariate analysis, only having ERM (ERM with no final
BCVA recovery, odds ratio = 0.160, p = 0.0219) or EZD (EZD
with no final BCVA recovery, odds ratio = 0.134, p = 0.0111)
was associated with significant final BCVA recovery.

Searching for factors predictive of frequent injections, we
discovered that eyes with thicker CRT and worse BCVA at study
entry were associated with more Ranibizumab injections in the
univariate analysis (Table 2). Multivariate analysis confirmed
that only thicker baseline CRT was predictive of receiving more
than six injections (odd ratio= 1.006, p= 0.011) (Table 3).
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FIGURE 2 | Best-corrected visual acuity (BCVA) in LogMAR during ranibizumab treatment. LogMAR was 0.58 ± 0.36 (mean ± SD) at baseline, 0.46 ± 0.40µm at

Month 3, 0.40 ± 0.35 at Month 6, and 0.36 ± 0.30 at Month 12. Mean LogMAR BCVA improved significantly from 0.58 at baseline to 0.36 in month 12.

FIGURE 3 | Central retinal thickness (CRT, µm) during ranibizumab treatment. CRT was 411.30 ± 114.61µm (mean ± SD) at baseline, 302.47 ± 79.22µm at Month

3, 304.11 ± 78.59 at Month 6, and 289.85 ± 60.71µm at Month 12. Mean CRT decreased significantly from 411µm at baseline to 289µm in month 12.

Among the OCT biomarkers, only the presence of EZD
and ERM significantly influenced the final BCVA improvements
and final CRT (Tables 2, 3). No OCT biomarkers statistically
significantly influenced the total injection times in both
univariate and multivariate analysis (Tables 2, 3).

DISCUSSION

We have demonstrated the efficacy of T&E regimen with 0.5mg
ranibizumab by 4-week intervals. On average, the BCVA gain was
10 letters after 12 months. These results were concordant with
the clinical trials that adopt extended 2-week treatment intervals.
For instance, in the TREX-DME 1-year study, a standard interval

of 2 weeks was adopted and BCVA gains were 9.6 and 9.5
letters for the respective T&E and T&E plus laser arms (16). Our
study, though adopting an interval twice as long as the standard
interval, attained similar BCVA gains as in the TREX-DME 1-
year study. Moreover, on average, only eight injections per year
were required to reach efficacy, whereas the TREX-DME 1-year
study required 10.7 injections (16). Hence, we demonstrated that
a longer 4-week T&E interval is feasible and economical for
achieving adequate control of DME.

In the present analysis, ranibizumab reduced the average CRT
by 121µm at month 12 (Figure 3). Similarly, in the TREX-
DME trial, CRT was reduced by 123 and 146µm, respectively,
for monthly and T&E regimens. No statistical significance were
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TABLE 2 | Intercohort univariate analysis.

Baseline Grouped By final CRT Grouped By final VA change Grouped By injection times

Clinical data < 300 µm ≥ 300 µm Improved Not improved ≤ 6 shots > 6 shots

Age (years) 57.64 ± 11.66 64.48 ± 7.63 p < 0.05† 60.85 ± 9.19 58.82 ± 14.45 NS 59.30 ± 13.14 61.05 ± 8.71 NS

Gender (Female) 20/39 (51.3%) 9/25 (36.0%) NS 21/47 (44.7%) 8/17 (47.1%) NS 12/27 (44.4%) 17/37 (45.9%) NS

HbA1c (%) 7.47 ± 1.03 7.40 ± 1.02 NS 7.47 ± 0.92 7.37 ±1.29 NS 7.24 ± 0.98 7.59 ± 1.04 NS

CRT (µm) 392.76 ± 108.58 445.47 ± 119.24 p < 0.05† 421.36 ± 118.39 384.72 ± 101.42 NS 366.58 ± 86.84 434.40 ± 120.87 p < 0.05†

LogMAR 0.59 ± 0.37 0.55 ± 0.33 NS 0.63 ± 0.36 0.42 ± 0.29 p < 0.05 0.47 ± 0.30 0.63 ± 0.37 p < 0.05†

DR staging/OCT

Biomarkers

Mild NPDR 3/59 (5.08%) 1/32 (3.13%) NS 1/66 (1.52%) 3/25 (12.0%) p < 0.05 3/31 (9.68%) 1/60 (1.67%) NS

Moderate NPDR 9/59 (15.3%) 5/32 (15.6%) NS 11/66 (16.7%) 3/25 (12.0%) NS 5/31 (16.1%) 9/60 (15.0%) NS

Severe NPDR 16/59 (27.1%) 12/32 (37.5%) NS 25/66 (37.9%) 3/25 (12.0%) p < 0.05 7/31 (22.6%) 21/60 (35.0%) NS

PDR 3/59 (5.08%) 3/32 (9.38%) NS 4/66 (6.06%) 2/25 (8.00%) NS 2/31 (6.45%) 4/60 (6.67%) NS

PDR s/p PRP 28/59 (47.5%) 11/32 (34.4%) NS 25/66 (37.9%) 14/25 (56.0%) NS 14/31 (45.2%) 25/60 (41.7%) NS

SRF (+) 14/59 (23.7%) 4/32 (12.5%) NS 13/66 (19.7%) 5/25 (20.0%) NS 4/31 (12.9%) 14/60 (23.3%) NS

IRC (+) 45/59 (76.3%) 26/32 (81.3%) NS 54/66 (81.8%) 17/25 (68.0%) NS 25/31 (80.6%) 46/60 (76.7%) NS

ERM (+) 10/59 (16.9%) 13/32 (40.6%) p < 0.05† 21/66 (31.8%) 2/25 (8.00%) p < 0.05† 5/31 (16.1%) 18/60 (30.0%) NS

EZD (+) 21/59 (35.6%) 5/32 (15.6%) p < 0.05† 24/66 (36.4%) 2/25 (8.00%) p < 0.05† 7/31 (22.6%) 19/60 (31.7%) NS

DRIL (+) 20/59 (33.9%) 11/32 (34.4%) NS 23/66 (34.8%) 8/25 (32.0%) NS 9/31 (29.0%) 22/60 (36.7%) NS

HE (+) 45/59 (76.3%) 25/32 (78.1%) NS 53/66 (80.3%) 17/25 (68.0%) NS 23/31 (74.2%) 47/60 (78.3%) NS

CRT, Central Retinal Thickness; DR, Diabetic Retinopathy; NPDR, Non Proliferative Diabetic Retinopathy; PDR, Proliferative Diabetic Retinopathy; PRP, Panretinal Photocoagulation; SRF, Subretinal Fluid; IRC, Intra-Retinal Cyst; ERM,

Epiretinal Membrane; EZD, Ellipsoid Zone Disruption; DRIL, Disorganization of Retinal Inner Layers; HE, Hard Exudate. N: Indicates a non-statistically significant.
†
Indicates that statistical significance in this univariate analysis was also

confirmed in multivariate analysis in Table 3. The bold values indicate p < 0.05.
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TABLE 3 | Multiple logistic regression.

Parameter DF Estimate Standard Error Wald Chi-Square P-value Odds ratio 95% Wald

Dependent variable: Final CRT ≥ 300µm (event) vs. Final CRT < 300 µm

Intercept 1 −10.0342 2.8891 12.0624 0.0005

Age 1 0.0897 0.0355 6.3803 0.0115 1.094 1.020–1.173

ERM (+) 1 0.6431 0.2882 4.9807 0.0256 3.619 1.170–11.20

EZD (+) 1 −1.0323 0.3638 8.0525 0.0045 0.127 0.030–0.528

Initial CRT 1 0.00873 0.00272 10.2745 0.0013 1.009 1.003–1.014

Dependent variable: Final VA not improved (event, 1LogMAR ≥ 0) vs. Final VA improved

Intercept 1 −2.1631 0.5133 17.7602 <.0001

ERM (+) 1 −0.9148 0.3991 5.2546 0.0219 0.160 0.034–0.767

EZD (+) 1 −1.0054 0.3960 6.4451 0.0111 0.134 0.028–0.632

Dependent variable: Injections > 6 shots (event) vs. Injection times ≤ 6 shots

Intercept 1 −1.9051 0.9950 3.666 0.056

Initial CRT 1 0.0065 0.0025 6.507 0.011 1.006 1.002–1.012

Other Variables included before model selection were as following: gender, age, HbA1C, initial LogMAR, initial CRT, DR staging and initial OCT data. CRT, Central Retinal Thickness; DR,

Diabetic Retinopathy; EZD, Ellipsoid Zone Disruption; ERM, Epiretinal Membrane.

observed between the two protocols in that trial (8). Interestingly,
we demonstrated that the improvements of BCVA and CRT
were parallel and significant starting from month 3 and until
month 12 (Figures 2, 3). Moreover, the greatest increases in both
BCVA andCRTwere observed after 3monthly loading injections.
Protocol I from Diabetic Retinopathy Clinical Research (DRCR)
and research by Lai et al. had similar results in demonstrating that
BCVA restoration after the 3 monthly injections was predictive of
long-term visual benefits (12, 17).

Even though we have established the efficacy of ranibizumab
in DME as in other clinical trials, 35.6 and 27.5% of our patients,
respectively, failed to response in CRT and BCVA under the
study protocol. In both univariate and multivariate analysis, we
discovered that younger age, initial CRT, and the presence of
ERM or EZD were significant clinical parameters that influenced
final CRT outcomes. Younger ages were, in previous studies,
correlated with better vision recovery but its relation to final
CRT outcomes had not been established (10, 18). However, the
age was not significantly associated with BCVA recovery in our
study. Instead, we found that age was only predictive of thinner
final CRT.

Aside from age, we found that thinner baseline CRT was
predictive of better final CRT while thicker baseline CRT is
predictive of worse final CRT outcome. Bressler et al. proposed
that a thicker baseline CRT may result in a failure to achieve the
ideal final CRT of<250µm, but may still attain greater reduction
ofmacular edema in the end (10). Hence, eyes havingmore severe
DME with thicker CRT at the beginning may still benefit from
anti-VEGF injections.

Whether baseline CRT predicts better BCVA recovery is
controversial. While eyes with thinner retinal thickness is
expected to have lesser capacity for BCVA improvements,
baseline CRT in our study did notmake a difference in final vision
recovery. Contrary to our present analysis, the RESTORE trial
reported that eyes with thicker initial CRT experienced greater
VA gains (6). Of note, in this trial baseline BCVA of the thicker

retina was not adjusted and may be a confounding factor to
vision gain analysis. In later literature, Well et al. and others have
demonstrated that baseline BCVA is a stronger predictor of visual
improvement than retinal thickness (19, 20). Also, it has been
observed that visual acuity may not be compatible with a given
degree of macular edema. That is, one may have better gain in
vision but develop a paradoxical increase in retinal thickness (21).
Therefore, though it is possible that retinal thickness is modestly
related to functional vision outcome, its impact may not be as
essential as initial BCVA status.

Since factors other than CRT reductions relate to vision
improvement, researchers have explored the microstructure of
the retina in search of other co-variables (13, 22). The presence
of photoreceptor integrity and the co-existence of vitreoretinal
interface (VRI) abnormality may affect visual outcome (23). In
our study, eyes with EZD had thinner final CRT compared with
eyes without EZD. We hypothesized that the reduction of CRT
is related to external limiting membrane (ELM) defect. ELM is
considered as the organized layer that comprised of the cellular
attachment betweenMuller glial cells and contact betweenMuller
cells and photoreceptors (24, 25). In addition to the anatomical
location of the ELM, the presence of tight junction proteins
such as occludins on it, further support the notion that, the
ELM serves as a retinal barrier between the inner retinal layer
and outer photoreceptor segments. In eyes with DME, there
are ELM defect due to swollen Muller glial cells and further
loss of occludin proteins (24, 25). Though our study did not
measure the continuity of the ELM on OCT, ELM disruption has
frequently been associated with EZD (26). Under this premise,
final CRT reduction in eyes with EZD may be related to ELM
defects, which facilitate the pumping function of RPE and lead
to the reduction of intra-retinal fluid. Hence, under the effect
of ranibizumab, eyes with EZD would have better CRT outcome
than those without EZD.

One may propose that CRT reductions in EZD are related to
fovea atrophy instead of true therapeutic effects seen in DME
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patients. However, in reviewing our data, we found that the final
average CRT thickness in EZD group was 289.85 ± 60.71µm
at 1 year, and only one eye with EZD had a CRT thickness of
<200µm. Our CRT data of EZD group was far thicker than the
criteria set for fovea atrophy, which was as either<200 or 150µm
(27, 28). Hence, fovea atrophy was unlikely the contributing
factor in our study. We suppose it was the therapeutic effect of
ranibizumab and ELM disruption that led to thinner final CRT in
the EZD group.

Vitreoretinal interface abnormality encompasses disorders
such as ERM, vitreomacular adhesion (VMA), and vitreomacular
traction (VMT), and affects the vision outcome of DME patients.
Kulikov et al. revealed that the presence of ERM, VMT, and
VMA were associated with less CRT reduction after anti-VEGF
injections. However, this study did not analyze BCVA gains and
was involved a 1 month period, long term outcomes uncertain
(29). Others have found that anti-VEGF is still beneficial for eyes
with VMA (30), while some have observed no difference in vision
recovery and CRT reduction in VMA and ERM group (13, 31).
VMT was, however, mostly indicative of poor visual outcome
(29, 31). The traction from partial posterior vitreous detachment
in VMT might lead to the distortion of inner retinal layer and
thus adverse outcomes.

On the other hand, whether ERM precludes better BCVA
gain is controversial. Intriguingly, we found that eyes with ERM
have greater BCVA improvements than eyes without ERM. Other
parameters such as initial CRT or the presence of DRIL, IRC,
and SRF did not affect BCVA improvement. Similar to our
observation, other studies had also found better vision recovery
in eyes with ERM under anti-VEGF therapy; however, the
mechanism is not well-known (32). Some proposed that in the
absence of VMT and fibrovascular proliferation, ERM did not
contribute to the difference to final BCVA (12). From our data,
we conclude that the presence of ERM leads to at least non-
inferior BCVA recovery. It is difficult to ascertain whether having
ERM lead to superior visual outcome, so further study with larger
cohort is warranted. Therefore, in our study the presence of
ERM should not preclude treatment with anti-VEGF since the
presence of ERM does not hinder BCVA improvements.

Our study is limited as it is retrospective in nature.
We acknowledge that there are no matching controls and
confounding factors may exist in inter-cohort analysis. In inter-
cohort analysis, parameters such as age, gender, and HbA1c were
analyzed by individuals. For DR staging andOCT parameters, the
data were analyzed by eyes. This difference did not influence the

univariate analysis, but may lead to some bias in multivariable
analysis. Analyzing only one eye from one person will resolve
this problem but will also decrease the available data. For the
current study, consideration of sample size still outweighs the
existence of possible bias. Second, this study is of a relatively
small sample size with short follow-up period. This might affect
the statistical power in regression model analysis. However, most
factors identified as significant in univariate analysis were also
confirmed in multivariate regression.

Notwithstanding its limitations, our study bears significance
in identifying that the presence of ERM should not preclude
the individual from receiving anti-VEGF therapy. Additionally,
we demonstrate how ranibizumab therapy affects retinal
microstructure both anatomically and functionally.

In conclusion, the T&E regimen in a 4-week interval with
ranibizumab was a feasible and economical option for patients
with DME. Parameters including age, initial CRT, and presence
of ERM significantly influenced the outcome of T&E regimen.
Moreover, the presence ERM should not preclude patients from
receiving anti-VEGF therapy. Further study with larger cohorts
is warranted.
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Age-related macular degeneration (AMD) is a leading cause of blindness in the elderly,

and oxidative damage to retinal pigment epithelial (RPE) cells plays a major role in

the pathogenesis of AMD. Exposure to high levels of atmospheric particulate matter

(PM) with an aerodynamic diameter of <2.5µm (PM2.5) causes respiratory injury,

primarily due to oxidative stress. Recently, a large community-based cohort study in

the UK reported a positive correlation between PM2.5 exposure and AMD. Sulforaphane

(SFN), a natural isothiocyanate found in cruciferous vegetables, has known antioxidant

effects. However, the protective effects of SNF in the eye, especially in the context

of AMD, have not been evaluated. In the present study, we evaluated the effect of

SFN against PM2.5-induced toxicity in human RPE cells (ARPE-19) and elucidated the

molecular mechanism of action. Exposure to PM2.5 decreased cell viability in ARPE-19

cells in a time- and dose-dependent manner, potentially due to elevated intracellular

reactive oxygen species (ROS). SFN treatment increased ARPE-19 cell viability and

decreased PM2.5-induced oxidative stress in a dose-dependent manner. PM2.5-induced

downregulation of serum- and glucocorticoid-inducible kinase 1 (SGK1), a cell survival

factor, was recovered by SFN. PM2.5 treatment decreased the enzymatic activities of the

antioxidant enzymes including superoxide dismutase and catalase, which were restored

by SFN treatment. Taken together, these findings suggest that SFN effectively alleviates

PM2.5-induced oxidative damage in human ARPE-19 cells via its antioxidant effects, and

that SFN can potentially be used as a therapeutic agent for AMD, particularly in cases

related to PM2.5 exposure.

Keywords: age-related macular degeneration, retinal pigment epithelium, oxidative stress, retina, choroid
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INTRODUCTION

Age-relatedmacular degeneration (AMD) is themost devastating
chorioretinal disease, and is a leading cause of blindness in
the elderly population (1). The retinal pigment epithelium
(RPE) is a monolayer of cells located between the retinal
photoreceptors and choroid vascular bed. RPE cells support
photoreceptors, which are both postmitotic and highly sensitive
to environmental insults, and therefore subject to irreversible
degeneration. RPE cells are continuously exposed to reactive
oxygen species (ROS) due to light exposure, high retinal oxygen
consumption, and abundant polyunsaturated fatty acids and
photosensitizers in photoreceptors and the RPE (2). Chronic
excessive ROS production and accumulation cause oxidative
dysfunction in the RPE, which leads to photoreceptor loss in the
advanced form of AMD, geographic atrophy (3).

Increased exposure to particulate matter (PM), especially
ultrafine particles with an average aerodynamic diameter of
<2.5µm (PM2.5), has been linked to adverse health effects, such
as increased risk of cardiovascular and respiratory death (4–
6). PM2.5 accumulation causes oxidative stress in the body (7),
which is considered to be an important molecular mechanism of
PM2.5-mediated toxicity (8).

Sulforaphane (SFN) (Figure 1A) is an organosulfur
compound found in cruciferous vegetables such as broccoli,
Brussels sprouts, and cabbage (9). SFN has attracted particular
interest as an indirect antioxidant due to its ability to induce
expression of multiple endogenous antioxidant enzymes by
activating nuclear factor E2-related factor-2 (Nrf2) (9). Although
supplementation of antioxidant agents such as lutein and
zeaxanthin has protective effects in AMD (10), the effect of SFN
in AMD has not previously been evaluated. In the present study,
we aimed to investigate whether SFN could alleviate PM2.5-
induced oxidative stress in human retinal pigment epithelial
cells (ARPE-19), and subsequently to explore the mechanisms
underlying the antioxidant effects of SFN in this context.

MATERIALS AND METHODS

Reagents
Diesel PM NIST 1650b (11) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), mixed with saline, and
sonicated for 30min to avoid agglomeration of suspended PM2.5

particles, as described previously (12). SFN and dexamethasone
(DEX), a well-known anti-inflammatory drug (13) used as a
positive control, were purchased from Sigma-Aldrich. All other
chemicals and reagents were obtained from Sigma-Aldrich unless
otherwise stated.

ARPE-19 Culture and PM2.5 Treatment
The human RPE cell line ARPE-19 (ATCC, Manassas, VA, USA,
CLR-2302) was maintained in DMEM/F12 medium (Thermo
Fisher, Waltham, MA, USA) with 10% FBS and 100 U/mL
penicillin−100µg/mL streptomycin (P/S), and passaged at a
ratio of 1:2 to 1:4 using trypsin-EDTA (Thermo Fisher). Cells
were grown at 37◦C and 5% CO2. Cells were grown for 24 h
and subsequently treated for 24 h with different concentrations

of PM2.5 (25, 50, or 100µg/mL) in the absence or presence of
different concentrations of SFN (2, 5, 10, 20, or 30µM) or DEX
(1 µM).

Cell Viability Assay
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was performed to measure cell viability as described
previously (12, 14–16). The viability of treated cells was expressed
as the percentage of absorbance relative to that of untreated cells,
which was assumed to be 100% viability.

Flow Cytometric Analysis of Apoptosis
Apoptosis was examined using an Annexin V-FITC/PI Apoptosis
Detection Kit (BD Biosciences, San Jose, CA, USA) according
to the manufacturer’s protocol. ARPE-19 cells were grown in
a 6-well plate (2 × 105 cells/well) and treated with 100µg/mL
PM2.5 for 24 h followed by subsequent treatment with SFN for
6 h. Subsequently, cultured cells in all groups were washed twice
with ice-cold PBS, resuspended in 300 µL binding buffer, and
stained with 10 µL Annexin V-FITC stock and 10 µL PI in dark
conditions for 20min. Stained cells were immediately analyzed
with a FACScan Calibur Flow Cytometer (BD Biosciences), and
the number of apoptotic cells was calculated using CellQuest
software (Becton–Dickinson, CA, USA). The results were
expressed as the percentage of Annexin V-stained cells relative
to control, and all experiments were performed in triplicate.

Western Blot Analysis
For western blot analysis, cells were first rinsed with ice-
cold phosphate-buffered saline and treated with lysis buffer
comprising 0.5% sodium dodecyl sulfate, 1% NP-40, 1% sodium
deoxycholate, 150mM NaCl, 50mM Tris-HCl (pH 7.5), and
protease inhibitors, as previously described (17). Protein blots
were blocked with 5% bovine serum albumin BSA for 2 h
and incubated with the following primary antibodies: anti-
Bax (1:2000), anti-Bcl2 (1:2000), anti-SGK1 (1:1000), anti-
cytochrome c (1:500), and anti-cleaved caspase-3 (1:500) (Cell
Signaling Technology, Inc., Danvers,MA,USA). β-actin was used
as a loading control. Subsequently, membranes were washed and
incubated with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology, 1:5,000). Densitometry
analysis was performed using the ImageJ Gel Analysis tool (NIH,
Bethesda, MD, USA).

Lactate Dehydrogenase Assay
To assess the cellular toxicity of PM2.5, lactate dehydrogenase
(LDH) released from cells after exposure to PM2.5 was measured.
After 24 h exposure to PM2.5 (100µg/mL), cell-free supernatant
aliquots were separated and measured using a commercially
available kit (Pointe Scientific, Lincoln Park, MI, USA). All
samples were assayed for LDH content in duplicate using a plate
reader (Tecan Austria GmbH, Grödig, Austria).

ROS Measurement
ROS production was determined using 2′, 7′-
dichlorodihydrofluorescein diacetate (DCFH-DA). Cells
were incubated in a 96-well plate at 2× 105 cells/well and treated
for 4, 12, 24, 48 h with different concentrations of PM2.5 (25,
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FIGURE 1 | Chemical structure of Sulforaphane (SFN) and effects of SFN on PM2.5-induced cell toxicity in ARPE-19 cells. (A) Chemical structure of SFN. (B)

ARPE-19 cells were treated with 0.5% dimethyl sulfoxide as a control indicated as D, and 25, 50, or 100µM SFN for 24 h, and cell viability was measured using an

MTT Assay. (C) ARPE-19 cells were treated with 25, 50, or 100µg/mL PM2.5 for 24 or 48 h, and cell viability was measured using an MTT assay. (D) ARPE-19 cells

were treated with the specified concentrations of SFN or DEX (1µM) for 6 h after 24 h PM2.5 challenge (100µg/mL). After treatment, cell viability was determined using

an MTT assay. (E) ARPE-19 cells were treated with SFN (50µM) or DEX (1µM) for 6 h after PM2.5 challenge (100µg/mL) for the indicated time periods. Subsequently,

LDH levels were determined using an LDH kit. Values represent the mean ± SD of three independent experiments. *p < 0.01 relative to control (C) or PM-challenged

group (D,E), one-way ANOVA. #p < 0.01 relative to control (D,E), one-way ANOVA.

50, or 100µg/mL). And then, the media were replaced with
DCFH-DA (50µg/mL)-containing media and incubated for
30min. Intracellular ROS levels were measured by monitoring
the fluorescence generated from the oxidation product of
DCFH-DA at excitation wavelengths of 485 and 535 nm.

Evaluation of Oxidative Stress Markers
SOD activity was measured using a SOD assay kit (Fluka). CAT
activity was measured using a CAT assay kit (Sigma-Aldrich)
based on the decomposition rate of the substrate hydrogen
peroxide (H2O2), which was measured at 240 nm.

Statistical Analyses
All experiments were performed independently at least three
times, and results are expressed as mean ± standard deviation
(SD). Statistical significance was analyzed using a one-way
analysis of variance (ANOVA) followed by Dunnett’s test, with
a p-value < 0.05 considered statistically significant. SPSS for

Windows version 16.0 (SPSS, Chicago, IL, USA) was used to
conduct all statistical analyses.

RESULTS

Effects of SFN on PM2.5-Induced Cell
Death and Cytotoxicity
First, we examined the potential cytotoxic effects of SFN in
human ARPE-19 cells using an MTT assay. No change in
cell viability occurred in cells treated with 0.5% DMSO as
a control and different concentrations of SFN ranging from
25 to 100µM for 24 h (Figure 1B). ARPE-19 cell viability
decreased with PM2.5 exposure in a dose- and time-dependent
manner (Figure 1C), and was recovered by post-treatment with
SFN for 6 h (Figure 1D and Supplementary Figure 1). DEX,
a well-known anti-inflammatory drug (13, 18), was used as a
positive control. Furthermore, cellular LDH release significantly
increased after 24 h exposure to PM2.5 but decreased after
treatment with 30µM SFN (Figure 1E). These results indicated

Frontiers in Medicine | www.frontiersin.org 3 June 2021 | Volume 8 | Article 68503227

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Sim et al. Sulforaphane’s Anti-oxidant Effect in RPE

that the amount of LDH released from cells treated with PM2.5

was related to cell viability, and that SFN alleviated PM2.5-
induced cytotoxicity.

Effects of SFN on PM2.5-Induced Apoptosis
To further investigate the effect of SFN against PM2.5 in
ARPE-19 cells, ARPE-19 cell apoptosis was assessed using flow
cytometry. Exposure to 100µg/mL PM2.5 for 24 h significantly
increased late apoptosis relative to the control group, but post-
treatment of ARPE-19 cells with SFN (10 and 30µM) after
PM2.5 exposure significantly decreased the PM2.5 -induced late
apoptosis (Figure 2).

Effects of SFN on PM2.5 Induction of
Apoptotic Protein Levels
In light of the effects of SFN against PM2.5-induced apoptosis
in ARPE-19 cells, we further investigated the effects of SFN on
the levels and cleavage of apoptotic proteins, including Bax, Bcl-
2, cytochrome c, and caspase-3, by western blotting. Exposure
to 100µg/mL PM2.5 (24 h) decreased Bcl-2 and increased Bax,
cytochrome c, and cleaved caspase-3 (Figure 3A), which was
consistent with the flow cytometry findings. However, post-
treatment of ARPE-19 cells with SFN (10 and 30µM) for 6 h
dose-dependently reversed this interaction, as demonstrated by
decreased Bax, cytochrome c, and cleaved caspase-3 levels and
increased Bcl-2 levels (Figure 3B). Protein levels of SGK1, known
as an anti-apoptotic factor (19), were also downregulated by
PM2.5 treatment and recovered by SFN treatment, suggesting that
SGK1 could be relevant to cell survival following PM2.5 exposure.

Effects of SFN on PM2.5-Induced ROS
Increase
Subsequently, we determined the effects of SFN on PM2.5

induction of ROS by measuring DCFH-DA fluorescence
intensity in ARPE-19 cells after exposure to 25, 50, or 100µg/mL
PM2.5 for 4, 12, 24, or 48 h. PM25 exposure increased intracellular
ROS levels in a dose-dependent manner (Figure 4A). DCFH-
DA fluorescence intensity peaked after 4 h exposure and then
dropped to baseline levels after 24 h. Post-treatment with SFN for
6 h after 24 h PM2.5 exposure suppressed PM2.5-induced ROS in a
dose-dependent manner (Figure 4B). DEX decreased ROS levels
in PM2.5-treated cells (Figure 4B).

Effects of PM2.5 and SFN on Antioxidant
Enzyme Activity
The activities of SOD and CAT in ARPE-19 cells were decreased
in a dose-dependent manner after 48 h exposure to PM2.5,
and were recovered by post-treatment with SFN, also in a
dose-dependent manner (Figure 5). These results suggested that
SFN decreased PM2.5-induced oxidative stress by increasing
intracellular antioxidant enzyme activity. DEX increased SOD
and CAT activities under PM2.5 challenge (Figure 5).

DISCUSSION

A growing body of evidence supports that ROS-induced
oxidative stress damages the RPE, which can eventually

lead to geographic atrophy and subsequent development of
AMD (20, 21). Oxidative stress results primarily from an
imbalance between ROS generation and antioxidant defenses,
and especially in the context of the RPE, oxidative stress
increases with age, leading to photoreceptor impairment and
loss (22). Thus, a balanced redox state is crucial for preventing
or delaying progression of AMD and vision loss. Consistent
with this hypothesis, clinical and basic research studies have
demonstrated that daily dietary supplementation of natural
antioxidants, such as b-carotenoid, lutein, zeaxanthin, and
anthocyanins, inhibits development and progression of AMD
(23, 24).

Epidemiological evidence indicates that the greatest health
risks posed by environmental PM are associated with ultrafine
PM (25). The PM used in the present study was <2.5µm in
diameter, which is known to exert cellular damage in the alveolar
regions of the lung (25). Further, a recent study identified that
PM2.5 promotes epithelial-mesenchymal transition of human
RPE, which is mediated by upregulation of TGF-β-dependent
nuclear transcription factors (26).

Interestingly, the relationship between air pollution and
retinal structure was reported in large community-based cohort
studies, collectively referred to as the UK Biobank. Higher
concentrations of PM2.5 were associated decreased thickness
of the ganglion cell-inner plexiform, inner nuclear, and outer
plexiform + outer nuclear layers (27). Furthermore, greater
exposure to PM2.5 was associated with increased incidence of
self-reported AMD and decreased thickness of the RPE layer (28).

Despite evidence supporting the association between PM2.5

exposure andAMD, PM2.5 -mediated oxidative responses and the
anti-oxidant effect of SFN, especially in the context of AMD, have
not been thoroughly investigated. The purpose of the present
study was therefore to examine the potential therapeutic effects
of SFN against PM2.5-induced RPE cytotoxicity.

The cell viability assay is important in determining the cellular
response to toxins, and provides information on cell death, cell
survival, and metabolic activities (29). PM2.5 is believed to cause
genotoxicity and cytotoxicity and suppress cell proliferation (30).
The present study demonstrated that PM2.5 increased LDH
released from ARPE-19 cells, suggesting that PM25 exposure
decreased cell viability in a time- and dose-dependent manner.

Particles from gasoline engine exhausts filtered by a pore size
of 19µm decrease cell viability in human bronchia epithelium
airway cells (31). In addition, exposure to particle suspensions
significantly increases LDH levels in rat macrophages (32), which
is consistent with our data. In many previous studies, the
effect of improving PM2.5-caused damage such as pulmonary
injury, airway inflammation, and oxidative stress was analyzed
in comparison with DEX. Thus, we have scrutinized the efficacy
of SFN compared to DEX (33–36). In the present study, SFN
reversed PM2.5-induced cellular toxicity. Because ROS-triggered
apoptosis plays a crucial role in the pathogenesis of AMD (37).
Bcl-2 family proteins, including anti-apoptotic proteins, such as
Bcl-2 and pro-apoptotic proteins such as Bax, are well-known
regulators of apoptosis (38). Prior studies have demonstrated that
increases in the Bax/Bcl-2 ratio increase the permeability of the
mitochondrial membranes, which results in cytochrome c release
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FIGURE 2 | Effects of Sulforaphane (SFN) on PM2.5-induced apoptosis in ARPE-19 cells. ARPE-19 cells were treated with PM2.5 (100µg/mL) for 24 h and

subsequently treated with the specified concentrations of SFN (0–30µM) for 6 h. Apoptosis was measured by Annexin V flow cytometry analysis. Values represent the

mean ± SD of three independent experiments. *p < 0.01 relative to PM-challenged group, one-way ANOVA. #p < 0.01 relative to control, one-way ANOVA.

FIGURE 3 | Effects of Sulforaphane (SFN) on PM2.5-induced changes in apoptosis-related protein levels. (A) ARPE-19 cells were treated with the indicated

concentrations of SFN or DEX (1µM) 24 h after PM2.5 challenge (100µg/mL). Subsequently, western blot analysis was conducted to measure Bax, Bcl-2, SGK1,

cytochrome c, and cleaved caspase-3. β-actin was used as a loading control. Representative images from each group are shown (n = 3). (B) The graphs show the

densitometric intensities of each gene normalized to β-actin. n = 3 blots. *p < 0.01 relative to the control group, one-way ANOVA.
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FIGURE 4 | Effects of Sulforaphane (SFN) on PM2.5-induced ROS generation. (A) ARPE-19 cells were treated for the indicated times with the following concentrations

of PM2.5: 25µg/mL (closed circle), 50µg/mL (closed square), or 100µg/mL (closed triangle). Intracellular ROS levels were determined using DCFH-DA. DCFH-DA

fluorescence values are expressed as the fluorescence ratio (fold) between PM2.5-treated cells and untreated control cells. (B) ARPE-19 cells were treated with the

indicated concentrations of SFN or DEX (1µM) 24 h after being challenged with PM2.5 (100µg/mL). After treatment, ROS levels were measured. Values represent the

mean ± SD of three independent experiments. *p < 0.01 relative to 0 h group (A) or PM-challenged group (B), one-way ANOVA. #p < 0.01 relative to control (B),

one-way ANOVA.

FIGURE 5 | Effects of Sulforaphane (SFN) and PM2.5 on antioxidant enzyme activities. ARPE-19 cells were treated with the indicated concentrations of SFN or DEX

(1µM) for 6 after 24 h PM2.5 challenge (100µg/mL). After treatment, the activities of (A) catalase (CAT) and (B) superoxide dismutase (SOD) were measured. Values

represent mean ± SD of three independent experiments. *p < 0.01 relative to PM-challenged group, one-way ANOVA. #p < 0.01 relative to control, one-way ANOVA.

and subsequent caspase activation (39, 40). Among activated
caspases, cleaved caspase-3 serves as the central executioner
in cell death in receptor- or mitochondrial-mediated apoptosis
(41). The present study demonstrated that PM2.5 exposure
increased Bax, cytosolic cytochrome c, and cleaved caspase-3
protein levels and decreased Bcl-2 protein levels. However, post-
treatment with SNF after PM2.5 exposure effectively reversed
these pro-apoptotic changes, including decreased protein levels
of Bax, cytosolic cytochrome c, and cleaved caspase-3, and
increased Bcl-2 levels. This suggested that elevated intracellular
ROS was related to PM2.5-induced apoptosis in ARPE-19 cells.
Furthermore, previous studies reported that SGK1 promotes cell
survival and inhibits cell apoptosis including cardiomyocytes
(42). Interestingly, expression of SGK1 was decreased in PM2.5-
treated human lung alveolar epithelial cells, and overexpression
of SGK1 significantly attenuated apoptosis with reduced ROS
generation (19). These results were similarly shown in the
present study by the SFN treatment. Thus, SFN has a
therapeutic effect against PM2.5-induced apoptosis in RPE cells

by regulating mechanisms upstream of caspase-3, such as
antioxidant defense mechanisms.

PM2.5 is known to cause oxidative damage (43, 44). Although
it is difficult to determine the contribution of PM2.5 pollutants
to total oxidative burden, many studies have shown that
PM2.5, metals, carbonaceous materials, and polycyclic aromatic
hydrocarbons increase ROS levels (25, 45). PM2.5-induced
oxidative stress and cytotoxicity are due in part to adsorption of
particle transition metals and their oxidation products, which are
associated with polycyclic aromatic hydrocarbons (25, 45).

Oxidative stress occurs due to an imbalance between ROS
levels and the antioxidant defense mechanisms that quench
ROS (46). Antioxidant defense mechanisms, which involve
antioxidant enzymes such as SOD, CAT, GSH, and GPx,
prevent generation of the most reactive forms of ROS, for
example hydroxyl radical, preventing oxidative damage to
cellular macromolecules, including DNA, proteins, and lipids
(46). SOD catalyzes the dismutation of O.−

2 to H2O2, and CAT
quenches H2O2 (47). The present study demonstrated that PM2.5
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decreased SOD and CAT antioxidant enzyme activities at high
concentrations (Figure 5), which is consistent with a prior report
that PM impaired the antioxidant enzymatic activities of SOD,
GR, CAT, and glutathione-S-transferase in human epithelial
cells (48). The results of the present study demonstrated that
enzymatic activities of SOD and CAT were decreased by PM
exposure, and that these effects were reversed by SFN post-
treatment. These results suggest that SFN has antioxidant activity
against RPE exposure to PM2.5, which was recently identified as a
risk factor for AMD (28).

There are several limitations in this study. First, the main
limitation is the inability to determine the precise molecular
mechanisms of the SFN. Intriguingly, BAK and BAX may
not always be required for pro-apoptotic stimuli to promote
cytochrome c release and the consequent caspase activation
(49). Second, because a wide range of retinal and choroidal
pathologies are also involved in AMD such as RPE-Bruch
membrane thickening, drusen accumulation, reduced blood
flow, photoreceptor degeneration, cofactor accumulation, and
inflammatory cytokines and chemokines, our model was not able
to explain all of them. Instead, our study focused on the findings
that SFN alleviated PM2.5-induced RPE cell death in the aspect
of oxidative stress suggesting a potential therapeutic for AMD.
We will expand our study to focus on other mechanisms such
as the complemental pathway (50) and to elucidate the precise
molecular mechanism.

Taken together, our findings suggested that PM2.5 treatment
induced oxidative stress in RPE cells, possibly by elevated
intracellular ROS and/or decreasing antioxidant enzyme activity,
leading to ARPE-19 cell death. Our findings suggest that PM2.5-
induced oxidative stress likely exacerbates RPE dysfunction in
the context of RPE, and that SFN alleviates PM2.5-induced cell
death by regulating mechanisms upstream of caspase-3, such
as antioxidant defense mechanisms. These findings suggest that
SFN is a potential therapeutic for AMD, which is characterized in
part by RPE atrophy.
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Comparison Between Nylon and
Polyglactin Sutures in Pediatric
Cataract Surgery: A Randomized
Controlled Clinical Trial
Mathias V. Melega 1*, Roberto dos Reis 1, Rodrigo Pessoa Cavalcanti Lira 2,

Denise Fornazari de Oliveira 1, Carlos Eduardo Leite Arieta 1 and Monica Alves 1

1 School of Medical Sciences, University of Campinas, São Paulo, Brazil, 2 School of Medical Sciences, Federal University of

Pernambuco (UFPE), Recife, Brazil

Purpose: To compare the performance of nylon sutures to that of polyglactin sutures in

pediatric patients undergoing cataract surgery.

Setting: University of Campinas (UNICAMP), Campinas, São Paulo, Brazil

Design: A prospective, randomized, partially masked, single-site clinical trial. (https://

clinicaltrials.gov/ct2/show/NCT03812640).

Methods: A total of 80 eyes from 80 patients who underwent pediatric cataract surgery

were randomized into two groups in block sizes of four. Group A consisted of 41

patients whose surgical incisions were sutured with polyglactin 10-0 material. Group B

consisted of 39 patients whose surgical incisions were sutured with nylon 10-0 material.

The primary outcome was frequency of suture-related complications in each group.

Secondary outcomes were the frequency with which suture removal was necessary.

Results: The incidence of suture-related complications within 6 months of follow

up was 0 out of 41 eyes (0.00%) in the polyglactin group and 17 out of 39 eyes

(43.59%) in the nylon control group (p < 0.001). In all of the eyes with suture-related

complications, the sutures were promptly removed. The most frequent complications

were vascularization near the suture (17.95%) and loose sutures (17.95%). No ocular or

systemic study-related adverse events were observed.

Conclusions: Polyglactin sutures were found to be safe and effective for pediatric

patients undergoing cataract surgery. Their lower rate of complications and reduced

likelihood of removal (and the subsequent need for general anesthesia) make their

use preferrable to that of nylon sutures. This study represents the first controlled

randomized clinical trial to compare nylon sutures to polyglactin sutures in pediatric

patients undergoing cataract surgery.

Clinical Trial Registration: URL: https://clinicaltrials.gov/ct2/show/, Identifier:

NCT03812640.

Keywords: pediatric cataract, suture, nylon, polyglactin, suture-related complications
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INTRODUCTION

Though rare, pediatric cataracts are a major cause of childhood

blindness. Children deprived of adequate treatment experience
worsened quality of life, and the socioeconomic costs are higher

overall. The prevalence of pediatric cataracts is estimated to
range from 1:10,000 to 4:10,000 in industrialized nations and
from 5:10,000 to 15:10,000 in developing countries. Pediatric

cataracts generate∼200,000 cases of blindness in children around
the world each year as a result of unoperated cataracts, surgical
complications, or consequences of diseases such as glaucoma and

amblyopia (1–4).
Pediatric cataracts must be diagnosed as early as possible; a

late diagnosis worsens the visual prognosis. Because the patients

are children, trauma or eye rubbing in the postoperative period
cannot be fully avoided. In addition, children’s sclera exhibits
limited rigidity, resulting in poor integrity of the surgical incision
if no sutures are made. This situation requires surgeons to
systematically suture the surgical incision in order to guarantee
the perfect closure of the eyeball and prevent complications
such as leakage of the aqueous humor with postoperative
hypotonia, iris prolapse, or anterior synechiae formation, as
well as to prevent intraocular infection caused by the entrance
of microorganisms into the incision. In Brazil, this suture has
been performed using 10-0 nylon for decades. Because nylon
is a non-absorbable material, it can remain in the patient’s
cornea for years, predisposing the patient to suture loosening
with the accumulation of mucus, corneal erosion, corneal
neovascularization, infectious keratitis, (5–7) endophthalmitis,
(8, 9) and giant papillary conjunctivitis (10). Because of the
risk of complications associated with suturing, the removal of
these sutures is essentially obligatory, though they must be
removed under sedation in a surgical facility (11, 12). Due
to the need for nylon suture removal, other materials are
being considered.

In 1998, a randomized clinical trial comparing polyglactin
10-0 to nylon 10-0 in adult cataract surgeries with a 5.2mm
incision demonstrated safety in incision closure and a low
rate of complications associated with the use of polyglactin;
because polyglactin can be absorbed by the body within 56–
70 days, additional interventions to remove it are not necessary
(13, 14). In 2007, a retrospective study on pediatric patients
comparing absorbable polyglactin sutures to non-absorbable
polyester sutures demonstrated a lower rate of complications in
the patients who received the polyglactin sutures (15). This study
found that the polyglactin sutures produced no complications
and that their removal was not necessary; meanwhile, the
polyester sutures were associated with complications in 18%
of the cases in which they were used, and their removal was
required. However, the study was retrospective and used vastly
different group sizes.

To our knowledge, no controlled randomized clinical trials
have been performed to compare sutures performed using
nylon to those performed using polyglactin in pediatric patients.
We performed the current study in an attempt to establish
evidence-based conclusions regarding the prevention of suture-
related complications.

Our study is the first randomized clinical trial to compare
nylon sutures to polyglactin sutures in terms of rates of
complications and the frequency with which suture removal is
necessary in pediatric patients undergoing cataract surgery.

MATERIALS AND METHODS

This study was a single-site, prospective, parallel-group,
randomized, partially masked, phase 3 clinical trial. It was
performed after approval from the University of Campinas
research ethics committee and was conducted in accordance
with the tenets of the Declaration of Helsinki and current
legislation on clinical research. Written informed consent
was obtained from all subjects after the explanation of the
procedures and study requirements. The trial was registered
and began in January 2019 (Comparison Between Nylon and
Polyglactin Corneal Suture in Pediatric Cataract Surgery: A
Randomized and Controlled Clinical Trial; ClinicalTrials.gov
identifier: NCT03812640; https://clinicaltrials.gov/ct2/show/
NCT03812640). The inclusion criteria were patients 14 years of
age or younger for whom pediatric cataract surgery was clinically
indicated. The exclusion criteria were traumatic cataract with
ocular perforation, cataract surgery associated with other
procedures (such as glaucoma filtering surgery, vitreoretinal
surgery, or corneal surgery), signs of ocular or periocular
infection, advanced glaucoma, and severe ocular surface disease.

Data were collected from patients undergoing cataract surgery
at the University of Campinas (UNICAMP) Clinical Hospital.
Medical records, routine preoperative clinical exam data, data
from intraoperative evaluations, and data from the 1st, 7th, 30th,
90th, 120th, and 180th postoperative days were collected on
each patient.

Patients were randomly divided into one of two groups
approximately equal in size and stratified by age (0–6 months,
6–12 months, 1–3 years, 3–6 years, and older than 6 years of age).
Group A had their surgical incisions sutured with polyglactin 10-
0 material (Vicryl R©, composed of polyglactin 910, 10-0 diameter,
absorbable, a 0.62 cm, 3/8 circle needle) at the end of cataract
surgery. Patients in Group B had their surgical incisions sutured
with nylon 10-0 material (composed of nylon monofilament, 10-
0 diameter, absorbable, a 0.55 cm, 1/2 circle needle) at the end of
cataract surgery.

All cataract surgeries were performed by the same surgeon
(M.V.M.) in accordance with the protocols used in the
Department of Ophthalmology of the University of Campinas
(UNICAMP). Preoperative antibiotics were not used. Briefly, the
surgery protocol consisted of skin antisepsis with 10% povidone-
iodine, placement of a sterile surgical drape to isolate lid margin
and eyelashes, the application of four drops of 5% povidone-
iodine into the conjunctival sac, and subsequent irrigation using
a balanced salt solution. In cases of povidone-iodine allergy,
an aqueous solution consisting of 0.05% chlorhexidine was
used. Phacoaspiration using the Infiniti R© phacoemulsifier (Alcon
Laboratories Inc., Fort Worth, Texas, USA) was performed,
and an AcrySof R© MA60AC intraocular foldable lens (Alcon
Laboratories Inc, Fort Worth, Texas, USA) was implanted in
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patients 6 months of age and older. Ultrasound energy was
not used.

The Pediatric Cataract Department of the University of
Campinas does not indicate intraocular lens implantation in
patients younger than 6 months of age, and these patients remain
aphakic. Intraocular lens implants are always recommended for
patients 6 months of age and older. We chose to perform an
a YAG laser posterior capsulotomy as an outpatient procedure;
when patients were too young or otherwise unable to undergo
the YAG procedure, we chose to perform a primary posterior
capsulotomy (PPC) combined with an anterior vitrectomy (AV).
With a few exceptions, patients 5 years of age and older
exhibited the level of cooperation necessary to receive a YAG laser
posterior capsulotomy.

We therefore performed one of three surgical combinations
on each patient: on children younger than 6 months of age, we
performed phacoaspiration combined with a PPC and an AV
with no intraocular lens implant. In children 6 months of age and
older who could not tolerate a YAG laser posterior capsulotomy,
we performed phacoaspiration with an intraocular lens implant,
as well as a PPC and an AV at the time of the cataract surgery.
In children who were able to tolerate an outpatient YAG laser
posterior capsulotomy, we performed phacoaspiration with an
intraocular lens implant.

Clear corneal incision was used. Only one side port was
made in all cases, and both incisions were sutured with the
knots buried into the corneal side. The topical postoperative
regimen consisted of 0.5% moxifloxacin combined with 0.1%
dexamethasone every 3 h for 7 days only during waking hours.
On the seventh postoperative day, this regimen was changed to
only 0.1% dexamethasone, which was tapered over the course of
3 weeks.

The primary outcome was incidence of complications
associated with sutures in each group. The suture-related
complications were defined as corneal neovascularization close
to the suture, loosening of the suture, accumulation of mucus
on the suture, early suture rupture (within 2 weeks), aqueous
humor leakage through the incision (as determined by the Seidel
test), prolapse of the iris through the incision site, infectious
or traumatic keratitis, endophthalmitis, and giant papillary
conjunctivitis. In eyes with suture-related complications, the
sutures were promptly removed. Secondary outcome was the
need for suture removal under sedation in each group.

Sample size was calculated based on the frequency of
suture-related complications described in the literature (15, 16)
and using a two-tailed 95% confidence interval, 80% power,
an exposed/unexposed radius of 1, and a null frequency of
complications in the polyglactin suture group, which resulted
in approximately 40 subjects per group. The trial would have
been suspended if a difference between the two groups lower
than a type I error (α) of 4% had been found in the pre-
analysis of 50, 75, and 100% of the patients included. Eligible
patients were randomly assigned at a 1:1 ratio. Randomization
was stratified by age in block sizes of four. One nurse generated
the random allocation sequence using a computer randomization
list, and another nurse enrolled and assigned the subjects to the

interventions in a masked fashion. Sealed opaque envelopes were
used for allocation and were opened immediately before surgery.

After the attribution of the interventions, the patients and
their guardians were masked to the type of intervention. The
surgeons were not masked because the type of suture used can
easily be identified during surgery and in the biomicroscopy
exam in the postoperative period.

STATISTICAL ANALYSIS

Continuous data have been expressed as the mean ± standard
deviation and range. Medians and interquartile ranges were
used for variables with non-normal distribution. Between-
group differences of continuous variables were compared using
the Wilcoxon signed-rank test, and categorical variables were
compared using the x² test or Fisher’s exact test when appropriate.
Multiple Firth logistic regressions were used to assess the effect
of covariates on the studied outcomes. Analyses were performed
using STATA 14.0 (StataCorp LP, College Station, TX, USA).
Statistical significance was established when p ≤ 0.05.

RESULTS

This study enrolled 80 patients between January 2019, and
August 2020. These subjects were randomized into group A
(polyglactin suture) or group B (nylon suture). In total, 41
patients in the polyglactin group and 39 patients in the nylon
group completed the 6 months of follow-up care; no subjects
were lost to follow up (Figure 1). Demographic data demonstrate
homogeneity between the groups, as displayed in Table 1.

Table 2 shows the surgical options applied to each group.
Multiple logistic regression analysis was employed to

determine the factors most closely associated with intraoperative
complications, and the results are shown in Table 3.

Table 4 shows the results of the multiple logistic regression
employed to assess the factors associated with suture
complications and the need for suture removal.

DISCUSSION

Unlike in adult cataract surgery, pediatric cataract extraction
surgery requires that the surgical incision be systematically
sutured. In Brazil, the most commonly used suture material
is currently nylon 10-0. Nylon is a monofilament and non-
absorbable material composed of polyamides that enables
increased suture tension time and induces minimal cellular
reactions. Vicryl is an absorbable synthetic compound made
of polyglactin (a copolymer of glycolide and lactide) (14).
Suture absorption occurs as a result of hydrolysis, which itself
is generated by glycolic and lactic acids. Many nylon sutures
must be removed from patients during the postoperative
period. Because the patients in these cases are children, this
normally simple removal procedure requires sedation. As
was demonstrated in our patient groups (Table 1), there is
a major association between pediatric cataract and systemic
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FIGURE 1 | Comparison Between nylon and polyglactin corneal sutures in pediatric cataract surgery: CONSORT flow diagram.
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TABLE 1 | Demographic characteristics of pediatric cataract patients in the

polyglactin suture group and the nylon suture group.

Polyglactin

group

Nylon group p-Value

Sex, N (%) Male 21 (51.22) 26 (66.67) 0.161*

Age (months), mean

± SD (median; 25%

percentile; 75%

percentile)

45.76 ± 50.24

(16.00; 7.00;

72.00)

42.49 ± 46.41

(24.00; 5.00;

72.00)

0.780
†

Operated eye, N(%)

OD

18 (43.90) 25 (64.10) 0.070*

Systemic

comorbidities, N (%)

0.151*

Marfan syndrome 3 (7.32) 7 (17.95)

Toxoplasmosis 1 (2.44) 1 (2.56)

Ichthyosis 1 (2.44) 1 (2.56)

Galactosemia 0 (0.00) 3 (7.69)

Down syndrome 1 (2.44) 2 (5.13)

Cockayne syndrome 0 (0.00) 1 (2.56)

No comorbidities 35 (85.37) 24 (61.54)

Ocular

comorbidities, N (%)

0.548#

Chorioretinitis scarring 1 (2.44) 0 (0.00)

Persistent fetal

vasculature

1 (2.44) 0 (0.00)

Congenital glaucoma 1 (2.44) 1 (2.56)

Strabismus 1 (2.44) 0 (0.00)

Traumatic cataracts 0 (0.00) 1 (2.56)

Aniridia 1 (2.44) 0 (0.00)

No comorbidities 36 (87.80) 37 (94.87)

SD, Standard Deviation; OD, Right Eye.

*Chi-Squared test.
†
Wilcoxon signed-rank test.

#Fisher’s exact test.

diseases (Marfan syndrome, Down syndrome, congenital
cardiac abnormalities, ichthyosis, inborn errors of metabolism,
toxoplasmosis, rubella, syphilis, and other congenital infections).
These comorbidities may increase the rate of complications in
cases requiring general anesthesia in a group of patients whose
age already makes them more vulnerable in this procedure
(17, 18).

In addition to the risks associated with general anesthesia,
suture removal itself also increases the risk of endophthalmitis
in that it makes it easier for microorganisms to enter the eye as
the string is being pulled (8). Certain measures must be taken
to prevent this complication, including the use of 5% povidone-
iodine before the procedure, cutting the suture at one end to
prevent the external portion of the string from entering the eye,
postoperative topical antibiotics, and outpatient follow-up care
to catch and treat any infections as early as possible.

Other researchers have also compared different suture
materials for use in pediatric cataract surgery. Bar-sela et al.
(15). performed a retrospective study to compare polyester 10-
0 (Mersilene R©) to polyglactin 10-0 (Vicryl R©) over 6 months of
follow up and, similar to our results, found no suture-related

TABLE 2 | Pediatric cataract surgery outcomes organized by suture material used

(polyglactin vs. nylon sutures).

Polyglactin group Nylon group p-Value

N (%) N (%)

Surgery type 0.776*

Phaco + PPC + AV 23 (56.10) 25 (64.10)

Phaco + PPC + AV + IOL 7 (17.07) 6 (15.38)

Phaco + IOL 11 (26.83) 8 (20.51)

Intraoperative complications 0.999#

PCR 1 (2.44) 1 (2.56)

Iris damage 1 (2.44) 1 (2.56)

None 39 (95.12) 37 (94.87)

Suture-related complications <0.001#

Vascularized suture 0 (0.00) 7 (17.95)

Suture loosening 0 (0.00) 7 (17.95)

Suture with mucus 0 (0.00) 1 (2.56)

Suture rupture 0 (0.00) 2 (5.13)

No complications 41 (100.00) 22 (56.41)

PPC, primary posterior capsulotomy; AV, anterior vitrectomy; IOL, intraocular lens; Phaco,

phacoaspiration; PCR, posterior capsule rupture.

*Chi-Squared test.
#Fisher’s exact test.

TABLE 3 | Multiple logistic regression analysis applied to data on intraoperative

complications in pediatric cataract surgeries in which either nylon or polyglactin

sutures were used.

Odds ratio (95% CI) p-Value

Sex 0.178

Male Reference

Female 7.43 (0.40–137.25)

Age (months) 1.02 (0.99–1.04) 0.062

Systemic comorbidities 0.232

No Reference

Yes 0.21 (0.02–2.69)

Ocular comorbidities 0.820

No Reference

Yes 1.44 (0.06–32.22)

Surgery type -

Phaco + PPC + AV Reference

Phaco + PPC + AV + IOL 0.43 (0.02–10.86) 0.606

Phaco + IOL 0.55 (0.07–4.54) 0.578

Type of suture material -

Nylon Reference

Polyglactin 2.04 (0.25–16.63) 0.504

PPC, primary posterior capsulotomy; AV, anterior vitrectomy; IOL, intraocular lens; Phaco,

phacoaspiration; CI, confidence interval.

complications in the polyglactin 10-0 group. Matalia et al.
performed a non-randomized prospective study to compare the
same suture materials considered herein in pediatric cataract
surgeries and obtained similar results (16). As in the surgeries
performed herein, these researchers found the polyglactin string
to be more difficult to work with and bury. In Matalia et al.
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TABLE 4 | Multiple logistic regression analysis applied to suture complications

and the need for suture removal in cases of pediatric cataract surgeries with either

nylon or polyglactin sutures.

Coefficient (95% CI) p-Value

Sex

Male Reference

Female 1.61 (0.38–6.86) 0.519

Age (months) 1.01 (0.99–1.03) 0.334

Systemic comorbidities

No Reference

Yes 1.08 (0.23–5.17) 0.922

Ocular comorbidities

No Reference

Yes 4.85 (0.29–81.94) 0.273

Surgery type

Phaco + PPC + AV Reference

Phaco + PPC + AV + IOL 0.43 (0.05–3.54) 0.437

Phaco + IOL 0.13 (0.01–1.90) 0.136

Intraoperative complications

No Reference

Yes 1.64 (0.21–12.86) 0.636

Type of suture material

Nylon Reference

Polyglactin 61.69 (3.43–1110.93) 0.005

PPC, primary posterior capsulotomy; AV, anterior vitrectomy; IOL, intraocular lens; Phaco,

phacoaspiration; CI, confidence interval.

and in our study, this finding is merely anecdotal and was not
measured quantitatively.

Sukhija and Kaur (20) performed a non-randomized
prospective study to compare the efficacy and outcome of
viscosealing the incisions using 1.4% sodium hyaluronate
with polyglactin sutures in children <5 years. They concluded
viscosealing is comparable to suturing of incisions in children
undergoing cataract surgery.

Bartholomew et al. (19) also performed a prospective
randomized study to compare polyglactin 8-0, nylon 10-0, and
silk 8-0, but they reported a greater risk of complications in the
polyglactin group within the first month after surgery relative to
their other study groups. This finding differs from more recent
studies because, according to the authors, they experienced
difficulty in knotting the polyglactin string, which resulted in
ineffective incision closure. It is important to note that their study
was performed in 1976, before the advent of phacoemulsification;
therefore, the number of sutures required to close the incision
was considerably higher than is required today. This large
number of sutures predisposed patients to experiencing suture-
related complications. Furthermore, this study was performed on
adult patients.

As in other well-known studies on pediatric patients (15, 16),
this study concluded that polyglactin 10-0 (Vicryl R©) sutures
were associated with fewer complications than polyester 10-
0 (Mersilene R©) sutures; the results therefore demonstrate the
benefits of this polyglactin product. Our study seems to be the
first to compare different suture materials in prospective and

randomized groups of children. We found that the only factor
associated with suture-related complications in and following
pediatric cataract surgery was the type of material used: subjects
who received the nylon sutures were 61.7 times more likely to
experience suture-related complications and to require suture
removal relative to subjects who received polyglactin sutures
(OR = 61.69; 95% CI: 3.43–1110.93; p = 0.005). The most
frequent complications were vascularization near the suture
(17.95%) and suture loosening (17.95%). In the nylon group,
the mean time for suture removal was 88.23 ± 59.50 days
(median = 60 days). It is important to note that there were
no significant differences between the groups in terms of types
of surgery (p = 0.776) or intraoperative complications (p
= 0.776).

This study presents some limitations. The degree of
astigmatism induced was not assessed due to the lack of adequate
methods available for measurement in children, who are unable
to undergo in-office keratometry. The exact amount of time
required for polyglactin absorptionwas not determined; however,
at the end of the 6-month follow-up period, the biomicroscope
exams performed on the polyglactin group revealed no evidence
of any suture remains. Our study would have been improved by
data comparing the average amount of time spent on suturing
in each of the groups, since, as mentioned previously, we
experienced greater difficulty and required more time to suture
with polyglactin string than with nylon. In a future study, we plan
to assess the cost-effectiveness of the use of polyglactin string:
though this material is more expensive than nylon, it clearly
reduces the need for both additional procedures and the use of
general anesthesia for suture removal.

Our study is the first randomized clinical trial to demonstrate
that absorbable polyglactin 10-0 sutures are safe for use in
pediatric cataract surgery and result in fewer postoperative
complications than non-absorbable nylon 10-0 sutures. None of
the patients who received polyglactin sutures required suture
removal under sedation; these patients were therefore spared
the risks associated with general anesthesia and with suture
removal itself.
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Objective: Acrolein is a highly reactive aldehyde that covalently binds to cellular

macromolecules and subsequently modulates cellular function. Our previous study

demonstrated that acrolein induces glial cell migration, a pathological hallmark of diabetic

retinopathy; however, the detailed cellular mechanism remains unclear. The purpose of

this study was to investigate the role of acrolein in retinal glial cell migration by focusing

on rho-associated coiled-coil-containing protein kinases (ROCKs).

Methods: Immunofluorescence staining for ROCK isoforms was performed using

sections of fibrovascular tissue obtained from the eyes of patients with proliferative

diabetic retinopathy (PDR). Rat retinal Müller glial cell line, TR-MUL5, was stimulated

with acrolein and the levels of ROCK1 were evaluated using real-time PCR and

western blotting. Phosphorylation of the myosin-binding subunit of myosin light chain

phosphatase [myosin phosphatase target subunit 1, (MYPT1)] and myosin light chain 2

(MLC2) was assessed. The cell migration rate of TR-MUL5 cells exposed to acrolein

and/or ripasudil, a non-selective ROCK inhibitor, was measured using the Oris cell

migration assay.

Results: ROCK isoforms, ROCK1 and ROCK2, were positively stained in the cytosol of

glial cells in fibrovascular tissues. In TR-MUL5 cells, the mRNA expression level of Rock1,

but not Rock2, was increased following acrolein stimulation. In line with the PCR data,

western blotting showed increase in ROCK1 and cleaved ROCK1 protein in TR-MUL5

cells stimulated with acrolein. N-acetylcysteine (NAC) suppressed acrolein-associated

Rock1 upregulation in TR-MUL5 cells. Acrolein augmented the phosphorylation of

MYPT1 and MLC2 and increased the cell migration rate of TR-MUL5 cells, both of which

were abrogated by ripasudil.

Conclusions: Our study demonstrated that ROCK1 mediates the migration of retinal

glial cells promoted by the unsaturated aldehyde acrolein.

Keywords: rho-associated coiled-coil-containing protein kinase 1, acrolein, retinal glial cells, cell migration,

diabetic retinopathy

INTRODUCTION

Diabetic retinopathy (DR) is one of the leading causes of blindness worldwide (1). During its
advanced stage, pathological neovascularization due to retinal ischemia causes the formation
of fibrovascular tissues at the vitreoretinal surface, which is a hallmark of proliferative diabetic
retinopathy (PDR). Vitreous traction against fibrovascular tissues subsequently leads to severe
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complications such as vitreous hemorrhage and tractional retinal
detachment in PDR, both of which, without adequate treatment,
eventually result in severe visual impairment. Therefore, the
mechanisms implicated in the development of fibrovascular
tissue are of great significance to both clinicians and researchers.

Fibrovascular tissue consists of small new vessels, extracellular
matrix, and cellular components, such as inflammatory cells,
fibroblasts, and glial cells (2). In the eye, there are two basic
types of macroglial cells: Müller glial cells and astrocytes
(3). Of these, Müller glial cells, which provide homeostatic,
metabolic, and functional support to neurons, can become
activated upon pathogenic stimuli (3) and migrate toward the
vitreoretinal surface in the diabetic retina (4). Since activated
Müller glial cells produce a variety of inflammatory cytokines
including vascular endothelial growth factor (VEGF) (5, 6), it
has been presumed that migrated Müller glial cells are one
of the major participants in the formation of fibrovascular
tissue. We previously investigated the triggers that facilitate the
migratory response of Müller glial cells and found that acrolein,
an unsaturated aldehyde, was one of the causative factors (7).
Acrolein is a highly reactive aldehyde distributed in air pollutants
such as cigarette smoke (8) and is associated with the increase in
oxidative stress by reducing the antioxidant glutathione (GSH) in
retinal capillary endothelial cells (9). In Müller glial cells, acrolein
is generated through polyamine metabolism under hypoxic
conditions (10) and accelerates cellular motility by inducing
chemokine (CXC motif) ligand 1 (CXCL1) in an autocrine
fashion (7). Therefore, a growing body of evidence explicitly
suggests that acrolein is one of the trigger stimuli for glial cell
migration in the diabetic retina and therefore, plays a role in the
cell motility mechanism.

Rho-associated coiled-coil-containing protein kinases
(ROCKs) are ubiquitously expressed serine-threonine kinases,
which represent the main effector proteins of the RhoA and
RhoC pathways (11). In humans, ROCKs exist in two isoforms,
i.e., ROCK1 and ROCK2, and these enzymes mainly regulate the
organization of the actin cytoskeleton and associated dynamic
events such as cell contraction and migration (12). Among
more than 30 common ROCK substrates, one of the most
described targets is the myosin phosphatase target subunit
1 (MYPT1) of the myosin light chain phosphatase (MLCP)
(12). ROCK-mediated phosphorylation of MYPT1 hampers the
catalytic activity of MLCP, in turn resulting in an increase in
myosin light chain (MLC) phosphorylation and subsequent cell
contraction. Previously, it was reported that cigarette smoking
induces barrier dysfunction through the ROCK pathway in
lung microvascular cells, indicating that the acrolein found in
cigarette smoke acts upstream of the ROCK cascade. In addition,
it was demonstrated that ROCK is involved in leukocyte-induced
diabetic retinal endothelial injury (13) and inflammatory
microvascular damage (14). Lines of evidence indicate that
ROCK participates particularly in the vascular injury and plays a
role in the pathogenesis of PDR. By contrast, the role of ROCKs
and its associated pathways in retinal glial cells, which also
participate in the progression of DR, remains uninvestigated.

In this study, we explored the regulatory mechanisms
responsible for Müller glial cell migration induced by

the unsaturated aldehyde acrolein, especially focusing
on ROCKs.

MATERIALS AND METHODS

Specimens and Materials
Fibrovascular tissues surgically removed from patients with PDR
were used for immunofluorescence microscopy. All experiments
were conducted in accordance with the tenets of the Declaration
of Helsinki, following approval from the Institutional Review
Committee of Hokkaido University Hospital (IRB #014-0293).
Written informed consent was obtained from all the patients
after explaining the purpose and procedures of this study.
Ripasudil, a ROCK inhibitor, was provided by Kowa Company,
Ltd. (Tokyo, Japan).

Cell Culture
Conditionally immortalized rat retinal Müller cell line TR-
MUL5 from transgenic rats harboring the temperature-sensitive
SV 40 large T-antigen gene was provided by Fact Inc.
(Sendai, Japan) (15). TR-MUL5 cells were cultured at 33◦C
in Dulbecco’s modified Eagle’s medium (Fuji Film Wako Pure
Chemicals, Osaka, Japan), supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA) in an
atmosphere of 95% air and 5% CO2.

Immunofluorescence Microscopy
Paraffin sections of fibrovascular tissues were deparaffinized and
hydrated via exposure to xylene and graded alcohols, followed
by water. After microwave-based antigen retrieval in 10mM
citrate buffer (pH 6.0), the paraffin sections were incubated in
10% normal goat serum (Thermo Fisher Scientific) for 30min
and then incubated overnight with a primary rabbit monoclonal
antibody against ROCK1 (1:50, EP786Y, Abcam, Cambridge,
MA, USA) and mouse monoclonal antibody against GFAP (1:50,
NCL-L-GFAP-GA5, Leica Biosystems, Wetzlar, Germany), or
mouse monoclonal antibody against ROCK2 (1:100, 610623,
BD, Franklin Lakes, NJ, USA) and rabbit polyclonal antibody
against GFAP (1:200, Z033429, Agilent Technologies, Inc., Santa
Clara, CA, USA) at 4◦C, prior to exposure to Alexa Fluor
546 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse
IgG, or Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor
546 goat anti-mouse IgG (1:500, Thermo Fisher Scientific) for
1 h at room temperature. Serial sections were incubated with
normal rabbit IgG (Abcam) and normal mouse IgG (Agilent) as
negative controls.

For immunocytochemistry, TR-MUL5 cells were seeded into
a 6-well plate with a cover glass and incubated for 24 h. The
cells were serum-starved for 17 h and stimulated with acrolein
for 23 h, followed by addition of ripasudil (2µM) and incubation
for 1 h. The cells were fixed with 4% paraformaldehyde for
15min and permeabilized with 0.1% Triton X-100 for 10min.
Cells were incubated in 10% normal goat serum for 30min
and then incubated with a primary mouse monoclonal antibody
against phosphorylated MLC2 (p-MLC2, 1:100, #3675, Cell
Signaling, Danvers, MA, USA) at 4◦C overnight, prior to
exposure to Alexa Fluor 546 goat anti-mouse IgG (1:400) and
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phalloidin (1:143, Cytoskeleton, Inc. Denver, CO, USA) for 1 h
at room temperature.

Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI; Roche Applied Science, Indianapolis,
IN, USA), and photomicrographs were taken with a fluorescence
microscope (BIOREVO BZ-9000, Keyence, Osaka, Japan).

Quantitative Real-Time PCR
The expression levels of Rock1, Rock2, Mypt1, and Mlc2 mRNA
were examined with quantitative real-time PCR. TR-MUL5 cells
were seeded into a 6-well plate at a density of 4 × 105 cells
per well and incubated for 24 h. The cells were serum-starved
for 17 h and stimulated with acrolein for 6 h with or without

N-acetylcysteine (NAC) pre-treatment for 30min. Another set
of the cells were also serum-starved for 17 h and stimulated
with H2O2 (100µM) for 6 h as a positive control. Total RNA
was extracted from cells using TRI reagent (Molecular Research
Center, Inc., Cincinnati, OH, USA) and reverse transcribed to
cDNA using GoScript reverse transcriptase (Promega, Madison,
WI, USA), according to the manufacturer’s protocol. Analysis

of mRNA levels was performed on a StepOnePlus Real-Time

PCR system (Thermo Fisher Scientific) using GoTaq qPCR

Master Mix (Promega). The primer sequences used for real-
time PCR and the expected size of the amplified products were

as follows: 5′-ATGAACTTCAAATGCAGTTGGCT-3′ (forward)
and 5′-AATAAGGAATGCAGGCAGAACCA-3′ (reverse) for

FIGURE 1 | Localization of ROCKs in GFAP-positive cells in fibrovascular tissues of patients with PDR. (A) Representative fluorescent micrographs of ROCK1

immunofluorescence in fibrovascular tissues. (a) Green, GFAP (Alexa Fluor® 488). (b) Red, ROCK1 (Alexa Fluor® 546). (c) Blue, nuclei counterstained with DAPI. (d)

Merged image. Arrows indicate the co-localization of ROCK1 with GFAP in the fibrovascular tissue. (e) High-magnification image. (f) Negative control (mouse and

rabbit IgG) in sequential sections. (B) Representative fluorescence micrographs of ROCK2 immunofluorescence in fibrovascular tissues. (a) Green, GFAP (Alexa Fluor®

488). (b) Red, ROCK2 (Alexa Fluor® 546). (c) Blue, nuclei counterstained with DAPI. (d) Merged image. Arrows indicate co-localization of ROCK-2 with GFAP in

fibrovascular tissue. (e) High-magnification image. (f) Negative control (mouse and rabbit IgG) in sequential sections. Scale bars, 25µm.
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rat Rock1 (NM_001389239.1), 156 bp; 5′-CTGCTGACTGA
GCGAACACT-3′ (forward) and 5′- ACCACGCTTGACAGG
TTCTT-3′ (reverse) for rat Rock2 (NM_013022.2), 84 bp;
5′-GCCTTGCCCTCAGAGGATCTA-3′ (forward) and 5′-CAT
TGGAGCTCCCTTCTGCTG-3′ (reverse) for rat Mlc2 (Myl2,
NM_001035252.2), 77 bp; 5′-GTCAGCTCAACAGGCCAAAC-
3′ (forward) and 5′-TCGCCGTCGTTCTCTGATTG-3′ (reverse)
for rat Mypt1 (Ppp1r12a, NM_053890.2), 152 bp; 5′-GGGAAA
TCGTGCGTGACATT-3′ (forward) and 5′-GCGGCAGTGGC
CATCTC-3′ (reverse) for rat Actb (NM_031144), 76 bp. The
PCR conditions used were 95◦C for 2min, followed by 95◦C for
15 s and 40 cycles of 60◦C for 1min. All data were calculated
using the 11Ct method, with the level of Actb mRNA as a
normalization control.

Western Blotting
TR-MUL5 cells were seeded into a 6-cm dish at a density
of 8 × 105 cells per dish and incubated for 24 h. The cells
were serum-starved for 17 h and stimulated with acrolein for
24 h. For MYPT1 and MLC2 western blotting, ripasudil (0.08,
0.4, or 2µM) was added 1 h before cell collection. TR-MUL5

cells were lysed in 1x SDS sample buffer [62.5mM Tris-
HCl (pH 6.8), 2%SDS, 10% glycerol, phosphatase inhibitor

cocktail (PhosSTOP, Merck, Burlington, MA, USA) and protease

inhibitor cocktail (Complete mini, Merck)]. The cell lysates
were sonicated thrice for 5 s each on ice and centrifuged at

15,000 × g at 4◦C for 10min. Protein concentration was
measured using a BCA protein assay kit (Thermo Fisher
Scientific) and adjusted to 2 mg/mL with 0.01% bromophenol
blue and 5% 2-mercaptoethanol. The samples were boiled at
95◦C for 3min, separated using SDS-PAGE, and electroblotted
onto polyvinylidene fluoride membranes (Merck). Membranes
were incubated with 5% skim milk for 1 h and then incubated
with primary antibodies against ROCK1 (1:5000, EP786Y,
Abcam), MLC2 (1:1000, #8505, Cell Signaling), p-MLC2 (1:1000,
#3675, Cell Signaling), MYPT1 (1:1000, #2634, Cell Signaling),
pMYPT1 (1:1000, #5163, Cell Signaling), and cleaved ROCK1
(1:1000, 154C1465, Novus biologicals, Centennial, CO, USA)
at 4◦C overnight, followed by incubation with goat anti-mouse
IgG (H+L) horseradish peroxidase conjugate (1:4000, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or
goat anti-rabbit IgG (H+L) horseradish peroxidase conjugate

FIGURE 2 | Effect of acrolein on transcriptional levels of Rocks, Mypt1, and Mlc2 in TR-MUL5 cells. The mRNA expression levels of (A) Rock1, (B) Rock2, (C) Mypt1,

and (D) Mlc2 when TR-MUL5 cells were incubated with acrolein (0–50µM, n = 6 each). Values represent mean ± SEM; *P < 0.05; **P < 0.01; N.S., not significant.
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(1:4000, Jackson Immunoresearch) at room temperature for
1 h. Signals were visualized using a SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific).

GSH Assay
TR-MUL5 cells were seeded into a 24-well plate at a density of
1 × 105 cells per well and incubated for 24 h. The cells were
serum-starved for 17 h and stimulated with 10–50µM acrolein
for 3 h. Total GSH levels were measured using a total GSH assay
kit (Nikken Seil Co., Ltd., Shizuoka, Japan), according to the
manufacturer’s protocol.

Migration Assay
Migration capacity was assessed using the OrisTM Cell Migration
Assay kit (Platypus Technologies, Madison, WI, USA) according
to the manufacturer’s protocol. Briefly, TR-MUL5 cells were
seeded into a collagen I-coated 96-well OrisTM plate at a density
of 1 × 105 cells per well and incubated for 24 h at 33◦C in
an atmosphere of 95% air and 5% CO2. The cells were starved
for 17 h and stimulated with 25µM acrolein for 24 h. Ripasudil
(0.08, 0.4, or 2µM) and the DNA synthesis inhibitor aphidicolin
(10µg/mL) were added to the cells 1 h prior to the start of

migration. Silicone stoppers were then removed to allow cell
migration to the central detection zone for 24 h at 33◦C in an
atmosphere of 95% air and 5% CO2. The cell migration area was
evaluated using BIOREVOBZ-9000 (Keyence) and analyzed with
a BZ-II analyzer (Keyence).

Statistical Analysis
All results are presented as the mean± SEM. Student’s t-test was
used for pairwise statistical comparisons between groups, and
one-way ANOVA, followed by the post-hoc Tukey-Kramer test,
if appropriate, was used for multiple comparisons. Differences in
the means were considered statistically significant at P < 0.05.

RESULTS

Tissue Localization of ROCKs in
Fibrovascular Tissues of PDR
Immunofluorescence staining was performed to determine
the localization of ROCKs in fibrovascular tissues obtained
from patients with PDR. ROCK1 staining was observed in
clusters of GFAP-positive cells and vascular structures in
fibrovascular tissues (Figure 1A). Similarly, ROCK2 signals

FIGURE 3 | Effect of acrolein on protein levels of ROCK1, MYPT1, and MLC2 in TR-MUL5 cells. (A) Western blotting of total and cleaved forms of ROCK1 protein

when TR-MUL5 cells were incubated with acrolein (0–50µM). (B,C) Densitometric analysis of the bands. (B) Total forms of ROCK1 protein (0–50µM, n = 3 each). (C)

Relative cleaved forms of ROCK1 protein (0–50µM, n = 4 each). (D) Total protein of MYPT1 and MLC2 in TR-MUL5 cells exposed to acrolein (0–50µM). Values

represent mean ± SEM; *P < 0.05.
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were found in clusters of GFAP-positive cells; however, its
fluorescence staining intensity was relatively faint (Figure 1B).
High-magnification images revealed that immunoreactivity of
ROCK1 and ROCK2 was the most abundant in the areas
surrounding the nuclei (Figures 1A,B). These data indicate that
ROCKs are predominantly localized in the cytoplasm of glial cells
in fibrovascular tissues.

Acrolein Induces ROCK1 Production in
Retinal Glial Cells
To evaluate the changes in expression of ROCKs and its
associatedmolecules inMüller glial cells stimulated with acrolein,
the mRNA levels of Rock1, Rock2, Mypt1, and Mlc2 mRNA were
assessed. Rock1 mRNA expression was significantly increased by
acrolein stimulation in a dose-dependent manner (n = 3 each, P
< 0.01, Figure 2A), whereas Rock2 mRNA expression decreased
in response to acrolein exposure (Figure 2B). In addition, the

mRNA levels ofMypt1 andMlc2 were not changed after acrolein
stimulation (Figures 2C,D).

In accordance with real-time PCR data, western blotting
(Figure 3A) revealed an increase in ROCK1 production
in TR-MUL5 cells stimulated with acrolein (n = 3 each,
P < 0.05, Figure 3B). Furthermore, acrolein increased
cleaved form of ROCK1 in a dose-dependent manner (n
= 4 each, P < 0.05, Figures 3A,C). The protein levels
of MYPT1 and MLC2 showed no increase with acrolein
stimulation (Figure 3D).

Oxidative Stress Mediates ROCK1
Production in Retinal Müller Glial Cells
Under Acrolein Stimulation
Based on the real-time PCR results, we focused on ROCK1
and examined whether oxidative stress is involved in acrolein-
induced ROCK1 production in Müller glial cells. Total GSH
levels were reduced from 4.19 nmol/mg to 1.56 nmol/mg in

FIGURE 4 | Impact of acrolein stimulation on antioxidant defense systems in TR-MUL5 cells. (A) Total GSH levels when TR-MUL5 cells were exposed to acrolein for

3 h. (B) Rock1 mRNA levels in acrolein-stimulated TR-MUL5 cells with or without treatment of N-acetylcysteine (NAC) (n = 3 each). (C) Rock1 mRNA levels in

TR-MUL5 cells treated with or without hydrogen peroxide (n = 3 each). Values represent mean ± SEM; *P < 0.05; **P < 0.01.
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TR-MUL5 cells after acrolein stimulation (n = 4, P < 0.05,
Figure 4A). Furthermore, ROCK1 expression showed an∼4-fold
increase in TR-MUL5 cells stimulated with acrolein compared
to the control cells, while the increase was abolished by NAC
in a dose-dependent manner (n = 3, P < 0.01, Figure 4B). In
response to hydrogen peroxide, ROCK1 expression showed an
∼4-fold increase in TR-MUL5 cells compared with the control (n
= 3, P < 0.05, Figure 4C).

FIGURE 5 | Changes in phosphorylation of MYPT1 and MLC2 in TR-MUL5

cells treated with acrolein and ripasudil. Phosphorylation levels of MYPT1 and

MLC2 in TR-MUL5 cells after acrolein stimulation. Ripasudil suppressed the

increase of phosphorylated forms of MYPT1 and MLC2 induced by acrolein

stimulation in TR-MUL5 cells.

ROCK1-pMYPT1-pMLC Pathway Is
Activated by Acrolein
To examine the impact of acrolein and ripasudil on ROCK
activity, phosphorylation of MYPT1 and MLC2 was assessed in
TR-MUL5 cells. As shown in Figure 5, phosphorylation of both
MYPT1 and MLC2 showed increase in TR-MUL5 cells when
stimulated with acrolein, while the total protein levels of MYPT1
and MLC2 were unchanged (Figure 3D). In addition, ripasudil
reduced the acrolein-induced phosphorylation of MYPT1 and
MLC2 (Figure 5).

As shown in Figure 6, immunofluorescence microscopy
revealed that acrolein stimulation increased organization of actin
stress fibers in TR-MUL5 cells, whereas actin depolymerization
was observed in the cells treated with ripasudil. The staining
signal of p-MLC2 increased with acrolein stimulation along with
actin fibers, and it was attenuated in the presence of ripasudil.
Additionally, ripasudil administration caused cell body shrinkage
in TR-MUL5 cells.

Ripasudil Attenuates Glial Cell Migration
Induced by Acrolein
To evaluate the association between ROCK1 and the migration
of Müller glial cells, we performed a migration assay of TR-
MUL5 cells after acrolein stimulation with or without ripasudil.
Acrolein accelerated the migration of TR-MUL5 cells compared
to the control (n = 4, P < 0.01), and ripasudil (0.4µM, 2µM)
attenuated this increase in migration (n= 4, P < 0.05, Figure 7).

DISCUSSION

In the present study, we demonstrated that: (1) ROCK
proteins are present in the cytosol of glial cells in the

FIGURE 6 | Changes in cellular morphology and stress fiber formation in TR-MUL5 cells treated with acrolein and ripasudil. Representative fluorescent staining

patterns of F-actin (green, Acti-stainTM 488) and p-MLC2 (red, Alexa Fluor® 546) in TR-MUL5 cells treated with acrolein (25µM) and/or ripasudil (2µM). Blue, nuclei

counterstained with DAPI. Scale bar, 50µm.
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FIGURE 7 | Impact of ripasudil administration on acrolein-induced migration of TR-MUL5 cells. Representative micrographs of TR-MUL5 cell migration after acrolein

stimulation with or without ripasudil treatment. (A) Control. (B) Acrolein stimulation (25µM). (C) Acrolein stimulation (25µM) with ripasudil (0.08µM). (D) Acrolein

stimulation (25µM) with ripasudil (0.4µM). (E) Acrolein stimulation (25µM) with ripasudil (2µM). (F) Cell migration analysis in TR-MUL5 cells after acrolein stimulation

with or without ripasudil (n = 4 each). Values represent the mean ± SEM; *P < 0.05, **P < 0.01.

fibrovascular tissues of patients with PDR; (2) the unsaturated
aldehyde acrolein increases the production of ROCK1, but not
ROCK2, in cultured Müller glial cells; (3) acrolein enhances
phosphorylation of MYPT1 and MLC2 through the ROCK1
cascade induced by oxidative stress; and (4) ripasudil, a specific
inhibitor of ROCKs, hampers formation and migration of
stress fibers in Müller glial cells. The current data provide
new insights into the mechanisms of glial cell migration, a

significant process in fibrovascular formation in eyes afflicted
with PDR.

Glial cells have increasingly gained attention as one of the
major participants in the progression of DR. While the activation
of glial cells represents some of the earliest events in the
pathogenesis of DR (16), macroglial cells are also implicated in
promoting proliferative changes through VEGF secretion and
internal limiting membrane degradation during the late stage of
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DR (17–19). Hence, elucidating the cellular behaviors of glial cells
in advanced stages of DR contributes to further understanding
of the pathological mechanisms underlying vision-threatening
disease. We previously demonstrated that acrolein-conjugated
proteins are localized in glial cells in the fibrovascular tissues
of PDR patients (20). The current data further demonstrated
that ROCK proteins are ubiquitously present in glial cells in
fibrovascular tissues and that acrolein stimulation increased the
production of ROCK1 in cultured Müller glial cells. Intriguingly,
acrolein stimulation decreased the expression levels of ROCK2.
In addition, the expression levels of ROCK-associated molecules
including MYPT1 and MLC2 were not changed by acrolein
stimulation. Whereas, our group previously showed that acrolein
stimulation increases cell viability in cultured retinal glial cells
(7), the current data clearly demonstrated that increase of
ROCK1 protein is not simply attributed to the effect of acrolein
to the cell viability in cultured retinal glial cells.

In ROCK proteins, ROCK2 is known as the predominant
form of in ocular tissues (11). Since ROCK1 and ROCK2
exhibit a high degree of sequence homology, both kinases
essentially share not only a wide variety of downstream
substrates but also consequent cellular functions. In fact, the
ROCK isoforms promote the rearrangement of actin-myosin
cytoskeleton organization mediated by phosphorylation of
downstream target proteins, including MYPT1 and MLC2 (21).
However, using mouse embryonic fibroblast cells derived from
ROCK1−/− and ROCK2−/− mice, it was elucidated that the
roles of ROCK1 and ROCK2 are not strictly equal; i.e., ROCK1
is involved in destabilizing the actin cytoskeleton by regulating
MLC2 phosphorylation and peripheral actomyosin contraction,
whereas ROCK2 is required for stabilizing the actin cytoskeleton
by regulating cofilin phosphorylation (21). Therefore, selective
upregulation of ROCK1 by acrolein, which was demonstrated in
the present study, indicates that acrolein facilitates a transition in
the ROCK system to rearrange actin cytoskeleton and generate
contractile force in Müller glial cells, eventually leading to glial
cell migration.

Cigarette smoking is known to produce an estimated 1017

oxidant molecules per puff (22). Previous studies revealed
that acrolein, a major cytotoxic factor in cigarette smoke
extract, rapidly binds to GSH (23) and induces oxidative
stress in the body (24–26). In line with these findings and
our previous data (7), the current data also showed that
acrolein reduces intracellular GSH levels in cultured Müller
glial cells. In addition, acrolein-induced Rock1 mRNA synthesis
was remarkably suppressed by NAC, a thiol-containing
antioxidant and precursor of GSH, in a dose-dependent manner.
Furthermore, hydrogen peroxide, one of the representative
reactive oxygen species, increased de novo synthesis of
Rock1. The present data convincingly demonstrates that
depletion of GSH by acrolein increases intracellular oxidative
stress, thereby enhancing ROCK1 production in retinal
glial cells.

Furthermore, although not quantified, acrolein appears to
augment phosphorylation of MYPT1 and MLC2, both of which
appears to be suppressed by ripasudil in cultured Müller glial
cells. In line with the western blotting data, immunofluorescence
microscopy also suggested that acrolein increased MLC2

phosphorylation and F-actin bundling, which are characteristics
of stress fiber formation, in cultured Müller glial cells. Whereas,
immunofluorescent staining of total MLC2 protein was not
conducted in the present study, western blotting showed no
significant change in the expression of total MLC2, indicating
that the increased signal of p-MLC2 along with actin fibers in
the TR-MUL5 cells exposed to acrolein, at least in part, due to
the increase of MLC2 phosphorylation. In addition, since the
possible increase inMLC2 phosphorylation and F-actin bundling
was diminished by ripasudil, the present study demonstrated that
ROCKs are the downstream effectors of acrolein.

Notably, the current study exhibited that glial cell migration
induced by acrolein was suppressed by the non-selective
ROCK inhibitor ripasudil. We previously reported that acrolein
induces the production of the pro-inflammatory chemokine
CXCL1 and promotes glial cell migration in an autocrine
fashion (7). Enriching the previous findings, the present study
revealed that ROCKs are involved in acrolein-induced glial
cell migration. Furthermore, given the selective upregulation of
ROCK1 by acrolein, ROCK1 might be the focus of future studies
investigating the mechanism of glial cell migration regulated
by acrolein.

There are several limitations to this study. First, there
was a tendency toward decreasing migration rate in the
acrolein-stimulated glial cells treated with 0.08µM ripasudil
administration, while identical concentration of ripasudil showed
no inhibitory effect to the phosphorylation ofMYPT1 andMLC2.
Second, the decrease of Rock2 in retinal glial cells stimulated
with acrolein was intriguing; however, the physiological and/or
pathological significance was not studied in the current study.
Further investigation is warranted to obtain further mechanistic
insights into non-muscle myosin phosphorylation regulation
through ROCK1 signaling in glial cells.

In summary, our data shed light on the regulatory mechanism
of Müller glial cell migration. The current results suggest that
acrolein and its downstream molecule ROCK1 are attractive
molecular targets for the prevention of fibrovascular tissue
formation in PDR.
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1Department of Ophthalmology, The Second Xiangya Hospital, Central South University, Changsha, China, 2 Shenzhen
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Objectives: To compare the aqueous concentrations of inflammatory and angiogenetic

factors in vitrectomized vs. non-vitrectomized eyes with diabetic macular edema (DME).

Methods: Aqueous samples were obtained from 107 eyes with DME before intravitreal

injection of anti-VEGF, 36 eyes with previous pars plana vitrectomy (PPV) combined with

pan-retinal endolaser photocoagulation (PRP), and 71 treatment-naïve. Interleukin (IL)-6,

IL-8, interferon-induced protein (IP)-10, monocyte chemoattractant protein (MCP)-1, and

vascular endothelial growth factor (VEGF) were measured by cytometric bead array

(CBA). Optical coherence tomography (OCT) was used for measuring central retinal

thickness (CRT).

Results: IL-6, IL-8, IP-10, and MCP-1 in aqueous humor of DME vitrectomized eyes

were significantly higher than in non-vitrectomized DME eyes, while VEGF was lower than

in non-vitrectomized DME eyes. VEGF in aqueous humor significantly correlated with

CRT for DME in non-vitrectomized DME eyes. IL-6, IL-8, IP-10, and MCP-1 in aqueous

humor were not significantly associated with VEGF for DME in vitrectomized eyes.

Conclusions: Inflammation might play an important role in the pathogenesis of DME in

vitrectomized eyes. Moreover, inflammation might play a central role in the development

of DME via the VEGF-independent pathway. Thus, anti-inflammatory therapy might be a

strategy for DME in vitrectomized eyes.

Keywords: central retinal thickness, diabetic macula edema, inflammation, post-operative DME, VEGF

INTRODUCTION

Anti-VEGF intravitreous injection is emerging as first-line therapy for diabetic macular edema
(DME) (1). Still, the effectiveness of anti-VEGF therapy in eyes after pars plana vitrectomy (PPV)
remains uncertain. PPV is a treatment for advanced proliferative diabetic retinopathy (PDR) (2),
but many patients still suffer from DME post-PPV, and no consensus has been reached regarding
the optimal treatment for those patients.

51

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.699254
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.699254&domain=pdf&date_stamp=2021-09-08
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:luojing001@csu.edu.cn
https://doi.org/10.3389/fmed.2021.699254
https://www.frontiersin.org/articles/10.3389/fmed.2021.699254/full


Liang et al. Inflammatory Factors in Vitrectomized DME

The study by Yanyali et al. (3) demonstrated that anti-VEGF
therapy in vitrectomized eyes with DME had no effect on visual
acuity or foveal thickness, which indicated that the mechanism of
DME post-PPV might be different from DME without surgery
due to the changes in the microenvironment. Inflammation
is also an important contributor to DME pathogenesis (4),
especially when the blood–retina barrier is broken by the
surgery. Thus, inflammation might be an important reason for
post-operative DME. Interleukin (IL)-6 is a pro-inflammatory
cytokine associated with the blood-ocular barrier; therefore,
increased IL-6 might increase endothelial permeability by
rearranging actin filaments and changing the shape of the
endothelial cells (5), leading to the leakage of fluorescein in
the macula (6). In addition, IL-6 levels are associated with
the recurrence of DME after anti-VEGF treatment (7). IL-8 is
believed to be involved in inflammation-mediated angiogenesis
and serves as a fundamental factor in the inflammatory basis
of diabetic retinopathy (DR) (8). The vitreous levels of IL-
8 are elevated in DME compared with non-DME eyes (7,
9). Interferon-induced protein (IP)-10 is known to inhibit
neovascularizations (10). IP-10 can prevent IL-8-mediated
angiogenesis and prevent the progression of PDR (11, 12).
MCP-1 is a chemotactic chemokine that induces monocyte and
macrophage infiltration into tissue (13) and might have a tight
relationship with the process of fibroproliferation (14). Aqueous
MCP-1 levels are elevated in DME eyes (15).

In order to investigate and analyze the role of inflammatory
factors in post-operative DME, we compared the levels of
the inflammatory cytokines mentioned above and VEGF in
the aqueous humor of vitrectomized vs. non-vitrectomized
DME eyes. The purpose of this study was to determine the
optimal treatment for post-operative DME patients. Steroids,
including slow-release steroids, might be an option for DME in
vitrectomized eyes if the inflammation factors are proven to be
an important factor in DME after PPV.

METHODS

Patients
This study was approved by the Ethical Committee of The
Second Xiangya Hospital (LYZ2020009), and all enrolled patients
were treated in accordance with the Declaration of Helsinki. All
patients provided informed consent before inclusion in the study.
To reduce selection bias, all patients were recruited consecutively.

We obtained undiluted aqueous humor samples from 109 DR
patients (109 eyes) prior to receiving an anti-VEGF intravitreal
injection, including 38 eyes that had previously undergone PPV
combined with pan-retinal endolaser photocoagulation (PRP)
due to vitreous hemorrhage (referred to as the vitrectomized
group), and 71 treatment-naïve eyes (referred to as the
non-vitrectomized group). The PPV-combined PRP in the
vitrectomized group was performed at The Second Xiangya
Hospital of Central South University (Hunan province, China)
by the same surgeon.

The inclusion criteria were:

- patients aged 18–80 years with type 2 DM

- diagnosed with PDR
- best correct visual acuity <20/40
- DME involving macular
- vitrectomized group: PPV was performed at least 4 weeks
before enrollment

- non-vitrectomized group: all patients were treatment-naïve

The exclusion criteria were:

- vitrectomized group: intravitreous injection after PPV
- non-vitrectomized group: prior ocular surgery, including
intravitreous injection

- any history of ocular inflammation
- an abnormal vitreoretinal interface
- history of renal and hematologic diseases, uremia, prior
chemotherapy, and chronic diseases other than diabetes (renal
disease and hematological disease).

Sampling Procedure
Aqueous humor samples (50–100 µl) from patients with DME
were obtained by anterior chamber paracentesis at the beginning
of the vitreous injection. The specimens were manually aspirated
using a 30-gauge needle and then transferred immediately into
sterile tubes. The scheduled vitreous injections were subsequently
performed. All samples were stored at−80◦C until assayed.

Testing of Macular Edema
Central retinal thickness (CRT) was measured using spectral-
domain optical coherence tomography (OCT; RTVue XR Avanti,
Optovue, Inc., Fremont, CA, USA) in all included eyes before
the collection of aqueous humor samples. A macular profile
of the central 6-mm zone was obtained using the fast macular
scan protocol. CRT was calculated by extrapolating radial
measurements as an average value within a circle with a 500-µm
radius centered on the fovea. In the presence of vitreoretinal
traction or epiretinal membrane, an OCT signal strength <4, or
the OCT featured retinal border detection algorithm artifacts, the
OCT result was excluded from the analysis.

Cytokine Detection
The quantitative determination of IL-6, IL-8, IP-10, MCP-1, and
VEGF levels in the aqueous humor samples was performed
using the CBA Human Cytokine kit (BD Biosciences; San Diego,
CA, USA), according to the manufacturer’s protocol. A sample
volume of 10 µl (either the standards or the patient samples)
was added to 50 µl of a cocktail consisting of capture beads
and detector antibodies, and the mixture was incubated for 18 h
at room temperature in the dark. Before data acquisition, the
excess unbound detector antibody was washed off. For statistical
analyses, a measured value below the threshold of detection was
conservatively omitted from the analysis.

Statistical Analysis
Statistical analysis was performed using SPSS 24.0 (IBM,
Armonk, NY, USA). The results are presented as the mean± SD.
The mean cytokine levels, as detected by CBA, were compared
between groups using the Mann–Whitney U-test. Spearman’s
correlation analysis was used to examine the correlations between
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TABLE 1 | Clinical and laboratory characteristics of the patients.

Vitrectomized

group

Non-

vitrectomized

group

p-value

Age (years) 53.6 ± 6.4 56.7 ± 8.2 0.051

Sex (n) 0.740

Male 15 32

Female 21 39

Duration of diabetes (years) 11.7 ± 6.6 9.1 ± 6.9 0.059

Glycosylated hemoglobin (%) 7.26 ± 0.89 7.78 ± 1.49 0.056

TABLE 2 | Levels of inflammatory cytokines and VEGF in the aqueous humor of

vitrectomized and non-vitrectomized groups.

Vitrectomized group Non-vitrectomized group p-value

IL-6 288.60 ± 392.28 44.43 ± 83.88 <0.001*

IL-8 50.08 ± 34.30 18.27 ± 17.37 <0.001*

IP-10 154.99 ± 162.15 50.59 ± 69.17 <0.001*

MCP-1 1650.45 ± 911.02 712.07 ± 429.57 <0.001*

VEGF 36.18 ± 28.95 72.44 ± 62.67 0.001*

*Statistical significance: p < 0.01 determined by Mann–Whitney U test.

IL-6, interleukin-6; IL-8, interleukin-8; IP-10, interferon-induced protein-10; MCP-1,

monocyte chemotactic protein-1; VEGF, vascular endothelial growth factor.

cytokine concentrations and CRT values. p-values <0.01 were
considered significant when comparing data between two groups,
and Bonferroni-corrected alphas were used for the evaluation of
the results. There were two groups, and five pairwise tests were
performed. The resulting p-values were evaluated at an alpha =
0.01 and with a p-value < 0.01 which was judged significant.
When doing correlation analysis, we will find a significant p-value
after Ryan–Holm step-down Bonferroni correction.

RESULTS

The clinical characteristics of all patients are shown in Table 1.
Two samples fell below the detection threshold; therefore, all data
associated with these two eyes were omitted from the study. The
number of enrolled eyes in the vitrectomized group was 36 (15
men and 21 women), and the number of enrolled eyes in the non-
vitrectomized group was 71 (32 men and 39 women). The mean
duration of DM in the vitrectomized group was 11.7 ± 6.6 years
compared with 9.1 ± 6.9 years in the non-vitrectomized group.
In addition, the mean glycosylated hemoglobin (HbA1c) levels
were similar in the two groups.

The mean concentrations of IL-6, IL-8, IP-10, and MCP-1
were significantly higher in the vitrectomized group than those
in the non-vitrectomized group (p < 0.001). However, the levels
of VEGF were significantly lower in the vitrectomized group than
in the non-vitrectomized group (p= 0.001; Table 2).

Non-significant correlations were identified between any
factors’ levels in the aqueous humor and the CRT value in the
vitrectomized group (Table 3). In the non-vitrectomized group,
the aqueous humor levels of VEGF were significantly correlated

TABLE 3 | Correlations between factor levels in the aqueous humor and CRT in

vitrectomized group.

ρ p

IL-6 0.352 0.035

IL-8 0.068 0.695

IP-10 0.248 0.145

MCP-1 0.171 0.319

VEGF −0.004 0.983

ρ = correlation coefficient.

P = probability value.

CRT, central retinal thickness; IL-6, interleukin-6; IL-8, interleukin-8; IP-10, interferon-

induced protein-10; MCP-1, monocyte chemotactic protein-1; VEGF, vascular endothelial

growth factor.

TABLE 4 | Correlations between factor levels in the aqueous humor and CRT in

the non-vitrectomized group.

ρ p

IL-6 0.231 0.053

IL-8 0.216 0.070

IP-10 0.194 0.105

MCP-1 0.147 0.222

VEGF 0.333 0.005*

ρ = correlation coefficient.

p = probability value.

*Statistical significance: p < 0.007 after Ryan–Holm step-down Bonferroni correction.

CRT, central retinal thickness; IL-6, interleukin-6; IL-8, interleukin-8; IP-10, interferon-

induced protein-10; MCP-1, monocyte chemotactic protein-1; VEGF, vascular endothelial

growth factor.

with the CRT values, whereas IL-6, IL-8, IP-10, andMCP-1 in the
aqueous humor were not significantly correlated with the CRT
values (Table 4).

In the vitrectomized group, the aqueous humor levels of IL-6
were significantly correlated with the aqueous humor levels of IL-
8, IP-10, and MCP-1. The levels of IL-8 in the aqueous humor
were significantly correlated with the levels of IP-10 and MCP-1
in the aqueous humor. However, the levels of VEGF were not
significantly correlated with any of the measured inflammatory
factors (Table 5). In the non-vitrectomized group, the aqueous
humor levels of IL-6 were significantly correlated with the
aqueous humor levels of IL-8, IP-10, MCP-1, and VEGF. The
levels of IL-8 in the aqueous humor were significantly correlated
with the levels of IP-10,MCP-1, andVEGF in the aqueous humor.
The aqueous humor levels of IP-10 were significantly correlated
with the aqueous humor levels of MCP-1 (Table 6).

The mean interval between vitrectomy and the anti-VEGF
intravitreal injection in the vitrectomized group was 17.8 weeks
(range 4–78 weeks), and none of the inflammatory or VEGF
levels were associated with the days after PPV (p > 0.05).

DISCUSSION

It was the first study to investigate the inflammatory and
angiogenic factors in vitrectomized DME eyes. The duration
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TABLE 5 | Correlation matrix for aqueous humor factors in the vitrectomized

group.

Variable IL-6 IL-8 IP-10 MCP-1 VEGF

ρ ρ ρ ρ ρ

p p p p p

IL-6 – 0.662 0.537 0.775 0.155

<0.001* 0.001* <0.001* 0.365

IL-8 – – 0.564 0.729 0.075

<0.001* <0.001* 0.665

IP-10 – – – 0.551 −0.020

<0.001* 0.909

MCP-1 – – – – 0.104

0.545

ρ = correlation coefficient.

p = probability value.

*Statistical significance: p < 0.005 after Ryan–Holm step-down Bonferroni correction.

IL-6, interleukin-6; IL-8, interleukin-8; IP-10, interferon-induced protein-10; MCP-1,

monocyte chemotactic protein-1; VEGF, vascular endothelial growth factor.

TABLE 6 | Correlation matrix for aqueous humor factors in the non-vitrectomized

group.

Variable IL-6 IL-8 IP-10 MCP-1 VEGF

ρ ρ ρ ρ ρ

p p p p p

IL-6 – 0.647 0.581 0.718 0.479

<0.001* <0.001* <0.001* <0.001*

IL-8 – – 0.522 0.676 0.583

<0.001* <0.001* <0.001*

IP-10 – – – 0.631 0.233

<0.001* 0.05

MCP-1 – – – – 0.238

0.046

ρ = correlation coefficient.

P = probability value.

*Statistical significance: p< 0.007 after Ryan–Holm step-down Bonferroni correction.

IL-6, interleukin-6; IL-8, interleukin-8; IP-10, interferon-induced protein-10; MCP-1,

monocyte chemotactic protein-1; VEGF, vascular endothelial growth factor.

of diabetes in the vitrectomized group was longer than that
in the non-vitrectomized group. A longer duration of diabetes
might induce severe PDR, resulting in the vitrectomized patients
receiving PPV prior to this study. Still, the HbA1c levels were
lower in the vitrectomized group than in the non-vitrectomized
group, which might be due to the strict control of blood glucose
among patients who underwent surgery.

The ocular microenvironment is likely to change after PPV,
resulting in a different effect for anti-VEGF treatment in
vitrectomizedDME eyes.We found that the inflammatory factors
including IL-6, IL-8, IP-10, and MCP-1 levels were higher in
vitrectomized DME eyes than in non-vitrectomized DME eyes.

In contrast, the levels of VEGF were lower in vitrectomized DME
eyes than in non-vitrectomized DME eyes.

VEGF is vital to vascular leakage, leading to macular edema
(16). In patients with DME, the aqueous humor levels of VEGF
are associated with the severity of macular edema (17). In
treatment-naïve DME eyes, the levels of VEGF in the aqueous
humor were high and were significantly correlated with the
CRT, consistent with previous studies (12, 17). The levels of
VEGF were lower in vitrectomized DME eyes than in non-
vitrectomized DME eyes, which might be due to the removal of
VEGF by the PPV procedure. Yanyali et al. (3) showed that anti-
VEGF therapy did not affect visual acuity or foveal thickness in
vitrectomized eyes with DME. This phenomenonmight be due to
the reduced contribution of VEGF to DME in vitrectomized eyes.
Inflammation might play a more important role in vitrectomized
DME eyes than VEGF.

Various cytokines, especially inflammatory factors, form a
network that might influence the development and exacerbation
of macular edema. We found that the inflammatory factors
including IL-6, IL-8, IP-10, and MCP-1 levels were higher in
vitrectomized DME eyes than in non-vitrectomized DME eyes.

In this study, the levels of IL-6 in the aqueous humor were
higher in the vitrectomized group than in the non-vitrectomized
group. This indicates that IL-6 is probably important to the
pathogenesis of DME. Indeed, elevated levels of IL-6 in the
aqueous humor were associated with macular fluorescein leakage
(6), and the recurrence of DME after anti-VEGF treatment has
been associated with elevated aqueous humor levels of IL-6 but
not with VEGF levels (7).

Our results showed that the levels of IL-8 in the aqueous
humor were significantly higher in the vitrectomized group
than in the non-vitrectomized group, indicating that DME in
vitrectomized eyes might also be associated with IL-8. Previous
studies showed that IL-8 enhances inflammation and stimulates
angiogenesis by binding its receptor and inducing downstream
signaling. Some studies have demonstrated that the levels of IL-8
in the aqueous humor are elevated in DME patients compared
with patients without DM (7, 9), supporting a role of IL-8 in
the development of DME and supporting the results of the
present study.

In this study, the IP-10 levels in the aqueous humor were
significantly higher in the vitrectomized group than in the non-
vitrectomized group, which might be due to the relationship
with IL-8 and the reaction to PRP. Indeed, the levels of IP-10
in the aqueous humor have been significantly correlated with
the levels of IL-8 (12), and IP-10 can prevent IL-8-induced
neovascularization in a corneal pocket model of angiogenesis
(11). These studies indicated that IP-10 might at least partially
antagonize the function of IL-8. The levels of IP-10 in the aqueous
humor were significantly higher in PDR patients who underwent
PRP than who did not receive PRP, indicating that IP-10 might
play a role in the inhibition of PDR progression (12).

Our results suggested that the levels of MCP-1 were
significantly higher in the vitrectomized group than in the
non-vitrectomized group, indicating that MCP-1 might be an
important modulator after PPV, especially in DME eyes. MCP-1
levels in the aqueous humor were elevated in DME patients (15),
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and mean vitreous levels of MCP-1 were significantly higher in
vitrectomized eyes with DME than in eyes without DME (18),
supporting the present study. Even though clinical examinations
showed no inflammatory responses in the eye, MCP-1 levels were
still elevated (19).

The high concentrations of inflammatory factors in
vitrectomized eyes may be related to the disruptions of the
blood–aqueous barrier by surgery (20). Still, a study showed no
differences in IL-6, IL-8, MCP-1, and VEGF levels in aqueous
humor between PDR patients with and without PRP (12).
Another study also found that some inflammatory factors
(IL-8 and IP-10) were increased in the aqueous humor of
post-vitrectomy eyes in rhegmatogenous retinal detachment
patients, whereas other factors (IL-6 and MCP-1) remained
unchanged (21). This phenomenon might indicate that some
inflammatory factors originate from intraocular cells or tissues.
In addition, several studies have found that IL-6, IL-8, IP-10,
and MCP-1 are associated with DME; therefore, the elevation
of these inflammatory factors might not simply be due to
intraocular surgery but also be the result of DME pathology in
vitrectomized eyes.

In non-vitrectomized DME eyes, the levels of IL-6, IL-8,
and VEGF were significantly correlated with each other, likely
because these cytokines are essential to DME pathogenesis and
interact among themselves. In vitrectomized DME eyes, IL-
6, IL-8, IP-10, and MCP-1 levels were significantly associated;
however, VEGF levels in the aqueous humor were not
correlated with any inflammatory factors. These findings
indicated that inflammation might influence macular edema
along with VEGF in non-vitrectomized DME eyes, whereas
inflammation might play a more important role in the
pathogenesis of DME in vitrectomized eyes via the VEGF-
independent pathway. Thus, anti-VEGF treatment might not
represent an effective treatment for some vitrectomized DME
eyes (3).

The evidence shows that DR is mediated by inflammatory
responses, including leukostasis (22). The inflammatory cascade
appears to be crucial for the occurrence and development of
DME. The treatment of DME using intravitreal injections of
corticosteroids has been reported to be safe and effective (23).
Corticosteroids inhibit the synthesis of multiple inflammatory
proteins that might be responsible for the development of
vascular leakage (24). The effects of corticosteroid injections for
DME in vitrectomized eyes are worth considering.

In this study, non-vitrectomized eyes received intravitreal
injections before PRP, while vitrectomized eyes received PRP
during PPV. Oh et al. (12) showed that in PDR patients the levels
of IL-6, IL-8, MCP-1, and VEGF had no significant differences
between eyes that underwent PRP or not, except for IP-10.

The mean interval between PPV and intravitreal injection
(17.8 weeks) did not have a significant relationship with any of

the cytokines measured in this study. Therefore, the interval after
vitrectomy in this study did not influence the results.

One limitation of our study is that we did not examine
all cytokines, and the ultimate effects of these cytokines in
vitrectomized DME eyes remain to be explored. Moreover, the
number of samples in our study was limited.

CONCLUSION

In conclusion, this study showed that the levels of inflammatory
factors in the aqueous humor were higher, whereas the VEGF
levels were lower in vitrectomized DME eyes than in non-
vitrectomized DME eyes. In addition, inflammatory factor levels
had no relationship with VEGF levels in vitrectomized DME
eyes. These findings indicate that inflammation might play an
important role in the pathogenesis of DME in vitrectomized eyes.
Anti-inflammatory therapies might represent another strategy
for the treatment of DME in vitrectomized eyes. Further studies
are needed to investigate the mechanism and treatment strategy
of DME in vitrectomized eyes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Our study was approved by the Ethical Committee of The
Second Xiangya Hospital (LYZ2020009), and all enrolled patients
were treated in accordance with the Declaration of Helsinki.
All patients provided informed consent before inclusion in the
study. To reduce selection bias, all patients were recruited in a
consecutive manner.

AUTHOR CONTRIBUTIONS

YL was responsible for designing the study, conducting the
search, screening potentially eligible studies, extracting and
analyzing the data, interpreting the results, and writing the paper.
BYwas responsible for extracting data. ZM,MX, ZL, ZZ, YM, JM,
and BM were responsible for extracting data. XY was responsible
for the data collection and modifying the language. JL was
responsible for designing the study. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81570847), Natural Science Foundation of
Hunan Province (2020JJ4800).

REFERENCES

1. Cai S, Bressler NM. Aflibercept, bevacizumab or ranibizumab

for diabetic macular oedema: recent clinically relevant findings

from drcr.Net protocol t. Curr Opin Ophthalmol. (2017) 28:636–

43. doi: 10.1097/ICU.0000000000000424

2. Rush RB, Del Valle Penella A, Reinauer RM, Rush SW, Bastar PG.

Internal limiting membrane peeling during vitrectomy for diabetic

Frontiers in Medicine | www.frontiersin.org 5 September 2021 | Volume 8 | Article 69925455

https://doi.org/10.1097/ICU.0000000000000424
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liang et al. Inflammatory Factors in Vitrectomized DME

vitreous hemorrhage: a randomized clinical trial. Retina. (2020) 41:

1118–26. doi: 10.1097/IAE.0000000000002976

3. Yanyali A, Aytug B, Horozoglu F, Nohutcu AF. Bevacizumab (avastin) for

diabetic macular edema in previously vitrectomized eyes. Am J Ophthalmol.

(2007) 144:124–6. doi: 10.1016/j.ajo.2007.02.048

4. Vujosevic S, Micera A, Bini S, Berton M, Esposito G, Midena E.

Proteome analysis of retinal glia cells-related inflammatory cytokines in

the aqueous humour of diabetic patients. Acta Ophthalmol. (2016) 94:56–

64. doi: 10.1111/aos.12812

5. Yang X, Yan H, Jiang N, Yu Z, Yuan J, Ni Z, et al. Il-6 trans-signaling

drives a stat3-dependent pathway that leads to structural alterations of

the peritoneal membrane. Am J Physiol Renal Physiol. (2020) 318:F338–

53. doi: 10.1152/ajprenal.00319.2019

6. Funatsu H, Yamashita H, Noma H, Shimizu E, Mimura T, Hori S.

Prediction of macular edema exacerbation after phacoemulsification in

patients with nonproliferative diabetic retinopathy. J Cataract Refract Surg.

(2002) 28:1355. doi: 10.1016/S0886-3350(02)01243-9

7. Roh MI, Kim HS, Song JH, Lim JB, Kwon OW. Effect of

intravitreal bevacizumab injection on aqueous humor cytokine

levels in clinically significant macular edema. Ophthalmology. (2009)

116:80–6. doi: 10.1016/j.ophtha.2008.09.036

8. Sprague AH, Khalil RA. Inflammatory cytokines in vascular

dysfunction and vascular disease. Biochem Pharmacol. (2009)

78:539–52. doi: 10.1016/j.bcp.2009.04.029

9. Funk M, Schmidinger G, Maar N, Bolz M, Benesch T, Zlabinger GJ, et al.

Angiogenic and inflammatory markers in the intraocular fluid of eyes with

diabetic macular edema and influence of therapy with bevacizumab. Retina.

(2010) 30:1412–9. doi: 10.1097/IAE.0b013e3181e095c0

10. Ruffilli I, Ferrari SM, Colaci M, Ferri C, Fallahi P, Antonelli A.

Ip-10 in autoimmune thyroiditis. Horm Metab Res. (2014) 46:597–

602. doi: 10.1055/s-0034-1382053

11. Strieter RM, Kunkel SL, Arenberg DA, Burdick MD, Polverini PJ. Interferon

gamma-inducible protein 10 (ip-10), a member of the c-x-c chemokine

family, is an inhibitor of angiogenesis. Biochem Biophys Res Commun. (1995)

210:51–7. doi: 10.1006/bbrc.1995.1626

12. Oh IK, Kim SW, Oh J, Lee TS, Huh K. Inflammatory and angiogenic factors

in the aqueous humor and the relationship to diabetic retinopathy. Curr Eye

Res. (2010) 35:1116–27. doi: 10.3109/02713683.2010.510257

13. Yoshimura T. The chemokine mcp-1 (ccl2) in the host interaction

with cancer: a foe or ally? Cell Mol Immunol. (2018) 15:335–

45. doi: 10.1038/cmi.2017.135

14. Hoerster R, Fauser S, Cursiefen C, Kirchhof B, Heindl LM. The influence

of systemic renin-angiotensin-inhibition on ocular cytokines related to

proliferative vitreoretinopathy. Graefes Arch Clin Exp Ophthalmol. (2017)

255:1721–5. doi: 10.1007/s00417-017-3707-9

15. Funatsu H, Noma H, Mimura T, Eguchi S, Hori S. Association of vitreous

inflammatory factors with diabetic macular edema. Ophthalmology. (2009)

116:73–9. doi: 10.1016/j.ophtha.2008.09.037

16. Arima M, Nakao S, Yamaguchi M, Feng H, Fujii Y, Shibata K, et al. Claudin-

5 redistribution induced by inflammation leads to anti-vegf-resistant diabetic

macular edema. Diabetes. (2020) 69:981–99. doi: 10.2337/db19-1121

17. Funatsu H, Yamashita H, Noma H, Mimura T, Yamashita T, Hori S. Increased

levels of vascular endothelial growth factor and interleukin-6 in the aqueous

humor of diabetics with macular edema. Am J Ophthalmol. (2002) 133:70–

7. doi: 10.1016/S0002-9394(01)01269-7

18. Yoshida S, Kubo Y, Kobayashi Y, Zhou Y, Nakama T, Yamaguchi M,

et al. Increased vitreous concentrations of mcp-1 and il-6 after vitrectomy

in patients with proliferative diabetic retinopathy: possible association

with postoperative macular oedema. Br J Ophthalmol. (2015) 99:960–

6. doi: 10.1136/bjophthalmol-2014-306366

19. Kawai M, Inoue T, Inatani M, Tsuboi N, Shobayashi K, Matsukawa A,

et al. Elevated levels of monocyte chemoattractant protein-1 in the aqueous

humor after phacoemulsification. Invest Ophthalmol Vis Sci. (2012) 53:7951–

60. doi: 10.1167/iovs.12-10231

20. Inoue Y, Kadonosono K, Yamakawa T, Uchio E, Watanabe Y, Yanagi

Y, et al. Surgically-induced inflammation with 20-, 23-, and 25-

gauge vitrectomy systems: an experimental study. Retina. (2009)

29:477–80. doi: 10.1097/IAE.0b013e31819a6004

21. Gu R, Zhou M, Jiang C, Yu J, Xu G. Elevated concentration of cytokines

in aqueous in post-vitrectomy eyes. Clin Exp Ophthalmol. (2016) 44:128–

34. doi: 10.1111/ceo.12638

22. Meleth AD, Agron E, Chan CC, Reed GF, Arora K, Byrnes G, et al. Serum

inflammatory markers in diabetic retinopathy. Invest Ophthalmol Vis Sci.

(2005) 46:4295–301. doi: 10.1167/iovs.04-1057

23. Gillies MC, Lim LL, Campain A, Quin GJ, Salem W, Li J, et al. A

randomized clinical trial of intravitreal bevacizumab versus intravitreal

dexamethasone for diabetic macular edema: the bevordex study.

Ophthalmology. (2014) 121:2473–81. doi: 10.1016/j.ophtha.2014.

07.002

24. Luis ME, Sampaio F, Costa J, Cabral D, Teixeira C, Ferreira JT. Dril

influences short-term visual outcome after intravitreal corticosteroid injection

for refractory diabetic macular edema. Curr Eye Res. (2021) 46:1378–

86. doi: 10.1080/02713683.2021.1878540

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Liang, Yan, Meng, Xie, Liang, Zhu, Meng, Ma, Ma, Yao and Luo.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Medicine | www.frontiersin.org 6 September 2021 | Volume 8 | Article 69925456

https://doi.org/10.1097/IAE.0000000000002976
https://doi.org/10.1016/j.ajo.2007.02.048
https://doi.org/10.1111/aos.12812
https://doi.org/10.1152/ajprenal.00319.2019
https://doi.org/10.1016/S0886-3350(02)01243-9
https://doi.org/10.1016/j.ophtha.2008.09.036
https://doi.org/10.1016/j.bcp.2009.04.029
https://doi.org/10.1097/IAE.0b013e3181e095c0
https://doi.org/10.1055/s-0034-1382053
https://doi.org/10.1006/bbrc.1995.1626
https://doi.org/10.3109/02713683.2010.510257
https://doi.org/10.1038/cmi.2017.135
https://doi.org/10.1007/s00417-017-3707-9
https://doi.org/10.1016/j.ophtha.2008.09.037
https://doi.org/10.2337/db19-1121
https://doi.org/10.1016/S0002-9394(01)01269-7
https://doi.org/10.1136/bjophthalmol-2014-306366
https://doi.org/10.1167/iovs.12-10231
https://doi.org/10.1097/IAE.0b013e31819a6004
https://doi.org/10.1111/ceo.12638
https://doi.org/10.1167/iovs.04-1057
https://doi.org/10.1016/j.ophtha.2014.07.002
https://doi.org/10.1080/02713683.2021.1878540~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


ORIGINAL RESEARCH
published: 21 September 2021

doi: 10.3389/fmed.2021.710079

Frontiers in Medicine | www.frontiersin.org 1 September 2021 | Volume 8 | Article 710079

Edited by:

Ryoji Yanai,

Yamaguchi University, Japan

Reviewed by:

Yujing Bai,

Peking University People’s

Hospital, China

Makoto Hatano,

Yamaguchi University, Japan

*Correspondence:

Jing Feng

drfengj@gmail.com

Yong Tao

taoyong@bjcyh.com

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Ophthalmology,

a section of the journal

Frontiers in Medicine

Received: 15 May 2021

Accepted: 24 August 2021

Published: 21 September 2021

Citation:

Chen L, Feng J, Shi Y, Luan F, Ma F,

Wang Y, Yang W and Tao Y (2021)

Reduced Expression of Erythropoietin

After Intravitreal Ranibizumab in

Proliferative Diabetic Retinopathy

Patients—Retrospective Interventional

Study. Front. Med. 8:710079.

doi: 10.3389/fmed.2021.710079

Reduced Expression of
Erythropoietin After Intravitreal
Ranibizumab in Proliferative Diabetic
Retinopathy Patients—Retrospective
Interventional Study
Li Chen †, Jing Feng*†, Yanhong Shi, Fuxiao Luan, Fang Ma, Yingjie Wang, Weiqiang Yang

and Yong Tao*
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Purpose: To evaluate the expressions of erythropoietin (EPO) and vascular endothelial

growth factor (VEGF) in the vitreous and fibrovascular membranes (FVMs) of proliferative

diabetic retinopathy (PDR) after the intravitreal injection of ranibizumab (IVR) and further

explore the relationship between EPO and VEGF.

Method: The concentrations of EPO and VEGF levels in the vitreous fluid were

measured in 35 patients (24 PDR and 11 non-diabetic patients) using enzyme-linked

immunosorbent assay. The patients were divided into three groups: PDR with IVR (IVR

group) before par plana vitrectomy (n = 10), PDR without IVR (Non-IVR group) (n = 14)

and a control group [macular holes (MHs) or epiretinal membranes (ERM), n = 11].

Fluorescence immunostaining was performed to examine the expressions of VEGF, EPO

and CD 105 in the excised epiretinal membranes.

Result: The PDR eyes of Non-IVR group had the highest vitreous VEGF and EPO levels

(836.30 ± 899.50 pg/ml, 99.29 ± 27.77 mIU/ml, respectively) compared to the control

group (10.98 ± 0.98 pg/ml and 18.96 ± 13.30 mIU/ml/ml). Both the VEGF and EPO

levels in the IVR group (13.22± 2.72 pg/ml and 68.57± 41.47 mIU/ml) were significantly

lower than the Non-IVR group (P = 0.004 and P = 0.04, respectively). Furthermore, no

significant difference was observed for VEGF levels between the control and IVR groups

(10.9 ± 0.98 pg/ml and 13.22 ± 2.72 pg/ml, respectively, P = 0.9). Yet the EPO level

in the IVR group was significantly higher than that in the Non-diabetic group (68.57 ±

41.47 pg/ml and 18.96± 13.30 pg/ml, respectively, P= 0.001). The expressions of EPO,

VEGF, and CD105 were significantly reduced in fluorescence immunostaining of FVMs in

the IVR group compared with the Non-IVR group. The receiver operating characteristic

(ROC) curve of the EPO and VEGF levels were 0.951 and 0.938 in the PDR group.

Conclusion: Both of the VEGF and EPO level were significantly increased in PDR

patients, which have equal diagnostic value in the prediction of PDR. IVR could reduce

the EPO level, but not enough to the normal level.

Keywords: erythropoietin, intraocular fluid, intravitreal ranibizumab, proliferative diabetic retinopathy (PDR),

vascular endothelial growth factor (VEGF)
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INTRODUCTION

Proliferative diabetic retinopathy (PDR) is advanced diabetic
retinopathy (DR), characterised by the pathologic growth of new
blood vessels, which is driven by the release of local angiogenic
factors in ischemic and hypoxic retina (1). Vascular endothelial
growth factor (VEGF) is a potent mediator that controls
angiogenesis and vascular permeability in both pathological
and physiological ocular conditions (2). The current evidence
indicates that VEGF plays a central role in the development
of DR (3–5). Although the inhibition of VEGF reduces retinal
neovascularization, it does not completely inhibit ischemia-
driven retinal neovascularization (6). Thus, the angiogenic
process is likely to involve numerous growth factors and
cytokines (7).

Erythropoietin (EPO) is a pleiotropic cytokine, with the
function of a circulatory growth factor (8). Higher levels of EPO
in the vitreous and serum samples of PDR patients than in a
control group were recently demonstrated (9–12). Furthermore,
the evidence shows that EPO is a potent retinal angiogenic factor
independent of VEGF and is capable of stimulating ischemia-
induced retinal angiogenesis in PDR (13). Evidences have proved
that EPO has an angiogenic potential equal to VEGF. There is no
information available regarding the influence of anti-VEGF for
the EPO level.

The purpose of the present study was to evaluate the changes
of VEGF and EPO vitreous concentrations after intravitreal
ranibizumab injection and to detect the expressions of VEGF and
EPO on epiretinal fibrovascular membranes (FVMs) obtained
during vitrectomy in eyes with PDR.

PATIENTS AND METHODS

Subjects and Enrolment Criteria
This was a retrospective, interventional study. The study was
conducted in accordance with the Declaration of Helsinki,
and we received approval from the Investigational Review
Board of the Beijing Chaoyang Hospital (2018-4-3-3). Informed
consent for all examinations and procedures was obtained from
the patients, who provided their written informed consent
to participate. This study enrolled patients with vitreous
haemorrhage or tractional retinal detachment (TRD) as the PDR
groups and non-diabetic patients with idiopathic macular hole
(MH) or macular epiretinal membranes (ERM) as the control
group. All the patients underwent pars plana vitrectomies (PPV)
between January 2019 and June 2020. The inclusion criteria for
the PDR group were type 2 diabetes, age> 18 years and PDR. The
exclusion criteria were as follows: (1) any anti-VEGF therapy or
pan-retinal photocoagulation within 6 months prior to the study;
(2) any history of ocular diseases other than DR; (3) a history
of ocular surgery on the study eye; and (4) a history of systemic
thromboembolic events, including myocardial infarction and
stroke. The exclusion criteria for the non-diabetic control group
were uveitis, a previous intraocular surgery, diabetes mellitus, a
malignant tumour and the use of immunosuppressive drugs.

Thirty-five patients (35 eyes) fulfilled the inclusion criteria and
were divided into three groups: (1) 14 PDR patients underwent

PPV without intravitreal ranibizumab (IVR) treatment (Non-
IVR group); (2) 10 PDR patients underwent PPV with IVR
treatment (0.5 mg/0.05ml of intravitreal ranibizumab injected 7–
10 days before surgery) (IVR group); and (3) 11 patients withMH
or macular ERM as the control group.

Physical and Ocular Examinations
Each patient’s demographic, clinical, and ocular data were
recorded. Each patient (diabetics and controls) underwent
complete ophthalmological examinations, including visual
acuity, slit lamp, tonometry, fluorescein retinal angiography,
and optical coherence tomography. Diabetic retinopathy was
evaluated using standardised fundus colour photographs and
fluorescein angiograms. If a vitreous haemorrhage or lens opacity
prevented an ophthalmoscopic examination of the ocular fundus,
an ocular ultrasound was the auxiliary examination.

Intravitreal Ranibizumab Injection
A 30-gauge needle was inserted through the corneal limbus to
withdraw 0.05mL of aqueous humour and to soften the globe.
Subsequently, 0.5mg (0.05mL) of ranibizumab was injected
into the vitreous fluid as preoperative adjunctive therapy 7
days before vitrectomy. Topical antibiotics were applied as
postoperative medications.

Surgical Procedures and Vitreous
Sampling
All the surgeries were performed by the same surgeon at
the Beijing Chaoyang Hospital. All the patients underwent a
23-gauge standardised technique pars plana vitrectomies. At
the beginning of surgery, 0.5mL of undiluted vitreous sample
was aspirated through the vitreous cutter under simultaneous
inflation of the vitreous cavity with air through the infusion
cannula. For ethical and technical reasons, it was impossible to
obtain paired samples of vitreous humour in the same eye (with
and without IVR). Therefore, the vitreous samples of eyes with
and without IVR were unpaired. Fibrovascular membranes from
seven PDR patients were surgically retrieved during vitrectomy.

Vitreous samples were taken during the surgery and
immediately centrifuged for 5min at 4◦C at 3,000 rotations
per minute (rpm). The liquid component without sediment
was immediately stored at −80◦C until analysis. Fibrovascular
membranes were immediately frozen at−80◦C.

ELISA Analysis
The concentrations of VEGF (Quantikine VEGF ELISAKit; R&D
Systems, Inc., Minneapolis, MN, USA) and EPO (Quantikine
VEGF ELISA Kit; R&D Systems, Inc., Minneapolis, MN,
USA) in the vitreous fluid were measured using enzyme-
linked immunosorbent assay kits. Each assay was performed
in accordance with the instructions of the user manual of the
kit. Standard curves for each cytokine were generated using the
reference cytokine concentrations supplied with the kit.

Immunofluorescence Staining
Immunofluorescence staining was performed on the frozen
sections of the FVMs by staining with the following antibodies:
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rabbit anti-EPO polyclonal IgG (1:150 dilution; No. ab126876
Abcam, Cambridge, MA, USA), mouse anti-CD105 monoclonal
IgG (1:150 dilution; No. ab69772 Abcam, Cambridge, MA,
USA), rabbit anti-VEGF polyclonal IgG (1:200 dilution; No.
ab39250 Abcam, Cambridge, MA, USA), tetramethylrhodamine
isothiocyanate- conjugated goat anti-mouse IgG (1: 200 dilution;
Zhongshan Goldenbridge Biotechnology Co. Ltd., Beijing,
China), and/or fluorescein isothiocyanate- conjugated goat
anti-rabbit IgG (1: 200 dilution; Zhongshan Goldenbridge
Biotechnology Co. Ltd.). The samples were counterstained with
4′,6′-diamino- 2-phenylindole (DAPI) (1: 1,000 dilution, No.
D9542; Sigma-Aldrich, St. Louis, MO, USA). All the sections
were examined using a fluorescence microscope (DS-Ril-U2;
Nikon, Tokyo, Japan) and photographed (DS-U2; Nikon).

Statistical Analysis
A statistical analysis was performed using GraphPad Prism 8
software. The data were presented as the mean ± standard
deviation. T Differences between the study group and the
control group were estimated with a non-parametric Mann-
Whitney rank sum test and t-test when appropriate. Parameters
were used Kruskal-Wallis H-test and ANOVA test to compare
variables among various groups when appropriate. Chi-squared
test or Fisher’s exact test were used to compare non-continuous
variables. Correlation coefficients were determined by using
the Pearson correlation test on the transformed data of a
decadic logarithm scale. Two-tailed probabilities of <0.05 were
considered to indicate statistical significance.

RESULT

Demographic Data of Patients
The main characteristic of the 24 patients with PDR and 11
non-diabetic control patients enrolled in the study are shown in
Table 1. The PDR group and control group showed no significant
difference in gender. The mean age of 65.64± 5.14 in the control
group was significantly older than that for the PDR without and

with IVR group (54.71 ± 6.94, and 53.90 ± 7.95, respectively, P
< 0.01).

The duration of diabetes mellitus in Non-IVR group was 12.86
± 4.43 years, and it was 16 ± 3.23 years in the IVR group. No
statistically significant difference was noted in the duration of
diabetes mellitus between the PDR groups (P = 0.076). As for
hypertension history, the ration of the control group was 36.36%,
which was lower than that for the PDRwithout (57.14%) andwith
IVR group (40%) (P = 0.54).

A statistically significant difference in the mean visual acuity
(Log Mar) values were found among the three groups for both
preoperative and postoperative vision. Before vitrectomy, the
visual acuity values in the control group (0.82 ± 0.57) were
significantly superior to the other two PDR groups (1.97 ± 0.58
and 1.60 ± 0.86, respectively, P < 0.01). After vitrectomy, visual
acuity improved in all three groups. Similarly, visual acuity in the
control group was better than that in the PDR group (P < 0.01).

The mean intraocular pressure (IOP) value before vitrectomy,
measured using applanation tonometry in this study, was 13.27
mmHg in the MH+ERM group of subjects, 13.21 mmHg in
the Non-IVR group and 14.20 mmHg in the IVR group. No
statistically significant difference was found in the average IOP
values among the three groups (P = 0.72). After vitrectomy, the
IOP value in the PDR groups (17.00 ± 2.71 mmHg in without
IVR group, 16.40 ± 4.19 mmHg in with IVR group) was higher
than that in the control group (12.27± 1.90 mmHg) (P= 0.001).

EPO and VEGF Levels in Vitreous
Samples of undiluted vitreous fluid were collected from the eyes
of 24 patients with PDR and from 11 patients in the control
group. Table 2 presents the concentrations (medians and 95%
CI) of EPO and VEGF in the vitreous fluid among the three
groups. The median EPO level was 99.29 mIU per millilitre (95%
CI: 83.25–115.3) in the patients with Non-IVR group and 68.57
mIU per millilitre (95% CI: 38.91–98.24) in the patients with
IVR group and 18.96 mIU per millilitre (95% CI, 10.02–27.90)
in the patients with Non-diabetic ocular diseases (p < 0.001).

TABLE 1 | General clinical information of the patients.

Variables MH and ERM PDR P-value P1 P2 P3

(control group) Non-IVR IVR # § &

Patients, n 11 14 10 –

Age (years) 65.64 ± 5.14 54.71 ± 6.94 53.90 ± 7.95 0.0003 0.001 0.001 0.95

Female/male 7/4 7/7 5/5 0.759 0.79 0.81 0.99

DM duration (y) / 12.86 ± 4.43 16 ± 3.23 0.076

Hypertension 4 (36.36%) 8 (57.14%) 4 (40%) 0.543 0.57 0.98 0.70

Visual acuity (LogMar)

Before surgery 0.82 ± 0.57 1.97 ± 0.58 1.60 ± 0.86 <0.001 <0.001 0.001 0.577

After surgery 0.60 ± 0.29 1.27+0.39 1.49 ± 0.38 <0.001 <0.001 <0.001 0.327

Intraocular pressure

Before surgery 13.27 ± 2.14 13.21 ± 3.49 14.20 ± 3.67 0.72 0.99 0.77 0.74

After surgery 12.27+1.90 17.00 ± 2.71 16.40 ± 4.19 0.001 0.001 0.01 0.88

MH, macular hole; ERM, epiretinal membrane; DM, diabetes mellitus; PDR, proliferative diabetic retinopathy; #Control vs. Non-IVR; §Control vs. IVR; &Non-IVR vs. IVR.

Bold value indicates p < 0.05, which are statistically significant.
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The median VEGF level was 836.3 pg/ml (95% CI: 316.90–1,356)
in the patients with Non-IVR group and 13.22 pg/ml (95% CI:
11.27–15.17) in the patients with IVR group and 10.98 pg/ml
(95% CI, 10.32–11.64) in the control group (p < 0.001). The
vitreous EPO and VEGF levels were significantly higher in the
patients with PDR than in the control group (Figure 1).

A scatter plot of the log-transformed levels of EPO and
VEGF in the patients with PDR indicated a positive correlation
(Figure 2A). However, the Pearson correlation coefficient was
0.18, and no significant difference was seen (P = 0.22).

For exploratory purposes, we also analysed the receiver
operating characteristic (ROC) curve of the EPO andVEGF levels
in the PDR group (Figure 2B). The AUC values for EPO and
VEGF were 0.951 and 0.938, respectively.

Immunofluorescence Staining
The staining of epiretinal fibrovascular membranes (FVMs)
showed strong positives for EPO and VEGF and for the marker
CD105 of the neovascular endothelial cells in the Non-IVR group
(Figure 3 top row and Figure 4 top row). After IVR, the positive
expressions significantly decreased for EPO, VEGF, and CD105
in the FVMs of PDR patients (Figure 3 bottom row and Figure 4
bottom row). Figure 5 reveals the expression of vimentin for the

maker of fibroblastic cells, which was weakly positive in the PDR
group and negative in the IVR group (Figure 5).

DISCUSSION

The present study indicates that the vitreous levels of EPO and
VEGF in PDR patients is strikingly higher than the levels in
Non-diabetic patients. These results are consistent with other
researchers (11–17). Furthermore, the levels of VEGF and EPO
in vitreous fluids and FVMs significantly declined after IVR.
Although not significant, the vitreous levels of EPO showed a
trend of positive correlation with VEGF in the DR patients.
The ROC curve analysis showed that EPO and VEGF had clear
specificity and sensitivity in the indication of PDR. Our present
study provides a valuable foundation for further study of the
relationship between EPO and VEGF in PDR and their potential
future use in clinical practise.

VEGF-mediated pathogenic effects are primarily related to
vascular permeability and neovascularization (18). VEGF was
found to be closely related to the development and progression
of PDR (11, 19, 20). Recently, anti-VEGF therapy has led to great
advances in ocular neovascular diseases. However, the inhibition
of VEGF is not associated with a total regression of retinal

TABLE 2 | Vitreous levels of erythropoietin and vascular endothelial growth factor (VEGF).

Variables MH and ERM PDR P-value P1 P2 P3

(control group) Non-IVR IVR # § &

EPO (mIU/ml)

Mean ± SD 18.96 ± 13.30 99.29 ± 27.77 68.57 ± 41.47 <0.001 <0.001 0.001 0.04

95% CI 10.02–27.90 83.25–115.3 38.91–98.24

VEGF (pg/ml)

Mean ± SD 10.98 ± 0.98 836.30 ± 899.5 13.22 ± 2.72 0.001 0.003 0.99 0.004

95% CI 10.32–11.64 316.90–1356 11.27–15.17

MH, macular hole; ERM, epiretinal membrane; DM, diabetes mellitus; PDR, proliferative diabetic retinopathy; #Control vs. Non-IVR; §Control vs. IVR; &Non-IVR vs. IVR.

Bold value indicates p < 0.05, which are statistically significant.

FIGURE 1 | Vitreous concentration of VEGF (A) and EPO (B) in the control and PDR group. *P < 0.05; **P < 0.01; ***P < 0.0001. PDR, proliferative diabetic

retinopathy; IVR, intravitreal ranibizumab.
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FIGURE 2 | (A) Shows a scatter plot for the correlation between log-transformed vitreous VEGF and EPO levels in patients with PDR. (B) Receiver operating

characteristic (ROC) curve of EPO and VEGF levels in PDR.

FIGURE 3 | Epiretinal fibrovascular membranes (FVMs) showed strong

positive for EPO and the marker CD105 of neovascular endothelial cells in the

Non-IVR group. Scale bars: 100µm.

FIGURE 4 | Epiretinal fibrovascular membranes (FVMs) showed strong

positive for VEGF and the marker CD105 of neovascular endothelial cells in the

Non-IVR group. Scale bars: 100µm.

FIGURE 5 | Epiretinal fibrovascular membranes (FVMs) showed negative for

Vimentin and positive for the marker CD105 of neovascular endothelial cells in

the Non-IVR group. Scale bars: 100µm.

neovascularization, indicating that other angiogenic factors and
inflammation factors may play a role in this process, including
TNF-α, IL-6, EPO and the pigment epithelium-derived factor
(PEDF) (11).

Many recent studies have shown that EPO has different
biological effects in vivo and in vitro studies (13, 21). EPO
was demonstrated to protect against the VEGF-induced
permeability of the blood-brain barrier (BBB) through
restoring the tight junction proteins and VE-cadherin in
experimental diabetic retinopathy and in vitro bovine model
(22, 23). EPO improved oxygen carriage to retinal tissue and
ameliorated diabetic retinopathy. However, some studies have
indicated that EPO has an angiogenic potential equivalent
to that of VEGF and independently contributes to retinal
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neovascularization in the pathogenesis of PDR. Therefore,
the precise role of EPO is still of great interest for many
researchers. It is yet unclear whether EPO has a protective or
aggravating role in DR, considering the contradictive results
from various studies.

Our study demonstrated a high level of EPO in vitreous
fluids and FVMs in PDR patients, which was consistent with
other studies about EPO. However, the source of the locally
increasing EPO in PDR was not confirmed in the present
study since the serum samples from the PDR patients were not
collected due to ethical consideration. Thus, we were unable
to explore the possible association between serum EPO and
vitreous EPO in PDR patients. In a previous study, Semeraro
et al. andWatanabe et al. showed that serum EPO concentrations
did not significantly differ between diabetic and non-diabetic
patients (11, 13). Furthermore, there was no correlation between
haemoglobin and intraocular EPO deposition (in both vitreous
and aqueous humours), but positive correlation between EPO
and glycated haemoglobin and hyperglycaemia was confirmed.
It seems clear that EPO in vitreous fluid is probably not due
to the breakdown of the blood retinal barrier and is not serum
derived. Hernandez first detected EPO RNA expression in the
adult human retina, and its expression was significantly higher
in diabetic than in non-diabetic donors. EPO expression was
found to be more abundant in RPE than in the neuroretina,
which supported the notions that EPO is actually produced
in the local microenvironment of the eye and that ischemia
and hypoxia caused by hyperglycaemia may be stimulating
factors (16).

We further explored the relationship between EPO and
VEGF, especially EPO after anti-VEGF treatment. Our result
revealed that the levels of EPO and VEGF increased in
vitreous fluid in the PDR patients. In addition, the level
of EPO showed a trend of positive correlation with the
VEGF level, yet no significant correlation was found. This is
consistent with the results of other studies, Semeraro et al.
found no correlation between the concentrations of EPO
and VEGF in the vitreous body (11). Recently, anti-VEGF
therapy has become the first-line treatment in PDR-complicated
neovascularization and DME. However, EPO changes after anti-
VEGF treatment have not been evaluated. Our study, for the
first time, demonstrated that the concentration of EPO in
vitreous fluid and FMVs significantly decreased after anti-VEGF
treatment, indicating a possible interaction between EPO and
VEGF in PDR. EPO and VEGF may be involved in similar
signalling pathways. However, further studies are needed to verify
these hypotheses.

Due to the contradictive results of EPO from various studies,
we explored whether EPO has a protective or aggravating
role in PDR. It was suggested that serum EPO concentrations
increased in direct proportion with the severity of the clinical
stage of PDR and that blocking EPO may be beneficial to
the treatment of PDR (13). However, in an early diabetes
animal model and DME patients, exogenous EPO administration
not only protected against the VEGF-induced permeability of

the BBB and restored the tight junction proteins, but it also
counteracted neurodegeneration (16, 20, 24). Another in vivo
study confirmed that compared to IVB alone with intravitreal
IVB, IVB combined with EPO did not significantly improve
visual acuity and reduce retinal thickness in DME patients,
nor did any retinopathy progression or neovascularization (25).
Therefore, EPOmay play different roles in different stages of DR.
It is important to find a dynamic balance for EPO between the
protection effect on the permeability of the BBB and the risk for
retinal vaso-proliferative diseases. Further studies are necessary,
including research on the effect of angiogenesis on exogenous
EPO and neuronal side effects and the BBB permeability of an
EPO blockade.

Furthermore, we analysed the receiver operating characteristic
(ROC) curves of EPO and VEGF. The ROC curve is a useful
tool for evaluating the performance of diagnostic tests within
the range of possible values of predictive variables. The area
under the ROC curve (AUC) is an overall measure of a test’s
ability to determine whether a particular situation exists or not.
An AUC of 0.5 indicates a test with no discrimination (i.e., no
better than chance), while an AUC of 1.0 indicates a test with
perfect discrimination (26, 27). The AUCs of EPO and VEGF
were 0.951 and 0.928, respectively, which suggested that EPO
and VEGF have equal diagnostic value in the prediction of PDR.
Of course, the detection of vitreous body fluid is an invasive
examination, which is difficult to pass in an ethics review. But
the results of ROC curve in this study indicated that both EPO
monitoring and VEGF are of great significance, which may be
of certain significance for the treatment of different stages of
clinical DR.

Our study has some limitations. First, this was a retrospective
comparative study with a limited number of patients enrolled.
Second, paired samples of vitreous fluid from the same eye
(before and after the injection) were not collected due to
ethical considerations. Therefore, only the vitreous fluid of post-
injection eyes was examined, based on the comparability of the
groups. Third, the grouping of DR was not further refined.
In particular, NPDR patients with or without DME were not
included in this study. Because vitrectomy is not needed in
patients with NPDR and DME, no vitreous and intraocular fluid
samples could be collected due to ethical considerations. Finally,
further research on the mechanisms of the different effects of
EPO in DR is needed.

In summary, we found that both of the VEGF and EPO level
were significantly increased in PDR patients, which have equal
diagnostic value in the prediction of PDR. IVR could reduce the
EPO level, but not enough to the normal level. The interaction
between EPO and VEGF still needs to be further explored.
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Background: Gene therapy cannot be yet considered a far perspective, but a tangible

therapeutic option in the field of retinal diseases. Although still confined in experimental

settings, the preliminary results are promising and provide an overall scenario suggesting

that we are not so far from the application of gene therapy in clinical settings. The main

aim of this review is to provide a complete and updated overview of the current state of

the art and of the future perspectives of gene therapy applied on retinal diseases.

Methods: We carefully revised the entire literature to report all the relevant findings

related to the experimental procedures and the future scenarios of gene therapy applied

in retinal diseases. A clinical background and a detailed description of the genetic features

of each retinal disease included are also reported.

Results: The current literature strongly support the hope of gene therapy options

developed for retinal diseases. Although being considered in advanced stages

of investigation for some retinal diseases, such as choroideremia (CHM), retinitis

pigmentosa (RP), and Leber’s congenital amaurosis (LCA), gene therapy is still quite far

from a tangible application in clinical practice for other retinal diseases.

Conclusions: Gene therapy is an extremely promising therapeutic tool for retinal

diseases. The experimental data reported in this review offer a strong hope that gene

therapy will be effectively available in clinical practice in the next years.

Keywords: inherited retinal dystrophies, gene therapy, Stargardt disease, retinitis pigmentosa, choroideremia,

X-linked retinoschisis

INTRODUCTION

Inherited retinal diseases (IRDs), also referred to as inherited retinal dystrophies, are a
clinically and genetically heterogeneous group of neurodegenerative disorders, primarily involving
photoreceptors, retinal pigment epithelium (RPE), and/or the choroid. Taken as a whole, IRDs have
an estimated global prevalence of about 1 in 2,000 individuals, affecting more than two million
people worldwide, and standing out as the leading cause of blindness in the Western working-age
population (1).

Inherited Retinal Diseases are classified according to different criteria, including the primarily
diseased retinal cell type (rod-dominated disease, cone-dominated disease, generalized retinal
degenerations, and vitreoretinal disorders), the age of onset, the progression of visual impairment
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over time (stationary or progressive), and the presence or absence
of associated systemic features (isolated or syndromic IRDs).

Since the identification of the first gene responsible for an
IRD back in 1988 (2), enormous progress has been made in the
field of molecular testing, leading to the identification of over 270
disease-causing genes (https://sph.uth.edu/retnet/sum-dis.htm).

Nevertheless, until very recent times, these major diagnostic
advances did not go hand in hand with the development
of vision-sparing or vision-restoring therapeutic strategies and
IRDs have been long accounted as largely incurable diseases.

Over the last decades, this view has changed, as novel
therapeutic options started to be explored in preclinical studies,
with some of them transitioning to the clinical setting, including
gene therapy, cell therapy (3), retinal prosthetics (4), and even
direct brain stimulation (5).

In this context, gene-based therapies stand out as one of the
most promising frontiers of IRD treatment and the introduction
of voretigene neparvovec-rzyl (Luxturna), the first FDA- and
EMA-approved gene therapy treatment, paved the way for
further research.

The first section of this review is aimed at making the reader
familiar with the basic concepts and nomenclature used in the
field in retinal gene therapy, while the second section explores
in detail those IRDs for which gene-based therapy approaches
have made it to the human trial stage. Both sections adopt a
combined descriptive and analytic approach, in order to provide
a broad overview of the state of the art of gene therapy in IRDs,
including discussion of current obstacles and research gaps, as
well as a description of the most promising strategies that are
being developed to overcome these obstacles and to fill these gaps.

METHODS

We searched all English language and human subject articles
using keywords search of MEDLINE library. The keywords
included the following: Inherited retinal dystrophies; gene
therapy; Stargardt disease (STGD); Retinitis pigmentosa (RP);
chorioderemia; X-linked retinoschisis (XLRS); Leber’s congenital
amaurosis (LCA). All the references were carefully examined by
two expert researchers (Alessandro Arrigo, Alessia Amato) which
collected and ordered all the relevant information, considering
the main topic of this review as expressed in the manuscript title.

SECTION 1: BASICS CONCEPTS IN

RETINAL GENE THERAPY

Gene therapy is the treatment of a disease through genetic
material (DNA or RNA), that is transferred into the cells of
the patient in order to modify gene expression. Since 1990,
when the first gene therapy trial was performed in two children
with adenosine deaminase (ADA)-deficient severe combined
immunodeficiency (SCID) (6), this approach has been studied for
and applied to a variety of inherited and acquired disorders, with
more than 20 gene therapies officially approved for clinical uses
by the drug regulatory agencies from different countries.

The Eye as an Ideal Target for Gene

Therapy
Since the dawn of gene therapy, the human eye has always
presented itself as an appealing target for a number of reasons.

First, owing to the presence of the so-called blood-retinal
barrier (BRB), made up of the tight junctions between the
endothelial cells of retinal microvasculature (i.e., inner BRB)
and between RPE cells (i.e., outer BRB), the retina is an
immune-privileged site, meaning that the introduction of foreign
substances is less likely to cause an inflammatory reaction.

Second, the eye is a relatively small and enclosed
compartment, which in turn has two important implications:
lower doses of therapeutics are needed and the risk of
systemic dissemination of the locally administered vector
is generally negligible (which, again, minimizes the risk of
immune responses).

Moreover, since they are paired organs, it is possible to treat
one eye and use the fellow eye as an ideal control to assess the
efficacy and safety of the treatment.

Finally, the eye is an easily accessible district, from both
a surgical [via subretinal or intravitreal injections (IVIs)]
and a diagnostic standpoint, so that non-invasive studies
can be performed to monitor function and structure of the
treated retinas.

Gene Delivery Systems
With regards to gene therapy, it is crucial to differentiate between
ex vivo approaches, where patients’ cells are collected, cultured,
modified, and transplanted back to the same individual (7),
and in vivo approaches, where a gene-therapy vector is directly
administered to a living organism. Though some attempts are
being made in the preclinical setting with transplant of gene
corrected cells (8), ocular gene therapy relies on an in vivo
approach, since the genetic material is administered directly into
the patient’s eye by means of a subretinal or IVI.

Another important distinction is in the way nucleic acids are
delivered to their target cells. DNA and RNA are, in fact, large in
size and negatively charged molecules, two features that hinder
their ability to cross cell membranes. This obstacle is overcome
by employing a variety of gene delivery systems, which can be
divided into two main categories: non-viral and viral systems.

Viral Delivery Systems
Viruses are the most used vectors and the process by which
they infect and release their genetic content into target cells
is termed transduction. Several different recombinant viruses,
that are replication deficient, can be used to deliver therapeutic
nucleic acids, with differences in terms of cargo limits, integration
capabilities, transduction efficiency, cellular tropism, and risk of
immune responses.

Adenoviruses (Ads) are a family of DNA viruses that can
infect quiescent and dividing cells and replicate in the host
nucleus without integrating their genome. Adenoviruses have
been largely tested as gene therapy vectors, mainly due to
their cargo capacity (approximately 8–36 kb) and ability to
transduce many cell types. As far as IRDs are concerned,
however, conventional Adenoviral vectors (AVs), constructed
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by substituting the E1 region with the transgene cassette of
interest (9), had limited success, owing to the expression of
some viral genes in the infected target cells, which enhanced
immunogenicity and undermined treatment longevity, even
in the immune-privileged environment of the human eye.
These issues have been partially addressed with second- and
third-generation vectors, characterized by progressive stripping
of all viral coding sequences and implementation of helper-
dependent AVs. However, problems with contaminating helper
viruses, vector instability, and replication-competent AVs have
been reported (10, 11).

Adeno-Associated Viruses (AAVs) are defective single-strand
(ss) DNA parvoviruses with more than 20 integration sites
in the human genome. Recombinant AAVs (rAAVs) vectors
are by far the most frequently used ones in gene therapy
approaches for IRDs, because of their lack of pathogenicity,
favorable immunologic profile (since, unlike AVs, they do not
carry any virus open reading frame), non-integrating nature
in the absence of rep protein (which minimizes the risk of
insertional mutagenesis, unlike LVs), ability to provide a stable
transgene expression and extended retinal tropism. To date, 13
naturally occurring serotypes of AAV have been isolated from
primates (AAV1–AAV13): different serotypes have a different
capsid conformation and different properties, especially as far
as tropism is concerned. Moreover, AAVs can be modified
in several ways, for example by packaging the viral genome
bordering the transgene into the capsid of a different AAV
serotype, process known as pseudotyping or cross-packaging
(e.g., an AAV2/8 vector is a pseudotype in which the genome
of AAV2 serotype is packaged into an AAV8 capsid) (12).
Both serotype and pseudotype choice are important to optimize
vector design for the target disease. To date, the serotypes and
pseudotypes that have been used in clinical trials for IRDs include
AAV2/5, AAV2/8, and AAV8. The major disadvantage of rAAV
vectors is their limited cargo capacity, which cannot exceed
4.7 kb. Although with an apparently reduced photoreceptor
transduction efficiency, dual AAV vectors—each of which
contains half of a large transgene expression cassette—have
been shown to improve retinal phenotype in murine models of
IRDs (13–15).

Lentiviruses (LVs) are retroviruses with a larger packing
capacity (8 kb), which makes them a compelling alternative
to AAV vectors for those IRDs whose causative gene coding
sequence exceeds the 4.7 kb limit, such as ABCA4-related
Stargardt’s disease and MYO7A-related Usher’s syndrome type
1B. So far, the retroviral variant of human immunodeficiency
virus type 1 (HIV-1) and the equine infectious anemia virus
(EIAV) have been studied for IRDs. Lentivirus vectors have two
main drawbacks. First, LVs are integrating in nature and genomic
integration, if on the one hand leads to a sustained expression of
the foreign DNA, on the other hand carries a risk of insertional
mutagenesis (16, 17). Such risk may not be justified in the case
of IRDs, since in post-mitotic tissues, like the retina, a stable
transduction can be achieved even by lentiviral episomes. This
limitation can be overcome by employing integration-deficient
lentiviral vectors (IDLVs), which have been successfully used in
a rodent model of retinal degeneration (18). Second, LVs are

capable of effectively transducing RPE cells and only to a lesser
extent, which is generally insufficient for therapeutic purposes,
differentiated photoreceptors (19, 20).

Non-viral Delivery Systems
Non-viral delivery systems have some advantages over viral
delivery systems, including potentially unlimited cargo
capacity, simultaneous conveyance of multiple therapeutics, low
immunogenicity, and inexpensive manufacturing procedures.

Non-viral delivery systems use physicochemical agents to
compact the DNA and/or transport it across the membranes.

Physical methods include, for instance, sonoporation (21),
and electroporation (22) (i.e., the use of ultrasound or electricity
to temporarily increase cell permeability) and direct injection of
DNA into target cells (23), respectively, offering no protection
from enzymatic degradation of therapeutic nucleic acids.

Chemical agents, which protect the payload from the
action of nucleases, include, among others, cationic liposomes,
lipopolyplex, and nanoparticles (NPs) (24–27).

Though some preclinical gene therapy studies have
successfully used non-viral DNA systems (28–30), these
agents are hard to export to an in vivo clinical setting, mainly
because of transiency of gene expression (31, 32), ultimately
resulting in a relatively inefficient delivery (9).

Administration Routes
At least in part, the success of gene therapy approach depends
on its administration route. So far, the ongoing clinical trials for
IRDs have relied on two injection modalities (i.e., subretinal and
intravitreal), both of which have their strengths and weaknesses.

Subretinal injection (SRI) is adopted in most clinical trials,
since it allows for the administration of the vector in close
proximity to the most common cell target site (i.e., RPE
and photoreceptors). Moreover, SRI places the therapeutic
material in a closed immune-privileged compartment, thus
diminishing the risk of immune reactions. Of course, SRI is a
delicate procedure, requiring a vitrectomy, retinotomy, and the
development of a transitory iatrogenic neuroretinal displacement
and it is potentially associated with a number of complications,
including retinal tears, cataract progression, or retinal/choroidal
hemorrhages. With respect to SRI, vitreoretinal subspecialists
have reported the utility of in vivo real-time monitor of the
surgical act through integrated optical coherence tomography
(OCT) operating microscope (33).

Intravitreal injection is certainly less invasive and technically
challenging and can be performed in a clinic setting, thereby
extending the accessibility of gene-based therapies to larger
populations. However, while adequately transducing inner retinal
cells, such as retinal ganglion cells (RGCs), the intravitreally-
administered vectors are far less effective on outer retinal layers,
due to dilution in the vitreous cavity and to the inner limiting
membrane (ILM) barrier, which is particularly thick in primates.
Therefore, in order to compensate for these obstacles and observe
a significant therapeutic effect on target cells, much higher doses
would have to be injected in a non-immune-privileged site. This,
in turn, brings about a significant risk of immunogenicity, not
only in the form of potential adverse inflammatory reactions, but
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also in the form of neutralizing antibodies, accounting for the
need of repeated injections in intrinsically frail retinas.

Apart from these two main administration routes, a third
one is currently being studied, that is suprachoroidal delivery,
whereby therapeutics are conveyed in the space located between
the sclera and the choroid. Though preclinical studies and
clinical trials showed a good safety, comparable to that of IVIs,
spreading of vectors into the systemic circulation is a potential
risk (34–37). Finally, preclinical studies have attempted a sub-
ILM approach (38).

Gene-Based Therapies in IRDS: the

Strategies
Gene-based therapies can rely on different strategies, depending
on the features, and molecular pathogenesis of the diseases
being addressed, which can be schematically divided into two
main categories:

i. Autosomal recessive (AR) or X-linked recessive (XLR)
diseases; when a disease-causing mutation abrogates the
normal gene function, it is defined as loss-of-function
mutation. In this case, the mechanism underlying the
associated disorder is caused by a loss of function, whereby
a single copy of the gene (in case of AR inheritance) or the
absence of functional alleles (in case of XLR inheritance in
hemizygous males) is not sufficient to guarantee sufficient
levels of the protein. The best way to address recessively
inherited retinal dystrophies is by gene augmentation (or
gene replacement).

ii. Autosomal dominant (AD) diseases; these diseases are usually
caused by gain-of-function mutations, whereby an aberrant
protein is formed, resulting in disruption of cellular or
tissue activity, or by a dominant negative effect, in which a
defective subunit poisons a macromolecular complex. Gene
augmentation alone is not enough to address AD IRDs, which
require more sophisticated approaches, broadly classified as
forms of gene silencing (or knockdown). Gene silencing can
be associated with gene replacement, often by means of dual
AAV vectors.

Gene Augmentation
Since its initial conceptualization back in the 1960s (39), the idea
of gene therapy was based on the straightforward assumption
that monogenic recessive disorders could be cured by replacing a
faulty gene with a normal copy of it delivered through therapeutic
vectors. This approach is called gene augmentation (or gene
replacement) because the synthesis of the protein is augmented
and its function, at least partially, restored. The gene of interest
can be delivered as DNA ormRNA. Though having the advantage
of not requiring delivery into the nucleus, thereby reducing the
risk of integration into the host genome, the mRNA platform is
far more immunogenic and less stable than the DNA platform,
which is therefore the preferred one for ocular gene therapy (40).
Most clinical gene therapy trials, as well as the first, and currently
only, FDA- and EMA-approved treatment for an IRD, voretigene
neparvovec-rzyl (Luxturna), rely on gene replacement, that
does not require modification of native DNA and therefore is

particularly compelling, owing to its simple design and relative
ease of investigation.

Gene Silencing
Gene augmentation is an established approach for recessive
monogenic disorders, but it is not suited to AD diseases resulting
from pathological gain-of function mutations. In these cases, the
therapeutic goal is to prevent the altered gene from expressing
and encoding an aberrant protein that would interfere with
normal cell function. To do so, it is possible to adopt several
different approaches, which, schematically, can act at three levels:
DNA, mRNA, and the intermediate process in between them
(i.e., transcription).

In all of these cases, the host nucleic acids can be targeted
in two ways, that is in a mutation-dependent fashion, whereby
specific allele inhibition is sought in order to allow the
expression of the wild-type copy of the gene, or in a mutation-
independent fashion, in which a combined approach with
gene augmentation is mandatory, since both copies of the
gene (the mutated and the functional one) are silenced and
replaced by a non-silenced wild-type form of it. Although
allele-specific strategies do not disrupt the endogenous
wild-type genome, allele-independent approaches are more
far more practical since they don’t have to be customized
for specific disease-causing mutations. Allele-independent
strategies, however, require the expression of both nucleic
acid molecules in the same vector and are therefore limited by
packaging issues.

DNA-Based Therapies (Genome Editing)
To date, the CRISPR/Cas9 system is considered the most
advanced genome editing tool. This system consists of the
Cas9 endonuclease, delivered into target cells in conjunction
with a guide RNA (gRNA), which is able to cut the genome
at any desired genomic location. The double-strand breaks
(DSBs) created by the enzyme subsequently activate one of the
DNA repair pathways: non-homologous end joining (NHEJ),
homology-directed repair (HDR), or microhomology-mediated
and joining (40). The development of the homology-independent
targeted integration (HITI) strategy, that relies on NHEJ rather
than HDR, enabled gene editing in the retina, since post-mitotic
cells lack HDR, and was first used in a rat model of MERTK-
related RP, with structural and functional improvements (41).

Other than for strict genome editing, the CRISPR/Cas9 can
also be used as part of a gene silencing strategy to inactivate
mutant alleles causing a toxic gain-of-function, or as part
of a splicing modulation approach to prevent the inclusion
of pseudoexons (i.e., deep-intronic sequences erroneously
recognized as exons due to DNA mutations) that would result
in the synthesis of an aberrant protein. The CRISPR/Cas9-
based transcript degradation approach has been successfully
used in studies on autosomal dominant retinitis pigmentosa
(adRP) associated with rhodopsin mutations (RHO-adRP) (42–
45), while the latter strategy of restoring splice defects has been
applied to a deep intronic mutation of CEP290 in preclinical
models (46).
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mRNA Silencing
mRNA silencing strategies rely on a variety of antisense inhibitors
(i.e., nucleic acid molecules that are complementary to and
hybridize with protein-coding mRNAs) and function either by
clearing mRNA molecules or by repressing their translation.
mRNA silencing strategies include:

Ribozymes. Ribozymes are RNA molecules able to catalyze a
chemical reaction in the absence of proteins, which can be used
to promote site-specific cleavage of a target phosphodiester bond
in order to inhibit gene expression (47). Ribozymes have been
the first RNA-based therapeutic strategy investigated in IRDs
(48). This approach, however, has been largely abandoned and
replaced by newer RNA-based technologies, mainly because the
recognition sequence of these molecules are highly represented
in the human genome, with a consequent risk of off-target effects,
and because of the computational complexity of identifying
mRNA cleavage sites (49).

Small Interfering RNAs. RNA interference (RNAi) is another
post-transcriptional gene silencing technology based on an
evolutionary conserved pathway (50, 51). The effectors of RNAi,
called small interfering RNAs (siRNAs), are 21–23 nucleotide-
long double-stranded (ds) RNA molecules able to inhibit gene
expression by binding to specific mRNAs. These siRNAs can
be either naturally obtained in the presence of long pieces of
dsRNA, which—for gene therapy purposes—are delivered by
DNA vectors and cleaved by an RNase III enzyme called Dicer
(52), or can be synthetically produced and directly introduced
into the cells (51), the latter approach being less immunogenic,
since long ds-RNAs can trigger an innate immune response (53).
Unlike ribozymes, whose nucleolytic activity is independent of
proteins, siRNAs do not directly take part to complementary
mRNA degradation. Instead, siRNAs, once in the cytoplasm of
the target cell, are incorporated in the so-called RNAi-induced
silencing complex (RISC), which contains both the helicase that
unwinds the ds-siRNA into its sense and antisense strands and
the endonuclease Argonaute-2. The latter enzyme is in charge
of clearing the sense strand of the siRNA molecule and the
target mRNA sequence, the access to which is guided by the
complementarity to the antisense strand (54). Just like with
ribozymes, off-target effects are amajor obstacle in the translation
to the human clinics, since they can induce a toxic phenotype
in target cells, especially in the presence of specific motifs (55);
new computational methods able to screen candidate siRNAs can
help overcome such obstacles (56). Another possible side effect
is the elicitation of immune responses, which is more likely to
occur when certain sequences are present (57). Both the above-
described post-transcriptional silencing strategies (i.e., ribozymes
and RNAi) have been successfully used in animal models of IRDs,
with particular reference to adRP associated with rhodopsin
mutations (58–61), providing proof-of-concept for RNA-based
retinal gene therapies.

Antisense Oligonucleotides. Antisense oligonucleotides (AONs)
are small DNA or RNA molecules that can be designed
complementary to their target mRNAs (62). Over the last years,

AONs have been the object of increasing interest among retinal
gene therapists, since they represent the only approach, other
than gene augmentation, that has made it to the clinical setting
(see section 2: Gene therapy in IRDS).

Depending on their chemical properties, AONs can display
two distinct mechanisms.

First, they can act as authentic gene silencers, by mediating,
similarly to siRNAs, degradation of target transcripts in a RNase
H1-dependent fashion (63). This mechanism has been studied in
vitro for a NR2E3 variant underlying adRP (64) and in vivo for
RHO-adRP, both in the preclinical and clinical settings (65).

Other than for knockdown purposes, AONs can also be used
as pre-mRNA splicing modulators, an interesting application in
the field of IRDs, since up to 15% of all retinal degeneration-
causing mutations affect the splicing machinery (66). In this
context, AONs generally promote exon skipping, meaning
that they bind to target pre-mRNA sequences, and block the
recruitment of splicing factors. This approach proves particularly
useful when exclusion of pseudoexons is sought, as in the case
of CEP290-related LCA (see section 2: Gene therapy in IRDS),
which at present stands out as the most advanced application of
this technology, having reached phase III of clinical evaluation
(NCT03913143). Though promising proof-of-concept studies
have been developed for many other genes, such as OPA1, CHM
and ABCA4 (67–72), the only other IRD-causing gene whereby
the AON-based approach has been translated to the clinics is
USH2A (73), for which—following the success of the phase
1/2 trial (NCT03913143)—two final stage registration trials are
planned to start by the end of 2021.

Despite the unquestionable advantages of RNA therapeutics
over other gene-based strategies, such as the titratability and
affordability of the employed molecules, the reversibility of
their effects, and the non-genome altering approach, some
major challenges still lie ahead of this field. One of such
challenges is related to the instability of naked nucleic acids,
which are promptly degraded by endonucleases (74), resulting
in a time-limited effect. To avoid enzymatic clearance of
antisense molecules, two strategies can be adopted. The first
strategy is chemical modification of the nucleic acids, in
order to make them endonuclease-resistant, as it has been
done with both siRNAs and with first-, second-, and third-
AONs (75–80). The second approach is to package these
therapeutic molecules inside vectors, either viral (81), thus
requiring a SRI, or non-viral (82), allowing for repeated,
though sufficiently long-lasting, IVIs. As a matter of fact,
in a recent study on a mouse model of CEP290-LCA, IVI
injection of second-generation AONs compared to SRI of AAV-
packaged AONs, while exhibiting comparable duration of effect
(approximately 1 month), turned out to be more effective
(81). This is probably due to the fact that chemically modified
AONs are more efficiently taken up by cells compared to
AAVs, further underscoring the importance of developing IVI-
based approaches.

Transcriptional Silencing
Therapeutic strategies for gain-of-functionmutationsmainly rely
onDNA-based technologies, such as the CRISPR/Cas system, and
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on RNA silencing, thereby acting upstream and downstream of
the transcription process.

Over the last decade, efforts have been made to target the
intermediate step between DNA and RNA, that is the process
by which genetic sequences are used as templates to assembly
pre-mRNA transcripts.

In the field of IRDs, three different mutation-independent
transcriptional repression strategies have been developed and
successfully applied to preclinical models of RHO-adRP.

The first of these strategies employed zinc finger-based
artificial transcription factors (ZF-ATFs) targeting the human
rhodopsin promoter to achieve, in a mouse model of adRP,
transcriptional silencing of both wild-type and mutated RHO
alleles in a mutation-independent fashion, which was followed by
gene replacement of the endogenous RHO copies (83).

The same group showed that in vivo AAV-mediated delivery
of a modified version of a synthetic transcription factor (TF),
uncoupled from its repressor domain and designed to bind a 20-
bp DNA sequence motif (ZF6-cis sequence), could block RHO
expression in living porcine retina without significant genome-
wide transcript perturbations (84).

Based on these results, the authors went on to further unveil
the potential of TF-based transcription silencing, this time by
delivering to rods an ectopic TF (i.e., a TF which is normally
not expressed by rods) with a DNA-binding preference for the
ZF6-cis sequence photoreceptors of pigs, resulting in suppression
of RHO with limited off-target effects in a mouse and porcine
retinas (85).

Taken together, these data support the role of transcriptional
silencing as a promising novel mode to treat gain-of-function
mutations in autosomal dominantly inherited IRDs.

Non-targeted Gene Therapies
With over 270 genes associated with IRDs, developing mutation-
specific or even gene-specific approaches becomes challenging. In
this context, the role of non-targeted gene therapy is to provide
alternative strategies, aimed at improving vision independently of
the causative gene (86). Attempts have been made by delivering
via AAV vectors molecules capable of prolonging photoreceptor
cell survival, including neurotrophic factors, such as ciliary
neurotrophic factor (CNTF), glial cell line-derived neurotrophic
factor, basic fibroblast growth factor and rod-derived con viability
factor, and anti-apoptotic agents, such as X-linked inhibitor of
apoptosis (87–92). Other than CNF, whose efficacy was rather
modest (93), none of these approaches have been tested in
humans so far.

As an alternative mutation-independent strategy,
optogenetics delivered as non-targeted gene therapy for
advanced RP is also being tested. In this case, the assumption is
that inducing expression of light sensitive opsins in bipolar
or RGCs could activate the visual pathway even in the
absence of viable photoreceptors (94–97). There are three
ongoing clinical trials using optogenetics in RP patients,
RST-001 (NCT02556736), GS030 (NCT03326336), and BS01
(NCT04278131), while one phase 1/2 clinical trial, vMCO-I, has
been recently completed (NCT04919473).

SECTION 2: GENE THERAPY IN IRDS

Gene Therapy in Leber Congenital

Amaurosis
Leber congenital amaurosis represents a group of IRDs, with
an estimated prevalence of 2–3/100,000, characterized by four
clinical milestones: severe and early visual impairment (usually
occurring by the 6th week of life), sensory nystagmus (an
indirect manifestation of the low fixation ability), amaurotic
pupils (an expression of the poor retinal sensitivity from the
retina to the brainstem), and non-recordable electroretinography
(ERG) responses (98). Other frequent phenotypic features
include high refractive errors, photophobia, nyctalopia, and
the so-called oculodigital sign of Franceschetti, consisting of
a repetitive, deep rubbing of the eyes. Association between
LCA and keratoconus and cataracts, as well as with a wide
range of systemic manifestations, including intellectual disability,
olfactory dysfunction, stereotypical movements, and behaviors
has also been reported (98–102). From a clinical standpoint,
LCA exhibits an extremely heterogeneous phenotype, ranging
from an essentially normal retina to variable degree of vessel
attenuation, bone spicule pigmentation, pseudopapilledema,
macular coloboma, salt and pepper pigmentation, yellow
confluent peripheral spots, white retinal spots, preserved para-
arteriolar RPE (PPRPE) and Coats reaction, with some gene-
specific features (98–105).

A milder form of the same disease spectrum has been
described using several different expressions, including early-
onset severe retinal dystrophy (EOSRD), severe early childhood-
onset retinal dystrophy (SECORD) and early-onset RP (106).
Unlike LCA, which is present at birth or within the first weeks
of life and is associated with nystagmus, poor pupillary responses
and abolished ERGs, EOSRD/SECORD has a slightly later onset
(after infancy but before 5 years of age) and is characterized
by a better residual visual function and ERG responses (106).
Nevertheless, large genotypic overlap exists between these two
disease entities, though certain genes are more frequently
associated with LCA and others with EOSRD/SECORD (106).

Genetic Features
Leber congenital amaurosis is mostly inherited in an AR fashion,
though for some genes, like CRX, AD patterns have been
reported (107). So far, more than 25 genes, overall accounting
for at least 80% of all LCA cases, have been described,
the most common of which are listed in Table 1 (106–126).
Accordingly with the current literature, the most common LCA-
causing genes are, in descending order, GUCY2D, CEP290,
CRB1, RDH12, and RPE65 (1, 3, 4). LCA-associated genes
encode proteins, whose functions can be divided into four main
categories: phototransduction (e.g., GUCY2D), photoreceptor
morphogenesis (e.g.,CRB1 andCRX), retinoid cycle (e.g.,RDH12
and RPE65), and ciliary transport processes (e.g., CEP290) (98).

Gene Therapy in RPE65-LCA
The RPE65 gene product plays a critical role in the retinoid
cycle, so that RPE65 mutations affect visual function before
photoreceptor structure. Therefore, in contrast with many
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TABLE 1 | Main genes associated with the onset of LCA.

Gene Protein Function Molecular weight

(kDa)

Reference

IMPDH1 Inosine 5′-monophosphate

dehydrogenase 1

Guanine synthesis ∼55 (5)

CRX Cone–rod homeobox Photoreceptor morphogenesis ∼32 (6)

CRB1 Crumbs homolog 1 Photoreceptor morphogenesis ∼154 (7)

GDF6 Growth differentiation factor 6 Photoreceptor morphogenesis ∼14 (8)

SPATA7 Spermatogenesis-associated protein 7 Photoreceptor ciliary transport ∼68 (9)

LCA5 Libercilin Photoreceptor ciliary transport ∼80 (10)

RPGRIP1 Retinitis pigmentosa GTPase

regulator-interacting protein 1

Photoreceptor ciliary transport ∼147 (11)

CEP290 Tubby-like protein Photoreceptor ciliary transport ∼290 (12)

TULP1 Tubby-like protein Photoreceptor ciliary transport ∼70 (13)

CLUAP1 Clusterin associated protein 1 Photoreceptor ciliary transport ∼48 (14)

IQCB1 Intraflagellar transport 140

chlamydomonas homolog protein

Photoreceptor ciliary transport ∼69 (15)

IFT140 Intraflagellar transport 140

chlamydomonas homolog protein

Photoreceptor ciliary transport ∼165 (16)

ALMS1 ALMS Protein Photoreceptor ciliary transport ∼460 (17)

GUCY2D Guanylate cyclase-1 Phototransduction ∼120 (18)

AIPL1 Aryl-hydrocarbon-interacting-protein-like 1 Phototransduction/protein

biosynthesis

∼43 (19)

RD3 Protein RD3 Protein trafficking ∼70 (20)

RPE65 Retinoid isomerase Retinoid cycle ∼65 (21)

RDH12 Retinol dehydrogenase 12 Retinoid cycle ∼38 (22)

LRAT Lecithin:retinol acyl transferase Retinoid cycle ∼25 (23)

other IRDs in which visual dysfunction results from rods
and cones death, RPE65-LCA patients retain viable cells
for years before significant degeneration becomes evident.
This structure-function dissociation makes RPE65-related
retinal dystrophies a particularly compelling target for gene
replacement strategies.

Proof of principle for retinal gene therapy came from the
pioneering studies conducted in the early 2000’s on a peculiar
canine model (127, 128). These preclinical studies employed
a subset of Briard dogs with a homozygous 4-bp deletion in
the RPE65 gene resulting in a premature stop codon, thereby
appearing to be an excellent spontaneous model for human
RPE65-related LCA (129). These studies reported, after a single
SRI of AAV-mediated RE65, an improvement in blue light
stimulated dark-adapted ERGs and cone flicker, pupillometry,
and VEP in the injected eyes and in qualitative behavioral
assessments in the treated dogs, which were stable 3 years after
the procedure (127, 128). Further evidence of the efficacy of
this approach came from the naturally Rpe65-mutated rd12
murine model and from the genetically built Rpe65−/− knockout
mouse (130, 131). Following the success of animal studies,
clinical trials were initiated in 2007 by groups from the UK
and the US (132–134), culminating in the first FDA- and
EMA-approved AAV-based retinal gene therapy drug, voretigene
neparvovec-rzyl (Luxturna) (135). Follow-up studies revealed
stable improvements in most patients, peaking at 6–12 months
after injection (136–138), but observational trials aimed at

evaluating the long-term effects of Luxturna are still ongoing
(NCT03602820, NCT01208389).

Gene Therapy in CEP290-LCA
The protein encoded by the CEP290 gene localizes to the
photoreceptor connecting cilium and, besides microtubule-
associated transport across the cilium, is required for
outer segment (OS) regeneration and phototrandusction.
The most common CEP290 mutation is the so called
IVS26 c.2991+1655A>G mutation (p.Cys998X), an adenine to
guanine point mutation located within intron 26 creating a novel
splice donor site, which results in the inclusion of a pseudoexon
in the mRNA and in the consequent creation of a premature
codon stop. This mutation has been addressed by means of two
innovative approaches.

The first strategy relies on a CRISPR/Cas9 system, called
EDIT-101, consisting of an AAV5 vector used to deliver the
Sthaphylococcus aureus Cas9 and CEP290-specific gRNAs with
no identified off-targets. EDIT-101, or a non-human primate
(NHP) surrogate vector, were shown to restore normal splicing
in vitro (in photoreceptor-containing retinal explants) and in vivo
(in mice and NHPs) with no serious adverse events (139).

The second strategy exploits the AON technology to remove
the 128-bp pseudoexon included in the IVS26-mutated CEP290
mRNA transcript. Preclinical evidence of the efficacy of the AON
designed to restore IVS26 splicing defects, called QR-110, came
from in vitro studies on LCA10 fibroblasts (140).
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In the wake of these results, IVI of this oligonucleotide was
successfully attempted in NHP s (141), finally reaching the
clinical setting with a phase I/II trial showing vision improvement
at 3 months with no complications in LCA type10 patients
treated with multiple doses of intravitreal QR-110 (142). A phase
II/III multiple-dose clinical trial is still ongoing and is aimed
at evaluating efficacy, safety, tolerability, and systemic exposure
of QR-110 administered via IVI in patients with LCA type 10
due to CEP290 c.2991+1655A>G mutation after 24 months of
treatment (NCT03913143).

Gene Therapy in Other Forms of LCA
Although so far only two LCA-associated genes have made it
to the human trial stage, for many other disease-causing genes,
including GUCY2D, CRB1, and RDH12, preclinical studies are
underway, showing promising results (143–148).

Gene Therapy in Retinitis Pigmentosa
The term RP refers to a heterogeneous group of IRDs, with
variable phenotypes—ranging from mild nyctalopia to total
blindness—and genotypes—with over 100 identified RP-causing
genes. All inheritance patterns are possible, including AD,
AR, or X-linked disorders, whereas maternal (mitochondrial)
inheritance is very rare in RP (149). The estimated prevalence
of this multiform condition is 1 in 3,000–7,000 individuals
(149, 150). In the initial stages, rod photoreceptors degenerate,
resulting in night blindness, with difficulty seeing in dim light
and adapting to changes in light sensitivity, and in visual
field (VF) constriction, starting from the mid-periphery and
extending toward the center, eventually leading to complete
loss of peripheral vision, the so-called “tunnel vision” (151).
With disease progression, also cones become affected and visual
acuity (VA) declines. From a clinical standpoint, the fundus
appearance of RP features a typical triad, consisting of attenuated
retinal vessels, intraretinal pigment deposits with a bone spicule
configuration, and optic disc pallor (Figure 1).

Though ERG has been long used to help diagnose and
monitor RP, nowadays multimodal imaging is of crucial
importance for both initial assessment and follow-up of RP
patients. Fundus autofluorescence (FAF), shows a coexistence
of hypoautofluorescent regions (correlated to the masking effect
of pigment deposits or to the presence of areas of RPE
atrophy) and hyperautofluorescent regions (usually in the form
of an hyperautofluorescent perifoveal ring) (152, 153). Optical
Coherence Tomography shows decreased thickness of the outer
nuclear layer (ONL) and loss of external limiting membrane
(ELM) and ellipsoid zone (EZ), all of which were shown to
correlate well with VF defects (154, 155). More recently, a novel
imaging technique, optical coherence tomography angiography
(OCTA), has been implemented to explore the existence and
potential clinical relevance of different retinal and choroidal
vascular patterns in RP patients (156, 157).

Considering the heterogeneity of RP, specific genetic features
and currently ongoing clinical trials will be discussed separately
for each relevant RP-associated gene.

FIGURE 1 | Multimodal imaging in RP. (A) Ultra-wide field retinography

displays the typical triad: optic disc pallor, vessel attenuation, and bone spicule

pigmentation. (B) Fundus autofluorescence shows the typical perifoveal ring of

hyperautofluorescence and multiple hypoautofluorescent regions,

corresponding to the pigment deposits, and to the areas of RPE atrophy. (C)

Blue fundus autofluorescence shows a petaloid hyperautofluorescent pattern,

compatible with a cystoid macular edema. (D) Structural OCT confirms the

presence of intraretinal cysts.

RHO-RP

Genetic Features
The rhodopsin (RHO) gene was the first identified RP-
causing gene (158, 159). Human RHO is a 6.7 kb-long
DNA sequence, containing five exons and mapping on the
long arm of chromosome 3 (3q22.1). It encodes rhodopsin,
a 348-aa light-sensitive G-protein coupled receptor (GPCR)
expressed from rod OSs disks. Rhodopsin is the protein that
initiates the phototransduction cascade upon absorption of
photons by its chromophore, 11-cis retinal. The vast majority
of RHO mutations show an AD inheritance pattern (RHO-
adRP), accounting for 25% of adRP cases and leading to RP
with a toxic gain-of-function or a dominant-negative effect of
the mutated protein (160). However, few recessively inherited
mutations are described and have been reported to cause a milder
phenotype (161).

Gene Therapy
As previously discussed (see Section 1: Basics concepts in retinal
gene therapy), IRDs related to a toxic gain-of-function cannot be
treated with a gene replacement approach. In these cases, in fact,
there is a double therapeutic goal of silencing the mutant allele
and increasing the wild type to mutant gene expression ratio.
These goals can be achieved in an allele-specific or in a mutation-
independent fashion, both of which have their pros and cons (see
Section 1: Basics concepts in retinal gene therapy). In Section 1:
Basics concepts in retinal gene therapy, we provided an overview
of the current gene therapy strategies, and we described the three
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main targets of gene silencing approaches, all of which have been
investigated in RHO-adRP, as reported in the excellent paper by
Meng et al. (162).

As far as DNA-based therapies are concerned, the
CRISPR/Cas9 system technology has been successfully applied to
animal models and human retinal explants of RHO-adRP, both
in an allele-specific (43–45) and in a mutation-independent way
(42, 163).

Post-transcriptional RNA-based silencing strategies have
perhaps been the most promising for RHO-adRP.

A dual vector short hairpin RNA (shRNA) suppression
and replacement therapeutic strategy for RHO-adRP, named
RHONova, proved to restore function and preserve morphology
in a murine model of the disease independently of the mutation
and received orphan drug designation in Europe and in the US,
although there has been no publicly available updates on its
clinical development (162–166). More recently, another RNAi-
based mutation-independent strategy has been attempted, this
time by means of a single AAV2/5 vector expressing both a
shRNA targeting human RHO and a healthy copy of the gene,
modified so as to be shRNA-resistant, with encouraging morpho-
functional results (167). Further preclinical studies are currently
being conducted on this gene therapy product candidate, now
called IC-100, with a phase 1/2 clinical trial expected to begin by
the end of 2021.

Antisense oligonucleotides have been used to promote allele-
specific knock-down of P23H-mutant mRNA in a murine model
of RHO-adRP, without affecting wild-type RHO expression. This
approach yielded excellent preclinical results and transitioned to
the clinical stage, with a phase 1/2 clinical trial currently ongoing
and is scheduled to conclude in October 2021.

Finally, transcriptional repression strategies have also been
attempted in the preclinical setting (83–85), as reported in
Section 1: Basics concepts in retinal gene therapy of this review.

RPGR-XLRP

Genetic Features
X-linked retinitis pigmentosa (XLRP) is responsible for 5–20%
of all RP cases. So far, three disease-causing genes have been
identified: RP GTPase Regulator (RPGR) at the RP3 locus,
retinitis pigmentosa 2 (RP2) at the RP2 locus and the oral-facial-
digital syndrome type 1 (OFD1) (168–170).

The RPGR gene, whose mutations account for 70–90% of
XLRP cases, encodes RPGR, a key protein in photoreceptor
ciliary function. RPGR transcripts undergo a complex splicing
process and generate constitutive variants, expressed by most
tissues, and ORF15 variants, which are highly specific for the
retina, by using alternative polyadenylation sites and splicing
sites (171, 172). While mutations in the exons unique to the
constitutive variant are almost exclusive of XLRP, mutations in
theORF15 exon, considered a mutational hot spot, are also found
in cone dystrophy (COD) and cone-rod dystrophy (CORD)
pedigrees (173).

X-linked retinitis pigmentosa is regarded as the most
aggressive genetic subtype of RP, with hemizygous males
exhibiting a particularly severe phenotype, characterized by
early onset and rapid progression, eventually resulting in legal

blindness by the end of the third decade of life. Heterozygous
female carriers usually show some degree of fundus and FAF
alterations, with an associated visual function that can range from
20/20 BCVA to no light perception (174–178). The variable extent
of retinal involvement in female carriers could be explained by
the dominant nature of some RPGR mutations or could be the
result of a random skewed X inactivation phenomenon.

Gene Therapy
X-linked retinitis pigmentosa is the IRD with the highest number
of ongoing gene therapy clinical trials, all of which rely on a
AAV-mediated gene replacement strategy.

Before it was possible to transition to the clinics, RPGR
canine models of XLRP (XLPRA1 and XLPRA2) treated
with subretinal AAV2/5 full-length human RPGRex1-ORF15
provided preclinical evidence of the beneficial effects of this
approach (179).

Moving on to the clinical setting, Nightstar
Therapeutics/Biogen recently published the initial results at
6 months of its phase 1/2 dose escalation trial (NCT03116113)
(180). Eighteen patients divided in six cohorts of three patients
received increasing concentrations of AAV8.coRPGR vector
(from 5 × 1,010 to 5 × 1,012 gp/ml) by means of a SRI.
The primary outcome of the study was safety and initial
results showed no significant concerns aside from subretinal
inflammation in patients at the higher doses, that resolved after
steroid treatment. Moreover, some secondary endpoints suggest
sustained reversal of VF loss.

Another ongoing phase 1/2 trial, sponsored by MeiraGTx,
is employing a SRI of an AAV2/5 vector as part of an open
label, non-randomized, dose-escalation intervention followed
by randomized dose confirmation against a control arm
(NCT03252847). The same company recently initiated a phase
3 trial (NCT04671433).

Applied Genetic Technologies Corp. is sponsoring a phase 1/2
clinical trial (NCT03316560) to evaluate the safety and efficacy
of SRI of rAAV2tYF-GRK1-RPGR and a phase 2/3 trial, which is
scheduled to begin in the second half of 2021 (NCT04850118).

Finally, 4D Molecular Therapeutics launched the first clinical
trial attempting to treat XLRP through a single intravitreal
delivery of 4D-125, a drug product developed for gene therapy,
which comprises an AAV capsid variant (4D-R100) carrying a
codon-optimized human RPGPR transgene (NCT04517149).

PDE6B-RP

Genetic Features
PDE6B encodes the beta-subunit of the rod cGMP-
phosphodiesterase, an enzyme that plays a key role during
phototransduction. Mutations in PDE6B cause 2–5% of
autosomal recessive retinitis pigmentosa (arRP) and rarely AD
congenital stationary night blindness (CSNB) (181, 182).

Gene Therapy
After preclinical evidence that intraocular administration of
the normal PDE6B gene preserved retinal morphology and
functions in a mouse model of RP, a phase 1/2 clinical trial
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for subretinal administration of AAV2/5-hPDE6B was recently
initiated (NCT03328130).

PDE6A-RP

Genetic Features
PDE6A encodes the alpha-subunit of the rod cGMP-
phosphodiesterase. The loss of this enzyme function leads
to chronically elevated cGMP levels, which cause an increased
calcium inflow into the cell and thereby the hyperactivation
of cell death pathways. Mutations in PDE6A cause 2–5% of
arRP (183).

Gene Therapy
Patients with biallelic mutations of the PDE6A genes usually
exhibit a mild to moderate phenotype, with an elevated degree
of symmetry between the two eyes and with a relatively slow
diseases course, though most patients have constricted VF by
their fourth decade of life (184). Considering these features,
PDE6A-related RP stands out as a compelling candidate for those
gene therapy approaches requiring viable rods.

At the end of 2020, a phase 1/2 clinical trial sponsored
by STZ eyetrial was commence and is currently open to
enrolment (NCT04611503).

RLBP1-RP

Genetic Features
RLBP1 (also known as CRALBP) encodes cellular retinaldehyde-
binding protein, which acts primarily as an acceptor of 11-
cis retinal during the isomerization step of the visual cycle.
Mutations in RLBP1 can cause three early-onset forms of arRP:
retinitis punctata albescens, characterized by round punctate
white deposits scattered throughout the entire retina in young
patients with progression to more severe phenotypes in older
individuals, Newfoundland rod-COD and Bothnia dystrophy,
the latter two associated with a more severe prognosis. RLBP1
mutations can also cause fundus albipunctatus, which is
considered as a subtype of CSNB (185–188).

Gene Therapy
Proof of concept of the efficacy of gene replacement in RLBP1-
related RP came from a study conducted on amouse model of the
disease, in which self-complementary AAV8 vector carrying the
gene for human RLBP1 under control of a short RLBP1 promoter
(scAAV8-pRLBP1-hRLBP1, or CPK850) was delivered via SRI,
resulting in an improved electroretinographic response (189).
The success of the preclinical study, followed by the publication
of non-clinical safety data by the same group of authors (190),
paved the way to clinical trials. To date, there is one ongoing
phase 1/2 trial opened for recruiting, aimed at exploring the
maximum tolerated dose, safety, and potential efficacy of CPK850
delivered through a single SRI. The trial is scheduled to end
in 2026.

MERTK-RP

Genetic Features
MERTK encodes the widely expressed tyrosine-protein kinase
Mer, a receptor tyrosine kinase involved in a signal transduction
pathway that regulates numerous cellular processes. In the retina,

FIGURE 2 | Multimodal imaging in a patient with a non-syndromic

USH2A-related form of RP. (A) Ultra-wide field retinography shows near

complete absence of pigment bone spicules. (B) Fundus autofluorescence

displays the typical perifoveal ring of hyperautofluorescence.

it is expressed in the RPE and it is involved in the phagocytosis
of rod OSs. MERTK mutations are responsible for arRP, with
onset within the second decade of life and progressive decline
of VA, which is often reduced to light perception before age 50
(191, 192).

Gene Therapy
An open-label, dose escalation phase 1 trial of AAV2-mediated
gene augmentation therapy for RP caused by MERTK mutation
was conducted in Saudi Arabia (193). The SRI of the vector was
not associated with major side effects, and 50% of patients (three
out of six) demonstrated improved VA, though only one of them
maintained this improvement after 2 years of follow-up.

Gene Therapy in Usher Syndrome (RP)
Usher syndrome is defined by the association of AR deafness
(most commonly congenital) and retinopathy indistinguishable
from typical RP (Figure 2). Usher syndrome is the most common
RP-associated syndrome, accounting for almost 20% of all RP
patients. Depending on the severity of the hearing loss, Usher
syndrome is divided into three clinical subtypes (194).

Usher syndrome type 1 (the most common form)
is characterized by profound, congenital sensorineural
deafness (with consequent prelingual deafness or severe
speech impairment), vestibular symptoms and childhood
onset retinopathy.
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Usher syndrome type 2 presents with congenital partial, non-
progressive deafness, absence of vestibular symptoms, andmilder
and later-onset retinopathy.

Finally, Usher syndrome type 3 is characterized by progressive
deafness starting in the second to fourth decade, adult-onset
retinopathy and hypermetropic astigmatism.

Genetic Features
To date, 16 genes associated to Usher syndrome have been
identified, two of which are good candidates for gene therapy and
deserve a more detailed description.

The first of such genes is MYO7A. MYO7A encodes
myosin VIIA, involved in in transport of melanosomes and
phagosomes along actin filaments in the RPE and of opsin
and other phototransduction proteins in photoreceptors (195).
Mutations in MYO7A are associated with Usher Syndrome type
1B (USH1B).

The second relevant gene is USH2A, which encodes usherin.
Mutations in USH2A, besides being the commonest association
with type 2 Usher syndrome (80%), are the most frequent cause
of AR non-syndromic RP (10–15%) (196–199). Clear genotype-
phenotype correlations for USH2A mutations are not easy to
establish. Generally, however, nonsense mutations, frameshifts
mutations, or canonical splice site mutations in USH2A, either
biallelic or combined with onemissense allele, are associated with
Usher syndrome type II, whereas the association of two missense
mutations tends to result in non-syndromic RP (200). Of note, a
peculiar feature of both non-syndromic and syndromic USH2A-
related retinopathy is the fact that fundoscopy generally shows
mild or no pigment deposits.

Gene Therapy
The MYO7A gene has 49 exons and spans approximately
87 kb of genomic sequence on chromosome 11q13.5, therefore
significantly exceeding the cargo capacity of AAV vectors. For
this reason, attempts have been made to deliver MYO7A in the
shaker1 mouse model of Usher syndrome type 1B by means
of UshStat, an EIAV lentiviral vector carrying the wild-type
gene (EIAV-CMV-MYO7A) (201). Later on, Sanofi sponsored
two phase 1/2 clinical trials, one of which is currently ongoing
(NCT02065011), while the other has been stopped not for safety
reasons (NCT01505062).

As far as USH2A is concerned, though being associated
with recessive IRDs, a number of factors, including poor
understanding of the physiological function of usherin and the
USH2A gene size (15 kb), stand in the way of gene replacement
strategies. Therefore, in order to develop an alternative approach,
great interest was focused on a subset of mutations on exon
13 resulting in aberrant pre-mRNA splicing, which leads to the
inclusion of a pseudoexon in the mature USH2A transcript.
Since exon 13 consists of a multiplier of three nucleotides,
skipping this exon does not disturb the open reading frame
and likely results in the synthesis of a shorter protein with
predicted residual function. This is the rationale behind the
employment of AONs in an AR IRD. Encouraging results came
from preclinical studies (73, 202) and ProQR Therapeutics
sponsored the STELLAR phase 1/2 clinical trial (NCT03780257),

FIGURE 3 | Multimodal imaging in CHM. (A) Ultra-wide field retinography

shows a widespread chorioretinal atrophy, with a central islet of retinal sparing.

(B) OCTA detects the sparing of the choriocapillaris vascular layer limited to

the central islet. (C) Fundus autofluorescence displaying a central

hyperautofluorescent region surrounded by hyporeflective atrophic tissue. (D)

Structural OCT scan passing shows chorioretinal atrophy and outer retinal

tubulations in the parafovea and a relative sparing of the photoreceptor layer in

the fovea.

whose purpose is to evaluate the safety and tolerability of a single
intravitreal administration of AONs (QR-421a) in subjects with
RP due to mutations in exon 13 of the USH2A gene. Enrolled
patients receive one single IVT injection of QR-421a or sham-
procedure in one eye (subject’s worse eye) and are then followed
up for 24 months. In March 2021, ProQR announced positive
results from clinical trial of QR-421a and planned to start two
phase 2/3 trials (SIRIUS and CELESTE).

Gene Therapy in Choroideremia
Choroideremia (CHM) is a rare XLR IRD, characterized by a
progressive, centripetal, retinal degeneration, with a prevalence
of 1:50,000 cases (203, 204). Vision loss progresses from
nyctalopia in childhood to VF constriction in early adulthood
and, ultimately, to legal blindness by the fifth decade of life
(205, 206). From a pathogenic standpoint, Müller cells are the site
of first damage, which is followed by outer retinal degeneration
and, finally, by inner retinal thinning (207). Multimodal imaging
findings include extended retinal hypoautofluorescence, with
exclusive sparing of a central islet that allows patients to retain a
good central vision. Structural OCT outside of this central region
usually shows complete outer retinal atrophy (i.e., involving
both photoreceptors and RPE cells), outer retinal tubulations
and thinning of inner retinal layers and choroid (208, 209).
Optical coherence tomography angiography displays an almost
preserved superficial capillary plexus and choriocapillaris, with
a significantly compromised deep capillary plexus (DCP), in the
central islet, surrounded by completely absent choriocapillaris in
the rest of the retina (210) (Figure 3).
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Genetic Features
Choroideremia is caused by mutations in the CHM gene,
which encodes component A of Rab geranylgeranyl-transferase,
referred to as Rab escort protein 1 (REP1), a keymediator of post-
translational lipidation (prenylation) and subcellular localization
of a family of intracellular protein trafficking regulators, known
as the Rab GTPases (211). The CHM gene is ubiquitously
expressed, but in most tissues, including adrenal gland, brain,
and thyroid, the homolog REP2 protein partially counterbalances
REP1 deficiency. The reasons why REP2 does not prevent
disease manifestation in the eye are yet to be elucidated. In rare
instances, CHM may be part of a contiguous gene syndrome
involving Xq21. Indeed, males with large interstitial deletions
of an additional X-chromosome portion, other than Xq21, may
develop CHM together with birth defects (cleft lip and palate
and agenesis of the corpus callosum) and severe cognitive
deficits (212). Moreover, previous reports described cases of
males with a small deletion of Xq21 presenting with CHM,
mixed sensorineural and conductive hearing deficits (in case of
deletion of POU3F4), and varying degrees of cognitive deficits
(in case of deletion of RSK4) (213). In addition, a previous
report described the case of a female patient affected by CHM,
sensorineural deafness, and primary ovarian failure secondary
to a balanced X-4 translocation (214). A large study, involving
more than 70 patients affected by this disease, reported a 94%
rate of identification of a CHM mutation (204). Mutations
of uncertain significance included non-contiguous duplications,
insertion, deletion, point mutations, and aberrant splicing (204).
It is worth of notice the absence of disease-causing missense
mutations, in contrast to the majority of human genetic diseases,
which are mainly determined by such mutations (204). To date,
no defined genotype–phenotype correlation has been identified
for CHM.

Gene Therapy
Choroideremia is a promising candidate for gene therapy since
the 1.9 kb CHM cDNA is small enough to fit the size capacity
of AAV vectors. Preclinical proof-of-concept studies on the
feasibility of CHM gene replacement have been conducted both
in vitro, by inducing the CHM gene in pluripotent stem cells
(iPSCs) from patients with CHM, and in vivo, by delivering
the AAV2-CHM virus in normal sighted mice and zebrafish,
with no evidence of toxicity (215, 216), paving the way to
clinical trials on CHM patients. The results of the first-in-
human clinical trial date back to 2014, when MacLaren et al.
reported phase I safety and efficacy data on six patients treated
with low-dose subretinal AAV2-REP administered subfoveally,
demonstrating an improvement in BCVA and retinal sensitivity
for up to 3.5 years after treatment (217). These findings were
confirmed by the 24-month data coming from the phase II
trial (218). Less encouraging results came from another phase
I clinical trial using the same vector at higher doses in six
patients, since one of the six untreated eyes exhibited an
improvement of >15 ETDRS letters, prompting the authors to
conclude that VA should not be used as a primary outcome
measure for future CHM gene therapy trials (219). So far, several
clinical trials employing SRI of AAV2.REP1 have been conducted

(NCT02671539, NCT02077361, NCT02553135, NCT02341807,
NCT03496012). Combining together their results, overall 40
patients have been treated with a median gain of 1.5 ±7.2 SD
in ETDRS letters, highly variable between the different trials
(220). Although some issues still need to be addresses, such
as the identification of proper endpoints and the development
of safety enhancements to facilitate subretinal gene delivery,
gene therapy for CHM has reached phase III clinical trials,
providing real promise for patients. It is worth of notice the
launch of the first phase I CHM clinical trial aimed at evaluating
safety, tolerability, and preliminary efficacy of a single IVI of a
rAAV gene therapy, 4D-110, in male patients with genetically
confirmed CHM (NCT04483440).

Gene Therapy in X-Linked Retinoschisis
X-linked retinoschisis is an IRD caused by mutations in the RS1
gene on Xp22.1. With an estimated prevalence ranging between 1
in 15,000 and 1 in 30,000, it is themost common form of juvenile-
onset retinal degeneration inmales, whereas heterozygous female
carriers usually do not display any symptoms (221, 222). From a
clinical standpoint, the typical feature of the disease, present in
98–100% of cases, is the foveal schisis, often seen as a spokewheel
pattern of folds radiating out from the fovea, with peripheral
retinoschisis being encountered in about 50% of patients (223–
225) (Figure 4). Visual acuity generally starts declining in the
first two decades of life, followed by a very slow progression of
macular atrophy until the fifth or sixth decade, with possible
evolution to legal blindness (226, 227). However, patients may
also have a better prognosis, as long as the most common
complications (i.e., retinal detachment and vitreous hemorrhage)
do not occur.

Electroretinography is helpful in the diagnosis of XLRS,
since there is a typically reduced b-wave amplitude, with a
relatively preserved a-wave amplitude (the so-called “negative”
waveform) (228).

Multimodal imaging findings include visualization of macular
schisis on structural OCT and detection of foveal vascular
impairment at the DCP level upon OCTA (229).

Genetic Features
RS1 encodes retinoschisin, a secretory protein exclusively
expressed in retinal photoreceptors and bipolar cells, that
can however be detected in all neuroretinal layers (230–232).
Retinoschisin is found in a homo-oligomeric forms and, more
specifically, it is an octamer made up of eight identical discoidin
domains joined by intramolecular disulphide bonds (233).
Mutations in the RS1 sequence disrupt subunit assembly, thus
interfering with retinoschin’s role in retinal cell adhesion and
organization of retinal architecture (233, 234).

Gene Therapy
Preclinical studies have shown that IVI administration of
AAV8-scRS/IBPhRS vector, as well as SRI of the AAV5-mOPs-
RS1 resulted in significant morpho-functional improvement in
the retinoschisin knockout (Rs1-KO) mouse, with evidence of
good tolerability in rabbits (235–238). Building upon these
encouraging results, two phase 1/2 trials were initiated with
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FIGURE 4 | Multimodal imaging in X-linked retinoschisis. (A) Combined

infrared reflectance imaging and structural OCT. Note the spokewheel pattern

of folds radiating out from the fovea, which corresponds to the foveal schitic

cavities seen on structural OCT. (B) Fundus autofluorescence also shows the

spokewheel pattern due to the overlying foveal schisis.

different constructs, administered via IVI, since XLRS is an inner
retinal pathology. For the first of such trials (NCT02317887),
sponsored by the National Eye Institute (NEI), employing AAV8-
scRS/IRBPhRS in adults (≥18 years old), promising initial
findings have already been reported (239). The second trial
(NCT02416622) uses rAAV2tYF-CHhRS1, intravitreally injected
in adults (≥18 years old) in the first dose-escalation phase, with
subsequent enrolment of individuals ≥6 years of age, after the
maximum tolerated dose is identified.

Gene Therapy in Stargardt Disease
Stargardt disease, the most common hereditary macular
dystrophy, is characterized by a progressive, centrifugal,
macular degeneration, associated with different patterns
of peripheral retinal alterations (240). The prevalence
is of 1:8,000–10,000 individuals (240). From a clinical
standpoint, one of the most typical findings in STGD are
flecks, namely debris accumulations resulting from the
progressive degeneration of RPE cells. Flecks have been
described as hyperautofluorescent, corresponding to lipofuscin
accumulations, and hypoautofluorescent, resulting from
debris absorption and outer retinal atrophy onset (241).
Other fundus findings include complete hypoautofluorescent
central atrophy, surrounded by a halo of patchy, mottled
hypoautofluorescence (242) (Figure 5). More recently,
different STGD patterns have been described, characterized
by progressively wider involvement of mid and extreme
retinal periphery, as assessed by ultrawide field imaging

FIGURE 5 | Multimodal imaging in Stargardt disease. (A) Ultra-wide field

retinography shows numerous flecks inside and outside of the vascular

arcades. (B) Ultra-wide field fundus autofluorescence displays the flecks as

mixed hypo- and hyper-autofluorescent dots and shows an area of central

atrophy, better highlighted by 30◦ fundus autofluorescence (C). (D) Structural

OCT shows chorioretinal atrophy and clumping of hyperreflective

lipofuscin-rich material corresponding to flecks.

(243). Furthermore, quantitative multimodal imaging and
OCTA allowed to categorize STGD eyes accordingly to the
amount of involvement of the retinal vascular and choroidal
networks, highlighting different morpho-functional features and
progression rates (156, 244, 245).

Genetic Features
Stargardt disease can be distinguished in three different
forms: (I) STGD1, the most common form, displays an AR
homozygous or compound heterozygous transmission and is
caused by mutations in the ABCA4 gene; (II) STGD3, which
is determined by AD mutations in the ELOVL4 gene; (III)
STGD4, a rare AD form associated with mutations in the
PROM1 gene.

ABCA4, whose mutations are responsible for STGD1,
is a 150 kb gene encoding an ATP-binding cassette
transporter localized along the rims of photoreceptor
OSs (246). This ATP-dependent flippase importer
transports phosphatidylethanolamine (PE) and the all-
trans-retinal (atRAL)/PE Schiff base (N-Ret-PE) into the
cytosol, where atRAL is converted to all-trans-retinol
(atROL) by retinol dehydrogenase RDH8 and RDH12.
The absence of ABCA4 results in the accumulation of
photo-toxic bisretinoids (A2E) with lipofuscin buildup in
the RPE.

STGD3-causing ELOVL4 gene contains six exons and
plays a fundamental role in the synthesis of very long-chain
polyunsaturated fatty acids (247).

Finally, the PROM1 gene contains 23 exons distributed within
a genomic sequence of more than 50 kb and encodes a protein
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involved in the organization of the plasma membrane and in the
biogenesis of photoreceptor disks (248).

Genotype-phenotype correlations are challenging due
to the heterogeneous disease manifestations. The most
common genotypic classification includes three groups:
genotype A (carriers of two or more deleterious variants);
genotype B (one deleterious variant and >1 missense
or in-frame insertion/deletion variants); genotype C
(two or more missense or in-frame insertion or null
variants) (249). Previous investigations highlighted how
deleterious variants tend to be associated with more
aggressive forms of the disease, while missense mutations
yield to milder phenotypes (249–252). On the other
hand, null alleles result in more severe STGD forms
with an earlier onset (253). Other causes of severe
phenotypes include truncating and severely misfolding
mutations, deletions, stop codons, and insertions (254, 255).
Furthermore, hypomorphic and deep intronic variants
influencing the splicing process, have been also described
(72, 256–258).

Gene Therapy
The main obstacles to the development of gene therapy
approaches for STGD regard the dimension of the ABCA4
gene, whose coding sequence exceeds the cargo capacity of
AAV, and the extreme complexity of deleterious variants, as
previously described.

In the wake of the success of animal studies using lentiviral
gene therapy to deliver the corrected ABCA4 gene (259),
starting from 2011, Sanofi sponsored a phase I/II clinical trial
(NCT01367444) to test the efficacy of a SRI of SAR422459, a
recombinant lentiviral vector (EIAV) transporting a modified
form of the ABCA4 gene. Notwithstanding the encouraging
preliminary findings, in 2020, the sponsor decided to stop
development of the product for non-safety reasons.

In 2019, the Applied Genetic Technologies Corporation
announced the development of a hybrid AAV dual vector
and published preclinical data supporting the potential of this
technology in STGD (260).

More recently, promising results have been reported in
animal models with a non-viral technique relying on subretinal
delivery of self-assembled NPs (261, 262). Compared to viral
vectors, non-viral delivery systems have unlimited payload, low
immunogenicity, and minimal side effects, features that may
allow to circumvent the obstacles which are currently standing
in the way of STGD gene therapy (263).

Gene Therapy in Achromatopsia
Achromatopsia (ACHM) is an AR cone dysfunction affecting
approximately 1 in 30,000 individuals (264, 265). Achromatopsia
is a phenotypically and genotypically heterogeneous disease
that can present in a complete or incomplete form. Complete
ACHM is characterized by a totally abolished cone function,
with a BCVA that is usually no >20/200 and with a total
absence of color perception. In incomplete ACHM, residual
cone function is present and patients have a higher VA and
some degree of color discrimination (266). Prominent features

of both complete and incomplete ACHM include photophobia,
pendular nystagmus, central scotomata and high refractive
(usually hypermetropic) errors (266). Electroretinography shows
non-recordable cone-mediated responses with normal o near-
normal rod responses (267). Fundus examination is normal
or features non-specific alterations, such as central pigment
mottling or attenuation of foveal reflex (268). On OCT, ACHM
patients may display a variable phenotype, ranging from a
normal to disrupted or absent EZ, which can sometimes be
replaced by a hyporeflective cavitation, to complete outer retinal
atrophy including the RPE (269). Fundus autofluorescence can
be normal or show hyperautofluorescence, usually in zones
of preserved EZ and likely preceding photoreceptor loss, or
hypoautofluorescence, localized to areas of photoreceptor loss
or RPE atrophy (270). Interestingly, adaptive optics scanning
laser ophthalmoscopy (AOSLO) has shown the presence of
cones in all ACHM patients, albeit reduced in number and
with a highly variable density, regardless of OCT appearance,
including areas of absent EZ reflectivity (271). This has important
applications when it comes to patient selection for gene
therapy trials.

Genetic Features
Mutations in six genes are responsible for over 90%
of all ACHM cases, five of which are involved in the
phototransduction process.

CNGA3 and CNGB3, encoding for the a- and b-subunit of
the cyclic nucleotide-gated (CNG) cation channel 3 found in
cones OSs, together account for 70–80% of cases of ACHM
worldwide (272).

GNAT2 encodes the catalytic a-subunit of the G-protein
transducin and is responsible for an infrequent form (<2%) of
ACHM (273).

Equally rare subtypes are those caused by mutations in
the PDE6C and PDE6H gene, encoding for the catalytic
a- and inhibitory g-subunits of the photoreceptor-specific
phosphodiesterase (274, 275).

Most recently, ATF6 has been identified as a sixth
ACHM-associated gene. ATF6 encodes a transmembrane
TFs ubiquitously expressed and involved in endoplasmic
reticulum homeostasis (276). The frequent finding
of foveal hypoplasia in ATF6-ACHM lead to the
suggestion that this gene may be crucial for foveal
development (276).

Gene Therapy
Promising preclinical results have been reported for
ACHM caused by mutations in the CNGA3, CNB3,
and GNAT2 genes. Taken together, these studies, which
have been conducted on knock-out mouse models and
naturally occurring mouse, sheep, and canine models,
suggest that gene replacement approaches are effective
and durable in ACHM, especially if administered early in
life (277–284).

Other than for these encouraging data, ACHM seems
particularly suited for gene augmentation for a number of
reasons, including the presence of viable cones in all patients,
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TABLE 2 | Clinical trials on IRDs.

N Trial ID Study title Disease Drug Start date Stop date Phase Status

1 NCT03913143 Double-masked, randomized, controlled,

multiple-dose study to evaluate efficacy, safety,

tolerability, and syst. exposure of QR-110 in Leber’s

congenital amaurosis (LCA) due to

C.2991+1655A>G mutation (p.Cys998X) in the

CEP290 gene

Leber

congenital

amaurosis

Sepofarsen

(QR-110)

2019 Ongoing Phase I/II Active, not

recruiting

2 NCT02556736 Phase I/IIA, open-label, dose-escalation study of

safety, and tolerability of intravitreal RST-001 in

patients with advanced retinitis pigmentosa (RP)

Retinitis

pigmentosa

RST-001 2015 Ongoing Phase I/II Active, not

recruiting

3 NCT03326336 A phase 1/2a, open-label, non-randomized,

dose-escalation study to evaluate the safety, and

tolerability of GS030 in subjects with retinitis

pigmentosa

Retinitis

pigmentosa

GS030-DP 2017 Ongoing Phase I/II Recruiting

4 NCT04278131 Phase 1/2, safety, and efficacy trial of BS01, a

recombinant adeno-associated virus vector

expressing chronosFP in patients with retinitis

pigmentosa

Retinitis

pigmentosa

BS01 2020 Ongoing Phase I/II Recruiting

5 NCT04919473 A phase I/IIa open label, dose-escalation study to

evaluate the safety, and tolerability of intravitreal

vMCO-I in patients with advanced retinitis

pigmentosa

Retinitis

pigmentosa

vMCO-I 2019 2020 Phase I/II Completed

6 NCT03602820 A long-term follow-up study in subjects who

received an adenovirus-associated viral vector

serotype 2 containing the human RPE65 gene

(AAV2-hRPE65v2, voretigene neparvovec-rzyl)

administered via subretinal injection

Leber

congenital

amaurosis

AAV2-

hRPE65v2

2015 Ongoing N/A Active, not

recruiting

7 NCT01208389 A follow-on study to evaluate the safety of

re-administration of adeno-associated viral vector

containing the gene for human RPE65

[AAV2-hRPE65v2] to the contralateral eye in

subjects with leber congenital amaurosis (LCA)

previously enrolled in a phase 1 study

Leber

congenital

amaurosis

AAV2-

hRPE65v2

2010 Ongoing Phase I/II Active, not

recruiting

8 NCT03913143 Double-masked, randomized, controlled,

multiple-dose study to evaluate efficacy, safety,

tolerability, and syst. exposure of QR-110 in Leber’s

congenital amaurosis (LCA) due to

c.2991+1655A>G mutation (p.Cys998X) in the

CEP290 gene

Leber

Congenital

Amaurosis

Sepofarsen

(QR-110)

2019 Ongoing Phase II/III Active, not

recruiting

9 NCT03116113 A dose escalation (phase 1), and dose expansion

(phase 2/3) clinical trial of retinal gene therapy for

X-linked retinitis pigmentosa using an

adeno-associated viral vector (AAV8) encoding

retinitis pigmentosa GTPase regulator (RPGR)

Retinitis

pigmentosa

BIIB112 2017 2020 Phase I/II Completed

10 NCT03252847 An open label, multi-center, phase I/II dose

escalation trial of a recombinant adeno-associated

virus vector (AAV2-.RPGR) for gene therapy of

adults and children with X-linked retinitis

pigmentosa owing to defects in retinitis pigmentosa

GTPase regulator (RPGR)

Retinitis

pigmentosa

AAV2/5-

RPGR

2017 Ongoing Phase I/II Active, not

recruiting

11 NCT04671433 Phase 3 randomized, controlled study of

AAV5-RPGR for the treatment of X-linked retinitis

pigmentosa associated with variants in the RPGR

gene

Retinitis

pigmentosa

AAV5-RPGR 2021 Ongoing Phase III Recruiting

12 NCT03316560 A phase 1/2 open-label dose escalation study to

evaluate the safety and efficacy of AGTC-501

(rAAV2tYF-GRK1-RPGR) and a phase 2

randomized, controlled, masked, multi-center study

comparing two doses of AGTC-501 in male

subjects with x-linked retinitis pigmentosa confirmed

by a pathogenic variant in the RPGR gene

Retinitis

pigmentosa

rAAV2tYF-

GRK1-RPGR

2018 Ongoing Phase I/II Recruiting

(Continued)
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TABLE 2 | Continued

N Trial ID Study title Disease Drug Start date Stop date Phase Status

13 NCT04850118 A phase 2/3, randomized, controlled, masked,

multi-center study to evaluate the efficacy, safety,

and tolerability of two doses of AGTC-501, a

Recombinant adeno-associated virus vector

expressing RPGR (rAAV2tYF-GRK1-RPGR),

compared to an untreated control group in male

subjects with X-linked Retinitis pigmentosa

confirmed by a pathogenic variant in the RPGR gene

Retinitis

pigmentosa

rAAV2tYF-

GRK1-

hRPGRco

2021 Ongoing Phase II/III Not yet

recruiting

14 NCT04517149 An open-label, phase 1/2 trial of gene therapy

4D-125 in males with X-linked retinitis pigmentosa

(XLRP) caused by mutations in the RPGR gene

Retinitis

pigmentosa

4D-125 2020 Ongoing Phase I/II Recruiting

15 NCT03328130 Safety and efficacy of a unilateral subretinal

administration of HORA-PDE6B in patients with

retinitis pigmentosa harboring mutations in the

PDE6B gene leading to a defect in PDE6ß

expression

Retinitis

pigmentosa

AAV2/5-

hPDE6B

2017 Ongoing Phase I/II Recruiting

16 NCT04611503 PIGMENT—PDE6A gene therapy for retinitis

pigmentosa

Retinitis

pigmentosa

rAAV.hPDE6A 2019 Ongoing Phase I/II Recruiting

17 NCT02065011 An open-label study to determine the long-term

safety, tolerability, and biological activity of

SAR421869 in patients with usher syndrome type

1B

Retinitis

pigmentosa

SAR421869 2013 Ongoing Phase I/II Active, not

recruiting

18 NCT01505062 A phase I/IIA dose escalation safety study of

subretinally injected SAR421869, administered to

patients with retinitis pigmentosa associated with

usher syndrome type 1B

Retinitis

pigmentosa

SAR421869 2012 2019 Phase I/II Terminated

for

non-safety

reasons

19 NCT03780257 A first-in-human study to evaluate the safety and

tolerability of QR-421a in subjects with retinitis

pigmentosa (RP) due to mutations in exon 13 of the

USH2A gene

Retinitis

Pigmentosa

QR-421a 2019 Ongoing Phase I/II Active, not

recruiting

20 NCT02671539 THOR—tübingen choroideremia gene therapy trial

open label phase 2 clinical trial using an

adeno-associated viral vector (AAV2) encoding

rab-escort protein 1 (REP1)

Choroideremia rAAV2.REP1 2016 2018 Phase II Completed

21 NCT02077361 An open label clinical trial of retinal gene therapy for

choroideremia using an adeno-associated viral

vector (AAV2) encoding Rab-escort protein-1 (REP1)

Choroideremia rAAV2.REP1 2015 Ongoing Phase I/II Active, not

recruiting

22 NCT02553135 An open label phase 2 clinical trial of retinal gene

therapy for choroideremia using an

adeno-associated viral vector (AAV2) encoding

Rab-escort protein 1 (REP1)

Choroideremia AAV2-REP1 2015 2018 Phase II Completed

23 NCT02341807 A phase 1/2 safety study in subjects with CHM

(choroideremia) gene mutations using an

adeno-associated virus serotype 2 vector to deliver

the normal human CHM gene [AAV2-hCHM] to the

retina

Choroideremia AAV2-hCHM 2015 Ongoing Phase I/II Active, not

recruiting

24 NCT03496012 A randomized, open label, outcomes-assessor

masked, prospective, parallel controlled group,

phase 3 clinical trial of retinal gene therapy for

choroideremia using an adeno-associated viral

vector (AAV2) encoding Rab escort protein 1 (REP1)

Choroideremia AAV2-REP1 2017 2020 Phase III Completed

25 NCT04483440 Phase 1 Open-label, dose-escalation study of the

safety, tolerability, and preliminary efficacy of

intravitreal 4D-110 in patients with choroideremia

Choroideremia 4D-110 2020 Ongoing Phase I Recruiting

26 NCT02317887 A phase I/IIa study of RS1 ocular gene transfer for

X-linked retinoschisis

X-linked

retinoschisis

RS1 AAV 2015 Ongoing Phase I/II Recruiting

27 NCT02416622 A multiple-site, phase 1/2, safety, and efficacy trial

of a recombinant adeno-associated virus vector

expressing retinoschisin (rAAV2tYF-CB-hRS1) in

patients with X-linked retinoschisis

X-linked

retinoschisis

rAAV2tYF-

CB-hRS1

2015 Ongoing Phase I/II Active, not

recruiting

(Continued)
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TABLE 2 | Continued

N Trial ID Study title Disease Drug Start date Stop date Phase Status

28 NCT01367444 A phase I/IIA dose escalation safety study of

subretinally injected SAR422459, administered to

patients with Stargardt’s macular degeneration

Stargardt’s

disease

SAR422459 2011 2019 Phase I/II Terminated

for

non-safety

reasons

29 NCT02610582 Safety and efficacy of a bilateral single subretinal

injection of rAAV.hCNGA3 in adult and minor

patients with CNGA3-linked achromatopsia

investigated in a randomized, wait list controlled,

observer-masked trial

Achromatopsia rAAV.hCNGA3 2015 Ongoing Phase I/II Recruiting

30 NCT02935517 A multiple-site, phase 1/2, safety, and efficacy trial

of AGTC 402, a recombinant adeno-associated

virus vector expressing CNGA3, in patients with

congenital achromatopsia caused by mutations in

the CNGA3 gene

Achromatopsia AGTC-402 2017 Ongoing Phase I/II Recruiting

31 NCT03001310 An open label, multi-center, phase I/II dose

escalation trial of a recombinant adeno-associated

virus vector (AAV2/8-hCARp.hCNGB3) for gene

therapy of adults and children with achromatopsia

owing to defects in CNGB3

Achromatopsia AAV-CNGB3 2017 2019 Phase I/II Completed

32 NCT02599922 A multiple-site, phase 1/2, safety, and efficacy trial

of a recombinant adeno-associated virus vector

expressing CNGB3 in patients with congenital

achromatopsia caused by mutations in the CNGB3

Gene

Achromatopsia rAAV2tYF-

PR1.7-

hCNGB3

2016 Ongoing Phase I/II Recruiting

The list follows the order of appearance in the manuscript (from https://clinicaltrials.gov/).

as demonstrated by means of AOSLO, and its stationary or
slowly progressive nature, which provides a wide window
of opportunity.

The first phase I/II clinical trial commenced in November
2015 (NCT02610582) in Germany to assess the safety and efficacy
of SRI of rAAV.hCNGA3 in patients with CNGA3-ACHM, using
a dose-escalation protocol. Short after, another phase I/II clinical
trial for CNGA-related ACHM (NCT02935517) was initiated in
the US and in Israel and is still ongoing.

As far as CNGB3-ACHM is concerned, a phase I/II dose-
escalation trial has been conducted in the UK (NCT03001310)
to test the efficacy and safety of subretinal delivery of AAV2/8-
hCARp.hCNGB3 and another similar multicentric phase I/II trial
is still ongoing in the US and in Israel (NCT02599922).

Final Remarks
In the present review, we tried to resume all the relevant
findings and the present status of gene therapy in IRDs. On
the basis of the above-described data (all the quoted clinical
trials are listed in Table 2), a clinically applicable gene therapy
represents a tangible perspective more than a still far target.
Some IRDs seem to be closer to an upcoming definitive gene
therapy treatment, whereas further studies are warranted for
other ones. Overall considering all the techniques and approaches
under investigation, the main current limitations include the
safety profile of gene therapy, especially regarding the surgically-
related risks for the retina, and sometimes the need of repeated
treatments. The intravitreal route of administration might
provide higher safety and feasibility profiles, although limiting

the penetration of the treatment and drug concentrations
effectively reaching retinal targets, if compared with subretinal
approaches, turning out to be powerful but potentially riskier.
Furthermore, it is known that each IRD may be characterized
by extremely heterogeneous genotypic-phenotypic relationship.
This is quite challenging to be evaluated both in clinical
practice and in research contexts. We may assume that the
different phenotypic expression of the mutated gene might
have an influence not only on the morpho-functional status
of the patients, but also on the clinical effect of gene therapy.
From this point of view, future prospective studies should
be focused on deeper assessments of genotypic-phenotypic
features of each IRD, on new classification strategies and on the
meanings that these advances in knowledge might have on gene
therapy planning.

Conclusions
Inherited retinal diseases are significantly disabling conditions
affecting young, working-age populations. Despite the provision
of low-vision aids and assistance from specialist services, to date
the management of these disorders remains largely suboptimal
and the development of definitive therapies should be regarded
as a priority. Based on preclinical data and on an ever-growing
body of clinical evidence, gene-based strategies can now be
looked at with cautious optimism. However, whilst gene therapy
holds great hope for the treatment of a wide range of IRDs
in the future, there are caveats to be considered, which are
mainly related to the careful selection of appropriate target
diseases, patients, and outcome measures and to the surgical
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challenges of vector delivery. Natural history studies, long term
follow-up of treated patients and advances in the field of genetic
testing and molecular diagnostics are among the lines of research
that can be pursued to address these issues and to expand
the spectrum of IRDs that can be treated with this potentially
revolutionary approach.
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Background: Since the advent of 27-gauge microincision vitrectomy system a decade

ago, evidence regarding the feasibility, safety, and effectiveness of 27-gauge pars plana

vitrectomy (PPV) has increased.

Aim: To assess the effectiveness and safety profile of 27-gauge PPV for various

vitreoretinal conditions associated with uveitis.

Methods: We retrospectively investigated 73 consecutive cases that underwent primary

27-gauge PPV for uveitis-related ocular disorders between October 2014 and April 2021.

The primary outcome measures were mean change in logMAR best-corrected decimal

visual acuity (BCVA) pre-operatively to 3 months post-operatively, the proportion of BCVA

improvement category defined as the degree of logMAR BCVA difference (“improved”

[≤−0.3], “unchanged” [−0.3 to 0.3], and “worsened” [≥0.3]) pre-operatively to 3 months

post-operatively, the mean change in intraocular inflammation scores pre-operatively to

3 months post-operatively; and intraoperative and post-operative complications.

Results: The mean logMAR BCVA significantly improved from 0.69 pre-operatively to

0.42 at 3 months post-operatively (P= 0.017). The percentages of eyes with “improved,”

“unchanged,” and “worsened” BCVA at 3 months post-operatively were 37, 50, and

13%, respectively. The mean anterior chamber cell score was 0.6 pre-operatively and 0.2

at 3 months post-operatively (P= 0.001), the mean anterior chamber flare score was 0.4

pre-operatively and 0.1 at 3 months post-operatively (P = 0.004), and the mean vitreous

haze score was 1.9 pre-operatively and 0.1 at 3 months post-operatively (P < 0.001).

Surgery-related complications occurred in 35 (48%) eyes, 68% of which were related to

intraocular pressure and transient.

Conclusions: Given its risk–benefit profile, 27-gauge PPV is a promising option for the

treatment of vitreoretinal disorders in uveitis.

Keywords: uveitis, 27-gauge, vitrectomy, visual acuity, inflammation, complication
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INTRODUCTION

Medical therapy is the cornerstone for the management of
uveitis, a potentially sight-threatening intraocular inflammatory
disorder (1, 2). However, pars plana vitrectomy (PPV) may be
performed when medical therapy fails, secondary vitreoretinal
complications develop, or diagnostic vitreous/retinal sampling
is necessary (3–12). The benefits of PPV in eyes with uveitis
chiefly stem from the removal of vitreous gel and abnormal
tissues that cause media opacification, intraocular accumulation
of inflammatory mediators, and/or retinal complications (12).
However, the surgical stress associated with PPV increases
the risk of intraoperative and post-operative complications in
inflamed eyes (7, 12, 13). Therefore, balancing benefits with
risks has become the primary concern when performing PPV for
uveitis (12, 14, 15).

The microincision vitrectomy system (MIVS), first appeared
as 25-gauge PPV, was developed nearly two decades ago (16) and
has gradually become the standard surgical platform for various
indications, including uveitis-related vitreoretinal disorders (8,
9). Recent technological advances have enabled PPV using 27-
gauge instruments (27-gauge PPV) as Oshima and associates
documented in 2010 (17). This smaller-gauge instrumentation
can enhance the advantages of MIVS, such as reduced patient
discomfort, minimal scarring, and rapid recovery of vision
post-operatively. Thus far, many researchers have reported the
feasibility, safety, and efficiency of 27-gauge PPV (17–24). Given
its less invasive nature, 27-gauge PPV should be suitable for
vitreoretinal disorders secondary to uveitis. However, to the best
of our knowledge, the usefulness of 27-PPV for eyes with uveitis
remains unknown. To address this research gap, this study aimed
to assess the effectiveness and safety profile of 27-gauge PPV for
various vitreoretinal conditions associated with uveitis.

MATERIALS AND METHODS

Study Design and Patients
This single-center retrospective study was approved by the
institutional review board of the Kobe University Graduate
School of Medicine (permission number: 170115) and adhered
to the tenets of the Declaration of Helsinki for research
involving human subjects. Informed consent was not obtained
from patients due to the retrospective, observational nature
of this study. However, patients were able to withdraw their
consent anytime through the opt-out choice provided on the
hospital homepage.

We reviewed the medical records of 73 consecutive eyes from
73 patients who underwent primary 27-gauge PPV for uveitis-
related ocular disorders between October 2014 and April 2021
at Kobe University Hospital. Patients with a history of 27-gauge
PPV for the fellow eye were excluded (n = 13) to evade inter-
eye correlation in statistical analyses. The collected data included
the following: age, sex, laterality of the operated eye, anatomical
type of uveitis, cause of uveitis, lens status, best-corrected
decimal visual acuity (BCVA) (converted to the logarithm of the
minimum angle of resolution [logMAR] for analysis), intraocular
pressure, anterior chamber cell, anterior chamber flare, vitreous

haze, presence or absence of retinal and/or choroidal lesion,
purpose of surgery, date of surgery, concomitant cataract surgery,
tamponade agent, surgical time, complications, and final visit
date. Intraocular inflammation scoring for the anterior chamber
cell, anterior chamber flare, and vitreous haze was carried out
according to the National Eye Institute criteria adapted by the
Standardization of Uveitis Nomenclature Working Group (25).

Surgical Technique
All surgeries were performed by two experienced surgeons (SK
and HI). All patients received local anesthesia consisting of 4%
lidocaine eye drops and sub-Tenon injection of ∼4mL of 2%
lidocaine or 0.75% ropivacaine hydrochloride. General anesthesia
was performed as necessary. Patients’ skin and ocular surfaces
were disinfected using 5% povidone-iodine and eight-fold diluted
PA · IODO Ophthalmic and Eye washing Solution Disinfection
(Nitten Pharmaceutical Co., Nagoya, Japan). The Constellation
Vision System (Alcon Laboratories, Inc., Fort Worth, TX,
USA) combined with a 27+ Combined Procedure Pak (Alcon
Laboratories, Inc.) and a wide-angle non-contact viewing system
(Resight 500 or 700, Carl Zeiss Meditec AG, Jena, Germany) were
used for all surgeries. A 27G Oshima Vivid chandelier (Bausch
and Lomb, St. Louis, MO) was utilized for illumination as needed.
Combined cataract surgery, phacoemulsification, and intraocular
lens implantation were performed using the Constellation Vision
System (Alcon Laboratories) as needed. We routinely removed
as much vitreous gel as possible irrespective of the purpose of
the surgery.

Outcomes
The primary outcome measures were mean change in logMAR
BCVA pre-operatively to 3 months post-operatively, the
proportion of BCVA improvement category defined as the degree
of logMAR BCVA difference (“improved” [≤−0.3], “unchanged”
[−0.3 to 0.3], “worsened” [≥0.3]) pre-operatively to 3 months
post-operatively, the mean changes in intraocular inflammation
scores pre-operatively to 3 months post-operatively, and
intraoperative and post-operative complications.

Statistical Analyses
All statistical analyses were carried out as complete case analyses;
cases with any missing data were excluded from analysis at each
time point. The Wilcoxon test was used for time comparisons
(baseline and 3 months post-operatively) for each variable.
Statistical analyses were performed using MedCalc v.16.8.4
software (MedCalc Software, Belgium). P-value < 0.05 was
considered statistically significant.

RESULTS

The pre-operative characteristics of the included patients are
summarized in Table 1. The purposes of surgery (number of
eyes) were biopsy (38 [52%]), removal of vitreous opacity (12
[16%]), epiretinal membrane peeling (7 [10%]), reduction of
infectious pathogens (6 [8%]), repair of retinal detachment (3
[4%]), removal of vitreous hemorrhage (3 [4%]), removal of
retained lens fragment (2 [3%]), closure of macular hole (1
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TABLE 1 | Pre-operative characteristics of the included patients.

Characteristic Data

Number of patients/affected eyes, n/n 73/73

Age (years), mean (SD) 66.8 (13.3)

Sex, men/women, n (%)/n (%) 33 (45)/40 (55)

Eye, right/left, n (%)/n (%) 44 (60)/29 (40)

Anatomical type of uveitis, n (%)

Anterior uveitis 1 (1)

Intermediate uveitis 12 (16)

Posterior uveitis 13 (18)

Panuveitis 41 (56)

Unspecified 6 (8)

Cause of uveitis, n (%)

Vitreoretinal lymphoma 22 (30)

Acute retinal necrosis 7 (10)

Cytomegalovirus retinitis 6 (8)

Post-operative infectious endophthalmitis 4 (5)

Others 7 (10)

Unclassified 27 (37)

Lens status, n (%)

Phakia 39 (53)

Pseudophakia 33 (45)

Aphakia 1 (1)

Best-corrected visual acuity (decimal), median (range) 0.4 (LP−1.5)

Best-corrected visual acuity (logMAR), mean (SD) 0.687 (0.802)

Intraocular pressure (mmHg), mean (SD) 15.9 (8.0)

Anterior chamber cells (grade), mean (SD) 0.6 (0.8)

Anterior chamber flare (grade), mean (SD) 0.4 (0.9)

Vitreous haze (grade), mean (SD) 1.9 (1.2)

SD, standard deviation; logMAR, logarithm of the minimum angle of resolution; LP, light

perception.

[1%]), and improvement of macular edema (1 [1%]). Of the
total 39 phakic eyes, 38 (97%) underwent concomitant cataract
surgery (phacoemulsification and intraocular lens implantation).
Intraocular tamponade was performed in 13 (18%) eyes. The
tamponade agents used (number of eyes) were air (5 [38%]),
20% SF6 gas (2 [15%]), and silicone oil (6 [46%]). The mean
surgical time was 47.1 ± 26.1min and the mean follow-up time
was 14.6 ± 15.1 months. Post-operatively, 25 (34%) continued
corticosteroid eye drops for more than 1 month.

Overall, the mean logMAR BCVA was 0.69 ± 0.80 pre-
operatively, 0.40 ± 0.72 at 1 month post-operatively, 0.42 ± 0.78
at 3 months post-operatively, 0.35 ± 0.70 at 6 months post-
operatively, 0.40± 0.76 at 9 months post-operatively, and 0.33±
0.72 at 12months post-operatively (P= 0.017, pre-operatively vs.
3 months post-operatively; Figure 1). The mean logMAR BCVA
showed a significant difference at each post-operative time point
as compared to pre-operatively (P < 0.001 at 1 month, P = 0.017
at 3 months, P= 0.021 at 6 months, P= 0.027 at 9 months, and P
= 0.016 at 12 months). The percentages of eyes with “improved,”
“unchanged,” and “worsened” BCVA at 3 months after surgery
were 37, 50, and 13%, respectively. The percentages of eyes with
a BCVA of 20/200 or better and 20/40 or better were 74 and 50%

pre-operatively and 91% and 76% at 12 months post-operatively,
respectively. According to diagnosis, the mean logMAR BCVA
pre-operatively and at 12 months post-operatively were 0.59 ±

0.84 and −0.04 ± 0.13 in vitreoretinal lymphoma, 0.67 ± 0.89
and 1.35 ± 1.77 in acute retinal necrosis, 0.73 ± 0.89 and 0.61 ±
0.13 in cytomegalovirus retinitis, 1.25 ± 1.09 and 0.37 ± 0.46 in
post-operative infectious endophthalmitis, 1.13 ± 0.96 and 0.07
± 0.21 in others, and 0.58 ± 0.66 and 0.43 ± 0.82 in unclassified
conditions, respectively (Figure 2).

The cell and flare scores in the anterior chamber as well
as the vitreous haze score, significantly improved after surgery
(Figure 3). The mean anterior chamber cell score was 0.6 ±

0.8 pre-operatively and 0.2 ± 0.4 at 3 months post-operatively
(P = 0.001). The mean anterior chamber flare score was 0.4 ±

0.9 pre-operatively and 0.1 ± 0.3 at 3 months post-operatively
(P = 0.004). The mean vitreous haze score was 1.9 ± 1.2 pre-
operatively and 0.1 ± 0.5 at 3 months post-operatively (P <

0.001). Of the 73 eyes, 41% had 1+ or greater anterior chamber
cells, 27% showed 1+ or greater anterior chamber flare, and
90% exhibited 1+ or greater vitreous haze before surgery. At 3
months post-operatively, the percentage of eyes demonstrating
a 1+ or greater score decreased to 29% in anterior chamber
cells, 6% in anterior chamber flare, and 4% in vitreous haze. The
development of new retinal/choroidal lesions was observed in 13
(18%) eyes up to 3 months post-operatively.

Surgery-related complications occurred in 35 (48%) eyes;
6 (8%) occurred intraoperatively, 24 (33%) occurred within 2
weeks post-operatively, and 11 (15%) occurred after 2 weeks post-
operatively (some cases were overlapping), as listed in Table 2.
The most common intraoperative complication was retinal
breaks, which were properly treated via laser photocoagulation.
One eye experienced choroidal effusion due to slippage of
the infusion cannula out of a sclerotomy. Ocular hypertension
was the most frequent complication within 2 weeks post-
operatively. Although it was transient in most cases, some
eyes required glaucoma eye drops. Transient post-operative
ocular hypotension also occurred during the same time frame
and was often accompanied by choroidal detachment. Beyond
2 weeks post-operatively, retinal detachment was the most
common complication andwas successfully treated via additional
vitrectomy. The incidence rate of complications between the
biopsy and non-biopsy groups and among the cause of uveitis
was not significant at any post-operative time point. In the
comparison between eyes with and without glaucoma/ocular
hypertension pre-operatively, the difference in the incidence rate
of postsurgical ocular inflammation did not reach a statistical
significance (P = 0.279).

DISCUSSION

In the present study, we retrospectively analyzed 73 consecutive
cases that underwent primary 27-gauge PPV for various
vitreoretinal disorders associated with uveitis. Henry et al.
conducted a systematic literature review of PPV for uveitis and
summarized the data of 34 recent articles (12). The review
reported the following mean or median patient demographics for
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FIGURE 1 | Post-operative changes in best-corrected visual acuity (BCVA) over time. Number of eyes (N) is provided at each time point.

FIGURE 2 | Post-operative changes in best-corrected visual acuity (BCVA) over time according to diagnosis. Number of eyes (N) is provided at each time point. VRL,

vitreoretinal lymphoma; ARN, acute retinal necrosis; CMV, cytomegalovirus.

each included study: number of eyes (13.5), age at the time of
PPV (42.8 years), and follow-up time after PPV (19.0 months).
Compared with these data, the current study had a larger number
of eyes (73), older age at time of PPV (66.8 years), and similar

follow-up time after PPV (14.6 months). The reason for the older
age at time of PPV in our study could be attributed to the smaller
number of eyes with young-onset uveitis. In Henry’s review,
Behçet’s disease and juvenile idiopathic arthritis accounted for
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FIGURE 3 | Post-operative change in inflammation scores. cell, cells in the

anterior chamber; flare, flare in the anterior chamber; haze, vitreous haze; Pre,

pre-operatively; 3M, at 3 months post-operatively. *P < 0.05.

8.1% and 9.3% of all eyes, respectively (12). In contrast, none of
the cases in our study had Behçet’s disease or juvenile idiopathic
arthritis. The specified anatomical location of uveitis was similar
between studies, in that ∼50% of eyes had panuveitis. In the
cause of uveitis, vitreoretinal lymphoma comprised 30% of all
eyes, which is the greatest feature of our cohort and may affect
the surgical outcomes as described below. Note that the mean
surgical time of 47.1min in our study is longer than that reported
in previous studies (20.2–38.8min for non-uveitic eyes) (17, 18,
24). This difference may be attributed to the higher rate of
concomitant cataract surgery, the need to educate unexperienced
nurses and assistants during surgery, or both. As surgical time in
MIVS is one of the most interesting points for vitreous surgeons,
further studies are required to understand the real impact of
27-gauge PPV on surgical time in eyes with uveitis.

Overall, the visual outcomes of 27-gauge PPV for uveitis
in our study were promising. The mean logMAR BCVA
significantly improved, with 37% of eyes attaining logMAR
BCVA improvement of ≤−0.3 and 76% of eyes with a BCVA
of 20/40 or better at 12 months post-operatively. The subgroup
analyses based on diagnosis showed a similar tendency, with
the exception of the acute retinal necrosis group wherein the
mean logMAR BCVA worsened during follow-up as cases with
good vision recovery returned to a local doctor. It should be
noted that the method of reporting visual outcome results differs
among studies, including the definition of BCVA improvement
and time points of BCVA evaluation. The factors affecting post-
operative visual recovery (e.g., cause of uveitis, pre-operative
BCVA, and pre-operative inflammatory status) may also vary.
In an analysis of 519 eyes with uveitis from 31 studies, BCVA

TABLE 2 | Surgical complications.

Complication Intraoperative Post-operative

(within 2

weeks)

Post-operative

(after 2 weeks)

Iatrogenic retinal break 2 (3) 0 (0) 0 (0)

Discovery of retinal tear 2 (3) 0 (0) 0 (0)

Bleeding from iris

neovascularization

1 (1) 0 (0) 0 (0)

Choroid effusion 1 (1) 0 (0) 0 (0)

Ocular hypertension 0 (0) 13 (18) 2 (3)

Ocular hypotension 0 (0) 8 (11) 0 (0)

Choroidal detachment 0 (0) 4 (5) 0 (0)

Retinal detachment 0 (0) 2 (3) 4 (5)

Hyphema 0 (0) 2 (3) 0 (0)

Vitreous hemorrhage 0 (0) 1 (1) 1 (1)

Corneal erosion 0 (0) 1 (1) 0 (0)

Dislocation of intraocular

lens

0 (0) 0 (0) 1 (1)

Epiretinal membrane 0 (0) 0 (0) 1 (1)

Macular edema 0 (0) 0 (0) 1 (1)

Suture-related infection 0 (0) 0 (0) 1 (1)

Data are provided as n (%).

improved in 69% of eyes, was unchanged in 18% of eyes, and
worsened in 13% of eyes (12). In 25-gauge PPV for uveitis,
Soheilian et al. reported that 59% of patients showed BCVA
improvement (9), whereas Kamei et al. reported a mean logMAR
BCVA of 0.58 at 12 weeks post-operatively (8). In the current
study, 87% of eyes had improved/unchanged BCVA at 3 months
post-operatively, 76% of eyes attained a BCVA of 20/40 or better
at 12 months post-operatively, and the mean logMAR BCVA was
0.423 at 3 months post-operatively. Although it is not meaningful
to directly compare visual outcomes among studies due to the
aforementioned reasons, the visual outcomes following 27-gauge
PPV in our study were generally satisfactory.

Post-operative inflammation is a concern to ophthalmologists
operating on eyes with uveitis because the underlying uveitis
may be exacerbated following surgery. According to a systematic
literature review, intraocular inflammation generally subsides
following PPV (12), which is consistent with the findings of
our study. However, as most previous studies did not apply
standardized grading, it is difficult to properly compare the
degree of inflammation among studies. Kamei et al. reported
changes in ocular inflammation in 20 eyes with uveitis that
underwent 25-gauge PPV. In their report, the percentage of
eyes with anterior chamber cells of 1+ or greater was 30%
pre-operatively but only 5% at 12 weeks post-operatively (8).
Examining data from a systematic review (12), we calculated
that the percentage of eyes with anterior chamber cells of 1+ or
greater was 92% pre-operatively and 52% post-operatively. In our
study, the percentage of eyes with anterior chamber cells of 1+
or greater was 41% pre-operatively and 29% at 3 months post-
operatively. Regarding other inflammatory signs, Kamei et al.
reported that the percentage of eyes with anterior chamber flare
of 1+ or greater was 25% pre-operatively and 5% at 12 weeks
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post-operatively, and the percentage of eyes with vitreous haze
of 1+ or greater was 100% pre-operatively and 5% at 12 weeks
post-operatively (8). In our study, the percentage of eyes with
anterior chamber flare of 1+ or greater was 27% pre-operatively
and 6% at 3 months post-operatively, and the percentage of eyes
with vitreous haze of 1+ or greater was 90% pre-operatively and
4% at 3 months post-operatively. In the era of MIVS—including
27-gauge PPV—post-operative inflammation is expected to be
minimal even in eyes with uveitis.

Surgery-related complications are another concern in PPV
for uveitis. Although 48% of eyes experienced complications in
the present study, most were mild and transient. As shown in
Table 2, complications related to intraocular pressure accounted
for 68% of overall complications (18% of all eyes) within post-
operative 2 weeks, which is consistent with a previous report
(19). Khan et al. conducted a multicenter retrospective study of
360 patients who underwent 27-gauge PPV for posterior segment
disease (not limited to uveitis) and found that 16% of eyes
showed ocular hypertension or hypotony post-operatively (19).
The extent of intraoperative and post-operative complications
in PPV for uveitis is best summarized by Henry et al. (12).
After reviewing 34 articles published from 2005 to 2014 and
analyzing 708 eyes (∼25% of which were treated with 25-gauge
PPV and no cases treated with 27-gauge PPV), they reported
the following frequencies of surgery-related complications:
cataract (24%), glaucoma (17%), epiretinal membrane (15%),
band keratopathy/corneal decompression (11%), pupillary block
(9.3%), etc. The rates of complications in Henry et al.’s review
are obviously more severe compared with those reported in our
study, suggesting that the 27-gauge system contributes to safer
vitreous surgery in uveitis eyes.

This study has some limitations inherent to its retrospective
nature. First, the surgical technique was generally standardized,
but the use of adjunctive procedures (e.g., concomitant cataract
surgery, intraoperative triamcinolone acetonide injection, suture
placement at sclerotomies, etc.) was performed at the surgeon’s
discretion and may have affected surgical outcomes. Second,
we included various types of surgical indications. Although it
might help to understand the overall picture of surgical outcomes
following 27-gauge PPV for uveitis, the number of eyes by

diagnosis or by purpose of surgery was insufficient to perform
detailed analyses. Third, because we only included subjects
having eyes treated with primary 27-gauge PPV, no data were
provided on 27-gauge PPV for previously vitrectomized eyes or
inter-eye comparison for patients who underwent 27-gauge PPV
in both eyes. Further well-designed clinical studies are warranted
to address these concerns.

In conclusion, we have reported the clinical outcomes of
primary 27-gauge PPV for various vitreoretinal disorders
associated with uveitis. In 27-gauge PPV for uveitis, BCVA was
maintained or improved in most cases, whereas intraocular
inflammation typically subsided post-operatively. Although
nearly half of the patients experienced surgery-related
complications, they tended to be mild and transient. Given
its risk–benefit profile, 27-gauge PPV is a promising option for
the treatment of vitreoretinal disorders in uveitis.
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Methotrexate Effectively Controls
Ocular Inflammation in Japanese
Patients With Non-infectious Uveitis
Yosuke Harada*†, Tomona Hiyama † and Yoshiaki Kiuchi

Department of Ophthalmology and Visual Science, Graduate School of Biomedical Sciences, Hiroshima University,

Hiroshima, Japan

This single-center retrospective study investigated the clinical characteristics and efficacy

of methotrexate (MTX) for the treatment of non-infectious uveitis for more than 6 months

at Hiroshima University, from February 2016 to May 2021. Outcome variables included

changes in systemic immunosuppressive treatment and intraocular inflammation. Out of

448 patients with non-infectious uveitis, 35 patients (14 male patients and 21 female

patients; 65 eyes) treated with MTX for more than 6 months were analyzed. There were

15 patients with anterior uveitis and 20 with posterior and panuveitis. The mean dose

of systemic corticosteroids decreased from 12.1 mg/day at baseline to 1.3 mg/day at 6

months and 0.6mg at 12 months after starting MTX, and approximately 90% of patients

were corticosteroid-free at 12 months. The percentage of eyes with inactive uveitis at

6, 12, and 24 months was 49.2%, 59.6%, and 90.0%, respectively. Mean relapse rate

score also significantly decreased from 2.88 at baseline to 0.85 at 12 months (p< 0.001).

Inflammatory control was achieved with MTX doses of 8–16 mg/week, with a median

dose of 12 mg/week. Adverse effects of MTX were observed in 34.3% of patients, and

11.4% required discontinuation; most commonly hepatotoxicity (58.3%), followed by

fatigue (25.0%), and hair loss (16.7%). No significant differences were found between

the survival curves of patients with anterior uveitis and posterior/panuveitis (Wilcoxon

rank-sum test). The percentage of eyes without IOP-lowering eye drops was significantly

higher in patients with posterior/panuveitis at 24 months (p= 0.001). Our study suggests

that MTX is effective in controlling ocular inflammation for Japanese patients with

non-infectious uveitis. Relatively high incidence of MTX-related adverse effects in the

Japanese population indicates that careful monitoring and dose adjustments are crucial

for the long-term use of this therapy.

Keywords: uveitis, non-infectious uveitis, methotrexate, immunosuppressive therapy, intraocular inflammation,

Japanese

97

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.732427
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.732427&domain=pdf&date_stamp=2021-11-18
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yharada@hiroshima-u.ac.jp
https://doi.org/10.3389/fmed.2021.732427
https://www.frontiersin.org/articles/10.3389/fmed.2021.732427/full


Harada et al. MTX for NIU in Japanese

INTRODUCTION

Uveitis is one of the major causes of vision loss and
is estimated to cause approximately 10% of blindness in
developed countries (1, 2). Immunosuppressive therapy is the
main treatment for non-infectious uveitis; local or systemic
corticosteroids are the first-line treatment. However, prolonged
corticosteroid use leads to severe ocular (such as cataracts or
intraocular elevation) and systemic (such as diabetes mellitus,
gastrointestinal complications, or osteoporosis) side effects (3).
Thus, corticosteroid-sparing agents should be considered when
patients require ongoing treatment and are unable to taper to ≤

10 mg/day of systemic corticosteroids (4).
Currently, infliximab is approved for Behcet’s disease only,

and cyclosporine and adalimumab are approved and reported
to be efficient for the treatment of non-infectious uveitis
in Japan (5–8). Methotrexate (MTX) is a commonly used
antimetabolite for ocular inflammation (4, 9–12). AlthoughMTX
is administered as a first-line corticosteroid-sparing agent in
countries, such as the United States or European countries, there
are limited reports from Asian countries, including Japan (13–
15). This is because the use of MTX to treat non-infectious
uveitis has not yet been established or approved in Japan.
Recently, we showed that the administration of MTX at a dose
of 8–16 mg/week effectively controlled inflammation in patients
with refractory non-infectious scleritis and those who could not
tolerate systemic corticosteroids (16). Here, we investigated the
efficacy and safety of MTX in the treatment of Japanese patients
with non-infectious uveitis.

PATIENTS AND METHOD

Study Population
This retrospective study included patients with chronic non-
infectious uveitis who were treated with MTX for ≥ 6 months
from February 2015 to May 2021 at the uveitis center of
Hiroshima University Hospital (Hiroshima, Japan). All patients
had active ocular inflammation at the time of MTX initiation
despite the use of conventional topical or systemic steroid
therapy. The study protocol was approved by the University of
Hiroshima Institutional Review Board (protocol number/2122),
and the requirement for informed consent was waived.

Objectives
The primary objectives were to control ocular inflammation
and evaluate treatment safety. The secondary objectives
included evaluating changes in systemic treatments (e.g., oral
corticosteroids) and topical steroids, intraocular pressure (IOP)-
lowering therapy, visual acuity improvement, and laser flare
photometry results if available.

Data Collection
For patients treated with MTX, the following data were
collected: sex, age at uveitis onset, duration of uveitis, type
of uveitis (anterior, intermediate, posterior, or panuveitis),
involvement (unilateral or bilateral), diagnosis of uveitis,
previous treatment history, surgical history, ophthalmological

findings [best-corrected visual acuity, anterior chamber cell
grade, vitreous haze grade, retinal/choroidal lesions, and
cystoid macular edema (CME)], peripheral anterior synechia,
and changes in local and systemic corticosteroid therapy.
Adverse events caused by MTX (e.g., hepatotoxicity, fatigue,
or hair loss) and the number of patients who required other
immunosuppressive treatments were also recorded. Patients
who underwent intraocular surgeries within 6 months after
the initiation of MTX treatment were excluded from the data
analysis. The classification and grading of uveitis were based
on the 2005 Standardization of Uveitis Nomenclature criteria
(17). For topical steroid therapy, a betamethasone sodium
phosphate ophthalmic solution and 0.1% fluorometholone
ophthalmic suspension were used for severe and mild anterior
uveitis, respectively. Additionally, laser flare photometry values
(objective and quantitative measurements of aqueous humor
protein levels in the anterior chamber) were analyzed for
patients whose flare values were recorded before and after
MTX treatment.

Inactive uveitis was defined as an anterior chamber grade ≤
0.5+, vitreous haze grade ≤ 0.5+, no active retinal/choroidal
lesion, and no CME for 3 months. Treatment failure was defined
as a two-step increase in the level of inflammation, an increase
from grade 3+ to 4+ in the anterior chamber or vitreous haze
score, new CME or retinal/choroidal lesion activity, and/or a
requirement for corticosteroid rescue therapy. The treatment
of patients with bilateral involvement was considered successful
only if inactive uveitis was achieved in both eyes. The number of
relapses per year was recorded before and after MTX treatment
using the following relapse rate scoring system: 0, zero relapses;
1, one relapse; 2, two relapses; 3, three relapses; and 4, ≥ 4
relapses. Steroid-induced ocular hypertension was defined as IOP
elevation > 10 mmHg from baseline during topical and systemic
corticosteroids therapy.

Diagnosis
Sarcoidosis and Vogt–Koyanagi–Harada disease were diagnosed
in accordance with international diagnostic criteria (18, 19).
Sympathetic ophthalmia was diagnosed clinically (20). The
diagnosis of multifocal choroiditis was based on the characteristic
clinical manifestation of panuveitis and the presence of
multiple pigmented chorioretinal lesions in the posterior and
mid peripheral retina without any associated systemic or
infectious etiologies (21). A patient was diagnosed with retinal
vasculitis when a vascular alteration was observed by fluorescein
angiography without any associated systemic, infectious, or
ocular disorders and associated neoplasms (22).

MTX Administration
Permission was granted from the Evaluation Committee on
Unapproved or Off-labeled Drugs with High Medical Needs
at Hiroshima University for unapproved usage of MTX. MTX
was initiated when > 10 mg/day systemic corticosteroids were
required to control ocular inflammation or patients could not
tolerate corticosteroids (e.g., those with steroid-induced ocular
hypertension or diabetes mellitus). Patients who were givenMTX
for systemic diseases, such as rheumatoid arthritis, were excluded
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TABLE 1 | Baseline demographic and clinical characteristics of patients with

non-infectious uveitis treated with methotrexate.

Total %

Patients 35

Eyes 65

Sex

Male 14 40

Female 21 60

Age at Uveitis Onset, Median in years 40

Duration of uveitis, Median in months 62

Type of Uveitis

Anterior 15 42.9

Intermediate 0 0

Posterior/Pan 20 57.1

Laterality

Unilateral 5 14.3

Bilateral 30 85.7

Diagnosis

Idiopathic anterior uveitis 15 42.9

Retinal vasculitis 13 37.1

Sarcoidosis 4 11.4

Multifocal choroiditis 3 8.6

from this study. Prior to the administration of MTX, an extensive
workup was performed, including chest radiography, exclusion
of tuberculosis and syphilis, hepatitis B and C serology, complete
blood count, and hepatic and renal function tests. The initial
dose was 4–8 mg/week, and it was gradually increased up to
16 mg/week according to the clinical response. The maximum
dose of MTX in the present study (16 mg/week) was based on
the guidelines for Japanese patients with rheumatoid arthritis
(23). Folic acid supplementation was given on the day after
MTX administration for patients older than 20 years. To assess
MTX-related adverse effects, complete blood count, C-reaction
protein, and hepatic and renal function were evaluated at least
every 2 months. Regular KL-6 monitoring (every 4 months)
and annual chest X-rays were also performed. Tapering of MTX
therapy was performed according to the preference of patients
who exhibited remission for at least 12months. MTXwas tapered
by 2 mg/week every 3–6 months if patients did not experience
uveitis recurrence.

Statistical Analyses
Statistical analyses were performed using Microsoft Excel
(Microsoft Corp., Redmond,WA,USA) and JMP version 11 (SAS
Institute, Cary, NC, USA). Quantitative variables were described
using means, medians, ranges (minimal and maximal values),
and counts (percentages). Continuous variables were assessed
using the Steel test and Dunnett test. Qualitative variables were
analyzed using Fisher’s exact test. Comparison of non-parametric
data was performed by Mann-Whitney U test. Differences with
p < 0.05 were considered statistically significant.

RESULTS

Demographic and Clinical Characteristics
Among 448 patients with non-infectious uveitis, 50 patients (24
male and 26 female patients) were treated with MTX. Fifteen
patients were excluded from the evaluation of efficacy of MTX
because it was discontinued within the first 6 months after
treatment initiation for the following reasons: adverse effect
(nine patients), intraocular surgery (four patients), insufficient
inflammation control (one patient), or poor adherence (one
patient). In total, 65 eyes in 35 patients (14 male and 21 female)
were analyzed for therapeutic outcomes. Their clinical and
demographic data are summarized in Table 1. The median age at
uveitis onset was 40 years (range, 5–83 years); the median follow-
up period was 45 months (range, 10–156 months). The majority
of patients had posterior/panuveitis (n= 20, 57.1%) and bilateral
involvement (n = 30, 85.7%). Idiopathic anterior uveitis was the
most common diagnosis (n= 15, 42.9%). The remaining patients
were diagnosed with retinal vasculitis (n = 13, 37.1%), biopsy-
proven sarcoidosis (n = 4, 11.4%), and multifocal choroiditis (n
= 3, 8.6%). Gonioscopic examination was conducted in 56 out of
65 eyes at presentation; 67% showed peripheral anterior synechia.
Most patients (28/35, 80.0%) were treated with corticosteroids
before the administration of MTX. Eighteen eyes (22.9%) had
a history of intraocular surgeries (cataract surgery, 14 eyes;
glaucoma surgery, 5 eyes; vitreous surgery, 2 eyes) before MTX
therapy. The median duration of uveitis before MTX treatment
was 17 months (range, 3–269 months). The median duration of
MTX therapy was 18.5 months (range, 7–48 months).

Control of Ocular Inflammation and
Changes in Systemic Treatment
The therapeutic outcomes of MTX therapy for the 35 patients
(65 eyes) are summarized in Table 2. No adjustment to systemic
treatment was required for non-ocular activity in any patient.
The median dose of MTX was 12.0 mg/week (8–16 mg/week).
Among the patients who were analyzed, more than 65% needed
≥ 5 mg/day systemic corticosteroids for controlling ocular
inflammation (mean dose was 12.1 ± 10.5 mg/day) at baseline,
and the remaining proportion could not tolerate corticosteroids
due to their adverse effects. After starting MTX, the mean
dose of systemic corticosteroids significantly decreased at all
evaluation points (3, 6, 12, 18, and 24 months) from baseline
(p < 0.001). The percentage of patients who no longer required
corticosteroids at 6 and 12 months was 68.6 and 88.9%,
respectively. A topical steroid was administered in 98.5% of
patients at baseline; betamethasone ≥ 2 times daily was used
in 80% at baseline and decreased to approximately 40% after
12 months. The proportion of patients who received the less
potent topical corticosteroid fluorometholone ≤ 2 times daily
was 8.0% at baseline and increased to 34.0% after 12months (75%
changed from betamethasone). Additionally, the proportion of
topical steroid treatment-free patients was 1.5% at baseline and
increased to 14.9% after 12 months. In contrast, the proportion
of patients using IOP-lowering eye drops remained between
34.8 and 46.2% throughout the MTX treatment. Among the
eyes treated with IOP-lowering eye drops, glaucoma surgery was
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TABLE 2 | Treatment outcomes of patients with non-infectious uveitis treated with methotrexate.

Base line 3 months 6 months 12 months 18 months 24 months

Number of patients (eyes) 35 (65) 35 (65) 35 (65) 26 (47) 17 (30) 14 (23)

Mean dose of methotrexate (mg/week) 0 9.2 10.5 10.6 9.2 9

Systemic corticosteroids

Mean dose of systemic corticoteroids (mg/day) 12.1 3.1* 1.3* 0.6* 0* 0*

Percentage of patients with corticosteroids ≤ 5mg 34.3 72.3 94.3 96.3 100 100

Percentage of corticosteroid-free patients 22.9 45.7 68.6 88.9 100 100

Steroid eye drops

Percentage of patients with bethamethasone ≥ 2 times daily 80 58.4 58.4 40.3 30 43.4

Percentage of patients with fluorometholone ≤ 2 times daily 8 21.5 24.6 34 40 39.1

None 1.5 9.2 13.3 14.9 26.7 26.1

Percentage of patients with intraocular pressure-lowering eye drops 36.9 46.2 46.2 38.3 36.7 34.8

Mean best corrected visual acuity (logarithm of the minimal angle of resolution) 0.12 0.09 0.07 0.05 −0.04 −0.06

Percentage of eyes with of ≤ 0.5 + anterior chamber cells 32.3 61.5 73.8 74.5 83.3 76.2

Percentage of eyes with ≤ 0.5 + vitreous haze 72.3 86.2 87.7 89.4 100 100

Percentage of eyes with cystic macular edema 90.8 95.4 96.2 95.7 100 100

Percentage of eyes without active retinal/choroidal lesion 44.6 60 70.8 83 96.7 100

Percentage of eyes with inactive uveitis 0 29.2 49.2 59.6 80 90

*Significant difference observed between baseline and evaluation point (Steel test, p < 0.05).

performed in 7 patients during MTX therapy. The proportion
of eyes with an anterior chamber cell grade and vitreous haze
grade ≤ 0.5+ had increased at all evaluation points from
base line after starting MTX therapy. The mean best-corrected
visual acuity improved from 0.12 logarithm of the minimum
angle of resolution at baseline to 0.07, 0.05, and −0.06 at 6,
12, and 24 months, respectively. The proportion of eyes with
CME and active retinal/choroidal lesions also decreased after
starting MTX. The percentage of eyes (patients) with inactive
uveitis at 6, 12, and 24 months was 49.2 (40.0), 59.6 (65.4),
and 90.0 (78.5)%, respectively. Additionally, the mean relapse
rate score significantly decreased from 2.88 at baseline to 0.85
at 12 months (p < 0.001). Treatment failure occurred in 13
patients (37.1%) with a mean survival time of 15.7 months. In
six patients (17.1%; five posterior uveitis, one anterior uveitis),
after exhibiting remission for at least 12 months, MTXwas slowly
tapered and discontinued after a median of 23.5 months (range,
21–48 months).

Treatment outcomes were compared between patients
with anterior uveitis (15 patients, 25 eyes) and those with
posterior/panuveitis (20 patients, 40 eyes) (Table 3). Although
the median follow-up period was 44 months in both groups,
the duration of uveitis before starting MTX was significantly
longer in patients with anterior uveitis than in those with
posterior/panuveitis (median 63.6 months in anterior vs. 13.6
months in posterior/panuveitis, p = 0.012). The proportions of
patients with peripheral anterior synechia and steroid-induced
ocular hypertension were not significantly different between the
two groups (p = 0.78 and 0.80, respectively). The mean dose
of corticosteroids at baseline was 12.6 mg/day and 11.6 mg/day
in patients with anterior and posterior/panuveitis, respectively,
which decreased to 1.1 mg/day and 0.1 mg/day at 12 months after
starting MTX. The percentage of eyes who showed inflammatory

TABLE 3 | Treatment outcomes of patients with anterior uveitis and

posterior/panuveitis treated with methotrexate.

Anterior uveitis Posterior/Panuveitis

Number of patients, eyes 15 patients, 25 eyes 20 patients, 40 eyes

Median age of onset 39 43

Median follow-up period (months) 44 44

Duration of uveitis before starting

methorexate (months)

63.6 12.6*

Percentage of eyes with peripheral

anterior synechia (%)

68 52.5

Percentage of eyes with steroid

induced intraocular pressure

elevation (%)

40 45

Mean dose of corticosteroids

(mg/day)

Baseline

12.6 11.6

12 months 1.1 0.1

Percentage of eyes with inactive

uveitis at 12 months (%)

59.1 60.1

*Significant difference observed (Mann-Whitney U test, p < 0.05).

control at 12 months after MTX therapy was 59.1% in eyes with
anterior uveitis and 60.0% in eyes with posterior/panuveitis,
respectively. No significant differences were found between
the survival curves of patients with anterior uveitis and
posterior/panuveitis according to the Wilcoxon rank-sum test (p
= 0.70). Five out of 20 (25.0%) patients with posterior/panuveitis
discontinued MTX following tapering without recurrence,
whereas only one patient with anterior uveitis (6.7%) achieved
the discontinuation of therapy. The percentage of eyes without
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IOP-lowering eye drops was significantly higher in patients with
posterior/panuveitis at 24 months (p = 0.001) (Figure 1). The
number of IOP-lowering eye drops was significantly lower in
those with posterior/panuveitis at 18 and 24 months (1.23 in
anterior uveitis vs. 0.35 in posterior/panuveitis at 18 months, p=
0.046 and 1.89 in anterior uveitis vs. 0.14 in posterior/panuveitis
at 24 months, p = 0.0007). Among the five patients (eight eyes)
with anterior uveitis who started MTX < 1 year after uveitis
onset, only one eye was treated with IOP-lowering eye drops
before MTX therapy and required no extra IOP-lowering eye
drops after the initiation of MTX.

Laser Flare Photometry
Laser flare photometry values were recorded for 17 patients
(anterior uveitis: n= 9, posterior uveitis: n= 7, panuveitis: n= 1)
before and after MTX therapy. The mean laser flare photometry
value was 51.9 ph/ms at baseline and 34.3 ph/ms at 12 months
(p= 0.93). The patients were then divided into groups according
to the duration of uveitis before MTX treatment (Table 4). The
mean laser flare photometry value of patients with uveitis for <

15 months (8 patients, 15 eyes) significantly decreased from 27.5
ph/ms at baseline to 10.1 ph/ms at 12 months (p = 0.04). On
the contrary, the mean laser flare photometry value of patients
with uveitis for≥ 15 months (9 eyes, 14 patients) was 76.5 ph/ms
at baseline and remained as high as 60.2 ph/ms at 12 months
(p = 0.99). Five patients with uveitis for ≥ 15 months (62.5%)
underwent intraocular surgery (three glaucoma surgery, one
cataract surgery, one vitrectomy), whereas only one patient with
uveitis for < 15 months (12.5%) required intraocular surgery
(glaucoma surgery). In contrast to the laser flare results, anterior
chamber cell grade improved regardless of laser flare values or
uveitis duration before MTX administration.

Adverse Effects
Among 35 patients treated with MTX, 12 patients (34.3%)
experienced an adverse effect at some point during the follow-
up period. These included hepatotoxicity (n = 7), fatigue (n
= 3), hair loss (n = 2) Four out of 12 patients discontinued
MTX therapy due to adverse effects (11.4%). The median dose
of MTX that caused an adverse effect was 10 mg/week (range,
6–16 mg/week).

DISCUSSION

Our findings indicated that MTX is effective for controlling
inflammation and reducing the relapse rate in Japanese patients
with non-infectious uveitis. Ocular inflammation was controlled
in approximately 65 and 80% of patients at 12 and 24 months,
respectively. The mean systemic corticosteroid dose decreased
significantly after MTX therapy. More than 85% of patients
no longer required steroid treatment at 12 months after MTX
initiation. A median dose of 12 mg/week was required to
control ocular inflammation. No improvement was observed
in the number of IOP-lowering eye drops before and after
MTX therapy, especially in patients with anterior uveitis. This
study also suggested a benefit of early MTX administration in
reducing the risk of ocular complications due to elevation of

laser flare values, owing to irreversible disruption of blood-
aqueous barrier.

MTX is one of the most commonly used immunosuppressive
agents for non-infectious uveitis and several reports have
demonstrated the efficacy of MTX for non-infectious uveitis;
most of these studies were reported in patients from the
United States, Europe, South America, Australia, or India (9–
12, 24). The median dosage of MTX that most uveitis specialists
in the American Uveitis Society administer is 20 mg/week
(25). However, considerably higher incidence of some serious
adverse events of MTX (such as pneumocystis pneumonia,
lymphoproliferative disorders, and hepatotoxicity) have been
reported among Japanese patients than in those from other
countries (23). For Japanese patients with rheumatoid arthritis,
the maximum dose of MTX is limited to 16 mg/week and
Japan College of Rheumatology guidelines recommends the dose
escalation up to 10-12 mg/week, because it has been reported
that these doses can maintain the adequate concentration of
MTX to suppress inflammation with limited adverse effects
on liver function (23, 26). Only few studies from East Asian
countries have demonstrated the use of MTX to treat non-
infectious uveitis; lower doses of MTX ≤ 8 mg/week was
administered in some of the reports (13–16, 27). In our study,
inflammatory control was achieved with MTX doses of 8–
16 mg/week, with a median dose of 12 mg/week, which is
similar to the dose used for Japanese patients with RA. These
results indicate that although it is still lower than the MTX
which is usually prescribed in Western countries, higher doses
of MTX than previously reported in East Asian populations
may be required to control ocular inflammation. Despite the
small number of patients, we believe it is worthwhile reporting
our clinical experience using MTX for the treatment of non-
infectious uveitis. Additional prospective studies from East
Asia are needed to determine the adequate dose of MTX for
ocular inflammation.

According to previous studies from Western countries,
the incidence of MTX-related adverse events varied greatly;
the percentage of discontinuation caused by adverse events
ranged from 2.8 to 26% (10, 11, 24, 28). In our study,
34.3% of patients experienced adverse effects, and 11.4%
had to discontinue MTX. Although there were no serious
adverse events, such as lymphoproliferative disease, close
monitoring during MTX therapy for non-infectious uveitis
is essential.

The difference in MTX treatment efficacy among various
types of uveitis remains controversial. Gangaputra et al. (10)
reported that posterior or panuveitis responded less to MTX
therapy than other types of uveitis, whereas Rathinam et al.
(12) showed a better response of posterior or panuveitis than
anterior and intermediate uveitis. Our results were consistent
with the latter report; patients with posterior and panuveitis
required a lower dose of MTX and achieved better efficacy
than those with anterior uveitis. Additionally, the rate of MTX
discontinuation due to remission was higher in patients with
posterior/panuveitis. There are several reasons to explain these
results. First, the duration between uveitis onset and MTX
therapy was longer in patients with anterior uveitis than in those
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FIGURE 1 | Change in proportion of eyes with intraocular pressure-lowering eye drops after methotrexate therapy. The bar graph shows the change in proportion of

eyes with intraocular pressure lowering eye drops after methotrexate treatment (All patients, patients with anterior uveitis, and patients with posterior/panuveitis). The

proportion of all eyes with intraocular pressure-lowering eye drops remained between 34.8 and 46.2% throughout methotrexate therapy. While proportion of eyes with

intraocular pressure-lowering eye drops decreased from 30.0% at base line to 7.7% at 24 months in patients with posterior/panuveitis, it increased from 48.0% at

baseline to 77.8% at 24 months in those with anterior uveitis. The numbers in each bar graph represents the number of eyes using intraocular pressure-lowering eye

drops. Total = all patients, Ant = patients with anterior uveitis, Post/pan = patients with posterior/panuveitis.

TABLE 4 | Change in laser flare photometry values and inflammatory variables

according to uveitis duration before methotrexate therapy.

Base line 12 months

Total (17 patients, 29 eyes)

Mean laser flare photometry

value (ph/ms)

51.9 34.3

Percentage of eyes with anterior

chamber cell grade ≤ 0.5+

17.2 72.4*

Patients with uveitis duration

< 15 months (8 patients, 15

eyes)

Mean laser flare photometry

value (ph/ms)

27.5 10.1**

Percentage of eyes with anterior

chamber cell grade ≤ 0.5+

13.3 66.7*

Patients with uveitis duration

≥ 15 months (9 patients, 14

eyes)

Mean laser flare photometry

value (ph/ms)

76.5 60.2

Percentage of eyes with anterior

chamber cell grade ≤ 0.5+

21.4 78.6*

ph/ms, photons/millisecond. *Significant difference observed (Fisher’s test, p < 0.05).
**Significant difference observed (Dunnett test, p < 0.05).

with posterior/panuveitis. Most patients were treated solely with
local corticosteroids for a longer period before being referred to
our uveitis center. In fact, a longer duration of chronic anterior

uveitis is reported to be one of the factors associated with failure
to achieve remission (29). Second, patients with anterior uveitis
included in this study may have had more severe forms of
inflammation at baseline than patients with posterior/panuveitis.
Further studies with a larger number of patients are needed to
address this question.

Ocular hypertension and glaucoma are common and one

of the serious complications of uveitis (30–33). Reduced

local and systemic corticosteroid use and rates of ocular

hypertension may be obtained from the introduction of
immunosuppressive therapy (31). In this study, despite the

reduction in local and systemic steroid therapies, there was

no decrease in the number of IOP-lowering eye drops,
especially for patients with anterior uveitis. The longer duration

of active inflammation before MTX initiation, which causes
irreversible structural changes to the trabecular meshwork,

may have contributed to this result. In fact, only one out of

eight eyes was treated with IOP-lowering eye drops before

MTX therapy, and no eye drops were added after treatment

in patients with anterior uveitis for < 12 months before
MTX initiation.

Previously, it has been reported that high laser flare

values are associated with ocular complications, regardless

of the presence of anterior chamber cell grade (6, 34–
36). In our study, patients who received early MTX

treatment achieved reduced laser flare photometry values

and surgical requirements for ocular complications. The

findings support the need for MTX administration before the
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irreversible disruption of the blood-aqueous barrier due to
chronic inflammation.

The current study had several limitations. First, it was

a retrospective study. Second, although the number of

patients is larger than previous reports from East Asia, it
is still limited. Our study would have been strengthened by
including multiple Japanese institutions to determine the

efficacy, safety, and adequate dose of MTX in the Japanese
population. Third, a longer follow-up period is necessary
for further assessment of MTX efficacy and adverse effects.
Finally, we collected data from all eyes affected with uveitis
(both eyes for some patients) to prevent a potential loss

of information, which can affect the independence of the
sample and the statistical analysis about clinical findings of
each eye.

In conclusion, this study demonstrated that MTX treatment
is effective in controlling ocular inflammation for Japanese
patients with non-infectious uveitis. MTX dose similar to
that used for Japanese patients with rheumatoid arthritis was
sufficient to control ocular inflammation. Although MTX had
a corticosteroid-sparing effect both topically and systemically, it
did not decrease the use of IOP-lowering eye drops for patients
with ocular hypertension. Relatively high incidence of MTX-
related adverse effects in the Japanese population indicates that
careful monitoring and dose adjustments are crucial for the
long-term use of this therapy.
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Introduction: Overexpression of vascular endothelial growth factor (VEGF),

cyclooxygenase-2 (COX-2), and p53 are the postulated aetiopathogenesis in

pterygium. VEGF is responsible for the induction of COX-2 expression, whereas

p53 plays an important role in the regulation of VEGF. This study aimed to evaluate the

immunohistochemistry of COX-2 and p53 expressions from excised pterygium tissue

from patients who received intralesional ranibizumab (anti-VEGF) injection 2 weeks prior

to pterygium surgery.

Materials and Methods: An interventional comparative study involving patients

presenting with primary pterygium was conducted between September 2015 and

November 2017. The patients were randomized into either the intervention or control

group. Patients in the intervention group were injected with intralesional ranibizumab

(0.5 mg/0.05ml) 2 weeks prior to surgery. Both groups underwent pterygium excision

followed by conjunctival autograft. Immunohistochemistry staining was performed to

evaluate COX-2 and p53 expressions in the excised pterygium tissue.

Results: A total of 50 patients (25 in both the intervention and control groups) were

recruited. There were 34 (68%) patients with grade III pterygium and 16 (32%) patients

with grade IV pterygium. There was statistically significant difference in reduction of

COX-2 expression in the epithelial layer [84.0% (95% CI: 63.9, 95.5)] (p = 0.007) and

stromal layer [84.0% (95% CI: 63.9, 95.5)] (p < 0.001) between intervention and control

groups. There was no significant difference in the reduction of p53 expression between

the two groups.

Conclusion: This study demonstrated the possible use of intralesional anti-VEGF

treatment prior to pterygium excision as a potential future modality of adjunctive therapy

for pterygium surgery.

Keywords: anti-vascular endothelial growth factor, cyclooxygenase-2, primary pterygium, immunohistochemistry

2, p53 expression
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INTRODUCTION

Pterygium appears as a triangular, wing-like fibrovascular
growth from the bulbar conjunctiva over the limbus onto
the cornea. Human pterygium exhibits both degenerative
and hyperplastic conditions and is characterized by chronic
proliferative fibrovascular tissue growth (1–3). Pterygium is

a common ocular surface disease in countries in equatorial
locations, namely, Malaysia. Its prevalence is as high as 22% in

equatorial areas (compared to 2% in latitudes above 40◦) (4).

However, total prevalence worldwide ranges from 0.7 to 33% (5).
Pterygium has been associated with environmental factors,

such as UV radiation, heat, dust, dryness, windy atmospheres,
and increasing age (6, 7). Current studies suggested that UV
radiation is the most important factor for pterygium formation
(3, 8). It is postulated that UV-B radiation causes activation of
the nuclear factor-kappa B (NF-kB) signaling pathway and leads
to overexpression of cyclooxygenase-2 (COX-2) and vascular
endothelial growth factor (VEGF). Overexpression of COX-2
and VEGF plays an important role in the angiogenesis and
proliferating of fibrovascular tissue in the formation of pterygium
(9, 10). Recent studies have also reported that overexpression
of VEGF is produced by corneal fibroblasts in response to
local conjunctival inflammation caused by environmental UV
radiation, dryness, or dust (11–14). Park et al. (15) found that
there was strongly expressed COX-2 and VEGF in macrophages
of pterygium tissue. In addition, COX-2 overexpression is
correlated with vessel density and VEGF expression (16).

Cyclooxygenase-2 is an enzyme that is responsible for
inflammatory cytokine-induced angiogenesis. It is rapidly
induced by growth factors, cytokines, and tissue damage. Some
studies have reported that COX-2 overexpression was found in
more than 80% of pterygium tissues (15, 17). Chiang et al. (17)
suggested that COX-2 may play a role in pterygium formation.
They reported that 75 out of 90 (83.3%) pterygium specimens
were stained positive for COX-2, while all specimens from
normal conjunctiva and limbi were stained negative for COX-
2. In another study, COX-2 expression was detected in all
pterygium tissues, while no COX-2 expression was observed
in normal conjunctiva (15). Strong COX-2 expression has also
been suggested as one of the risk factors for the recurrence
of pterygium (18, 19). In addition to environmental factors,
various theories have been postulated for the etiopathogenesis
of pterygium, such as expression of p53 oncogenes, genetic and
hereditary factors, and infective and immunological factors (3,
20–23).

The gene p53 (wild type) is a tumor suppressor gene that
controls the cell cycle (24). Tumor suppressor genes protect cells
from converting to cancer cells (25). The p53 gene product,
the p53 protein, is a nuclear phosphoprotein, which binds to
the DNA (26). In normal cells, wild-type p53 proteins have
a short half-life, and the concentration is very low. They are
almost undetectable by immunohistochemistry, so the cells stain
negative (24, 26, 27). Mutations in the p53 gene can lead to
the synthesis of abnormal p53 proteins, which has increased
in protein stability resulting in prolonged half-life (26, 27). In
many types of neoplastic cells, its concentration is higher hence

immunohistochemical staining for the p53 protein becomes
positive (24, 26). p53 expression is an indicator of p53 mutation
(27, 28).

Ultraviolet radiation can inactivate p53 through mutation and
subsequently lead to cell proliferation and genomic instability
(29). Overexpression of p53 was found in the epithelium of
pterygium tissue, thus suggesting that pterygium could be a
result of uncontrolled cell proliferation (26). Expression of p53
in primary pterygium varies between 54% and 100% (26, 30–32).
Kieser et al. (33) reported that p53 mutation is associated with
VEGF expression.

Ranibizumab (Lucentis R©; Genentech, Inc., South San
Francisco, CA, United States) is a recombinant humanized
anti-VEGF antibody that binds to VEGF-A. Through binding
to VEGF-A, ranibizumab interrupts the VEGF-receptors
interaction and thus prevents new vessels proliferation. Several
studies (9, 34, 35) have demonstrated the beneficial effects of
subconjunctival anti-VEGF, not only in regression of pterygium
size and proliferation of vessels but also in the reduction
of recurrence rate. However, there has been no study done
to evaluate the immunohistochemistry of COX-2 and p53
expressions following anti-VEGF administration.

Therefore, the aim of this study was to compare the
immunohistochemistry of COX-2 and p53 expressions from
excised pterygium tissues following intralesional ranibizumab
injection 2 weeks prior to pterygium surgery vs. the control
group. Intralesional anti-VEGF treatment may provide future
modalities of adjunctive therapy for pterygium surgery.

MATERIALS AND METHODS

An interventional comparative study involving patients with
primary pterygium was conducted between September 2015
and November 2017. The study followed the tenets of the
Declaration of Helsinki and was approved by the local ethical
boards USM/JEPeM/[269.3 (1)].

The sample size was calculated using PS Power and Sample
Size Calculation 3.1.2 based on an independent, prospective, two-
proportion, and uncorrected chi-square test design. Power was
set at 0.8, and the input was as follows: α = 0.05, p0 = 0.7,
p1 = 0.3, m = 1. The estimated sample size was based on several
studies showing that COX-2 expression in primary pterygium is
80–100% (15, 17, 19). The calculated sample size was 25 with a
10% dropout. A total of 50 patients with primary pterygium were
recruited for this study (25 patients for the intervention group
and 25 patients for the control group).

This study was conducted among patients with grades III–
IV primary nasal pterygium. Those patients with temporal or
double-headed (nasal and temporal) pterygium, previous ocular
surgery or trauma, ocular surface disorder, corneal pathology,
primary or secondary glaucoma, history of taking regular eye
drops, or history of a systemic thromboembolic event were
excluded from this study. Pregnant women and lactatingmothers
were also excluded.

Patients who fulfilled the selection criteria and agreed to
undergo surgical excision of pterygiumwere explained the nature
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of the study, and written consent was obtained. Data regarding
demographics (age and gender), medical history, previous ocular
surgery or treatment, and previous systemic diseases were
obtained through direct questioning from patients and from
medical records.

Clinical Classification of Pterygium
A thorough slit lamp examination was performed by an
independent ophthalmologist to clinically grade the pterygium.
The clinical classification of pterygium was based on a modified
classification system (36). The pterygium was rated as stage I
(tissue involvement of the limbus), stage II (the tissue just on the
limbus), stage III (the tissue between the limbus and pupillary
margin), and stage IV (tissue central to the pupillary margin).

Randomization
Patients with grades III–IV primary nasal pterygium only were
selected. Those who agreed to participate in the study were
randomized into either the intervention or control group. The
eligible patients were randomized into two groups by using the
opaque sealed envelope technique. A piece of paper written with
“Intervention” was placed in 25 envelopes, and the remaining
25 envelopes were written with “Control”. These envelopes were
shuffled and stored at the randomization room after random
numbering the allocation sequence that was generated using a
digital table by the primary investigator. The envelope was drawn
for each patient by a co-investigator, who was not involved in
the preparation of these opaque sealed envelopes. Patients in
the intervention group were given an intralesional injection of
ranibizumab. Patients in the control group were not given any
injection or placebo.

Intralesional Injection of Ranibizumab
Patients in the intervention group were given an intralesional
injection of ranibizumab (Lucentis R©; Genentech, Inc.,
United States) 2 weeks before their pterygium surgery. The
injection was given in an operating theater using an aseptic
technique. The patient was lying supine, and the eye was
anesthetized with topical proparacaine (0.5%). Then, the eye was
cleaned and draped, and a lid speculum was applied. Topical
povidone (5%) was applied to the conjunctiva and then washed
thoroughly. Ranibizumab 0.5 mg/0.05ml was then injected into
the body of the pterygium along the limbus. After the procedure,
each patient was treated with 0.5% topical chloramphenicol
every 6 h for 1 week. Each patient was scheduled for pterygium
excision surgery 2 weeks post-procedure. This 2-week post-
intralesional ranibizumab period was chosen for pterygium
excision because a study done by Mandalos et al. (37) showed
that pterygium attained the lowest vessel density after 2 weeks of
anti-VEGF injection.

Pterygium Surgery
Patients in both the intervention and control groups were
admitted for the pterygium surgery procedure. General and
ocular assessments had been performed preoperatively. Any
side effects or complications related to intralesional injection of
ranibizumab were recorded for those in the intervention group.

The pterygium excision surgery was carried out in
an operating theater under topical anesthesia using 5%
proparacaine. Topical phenylephrine (2.5%) was given to reduce
bleeding during the excision. The surgical area was then cleaned
and draped, and a lid speculum was applied. Topical povidone
(5%) was applied to the cul-de-sac for 3min and then washed
thoroughly. Intralesional lignocaine (1%) was injected into the
pterygium body. The pterygium was excised from the apex to
the base using a Tooke corneal knife and Westcott scissors. Part
of the pterygium head was excised, and fibrovascular tissue was
scraped using a Tooke corneal knife. Hemostasis was achieved
by applying pressure to the bleeding site using cotton bud
tips. Conjunctiva autograft was harvested from the superior or
inferior bulbar conjunctiva and then applied with the correct
orientation of limbal edge to the bare sclera. The conjunctival
autograft was either secured using fibrin adhesive glue (Tisseel
VH; Baxter Healthcare Corp., Deerfield, IL, USA) or sutured
using absorbable suture vicryl 8/0 depending on the availability
of fibrin adhesive glue during the surgery.

This part of this study was open-label in which both
the patient and the operating surgeon were aware of the
treatment allocation.

Paraffin-Embedded Tissue Block
Preparation
Excised pterygium tissue was transported to the pathology
laboratory in 10% normal buffered formalin for tissue fixation
for histological diagnosis. After 48 h, the formalin was exchanged
with 80–95% ethanol and absolute alcohol for the tissue
dehydration procedure, and the excised pterygium tissues were
processed and embedded in paraffin wax. The tissue processing
and paraffin-embedded tissue blocks had been prepared by the
principal investigator, co-investigator, and laboratory technician.

Immunohistochemical Analysis of COX-2
Sections of approximately 3–4µm in thickness were obtained
from paraffin-embedded tissue blocks. All sections were
deparaffinized in xylene, rehydrated through a graded series of
alcohols, and washed with phosphate-buffered saline. This buffer
was used for all subsequent washes. Sections for COX-2 detection
were heated in a pressure cooker for 3min at full pressure in
citrate buffer (pH 6.0). Dako REAL Peroxidase blocking solution
(Dako, Denmark) was used to block endogenous peroxidase
and was incubated for 5min. Monoclonal mouse anti-COX-2
antibody at a dilution of 1:200 (Clone CX-294; Dako, North
America) was used as the primary antibody. The primary
antibody was incubated with the tissue sample to allow binding
to the target antigen. The incubation time was 1 h at room
temperature. Dako REAL EnVision Horse Reddish Peroxidase
(HRP) rabbit/mouse (ready-to-use) (Dako, Denmark) was the
secondary antibody, with specificity for the primary antibody,
was incubated with the tissue sample to allow binding to the
primary antibody. This incubation step was 30min at room
temperature. Signals were developed with 3,3’-diaminobenzidine
(DAB) for 5min and counterstained with hematoxylin. Negative
controls were obtained by leaving out the primary antibody.
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COX-2 expression in colon adenocarcinoma tissue was used as
a positive control.

Clone CX-294 (Clone CX294; DakoNorth America) is specific
to the peptide used for immunization. In Western blotting
and immunoprecipitation experiments, CX-294 was shown to
identify the inducible human COX-2 using interleukin-1 alpha-
stimulated human umbilical vein endothelial cells (HUVEC);
peptide blocking of the antibody with the COX-2 immunogen
eliminated all reactivity.

Evaluation and scoring of immunohistochemical staining
of COX-2 expression were performed by two independent
researchers for test-retest reliability. Both researchers were single
blinded to the treatment allocation. COX-2 expression in the
epithelial layer was scored according to the percentage of positive
cell staining: score 0, negative staining; score 1+, 1–10% positive
cell staining; score 2+, 11–50% positive cell staining; and score
3+,>50% positive cell staining. COX-2 expression in the stromal
layer was scored according to the average number of COX-2-
expressing cells calculated over ten random high-power fields
(magnification 400×): score 0, negative staining; score 1+, 1–5
positive cells staining; score 2+, 6–10 positive cells staining; and
score 3+, >10 positive cells staining. The scoring method that
was used in this study was based on the scoring described by Park
et al. (15).

Immunohistochemical Analysis of p53
Sections of approximately 3–4µm in thickness were obtained
from paraffin-embedded tissue blocks. All sections were
deparaffinized in xylene, rehydrated through a graded series of
alcohols, and washed with phosphate-buffered saline. This buffer
was used for all subsequent washes. Sections for p53 detection
were heated in a pressure cooker for 3min at full pressure
in crisEDTA buffer (pH 9.0). Dako REAL Peroxidase blocking
solution (Dako, Denmark) was used to block endogenous
peroxidase and was incubated for 5min. Monoclonal mouse
anti-p53 antibody, DO-7, at dilution 1:100 (Code number M
7001; Dako, Denmark) was used as the primary antibody. The
primary antibody was incubated with the tissue sample to allow
binding to the target antigen. The incubation time was 1 h at
room temperature. Dako REAL EnVision (HRP rabbit/mouse
(ready-to-use) (Dako, Denmark) was the secondary antibody,
with specificity for the primary antibody, was incubated with
the tissue sample to allow binding to the primary antibody.
This incubation step was 30min at room temperature. Signals
were developed with DAB for 5min and counterstained with
hematoxylin. Negative controls were obtained by leaving out
the primary antibody. p53 expression in colon adenocarcinoma
tissue was used as a positive control.

Evaluation and scoring of immunohistochemical staining of
p53 expression were performed by two independent researchers
for test-retest reliability. Both researchers were single blinded
to treatment allocation. p53 expression was observed in the
nuclei of the epithelial layer of excised pterygium tissue. The
immunohistochemical p53 results were scored according to the
percentage of cells with positive nuclei staining: score 0, negative
staining in the nuclei; score 1+, 1–10% positive staining in the

TABLE 1 | Distribution of age, gender, and method of conjunctival autograft for

both groups.

Parameters Intervention Control

n = 25 n = 25

Age (years)

Mean 52.64 ± 8.8 51.96 ± 9.5

Range 36–67 37–68

Gender (n, %)

Male 13 (52) 13 (52)

Female 12 (48) 12 (48)

Methods of conjunctival autograft (n, %)

Fibrin glue 18 (72) 22 (88)

Suturing 7 (28) 3 (12)

nuclei; score 2+, 11–50% positive staining in the nuclei; score
3+, >50% positive staining in the nuclei. The scoring method
that was used in this study was based on the scoring described by
Tsai et al. (38).

Statistical Analysis
Statistical analysis was carried out using the Statistical Package
for Social Sciences (SPSS) version 22. Fisher’s exact test was used
for the association of COX-2 and p53 expressions between the
intralesional ranibizumab and control groups. Fisher’s exact tests
were conducted using STATA version 14, and a value of p <0.05
indicated statistical significance.

RESULTS

Demographic Data
A total of 50 patients (25 patients in the intervention group
and 25 patients in the control group) were recruited. Among
these two groups, there were 34 (68%) patients with grade III
pterygium and 16 (32%) patients with grade IV pterygium. There
were 13 (52%) men and 12 (48%) women in each group. Ages in
the intervention group ranged from 36 to 67 years, with a mean
age of 52.64 ± 8.8 years. In the control group, ages ranged from
37 to 68, with a mean age of 51.96± 9.5 years (Table 1).

Post-pterygium excision, the conjunctival autograft was
performed using fibrin adhesive glue in 18 (72%) patients
in the intervention group and 22 (88%) patients in the
control group. Suturing of conjunctival autograph was done
in the other 10 patients (seven patients in intervention
and three patients in control groups) (Table 1). There
were no side effects or complications post-intralesional
ranibizumab injection observed among the patients in the
intervention group.

COX-2 Expression in Excised Pterygium
Tissue
Cyclooxygenase-2 expression was observed in both the epithelial
layer and stromal layer of excised pterygium tissue. There were
a greater number of positive cells staining in the epithelial
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TABLE 2 | Association of cyclooxygenase-2 (COX-2) and p53 expression in excised pterygium tissue between intervention and control groups post-intralesional injection

of ranibizumab.

Immunohistochemical analysis Intervention group

n (%)

Control group

n (%)

Point estimate 95% CI p value

COX-2 epithelial cells staining

Score 0 4 (16) 0 (0)

Score 1+ 10 (40) 6 (24) 84.0% 63.9, 95.5 0.007

Score 2+ 10 (40) 10 (40)

Score 3+ 1 (4) 9 (36)

COX-2 stromal cells staining

Score 0 4 (16) 0 (0)

Score 1+ 15 (60) 6 (24) 84.0% 63.9, 95.5 <0.001

Score 2+ 6 (24) 14 (56)

Score 3+ 0 (0) 5 (20)

p53 epithelial cells staining

Score 0 1 (4) 0 (0)

Score 1+ 9 (36) 3 (12) 96.0% 79.6, 99.9 0.085

Score 2+ 9 (36) 10 (40)

Score 3+ 6 (24) 12 (48)

Fisher’s exact test, p < 0.05 significant.

CI, confidence interval; COX-2, cyclooxygenase-2.

layer as compared to the stromal layer. The epithelial layer
showed few focal areas of hyperplasia indicate a disturbance
of cell proliferation. Immunohistochemical scoring of COX-
2 expression of pterygium tissues showed different staining
intensities from weak to moderate and strong staining intensity.

In the epithelial layer, COX-2 expression was observed
mainly in the basal epithelia. The distribution of COX-
2 expression in epithelial cells between the two groups
is shown in Table 2. Higher scoring (score 3+) was seen
more in the control group as compared to the intervention
group. There were 4 (16%) pterygium tissues in the
intervention group that showed negative epithelial cell
staining of COX-2. None of the tissues from the control
group showed negative staining of COX-2 in epithelial
cells. There was a statistically significant difference in the
reduction of COX-2 expression in the surface epithelium
between intervention and control groups [84.0% (95%
CI: 63.9, 95.5)] (p = 0.007) post-intralesional injection
of ranibizumab.

In the stromal layer, COX-2 staining was observed in
stromal inflammatory cells, capillary vessels, and fibroblasts.
The distribution of COX-2 expression in stromal cells between
the two groups is shown in Table 2. Score 2+ was observed
higher in the control group as compared to the intervention
group. On the contrary, a score 1+ was higher in the
intervention group as compared to the control group. There
were 4 (16%) pterygium tissues in the intervention group
that showed negative stromal cell staining of COX-2. None
of the tissues from the control group showed negative
staining of COX-2 in stromal cells. There was a statistically
significant difference in the reduction of COX-2 expression in
stromal cells between intervention and control groups [84.0%
(95% CI: 63.9, 95.5)] (p < 0.001) post-intralesional injection
of ranibizumab.

p53 Expression in Excised Pterygium
Tissue
p53 immunostaining was observed in the nuclei of the surface
epithelia. The distribution of p53 expression in epithelial cells
between the two groups is shown in Table 2. Intervention group
showed 4% negative staining, 36% in score 1+, and 24% in
score 3+ as compared to control group with 0, 12, and 48%,
respectively. There was only one (4%) pterygium tissue in the
intralesional ranibizumab group that showed negative epithelial
cell staining of p53, and none from the control group. However,
there was no significant difference in the reduction of p53
expression between intervention and control groups [96.0%
(95% CI: 79.6, 99.9)] (p = 0.085) post-intralesional injection
of ranibizumab.

Immunohistochemical scoring of COX-2 expression in the
epithelial layer, COX-2 expression in the stromal layer, and p53
expression in the epithelia layer of pterygium tissues are shown
in Supplementary Figures 1–3, respectively, as supplementary
files. In view of the inability to use of scale slide, the images were
captured without a scale bar.

DISCUSSION

There are various proposed etio-histopathologies of pterygia.
Overexpression of VEGF in response to numerous stimuli
plays a role in pterygium formation (11–14). Apart from that,
several studies have shown that COX-2 and p53 overexpressions
play important roles in the pathogenesis of pterygium. COX-
2 is the significant enzyme for inflammatory cytokine-induced
angiogenesis, and it was found in 80–100% of primary pterygia
(15, 17, 19). Expression of p53 in primary pterygia varies between
54 and 100% (26, 30–32). It has been suggested that pterygium
could result from uncontrolled cell proliferation (26).
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Several studies have demonstrated the effectiveness of
subconjunctival anti-VEGF in regression of pterygium size (9),
vascularity (9, 39, 40), and the recurrence rate (39, 41). VEGF is
a regulator of angiogenesis and inhibition of VEGF can prevent
new vessel proliferation (9). Mohamed et al. (40) demonstrated
that pterygium with anti-VEGF injection showed a reduction in
mean vessel count and VEGF expression.

Vascular endothelial growth factor is induced by hypoxic
stimuli and is responsible for the induction of COX-2 expression
in endothelial cells (42). In our study, there were significant
reductions in COX-2 expression in the surface epithelium
(p = 0.007) and stromal cells (p < 0.001) in pterygium tissue
post-intralesional injection of ranibizumab as compared to the
control group. Liu et al. (10) reported that there was a significant
correlation between COX-2 upregulation and VEGF expression
in pterygium tissue. They found that the expression of COX-
2 showed a significant correlation with the density of the
microvessels. The finding was supported by Mohamed et al. (40)
showed that intralesional injection of anti-VEGF in pterygium
decreased vascularity and VEGF expression. We postulated that
inhibition of VEGF is associated with a reduction of COX-2
expression and vascularity.

However, only 16% of pterygium tissue in the intervention
group in our study showed negative staining for COX-2
expression. Multiple factors might be responsible for COX-
2 expression. Application of COX inhibitor demonstrated
inhibition of COX-2 expression (43), indicating COX-2-
prostaglandin-E2 pathway is the possible mechanism (44).

Abnormal expression of p53 has also been demonstrated
in pterygium suggesting that p53 plays a possible role in the
pathogenesis of pterygium (28). The expression of p53 could be
associated with an increase in VEGF production (45). In our
study, p53 immunostaining was observed in the nuclei of the
surface epithelium. Although there was no significant difference
in the reduction of p53 expression in pterygium tissue post-
intralesional injection of ranibizumab between the two groups
(p = 0.085), the trend of scoring is more favorable in the
intervention group. Lower scoring (score 1+) was seen more in
the intervention group as compared to the control group. Our
finding showed that VEGF inhibition plays a minor role in the
reduction of p53 expression. We postulated that the possibility of
UV radiation-induced p53 mutation is the major mechanism for
p53 expression.

Several studies have reported that there is a relationship
between UV radiation and the prevalence of pterygium (46–
48). Those who are living at high altitudes (above 3,000m) were
exposed to high UV-B sunlight and had high prevalence rates
of pterygium (46, 47) and those who are living at low altitudes
(below 3,000m) had a low prevalence of pterygium (48). Recent
reports have suggested that p53 expression in the epithelium
of pterygium is probably a result of UV radiation exposure
(24, 26, 30, 32). p53 expression was observed to be increasing with
increasing duration and severity of pterygium (49).

The different scoring system of COX-2 expression was used
for the epithelial layer and stromal layer. Scoring according to the
percentage of positive cell staining was used in the epithelial layer,
whereas in the stromal layer was scored according to the average

number of COX-2-expressing cells. Histologically, pterygia
are characterized by a hyperplastic, epithelial mesenchymal
transition, clusters of basal cells aggregation beside an activated
fibroblastic stroma with inflammation and matrix remodeling
(1). Small clusters of aggregation basal cells illustrated smaller
cell size and had increased nuclear-to-cytoplasm ratio (1). Dense
epithelial cells in a few clusters of epithelial layers with different
staining intensity, COX-2 expression in the epithelial layer was
scored according to the percentage of positive cell staining.
On the other hand, absolute cell number was used for scoring
of cell staining in the stromal layer in view of less abundant
stromal cells.

With the emergence and availability of anti-VEGF,
intralesional of anti-VEGF on pterygium tissue was suggested
as a possible adjunctive therapy for pterygium excision by
decreasing the blood vessel formation (9, 40, 50). Strong COX-2
expression has been suggested as a risk factor for the recurrence
of pterygium (18, 19). However, p53 expression in the epithelium
overlying the pterygium is not associated with the recurrence of
pterygium (51).

The use of subconjunctival anti-VEGF injection as an adjunct
therapy to the surgery is relatively safe (40, 52). There were
no side effects or complications post-intralesional ranibizumab
injection observed in our study.

Limitation and Recommendation
This study does have some limitations. Firstly, the specific
mechanism of COX-2 and p53 overexpressions was not
fully understood. Therefore, detailed information about each
patient’s lifestyle, sun exposure, irradiation, family history,
and medication intake should be obtained and considered
during analysis, as all these factors can affect COX-2 and p53
overexpressions in pterygium tissue.

In this study, the sealed envelope technique was used as
the technique for the randomization method. However, this
sealed envelopes technique is not a robust method for allocation
concealment. Other methods of randomization such as block or
stratified randomization are the better randomization technique
in order to produce a comparable group and eliminate the source
of bias in the intervention group.

The COX-2 expression in the stromal layer was analyzed
as a total of all cells. Analysis of the COX-2 expression
according to the different stroma cell types was not performed.
The information regarding COX-2 expression according to the
different stroma cell types might strengthen the findings. We
recommend analyzing the COX-2 expression based on the
different types of cells in the stromal layer in future studies.

Images of immunohistochemical scoring of COX-2 expression
and p53 expression in pterygium tissues (Supplementary Files)
were captured without a scale bar because we were not being
able to use a scale slide during capturing the image. Since scale
bar information allows a quicker and reliable way to assess the
size of features shown in images, we advise any microscopic
images should have a scar bar either using a scale slide or
specific software.

Intralesional ranibizumab would have an effect on VEGF
expression and reflect the effect of ranibizumab on the treatment
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efficacy. However, due to limited funds, VEGF expression was
not analyzed in this study. We strongly recommend analyzing
the VEGF expression in future studies that used anti-VEGF as
a treatment option.

Due to the various postulated etiopathogenesis of pterygium
that exists currently, evaluating the effect of intralesional
ranibizumab injection on oxidative stress markers in pterygium
such as 8-hydroxy-20-deoxyguanosine and on CD34 expression
in endothelial cells might be useful.

Lignocaine, is an amide local anesthetic, was administered
during the procedure of pterygium surgery. The mechanism
of action of lignocaine for local anesthesia is by reversible
blockade of nerve fiber impulse propagation (53). It was reported
that lignocaine significantly inhibits the VEGF by suppressing
VEGF receptor-2 signaling (54, 55). Suppression of VEGF in
the intervention group might also be caused by lignocaine
administration besides intralesional injection of anti-VEGF.
Further study needs to be evaluated to determine the impact
of administration of local anesthesia on the effect of COX-2
and p53 overexpression. In our study, both groups were given
lignocaine anesthesia during pterygium surgery. Therefore, the
effect of VEGF inhibition by lignocaine was standardized in
both groups.

In our study, the recurrence rate was not evaluated in
both groups. The surgical technique for conjunctiva autograft
application post-pterygium excision for our patients was not
standardized due to the limited availability of fibrin adhesive
glue during the surgeries. In our study, pterygium excision
was performed with a conjunctiva autograft application, using
either fibrin adhesive glue or absorbable sutures. In view
of different surgical techniques, so this will affect the long-
term recurrence rates between these two groups. Future
studies should standardize the surgical method and evaluate
the recurrence rate of pterygium between intervention and
control groups.

CONCLUSION

Intralesional ranibizumab has the effect of reducing both COX-
2 and p53 expressions in primary pterygium tissue compared
to the control group. However, only the COX-2 expression
showed a significant result. This study demonstrated the possible
use of intralesional anti-VEGF treatment prior to pterygium
excision as a potential future modality of adjunctive therapy for
pterygium surgery.
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Supplementary Figure 1 | Immunohistochemical analysis of cyclooxygenase-2

(COX-2) protein expression in the epithelial layer of excised pterygium tissue. (A)

This panel shows negative expression (no positive cell staining). (B) Positive

immunostaining of scores 1+, 1–10% positive cells staining. (C) Positive

immunostaining of scores 2+, 11–50% positive cells staining. (D) Positive

immunostaining of scores 3+, more than 50% positive cells staining (IHC stain:

magnification 200×). IHC, Immunohistochemistry.

Supplementary Figure 2 | Immunohistochemical analysis of cyclooxygenase-2

(COX-2) protein expression in the stromal layer of excised pterygium tissue. (E)

This panel shows negative expression (no positive cell staining). (F) Positive

immunostaining of scores 1+, 1–5 positive cells staining. (G) Positive

immunostaining of scores 2+, 6–10 positive cells staining. (H) Positive

immunostaining of scores 3+, more than 10 positive cells staining (IHC stain:

magnification 200×). IHC, Immunohistochemistry.

Supplementary Figure 3 | Immunohistochemical analysis of p53 protein

expression in the epithelial layer of excised pterygium tissue. (J) This panel shows

negative expression (no positive staining in the nuclei of all cells). (K) Positive

immunostaining of scores 1+, 1–10% positive staining in the nuclei. (L) Positive

immunostaining of scores 2+, 10–50% positive staining in the nuclei. (M) Positive

immunostaining of scores 3+, more than 50% positive staining in the nuclei (IHC

stain: magnification 200×). IHC, Immunohistochemistry.
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of Adalimumab and Low-Dose
Methotrexate Combination Therapy
in Patients With
Vogt–Koyanagi–Harada Disease
Tomona Hiyama, Yosuke Harada* and Yoshiaki Kiuchi

Department of Ophthalmology and Visual Science, Graduate School of Biomedical Sciences, Hiroshima University,

Hiroshima, Japan

This retrospective study investigated the clinical characteristics and efficacy of

adalimumab and low-dose methotrexate combination therapy in patients with

Vogt–Koyanagi–Harada disease who were treated at Hiroshima University from February

2012 to May 2021. The patients’ demographics, clinical features at administration of

immunosuppressive therapy, steroid-sparing immunosuppressive therapy, side effects,

and relapses were recorded. The efficacies of steroid-sparing immunosuppressive

therapy (methotrexate, cyclosporine A, adalimumab, and adalimumab and methotrexate

combination therapy) were analyzed. Among 62 patients, the median age at diagnosis

was 47 years and the median duration of uveitis was 51 months. Systemic corticosteroid

therapy was administered to 93.5% of patients (n= 58). Thirty-four patients (54.8%) were

treated with steroid-sparing immunosuppressive therapy. Methotrexate and cyclosporine

A were administered to 12 and 22 patients, respectively; relapse occurred in 50.0% and

22.7% of the patients, respectively. Discontinuation of cyclosporine A was required in

63.6% of patients because of side effects. Adalimumab was administered to 14 patients.

Recurrence occurred in 11 patients, requiring methotrexate concomitantly. The mean

dose of methotrexate at inflammatory quiescence after side effect-related dose decrease

was 8.0 mg/week (0.13 mg/kg). The median duration of combination therapy without

recurrence was 20 months. There were no serious adverse events during adalimumab

therapy. A high relapse rate was observed in patients receiving methotrexate; a high rate

of side effects requiring discontinuation was observed in patients receiving Cyclosporine

A. Patients with late-stage Vogt–Koyanagi–Harada disease may achieve better control

with adalimumab and methotrexate combination therapy.

Keywords: Vogt-Koyanagi-Harada disease, uveitis, adalimumab, methotrexate, cyclosporine A, tumor necrosis

factor-alpha
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INTRODUCTION

Vogt–Koyanagi–Harada disease (VKH) is an autoimmune
bilateral panuveitis often associated with neurological and
cutaneous involvement (1). In the early-stage of disease,
granulomatous choroiditis occurs with exudative retinal
detachment and optic disc swelling, causing a bilateral reduction
of visual acuity (2, 3). Late-stage disease occurs in patients
with insufficient treatment; this phase is characterized by
depigmentation signs such as “sunset glow fundus” and
recurrent uveitis, with an increased risk of ocular complications
(1–4). Early and aggressive systemic corticosteroid therapy
is the basic treatment; however, systemic corticosteroid
therapy alone cannot prevent the onset of late-stage disease
(1, 5). The early administration of additional steroid-sparing
immunosuppressive therapy within 2–3 weeks of onset was
reported to prevent the onset of late-stage VKH (6). Recently,
mycophenolate mofetil and mycophenolic acid were found
to prevent the onset of chronic VKH (7). Unfortunately,
the choice of immunosuppressive therapy depends on drug
availability and local regulations—in Japan, only cyclosporine A
(CsA) and adalimumab (ADA) are approved for the treatment
of non-infectious uveitis. VKH is the second most diagnosed
intraocular inflammatory disease after sarcoidosis in Japan; many
affected patients are treated solely with systemic corticosteroids
at general ophthalmology hospitals. Although vigorous early
immunosuppressive therapy is recommended to prevent the
onset of late-stage VKH, it is not always possible in clinical
practice because of treatment availability and cost. Furthermore,
it is challenging to control ocular inflammation in patients
with late-stage VKH (8). In this study, we analyzed the clinical
characteristics and treatment efficacies of immunosuppressive
therapies in patients with VKH and focused on the treatment of
patients with late-stage VKH.

MATERIALS AND METHODS

This retrospective study reviewed data from patients with VKH
who were treated at Hiroshima University Hospital (Hiroshima,
Japan) from February 2012 to May 2021. The study was
performed with approval from the University of Hiroshima
Institutional Review Board. Written informed consent was
obtained from all patients. Permission was granted by the
Evaluation Committee on Unapproved or Off-labeled Drugs with
High Medical Needs at Hiroshima University for methotrexate
(MTX) for patients with non-infectious uveitis.

VKH was diagnosed in accordance with international
diagnostic criteria (9). Patients were initially treated with
oral corticosteroids or intravenous pulse corticosteroid therapy
(1,000mg methylprednisolone per day for 3 consecutive days)
followed by the tapering of oral corticosteroids. Topical
treatments were used if necessary. The study included all patients
who were followed up for more than 6 months. Patients were
excluded if they had an unknown date of onset or were lost to
follow-up during treatment. Early-stage and late-stage VKHwere
diagnosed according to the classification criteria for VKH by the
standardization of uveitis nomenclature working group (3).

The data collected in this study included patient age at
diagnosis, sex, duration of uveitis, initial treatment, use of
steroid-sparing immunosuppressive therapy, time until the
first immunosuppressive therapy, dose of oral corticosteroids
at baseline, ocular findings at baseline (anterior chamber
cells ≥1+, posterior synechiae, exudative retinal detachment,
choroidal thickening/folding, sunset glow fundus, chorioretinal
atrophy, choroidal neovascularization), neurological
(headache/tinnitus/dysacusis/meningismus/cerebrospinal
fluid pleocytosis)/cutaneous (vitiligo, poliosis, alopecia) features
at baseline, best-corrected visual acuity at baseline, relapse
during the immunosuppressive therapy, and side effects of
immunosuppressive therapy. Inflammatory relapse was defined
as the presence of the following: anterior chamber cells ≥1+
(according to Standardization of Uveitis Nomenclature Working
Group criteria), increase in subfoveal choroidal thickness or
choroidal folding based on enhanced depth imaging optical
coherence tomography, and indocyanine green angiography
signs (e.g., choroidal vasculitis and hypofluorescent dark dots
representing choroidal granulomas) (10). For patients treated
with ADA and MTX combination therapy, data were obtained
including previous immunosuppressive therapy, duration from
onset of VKH to ADA administration, duration from ADA
administration to MTX administration, dose of concomitant
MTX, relapse after the combination therapy, and relapse-free
period under the combination therapy.

Prior to the administration of immunosuppressive
therapies (e.g., MTX, CsA, and ADA), an extensive work-
up was performed including complete blood count, hepatic
and renal function tests, exclusion of tuberculosis and
syphilis, hepatitis B and C serology, serum angiotensin
converting enzyme, and chest radiography. Laboratory tests
and chest radiography were performed regularly during
immunosuppressive therapy. CsA blood concentration was
monitored regularly. Electrocardiograms were routinely
performed before starting ADA for screening heart disease
(11, 12). An initial dose of 80mg ADA was administered
subcutaneously, followed by 40mg ADA subcutaneously at
2-week intervals, beginning 1 week after the initial dose. All
patients were examined by several ophthalmologists at each visit
at intervals of≤2 months. ADA was initiated when conventional
therapy (i.e., oral corticosteroids >5mg, with or without oral
immunosuppressants) failed to control ocular inflammation
or when patients could not tolerate corticosteroids (e.g., in
patients with diabetes mellitus or steroid-induced glaucoma) or
other oral immunosuppressants (MTX or CsA). MTX or CsA
were discontinued at administration of ADA. On the basis of
factors such as age, severity of ocular inflammation, and range of
ocular complications, some patients received ADA as a first-line
steroid-sparing immunosuppressive therapy. Concomitant
MTX was administered when inflammatory relapse occurred in
patients who were treated with ADA.

Statistical analysis was performed using Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA) and JMP Pro,
version 15 (SAS, Cary, NC, USA). Quantitative variables were
summarized using counts (percentages), as well as means and
medians (ranges). Qualitative variables were analyzed using
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TABLE 1 | Demographics of patients with Vogt–Koyanagi–Harada disease.

Characteristics n %

Patients 62

Male 25 36.8

Female 37 54.4

Age at diagnosis, median in years

(range)

47 (18–77)

Duration of uveitis, median in months

(range)

51 (15–148)

Initial treatment of Vogt–Koyanagi–Harada disease onset

Pulse corticosteroid therapy 58 93.5

Oral corticosteroid thearpy 4 6.5

Fisher’s exact test. Differences with P-values < 0.05 were
considered statistically significant.

RESULTS

Overall, 62 patients (25 men, 37 women) with VKH were
included in the study. The patient demographics are summarized
in Table 1. The median age at diagnosis was 47 years (range,
18–77 years). The duration of uveitis was 51 months (range, 15–
148 months). Systemic corticosteroid therapy was administered
in 93.5% of the patients (n = 58). Thirty-four patients (54.8 %)
were treated with steroid-sparing immunosuppressive therapy,
10 were administered treatment at the early-stage of the disease,
and 24 were administered treatment at the late-stage of disease.

The baseline clinical characteristics of patients with
early-stage (n = 10) and late-stage (n = 24) VKH at
immunosuppressive therapy administration are summarized in
Table 2. The median dose of oral corticosteroids at baseline was
37.5mg and 11.3mg in early- and late-stage VKH, respectively.
The most common first choice immunosuppressive therapy was
CsA in both groups. Anterior chamber cells >1+ were present
in more than 50% of patients in both groups. Exudative retinal
detachment was present in 80.0% of the patients with early-stage
VKH. At baseline, choroidal thickening/folding were observed
in∼80% of the patients in the early- and late-stage VKH groups.
All patients with late-stage VKH presented with sunset glow
fundus. Best-corrected visual acuity was better than 20/50 in
more than 80% of the eyes in both groups.

Table 3 shows the details of immunosuppressive therapy
administered to patients with VKH disease. MTX was
administered to 12 patients; 11 of whomwere administeredMTX
as a second choice. Relapse during MTX treatment occurred
in 50% (n = 6) of the patients. MTX was discontinued in
25.0% (n = 3) of the patients because of side effects (alopecia,
myelosuppression, nephrotoxicity). Of 22 patients who received
CsA, 21 were administered it as a first choice. Relapse occurred
in 22.7% (n = 5) of the patients. The discontinuation of CsA
because of side effects occurred in 63.6% (n = 14) of the patients
(nephrotoxicity, myelosuppression, hepatotoxicity, hematuria,
edema, numbness, fever); this rate of side effects was higher than
that among patients who received MTX (Fisher’s exact test, P =

0.0354). The median dose of CsA at which side effects occurred

TABLE 2 | Baseline clinical characteristics of patients with Early-Stage and

Late-Stage Vogt-Koyanagi-Harada disease at time of administration of

immunosuppressive therapy.

Early-stage Late-stage

Clinical characteristics n = 10 n = 24

Duration from onset to first

immunosuppressive therapy,

Median in months (range)

0.5 (0–2) 8 (0–105)

Dose of oral corticosteroids at

baseline, Median in milligram (range)

37.5 (20–50) 11.3 (0–60)

First choice immunosuppressive therapy

Methotrexate 1 4

Cyclosporine A 8 13

Adalimumab 1 7

Ocular findings at baseline

Anterior chamber cell (%) 7 (70.0) 14 (58.3)

Posterior synechiae (%) 1 (10.0) 2 (8.3)

Exudative retinal detachment (%) 8 (80.0) 4 (16.7)

Choroidal thickening/folding (%) 8 (80.0) 19 (79.2)

Sunset glow fundus (%) 0 (0) 24 (100)

Chorioretinal atrophy (%) 0 (0) 6 (25.0)

Choroidal neovascularization (%) 0 (0) 2 (8.3)

Neurologicala/Cutaneousb features

at baseline (%)

2 (20.0) 7 (29.2)

Best corrected visual acuity at

baseline

20 eyes 48 eyes

Better than 20/50 (%) 16 (80.0) 44 (91.7)

20/50 to 20/200 (%) 3 (15.0) 3 (6.3)

Worse than 20/200 (%) 1 (5.0) 1 (2.1)

aHeadache/tinnitus/dysacusis/meningismus/cerebrospinal fluid pleocytosis.
bVitiligo/poliosis/alopecia.

was 137.5 mg/day (2.3 mg/kg). ADA was administered to 14
patients; as the first choice in 8 patients, as the second choice in
4 patients, and as the third choice in 2 patients. Of 14 patients,
13 were administered ADA at late-stage disease. Relapse during
ADA occurred in 11 patients, who then required concomitant
MTX. No side effects were observed during ADA therapy.

The 11 patients treated with ADA and MTX combination
therapy following relapse during ADA monotherapy are
summarized in Table 4. All 11 patients were administered
ADA at late-stage disease. The median duration from onset
to ADA administration was 5 months (range, 0–105 months).
Nine out of 11 patients relapsed within the first 6 months
after starting ADA, and received concomitant MTX. All 11
patients had received MTX by 12 months (median, 2 months;
range, 0–12 months). The mean maximum dose of concomitant
MTX was 11.5 mg/week (0.18 mg/kg). A dose adjustment of
MTX was required in five patients (45.5%) because of side
effects (hepatotoxicity and fatigue). The mean dose of MTX at
inflammatory quiescence after dose adjustment was 8.0 mg/week
(0.13 mg/kg). Inflammatory relapse occurred in three patients
(27.3%) after 4, 6, and 12 months of combination therapy
(patients 6, 10, and 11): subsequently, the MTX dose was
increased in these three patients. The median duration of ADA
and MTX combination therapy without relapse was 20 months
(range, 4–31).
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TABLE 3 | Immunosuppressive therapy in patients with Vogt–Koyanagi–Harada

disease.

n %

Methotrexate (n = 12)

First choice 1 8.3

Second choice 11 91.7

Early-stage 5 41.7

Late-stage 7 58.3

Relapse during methotrexate therapy 6 50.0

Discontinuation due to side effects 3 25.0

Cyclosporine A (n = 22)

First choice 21 95.5

Second choice 1 4.5

Early-stage 8 36.4

Late-stage 14 63.6

Relapse during cyclosporine A therapy 5 22.7

Discontinuation due to side effects 14 63.6

Adalimumab (n = 14)

First choice 8 57.1

Second choice 4 28.6

Third choice 2 14.3

Early-stage 1 7.1

Late-stage 13 92.9

Relapse during Adalimumab therapy 11 78.6

Discontinuation due to side effects 0 0.0

Monotherapy 3 21.4

Adalimumab and Methotrexate combination therapy 11 78.6

There were no serious adverse events associated with ADA
treatment in this study. Side effects occurred in 11 out
of 21 patients (52.4%) who received MTX (including MTX
monotherapy and combination therapy). Side effects were
managed by dose adjustment in 8 out of 21 patients (38.1%),
and, 14.3% (n = 3) discontinued MTX. In contrast, side effects
of CsA that required discontinuation were observed in 63.6% of
the patients; nephrotoxicity was the most common side effect.

DISCUSSION

Recently, combinations of steroidal and steroid-sparing
immunosuppressive therapies for VKH were proposed to
prevent chronic recurrent disease (6). In the present study, we
focused on the clinical characteristics and treatment efficacies of
MTX and CsA in patients with VKH, as well as the use of ADA
and low-dose MTX combination therapy for the treatment of
late-stage VKH in Japanese patients.

In this study, 54.8% of all patients with VKHwere treated with
steroid-sparing immunosuppressive therapies, including MTX,
CsA, and ADA. In many instances, CsA was chosen first, as
this is approved for the treatment of non-infectious uveitis.
Patients with early-stage VKH received immunosuppressive
therapy approximately within 1 month of diagnosis, during
the tapering of oral corticosteroids. Anterior chamber cells and
exudative retinal detachment were more prominent in patients
with early-stage VKH, whereas choroidal thickening/folding was

present in patients with early- and late-stage VKH at baseline
when they received immunosuppressive therapy. Sunset glow
fundus, a characteristic depigmentation sign of VKH, was present
in all patients with late-stage VKH. Neurological and cutaneous
features were slightly less prominent in patients who received
immunosuppressive therapy at the early-stage of disease, which
may have been improved because of the aggressive corticosteroid
therapy. Inflammatory relapse occurred in 50.0% and 22.7% of
patients treated with MTX or CsA, respectively. Notably, the rate
of side effects requiring discontinuation ofmedication was higher
in patients treated with CsA than in patients treated with MTX.
In Japan, the approved maximum dose of MTX is 16 mg/week
because of the increased prevalence of adverse events in Japanese
patients (13). The higher recurrence rate in the MTX group
may be associated with the insufficient MTX dose, which had
been adjusted because of side effects. Furthermore, regardless of
the concurrent initiation of MTX with systemic corticosteroid
treatment, its effects were not apparent until a few months
after administration, unlike immediate-acting agents such as CsA
and ADA (14). Thus, the use of delayed-acting agents such as
MTX alone may be inappropriate to prevent ongoing subclinical
choroidal inflammation in patients with early-stage VKH.

As we previously suggested, VKH may require stronger anti-
inflammatory treatment, compared with other uveitis etiologies
(15). Adalimumab is more effective when used in combination
with disease-modifying antirheumatic drugs (e.g., MTX) than
when used alone (16–18). In the current study, 13 out of 14
patients who were treated with ADA received the treatment
at late-stage. Of these 13 patients, relapse occurred in 11,
which required ADA and MTX combination therapy. After
the onset of late-stage VKH, the immunosuppressive effect of
ADA alone might unfortunately be insufficient to control ocular
flares and to prevent further functional and morphological
dysfunctions. In this study, ADA and MTX combination therapy
was successful in 72.7% of patients with late-stage VKH; the
median recurrence-free period was 20 months. Previously, an
adequate concentration of MTX to suppress inflammation with
limited hepatotoxicity in Japanese patients with RA was achieved
using a dose of 10–12 mg/week (19). Previously we reported that
the median maximum dose of MTX that achieved inflammatory
quiescence in patients with sclerouveitis was 16 mg/week, and
the inflammatory control of non-infectious uveitis was achieved
with the median dose of 12 mg/week (20, 21). In this study,
the median concomitant MTX dose required at inflammatory
quiescence without any side effects was 8.0 mg/week (0.13
mg/kg), which is considered low-dose therapy. This suggests that
combination therapy involving ADA and MTX (at a dose lower
than generally considered adequate for monotherapy) may be
sufficient to achieve inflammatory control in patients in late-
stage VKH. In our study, 81.8% of patients who were treated
with the combination therapy required MTX within 6 months
after ADA administration. Because of the slow onset of action
of MTX, we presume that it is preferable to initiate MTX
concomitantly with ADA in patients with late-stage VKH. To
the best of our knowledge, this study includes the largest series
of patients with VKH who were treated with ADA and MTX
combination therapy.
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TABLE 4 | Patients treated with adalimumab and methotrexate combination therapy.

Patient Sex Age at

diagnosis

(years)

Duration

of uveitis

(months)

Previous

immuno

suppressive

therapy

Duration

from onset

to ADA

administration

(months)

Duration

from ADA to

MTX

administration

(months)

MTX dose at

inflammatory

quiescence

(mg)

Side effects

of MTX that

required

dose

adjustment

Relapse

after

combination

therapy

Combination

therapy without

relapse

(months)

1 F 59 19 + 5 2 10 – 12

2 F 56 56 – 14 12 4 Hepatotoxicity – 30

3 F 45 110 + 85 0 8 Fatigue – 25

4 M 38 24 – 0 3 8 – 20

5 F 29 141 + 105 7 8 – 28

6 M 50 57 + 23 2 14 + 12

7 M 37 36 – 2 2 4 Hepatotoxicity – 31

8 M 42 37 – 3 2 4 Hepatotoxicity – 31

9 M 27 20 + 8 0 4 Hepatotoxicity – 16

10 M 22 12 – 2 0 16 + 6

11 M 59 11 – 0 0 16 + 4

M, male; F, female; ADA, adalimumab; MTX, methotrexate.

According to a previous study conducted in Japan, ∼61%
of patients receiving systemic corticosteroid monotherapy
eventually developed sunset glow fundus (5, 14, 22–25). Thus,
if the goal of successful treatment is preventing the onset of
late-stage disease, there is a risk of over-treatment in one-
third of patients if steroid-sparing immunosuppressive therapy is
administered at the initiation of systemic corticosteroid therapy.
However, when the consequences of late-stage disease (e.g.,
cataract, glaucoma, contrast sensitivity, color vision deficits, and
extraocular complications) are weighed against the potential side
effects of steroid-sparing immunosuppressive therapy, early ADA
or ADA andMTX combination may be appropriate, especially in
younger patients (14).

There were several limitations in this study. First, the
number of patients was limited; thus, a multicenter study in
Japan is needed to determine the efficacy and the rate of
side effects associated with MTX and CsA, as well as ADA
and MTX combination therapy, among patients with late-
stage VKH in a broader population. A direct comparison
of ADA monotherapy, and ADA and MTX combination
therapy should also be conducted. Second, a longer follow-
up period is needed because of the chronic nature of VKH.
Further assessment of ADA and MTX combination therapy
in patients with early- and late-stage VKH, as well as the
possibility of the suspension of therapy should be conducted.
Third, the duration from VKH onset to first steroid-sparing
immunosuppressive therapy varied among patients in this study.
A better analysis of the treatment results of MTX and CsA
might have been possible if all patients had received treatment
with consistent timing. Fourth, the measurement of ADA trough
levels and anti-ADA antibody levels would be useful to assess
their relationship with treatment suspension. The presence
of antinuclear antibodies may be a predictable consequence
of sufficient anti-tumor necrosis factor-alpha blockade, which
may aid the treatment suspension (26, 27). Last, this was a
retrospective study and thus included various patients with
different treatment backgrounds. A prospective study is needed
to investigate the use of ADA and MTX therapy in patients
with VKH.

In conclusion, this study demonstrated the clinical
characteristics of VKH in Japanese patients; a high relapse
rate was observed in patients treated with MTX and a high rate
of side effects requiring discontinuation was observed in patients
treated with CsA. This study showed that patients with late-stage
VKHmay achieve better disease control with ADA and low-dose
MTX combination therapy.
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Baricitinib is a Janus kinase (JAK) inhibitor used to treat refractory rheumatoid arthritis

and blocks the subtypes JAK1 and JAK2. A 35-year-old man with seronegative

rheumatoid arthritis complicated by bilateral severe non-granulomatous panuveitis was

resistant to steroid treatment, multiple conventional disease-modifying antirheumatic

drugs (methotrexate and salazosulfapyridine), and TNF-α inhibitors (adalimumab and

infliximab). Therefore, the TNF-α inhibitors were switched to baricitinib to decrease

the activity of systemic arthritis. Along with the amelioration of inflammatory activity in

seronegative rheumatoid arthritis, the inflammatory activity of uveitis was decreased.

Vitreous opacity, serous retinal detachment, and anterior chamber cells showed

improvement. Baricitinib was effective not only in refractory systemic arthritis but also

in uveitis, which may provide a new treatment option for patients with refractory uveitis.

Keywords: JAK inhibitor, baricitinib, uveitis, rheumatoid arthritis, new therapeutic target

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory disease associated with several extra-articular
organ manifestations involving the skin, heart, lungs, and eyes. The pharmacological treatment
of RA involves anti-inflammatory analgesics, steroids, conventional synthetic disease-modifying
anti-rheumatic drugs (csDMARDs) such as methotrexate, and biological agents, including TNF-α
inhibitors (biological DMARDs bDMARDs). Early interventions using these agents have been
reported to enable clinical, structural, and functional remission. However, treatment resistance has
also been noted with the use of these medications, along with long-term systemic complications
caused by administering high doses of steroids and immunosuppressive agents (1). In addition,
ocular manifestations of RA, such as dry eye, corneal ulcer, episcleritis, scleritis, and retinal
vasculitis, often require the use of topical and systemic steroids as well as immunosuppressive
agents (2–4). In recent years, a new class of targeted synthetic DMARDs (tsDMARDs), Janus kinase
(JAK) inhibitors, has shown good therapeutic results in such cases (1). Therefore, the aim of this
study was to present our experience with treating a patient affected by RA and uveitis using a
JAK inhibitor.
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CASE DESCRIPTION

A 35-year-old man with a medical history of postoperative
maxillary osteomyelitis, postoperative vocal cord tumor, right
scaphoid fracture, and mediastinal tumor was referred to our
hospital. He presented with lower back pain and joint pain in
both hands approximately a year ago, as well as the blurred
vision of his right eye that he noticed 2 months prior. The
postoperative maxillary osteomyelitis was observed 10 years ago
and was no longer observed at the initial visit. Vocal cord tumors
and mediastinal tumors were biopsied by otolaryngology and
thoracic surgery in our hospital, and the pathological result
was an inflammatory pseudotumor. At the first visit, his best-
corrected visual acuity (BCVA) was 20/16 in both eyes, and
the intraocular pressure was 14 mmHg and 10 mmHg in
the right and left eyes, respectively. A slit-lamp examination
demonstrated conjunctival hyperemia and anterior chamber
cells in both eyes (Figures 1A,B). Fundus examination revealed
mild vitreous opacity in the right eye (Figure 1C), but no
vitreous opacity in the left eye. Optical coherence tomography
(OCT) showed no macular edema in either eye. Furthermore,
fluorescein angiography revealed retinal vasculitis in the right eye
(Figure 1D).

He was referred to orthopedic surgery in our hospital due
to lower back pain and joint pain in both hands. Radiography
showed bone erosions in both wrist joints (Figure 2). Blood tests
showed an increase in the white blood cell count (13,530/µL) and
C-reactive protein (CRP) levels of 2.37 mg/dL. The rheumatoid
factor (RF) and anti-citrullinated protein antibody (ACPA)
levels were within normal limits, and human leukocyte antigen
B27 (HLA-B27) test was negative. According to the 2010

FIGURE 1 | A slit-lamp examination showing conjunctival hyperemia and anterior chamber cells in the right eye (A) and left eye (B). A fundus photograph of the right

eye showing vitreous opacity (C). Fluorescein angiography of the right eye showing vascular leakage (D).

ACR/EULAR Rheumatoid Arthritis Classification Criteria (5),
a score of 7 out of 10 was obtained; the joint distribution
was 5 points because he affected over 10 joints, including the
bilateral wrist and shoulder joints, metacarpophalangeal (MCP)
of the thumb, proximal interphalangeal (PIP) joints of his
bilateral index, long, ring, and little finger. Serology was 0 points,
symptom duration was 1 point (>6 weeks) and acute phase
reactions were 1 point (abnormal CRP). Computed tomography
showed no obvious inflammatory findings in the spine and
sacroiliac joints, so sacroiliitis was excluded. His final diagnosis
was bilateral panuveitis associated with seronegative RA.

Treatment with betamethasone ophthalmic solution was
started at the first visit, but 2 months later, the vitreous opacity
of the right eye worsened and the visual acuity of the same
eye decreased to the counting finger; therefore, prednisolone (60
mg/day) was started by the ophthalmologist. After 4 months,
systemic arthritis worsened. Consequently, methotrexate (12
mg/week) and salazosulfapyridine (1,000 mg/day) were added
to the patient regimen by a rheumatologist. Following this,
subcutaneous injection of adalimumab (40 mg/2 weeks) was
administered 19 months later due to further exacerbation of
arthritis; however, no improvement was observed. Subsequently,
the subcutaneous injection of adalimumab was changed to an
intravenous infusion of infliximab (3–6 mg/kg) 38 months later.
Nevertheless, since neither his systemic arthritis nor uveitis
improved after 42 months, the orthopedic surgeon changed the
patient’s regimen from intravenous infliximab to oral baricitinib
(8 mg/day). At the start of the oral baricitinib therapy, CRP
levels were as high as 11.03 mg/dL, BCVA was 20/20 and
20/16, and intraocular pressure was 12 mmHg and 11 mmHg
in the right and left eyes, respectively. A slit-lamp examination
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FIGURE 2 | Radiography showing bone erosions of the wrist joint (red arrow)

(image of right hand).

revealed corneal infiltration lesions in both eyes. Furthermore,
anterior chamber cells, posterior iris synechia, and anterior
subcapsular cataract were observed in the right eye, while no
anterior chamber cells were seen in the left eye (Figures 3A,B).
Fundus examination revealed vitreous opacity in both eyes
(Figures 3C,D), and OCT revealed serous retinal detachment in
the right eye (Figure 3E). Three months after the initiation of
oral baricitinib, his CRP levels decreased to 0.26 mg/dL, and
the corneal infiltrative lesions, as well as the anterior chamber
cells, improved (Figures 4A,B). Moreover, systemic arthritis and
vitreous opacity in both eyes improved (Figures 4C,D). OCT
revealed that serous retinal detachment in the right eye had
disappeared (Figure 4E). Two years and seven months after the
initiation of baricitinib, his BCVA was 20/20 in both eyes, and no
relapse of uveitis was observed. In addition, no serious side effects
of oral baricitinib were observed or reported.

DISCUSSION

RA is classified as seropositive or seronegative based on the
presence of RF and ACPA. The incidence of seronegative
RA is estimated to be between 16 and 26% of RA patients
(6, 7). Seronegative RA has been reported to have lower
disease activity and better prognosis than seropositive RA (8).
However, Barra et al. reported that seronegative RA showed
higher inflammatory activity than seropositive RA, and bone
erosion is equivalent over a 2-year course in DMARD-naive
patients (6). Therefore, seronegative RA does not appear to
be a benign subtype of RA and requires the same intensive
treatment as seropositive RA (7). Ocular manifestations of RA
include keratoconjunctivitis sicca, episcleritis, scleritis, corneal
ulcer, and retinal vasculitis. In particular, corneal ulcer and
scleritis are known to become intractable and cause serious visual

dysfunction, such as corneal and scleral perforation, macular
edema, and secondary glaucoma (2).

This case showed hypopyon, panuveitis, serous retinal
detachment, and infiltrative lesions in the center of the cornea,
which were not typical ocular complications, as previously
reported in rheumatoid arthritis. Therefore, Behcet’s disease was
suspected, and he was referred to the dermatology in our hospital.
However, there were no recurrent oral ulcers, recurrent genital
ulcers, or skin lesions. Fluorescein angiography did not show
“Fern-like” fluorescein leakage, and Behcet’s disease was ruled
out. Infiltrative lesions in the center of the cornea were observed
simultaneously in both eyes, did not show dendritic epithelial
ulcer, and improved after the start of oral baricitinib without the
use of antiviral drugs. Viral etiology, such as HSV/VZV, was also
ruled out. The incidence of ocular manifestations has been shown
to not present any statistically significant difference between
patients with seronegative and seropositive RA. The longer the
duration of the disease, the larger the number of extra-articular
manifestations (9); thus, these ocular manifestations require the
same intensive treatment as RA.

JAK is a kinase that is constitutively bound to a cytokine
receptor.When a cytokine binds to the receptor, phosphorylation
of the transcription factor signal transducer and activator of
transcription (STAT) is induced along with phosphorylation of
JAK. Phosphorylated STATs form dimers and translocate into the
nucleus without the intervention of other signaling molecules to
regulate transcription, enabling the regulation of nuclear gene
expression by extracellular cytokines. JAK is composed of four
molecules, namely JAK1, JAK2, JAK3, and Tyk2, which are
activated in different combinations by various cytokines (9).

JAK inhibitors are molecular-targeted synthetic drugs that
specifically inhibit JAK. Biological agents, which are high
molecular weight proteins, are limited to administration via
intravenous or subcutaneous injections. On the other hand, JAK
inhibitors are low molecular weight compounds that can be
orally administered and are as effective as biological agents. These
inhibitors competitively bind to the ATP-binding site of JAK in
the cell and specifically inhibit the activity of JAK induced by
cytokine stimulation (10, 11). Baricitinib inhibits JAK1 and JAK2,
while tofacitinib inhibits JAK1, JAK2, and JAK3. JAK inhibitors
such as these are often reported to be effective in RA that is
resistant to treatment with biological agents (12–16). However,
adverse events such as herpes zoster, serious heart-related events,
and cancer are known to occur more frequently following the
use of JAK inhibitors when compared to that of biological agents
(12, 13).

At present, very little evidence is available on the use of
JAK inhibitors for the treatment of ocular inflammation (17–
21). Miserocchi et al. reported that baricitinib and tofacitinib
showed a significant reduction in inflammatory activity in uveitis
than in systemic arthritis when four cases of juvenile idiopathic
arthritis-associated uveitis (JIAU) refractory to csDMARD
and bDMARD were investigated (17). During their study,
no serious systemic side effects required discontinuation of
treatment (17).

Bauermann et al. (18) described tofacitinib as a successful
strategy for severe refractory uveitis and macular edema;
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FIGURE 3 | A slit-lamp examination showing corneal infiltration lesion, anterior chamber cells, posterior iris synechia, and anterior subcapsular cataract in the right eye

(A) and corneal infiltration lesion in the left eye (B). A fundus photograph showing vitreous opacity in the right eye (C) and left eye (D). OCT of the right eye showing

serous retinal detachment (E).

FIGURE 4 | A slit-lamp examination showing improvement of the corneal infiltrative lesions and the anterior chamber cells in the right eye (A) and left eye (B). A

fundus photograph showing improvement of vitreous opacity in both eyes (C) and (D). OCT showing disappearance of serous retinal detachment in the right eye (E).

therefore, JAK inhibitors were postulated as a treatment option in
select cases that do not respond well to csDMARD and bDMARD
or intraocular steroid implants.

Based on the above-mentioned findings, Chen et al. (19)
reviewed the current treatment algorithms for JIAU, which
are unable to taper local and oral steroids, and recommended
treatment with methotrexate followed by TNF-α inhibitors such
as adalimumab. IL-6 inhibitors, T cell co-stimulationmodulators,
JAK inhibitors, and CD20 inhibitors—which have been proven
to be effective against arthritis following their recent review
for the treatment of JIAU—have been proposed as remedial
options when refractory to the above-mentioned treatments (19).
In addition, an international, multicenter, open-label controlled

study sponsored by Eli Lilly and Company [NCT04088409; 2019–
present; (22)] is currently underway to compare baricitinib and
adalimumab in JIAU and chronic anterior anti-nuclear antibody
positive uveitis. If the effectiveness of baricitinib for these uveitis
cases can be proven, it may be effective for other types of uveitis
in the future.

In the current case, treatment with csDMARDs or bDMARDs
did not suppress the inflammatory activity of systemic arthritis
and uveitis. However, after the initiation of oral baricitinib, which
is a tsDMARD, inflammatory activity improved not only in
systemic arthritis but also in the uveitis of both eyes for a long
time. Additionally, good visual acuity was maintained without
serious side effects.
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Currently, the only approved treatments for uveitis in Japan
are steroids, cyclosporine, infliximab, and adalimumab, which
have to be administered for a long period in refractory cases.
Therefore, considering the systemic and local complications
associated with the long-term use of these conventionally
prescribed agents, new therapeutic agents with different
mechanisms of action are desired. In this report, we highlight the
efficacy and safety of baricitinib for the treatment of uveitis with
RA resistant to conventional treatment. In the future, the use of a
JAK inhibitor along with the involvement of a multidisciplinary
team including the rheumatologist may be a viable option if the
treatment by an ophthalmologist is not sufficient in similar cases.
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Surgery to Enable Use of Lower Dye
Concentrations During Macular
Surgery
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1Department of Ophthalmology, School of Medicine, Kyungpook National University, Kyungpook National University Hospital,
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Purpose: This study evaluated the color contrast ratio (CCR) of the internal limiting

membrane (ILM) using different color settings of digitally assisted vitreoretinal surgery

(DAVS) with different indocyanine green (ICG) concentrations.

Methods: This is a prospective comparative observational study. Consecutive patients

that underwent 25G vitrectomy and ILM peeling using a standard operating microscope

(SOM) (25 eyes), DAVS Ver. 1.1 (12 eyes), or DAVS Ver. 1.3 (13 eyes) were enrolled.

The SOM and DAVS Ver. 1.1 groups used 0.075% ICG, and the DAVS Ver. 1.3 group

used 0.025% ICG. In DAVS Ver. 1.1, macular CCR was compared between four different

presets in the red, green, and blue channels: Default (Red (R) 100%, Green (G) 100%,

and Blue (B) 100%); Preset 1 (R 20%, G 100%, B 100%); Preset 2 (R 80%, G 80%, B

100%), and Preset 3 (R 85%, G 100%, B 90%). In DAVS Ver. 1.3, macular CCR was

evaluated using two different customized settings that modified the hue and saturation:

Customized Setting 1 (R 86, G 100, B 100%, Hue+2◦, Saturation 90%, Gamma 1.2) and

Customized Setting 2 (R 90, G 100, B 100%, Hue+20◦, Saturation 100%, Gamma 0.9).

All patients underwent ophthalmologic examinations including BCVA at baseline and at

12 months.

Results: In DAVS Ver. 1.1, macular CCR was highest in Preset 3 (P < 0.01). The CCR

of Customized Setting 2 of DAVS Ver. 1.3 using 0.025% ICG did not differ from that

of Preset 3 in DAVS Ver. 1.1 using 0.075% ICG. Furthermore, there was no significant

difference in BCVA between the Customized Setting 2 of DAVS Ver. 1.3 with 0.025% ICG

and the Preset 3 of DAVS Ver. 1.1 with 0.075% ICG groups at baseline and at 12 months

(P > 0.05, respectively).

Conclusion: Customized DAVS settings enabled surgeons to use a 3-fold lower ICG

concentration in ILM peeling.

Keywords: vitrectomy, macular surgery, epiretinal membrane (ERM), ILM peeling, 25 gauge pars plana vitrectomy
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INTRODUCTION

Since Ekardt et al. (1) first reported internal limiting membrane
(ILM) peeling in full-thickness macular hole (MH) surgery in
1997, this approach has been used routinely to improve MH
closure rates (2, 3). In the epiretinal membrane (ERM) and
MH, a meta-analysis reported that ILM peeling improves visual
acuity in long-term follow-ups and decreases ERM recurrence
rates (4). According to the preference and trends (PAT) survey
of the American Society of Retina Specialists (ASRS), more
than 60% of vitreoretinal surgeons in the United States and
Europe are performing ILM peeling during ERM surgery (5).
However, the translucency of the ILM causes significant difficulty
in ILM peeling. Therefore, ILM staining methods have been
developed, including indocyanine green (ICG), trypan blue (TB),
and brilliant blue G (BBG) (6–8). Recently, ASRS conducted
a PAT survey to determine whether adjuvant dyes and which
ones are used to aid in macular surgery. The survey reported
that 69.0% of surgeons in the United States are still using ICG;
47.5% of surgeons in Asia/Pacific are still using ICG, and 39.9%
of surgeons in Europe are using ICG or TB (5). In addition,
ICG selectively stains ILM, and it is superior to TB in terms
of the staining intensity which could be advantageous in cases
with strong vitreoretinal adhesion (9). However, several studies
have reported potential toxic effects of the ICG (10–12) and
BBG dyes (13–15) used during macular surgery. Thus, protocols
that minimize the use and amounts of these dyes would be
clinically desirable.

Until recently, imaging devices have been designed to improve
ILM contrast using multi-color endoillumination probes with
light-emitting diode light sources (16). However, recently
developed digitally assisted vitreoretinal surgery (DAVS),
NGENUITY R© 3D Visualization system (Alcon, Fort Worth, TX,
USA) enables surgeons to customize the image color profiles of
3D high dynamic range (HDR) surgical images in real time (17).
Although previous studies have addressed that different color
channels are available in DAVS (17–19), no prior studies have
quantitatively measured and compared color contrast in different
color settings. Furthermore, the effect of different color settings
under different ICG concentrations has not been evaluated.

The present study evaluated the color contrast ratio (CCR)
of images captured during vitrectomy using different DAVS
color settings. Furthermore, we determined if customizing color
settings enabled surgeons to lower the ICG dye concentration as
much as 3-fold in the ILM peeling process.

METHODS

Study Design and Participants
This prospective comparative observational study with
consecutive patients was performed in the Department of
Ophthalmology at Kyungpook National University. The
protocol was approved by the Institutional Review Board of the
Kyungpook National University Hospital (KNUH 01-015) and
was conducted in accordance with the tenets of the Declaration
of Helsinki.

The study group consisted of all consecutive Korean patients
that underwent combined phacoemulsification (Centurion
Vision System, Alcon) and 25G vitrectomy (Constellation Vision
System, Alcon) with ILM peeling for MH or ERM. Patients
enrolled from November to December 2018 were assigned to
the standard operating microscope (SOM) (OMPI Lumera 700;
Carl Zeiss Meditec, Inc., Germany) group. Patients enrolled in
January 2019 were assigned to the DAVS version 1.1 (Ver. 1.1)
(NGENUITY R©, Alcon Inc., Fort Worth, TX, USA) group, and
those enrolled in August 2020 were assigned to the DAVSVer. 1.3
group. The visualization system used for surgery was not selected
based on the patients’ status. All surgeries were conducted by a
single operator (DP). Exclusion criteria were as follows: presence
of spherical equivalent ≥6.0 diopters or axial length ≥26mm,
history of previous ocular surgery, ocular trauma, and corneal
diseases, including corneal opacity or corneal dystrophy.

Digitally Assisted Vitreoretinal Surgery
Settings and ICG dye Concentration
The NGENUITY R© system included a 3D HDR surgical camera
with a complementary metal oxide semiconductor image sensor,
a 3D compact image processing unit, and an OLED 3D 4K
ultra high-definition 55-inch flat panel display (resolution 3,840
× 2,160 pixels; mode number: OLED55E6P; LG ltd., Seoul,
Republic of Korea). The 4K OLED display was placed about
1.2m from the operator, and operators wore passive circular
polarizing eyeglasses.

Table 1 shows ICG dye concentrations and parameters
for DAVS Ver. 1.1, and DAVS Ver. 1.3 groups. The 0.075%
ICG dye concentration was sufficient for ILM visualization
under the SOM, while 0.025% ICG was not sufficient
(Supplementary Figure 1). Thus, all patients in the SOM
group received a 0.075% solution (0.75 mg/mL) of ICG
(Diagnogreen R©; Daiichi Sankyo Co., Tokyo, Japan) diluted
with balanced salt solution (BSS, Alcon). In the DAVS Ver. 1.1
group, the same ICG dye concentration of 0.075% was used to
determine the optimal DAVS system preset. However, in the
DAVS Ver. 1.3 group, to determine if the customized settings of
DAVS Ver. 1.3 enabled use of a lower ICG dye concentration, the
ICG dye concentration was decreased to 0.025% (0.25 mg/mL).
In all the cases, after the removal of the ERM, a volume of
0.05mL of the diluted ICG was injected only once into the
vitreous cavity to stain the ILM for 30 s and then quickly washed
out. The stained ILM was removed using 25G ILM forceps
(GRIESHABER REVOLUTION R© DSP ILM Forceps, Alcon).

In the DAVSVer. 1.1 group, macular and vitreous images were
captured four times continuously following four different color
channels for each patient: Default [Red (R) 100, Green (G) 100,
Blue (B) 100%]; Preset 1 (R 20, G 100, B 100%); Preset 2 (R 80, G
80, B 100%); and Preset 3 (R 85, G 100, B 90%). Hue, saturation,
and gamma values were the same in all presets (+2◦, 90%, and
1.2, respectively).

In the DAVS Ver. 1.3 group, macular images were captured
twice continuously following two different customized settings
for each patient: Customized Setting 1 (R 86, G 100, B 100%, Hue
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TABLE 1 | Concentrations of indocyanine green dye and parameters for digitally assisted vitreoretinal surgery groups.

DAVS Ver. 1.1 DAVS Ver. 1.3

Variables Default Preset 1 Preset 2 Preset 3 Customized setting 1 Customized setting 2

ICG dye concentration, % 0.075 0.075 0.075 0.075 0.025 0.025

Red, Green, Blue, % 100,100,100 20,100,100 80,80,100 85,100,90 86,100,100 90,100,100

Hue, ◦ +2 +2 +2 +2 +2 +20

Saturation, % 90 90 90 90 90 100

Gamma 1.2 1.2 1.2 1.2 1.2 0.9

Screen distance, meter 1.2 1.2 1.2 1.2 1.2 1.2

Aperture, % 50 50 50 50 50 50

Endoillumination power, % 35 35 35 35 35 35

ICG, indocyanine green; DAVS, digitally assisted vitreoretinal surgery; Ver., version.

+2◦, Saturation 90%, Gamma 1.2) and Customized Setting 2 (R
90, G 100, B 100%, Hue+20◦, Saturation 100%, Gamma 0.9).

Other parameters, including endoillumination power,
screen distance, and aperture, were identical in all groups.
We consistently used plano contact lenses (Machemer Flat
vitrectomy Lens OLV-5 R©, Ocular instruments, Inc., USA) when
performing ILM peeling and located the endoilluminator in the
mid-vitreous cavity in which the light pipe was not visible from
the surgeon’s visual field during the ILM peeling.

Data Analysis and Ophthalmologic
Examination
Vitrectomy and ILM peeling were conducted after
phacoemulsification, and intraocular lens (IOL) implantation
was subsequently conducted. Retinal images were captured
after ILM peeling using a microsurgical operating camera
(MediLive Trio Eye, Panasonic, Germany) (Figure 1). Because
retinal images were captured in the aphakic state, neither
cataract nor IOL color affected the contrast of the captured
retinal images. The RGB values of the images were analyzed
using the Eyedropper tool of Adobe Photoshop CC 20.0.8
software (Adobe System, San Jose, CA, USA). RGB values were
analyzed in masked images by two retinal specialists (SP and JD).
The interobserver agreement for RGB values was satisfactory
(interclass correlation coefficient = 0.922, P < 0.001). Color
luminance and CCR were calculated according to previous
studies (20). In summary, If the R < 0.03928, Rs is estimated by
using Rs = R/12.92. If the R value was more than 0.03928, Rs
is estimated by using Rs = [(R + 0.055)/1.055]2.4. The Gs and
Bs value can be estimated in the same manner. And then, the
Color luminance and CCR are estimated by using the following:
Color Luminance (L) = 0.2126Rs + 0.7152Gs + 0.0722Bs and
CCR= (Lmax+ 0.05)/(Lmin+ 0.05), where Lmax= luminance
of the brighter background and Lmin = luminance of the
darker background. White balance was calibrated at the start
of surgery.

All patients underwent full ophthalmologic examinations,
including BCVA (logarithm of the minimal angle of resolution,
logMAR), intraocular pressure (IOP) measurement, slit-lamp

examination, and fundus examination at baseline and at every
postoperative visit for at least for 12 months.

Statistical Analyses
Statistical analyses were performed using SPSS v.18.0 for
Windows (SPSS Inc., Chicago, IL, USA). Quantitative data
are expressed as mean ± standard deviation, and qualitative
data are expressed as percentages. Mann-Whitney U-test
and Kruskal-Wallis test were used to compare quantitative
data, while Chi-square tests were used to compare qualitative
data. Comparison of CCR between different color channels
was analyzed using a Kendall’s W-test and Wilcoxon
signed-rank test. Multiple comparisons were adjusted
by the Bonferroni method. P < 0.05 were considered
statistically significant.

Considering our previous pilot studies, the required sample
size to detect a statistical significance of 5%, a power of 80%, and
a drop rate of 10% was 12 eyes (12 patients) per group.

RESULTS

The study included 50 eyes (50 patients) with ERM (n =

45 eyes) or MH (n = 5 eyes). Table 2 shows patient clinical
characteristics for the SOM (n = 25 eyes; 22 ERM and 3
MH), DAVS Ver. 1.1 (n = 12 eyes; 11 ERM and 1 MH), and
DAVS Ver. 1.3 groups (n = 13 eyes; 12 ERM and 1 MH).
Mean patient age was 68.3 ± 6.7 years (range, 61–82 years)
in the SOM group, 69.3 ± 6.5 years (range, 60–83 years) in
the DAVS Ver. 1.1 group, and 67.1 ± 6.2 (range, 61–80 years)
in the DAVS Ver. 1.3 group, which did not differ between
groups (P > 0.05). The groups did not differ in sex distribution,
indication of surgery, baseline BCVA, IOP, or axial length (P >

0.05, respectively).

Measurement of Color Contrast Ratio in
DAVS Ver. 1.1 With 0.075% ICG
During the first study period with DAVS Ver. 1.1, to determine
the optimal color channels in the DAVS system, we compared
the CCR among four different presets with 0.075% ICG
dye. In macular images, the CCR differed among presets,
with the highest CCR in Preset 3 and the lowest CCR in
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FIGURE 1 | Color contrast ratio (CCR) measurement. After internal limiting membrane (ILM) peeling, retinal images were captured. CCR was measured by comparing

RGB values between the indocyanine green-stained area (arrowhead) and the ILM-peeled area (asterisk) using the Eyedropper tool of Photoshop.

Preset 1 (Figures 2A,B, P < 0.01). However, in the vitreous
images, CCR did not differ among presets (Figures 2C,D,
P = 0.294).

Measurement of Color Contrast Ratio in
DAVS Ver. 1.3 With 0.025% ICG
During the second study period with DAVSVer. 1.3, to determine
if detailed customized settings enabled lowering of the ICG dye
concentration, we used 0.025% ICG dye. As shown in Table 1,
the parameters of Customized Setting 1 of DAVS Ver. 1.3 were
similar to Preset 3 of DAVS Ver. 1.1. However, the macular CCR
from Customized Setting 1 of DAVS Ver. 1.3 was lower than that
of the Preset 3 of DAVS Ver. 1.1 (Figures 3A,B,D, P < 0.01).

Subsequently, we modified parameters of color settings,
including hue values (+2◦ to +20◦), saturation (90% to 100%),
and gamma (1.2 to 0.9), which were assigned as Customized

Setting 2. The CCR of Customized Setting 2 was higher than that
of Customized Setting 1 (Figures 3B–D, P < 0.01). Furthermore,
the CCR of Customized Setting 2 of DAVS Ver. 1.3 with 0.025%
ICG did not differ from that of Preset 3 of DAVS Ver. 1.1 with
0.075% ICG (Figures 3A,C,D, P = 0.887).

Comparison of Intraoperative
Complication Rates and Postoperative
Best-Corrected Visual Acuity
There was no difference in the ILM peeling time between the
SOM with 0.075% ICG and Setting 2 of DAVS Ver. 1.3 groups
with 0.025% ICG (3.3 ± 1.9 vs. 3.4 ± 0.8min, P = 0.361).
Regarding intraoperative complications, no iatrogenic retinal
tears or retinal detachments occurred in any groups. Compared
with baseline, the BCVA at 12months was significantly improved:
0.33 ± 0.39 in the Customized Setting 2 of DAVS Ver. 1.3
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TABLE 2 | Clinical characteristics of standard operating microscope and digitally assisted vitreoretinal surgery groups at baseline.

Variables SOM (n = 25) DAVS Ver. 1.1 (n = 12) DAVS Ver. 1.3 (n = 13) P-value*

Age, years 68.3 ± 6.7 69.3 ± 6.5 67.1 ± 6.2 0.749†

Male/female, n 10/15 7/5 3/10 0.199‡

Indication of surgery (ERM/MH) 22/3 11/1 12/1 0.656‡

BCVA, logMAR 0.76 ± 0.44 0.77 ± 0.61 0.54 ± 0.50 0.090†

IOP, mmHg 13.8 ± 2.7 15.0 ± 4.5 13.4 ± 2.7 0.708†

Axial length, mm 23.51 ± 0.81 23.85 ± 0.70 23.78 ± 1.19 0.204†

Data are shown as the mean ± standard deviation unless indicated otherwise.

BCVA, best-corrected visual acuity; ICG, indocyanine green; logMAR, logarithm of the minimal angle of resolution; IOP, intraocular pressure; SOM, standard operating microscope;

DAVS, digitally assisted vitreoretinal surgery; Ver., version; ERM, epiretinal membrane; MH, macular hole.

*P-values were compared between SOM, DAVS version 1.1 and DAVS version 1.3 groups.
†Kruskal-Wallis test.
‡Chi-square test.

FIGURE 2 | Comparison of color contrast ratio (CCR) among channels in digitally assisted vitreoretinal surgery system (DAVS) Ver. 1.1. CCR was compared in

macular and vitreous images from the DAVS Ver. 1.1 group. The following four channels were compared in each captured macular and vitreous image: Default [Red

(R) 100%, Green (G) 100%, and Blue (B) 100%]; Preset 1 (R 20, G 100, B 100%); Preset 2 (R 80, G 80, B 100%); and Preset 3 (R 85, G 100, B 90%). (A,B) Macular

CCR was different among the four channels (P < 0.01). CCR was highest in Preset 3 and lowest in Preset 1 (P < 0.01). (C,D) In vitreous images, CCR did not differ

among the four settings (P = 0.294). **P < 0.01.
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FIGURE 3 | Comparison of color contrast ratio (CCR) using different color settings of digitally assisted vitreoretinal surgery system (DAVS) in different indocyanine

green (ICG) concentrations. (A) Macular image captured using Preset 3 of DAVS Ver. 1.1 with 0.075% ICG. (B,C) Macular image captured using Customized Settings

1 and 2 of DAVS Ver. 1.3 with 0.025% ICG. (D) CCR of Customized Setting 2 of DAVS Ver. 1.3 with 0.025% ICG did not differ from that of Preset 3 of DAVS Ver. 1.1

with 0.075% ICG (P = 0.887). **P < 0.01.

with 0.025% ICG group and 0.36 ± 0.31 in the Preset 3 of
DAVS Ver. 1.1 with 0.075% ICG group (P < 0.05, respectively).
However, there was no significant difference in BCVA between
the two groups at 12 months (P = 0.406). All of the MH cases
from three groups showed MH closure at 12 months and did
not require secondary surgery. BCVA at 12 months from the
SOM group was 0.43 ± 0.05 logMAR, the BCVA from the
DAVS Ver 1.1 with 0.075% ICG group was 0.40 logMAR, and
the BCVA from the DAVS Ver 1.3 with 0.025% ICG group was
0.40 logMAR.

DISCUSSION

Since the advent of DAVS, this platform has been reported
to provide a larger field of view at a higher magnification
with accurate focus, better educational value, and a more
ergonomically comfortable position for the operator than the
SOM system (17, 18, 21–24). Importantly, Gonzalez-Saldivar
and Chow (25) reported that DAVS provided superior depth of
field and lateral resolution than did SOM when the aperture
and display distance settings of DAVS were optimized. Although
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several prior reports mentioned about the color channel function
of DAVS (17–19), no previous studies have quantitatively
measured macular color contrast according to different color
channels or determined whether customized settings are able to
lower ICG concentration.

ICG dye is commonly used for ILM visualization in macular
surgery, and most surgeons use an ICG concentration of 0.1–
0.5% (18, 26). However, several studies have reported the
potential for ICG toxicity (Supplementary Table 1) (11, 27–30).
Brief exposure of cultured human retinal pigment epithelial
(RPE) cells to 0.1% decreases mitochondrial enzyme activity,
suggesting the potential for toxicity (10). In macular surgeries,
in 45% of cases, RPE atrophy occurred under 0.1% ICG at the site
of a previous MH, which was confirmed by fundus photography
(11), and RPE pigmentary changes were observed in 27% of
patients with 0.25% ICG (31).

Despite its potential toxic effects, ICG is widely used for ILM
staining in clinic. According to a previous meta-analysis based
on comparative studies published between 2004 and 2014, 82.4%
of studies used ICG. The study demonstrate that ICG is still
one of the primary adjuvants used clinically for ILM peeling. In
a previous study, comparing electrophysiologic and histological
findings after injecting different concentrations of ICG (0.05,
0.5, and 2.5%) into the vitreous cavity of rabbits, ICG had a
dose-dependent toxic effect, as demonstrated by decreased retinal
function andmorphology consistent with toxicity (32). Thus, it is
important for retinal surgeons to use as little ICG as possible.

However, under the microscope, ILM visualization
is difficult at lower concentrations such as 0.025%
(Supplementary Figure 1). Furthermore, Kwok et al. reported
that 50% of cases with 0.025% ICG required second ILM staining
with 0.125% ICG due to poor ILM visualization (33). Thus, we
sought to determine whether customized color settings could
maximize visualization of the ICG-stained ILM, allowing the use
of lower ICG concentrations.

During the first study period with DAVS Ver. 1.1, we
determined which color channels allowedmaximal color contrast
in 0.075% ICG-stained ILM. Preset 3 had the highest CCR of the
four evaluated color channels, likely because Preset 3 decreased
the red and blue channels, emphasizing the green channel. This
result suggested that green-emphasizing color channels are useful
for visualization of the ICG-stained ILM.

Some reports have suggested that the blue channel
increases visibility of the vitreous (17), which was not
corroborated by the present study. Because the vitreous
body is a transparent material and has no background,
significant contrast would be difficult to visualize. However,
it is possible that vitreous contrast varies depending on
parameters of the surgical environment, such as the
illuminator angle and location of the illuminator in the
vitreous cavity.

Considering that the highest CCR was in Preset 3 of DAVS
Ver. 1.1, we expected that using an ICG concentration lower than
0.075% for ILM visualization would be possible with the DAVS
system. Thus, during the second study period with DAVS Ver.
1.3, we used 0.025% ICG and measured macular CCR. First, we
used Customized Setting 1 of DAVS Ver. 1.3 similar to Preset 3

of DAVS Ver. 1.1, and subsequently compared the CCR between
0.025 and 0.075% ICG concentrations. The macular CCR from
Customized Setting 1 of DAVS Ver. 1.3 was lower than that of
Preset 3 of DAVS Ver. 1.1, likely due to the 3-fold decrease of ICG
concentration. The above results suggest that adjustment of RGB
channels alone was insufficient to visualize the ILM at 0.025%
ICG. Rather, it was necessary to also adjust other parameters,
such as hue, saturation, and gamma values. Thus, we modified
the customized setting using other parameters.

Since the development of DAVS Ver. 1.2, customized settings
of anterior, macular, and posterior image modes have been
made available to optimize viewing experience during surgical
procedural steps. Furthermore, not only RGB, but also hue,
saturation, and gamma values can be easily modified to create
customized settings for each surgical situation.

Various parameters related to color settings determine color
perception including hue, saturation, and gamma values. Hue
is used to distinguish colors, which is specified as between
0 and 360◦. Saturation refers to the color intensity, with a
higher saturation having more vivid color. Gamma is also
important in digital image systems. While a high gamma
setting can compress bright areas and increase black areas to
create crisp and high-contrast images, a low gamma setting
enables more detailed visualization in bright areas while
still compressing shadow (34). Following the above principle,
in Customized Setting 2, hue and saturation values were
increased and gamma value was decreased to improve macular
color contrast at 0.025% ICG. Interestingly, the present study
demonstrated that Customized Setting 2 of DAVS Ver. 1.3
with 0.025% ICG exhibited a similar CCR to that of Preset 3
of DAVS Ver. 1.1 with 0.075% ICG. A recent questionnaire
survey reported similar results that higher Hue parameter
was correlated with better visualization (19). This suggested
that the customized color settings available in the DAVS
system enabled surgeons to lower the ICG concentration as
much as 3-fold, which would be helpful for reduction of
ICG toxicity.

This study has several limitations. First, the sample size
was small in the DAVS groups. However, the sample size
was sufficient for analysis by sample size calculation. Second,
we could not directly compare CCR between the SOM and
DAVS groups because the digital image resolution was not the
same between the two systems. Third, because BBG and TB
are not commercially available in Korea, we were unable to
measure CCR using these dyes. Several cases have reported
retinal toxicity resulting from the use of BBG dye during macular
surgery (13–15). Although some studies have suggested a good
safety profile for use of TB in macular surgeries (35, 36), a
case study in which retinal toxicity occurred due to prolonged
TB exposure has also been reported (37). Thus, it would be
valuable to optimize instrument settings to maximize CCR
during surgeries performed using BBG and TB to decrease
the necessary dye concentration for ILM visualization, which
we will evaluate in a future study. Fourth, although the same
endoillumination power of 35% was used in the SOM and DAVS
groups, this power is higher than is typically used for DAVS
(24). In a future study, we will verify and optimize the settings
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using a lower endoillumination power. Fifth, although high
myopic patients were excluded to minimize the effect of myopia
on CCR, variations in myopic state and RPE pigmentation
between patients could affect the macular CCR. In the future,
it will be necessary to evaluate the correlation between the
pigmentation state and baseline color conditions. Sixth, though
the DAVS Ver. 1.1 group was allocated to find the optimal
settings among the various presets and to compare with the
DAVS Ver. 1.3, the DAVS Ver. 1.1 is no longer commercially
available in the real-world DAVS. However, the approach used
in this study to determine the optimized customized settings
could be helpful for surgeons to adjust to the next versions
of the DAVS system in the future. Seventh, due to the small
proportion of MH cases, postoperative toxicity assessment such
as fundus autofluorescence was not evaluated. However, the
authors would like to say that the purpose of this study
was to determine the optimal color settings to lower the
ICG concentration because BBG and TB are not commercially
available in Korea. In the future, we will evaluate how the
reduced ICG concentration enabled by the optimized use of
the DAVS system could affect the RPE toxicity. Eight, we could
not measure the direct correlation between the CCR and the
surgeons’ subjective visual perception. Instead, the ILM peeling
time between the SOM with 0.075% ICG and Customized
Setting 2 with 0.025% ICG groups was compared which was
not statistically different. The above data could suggest that the
customized settings of the DAVS determined by trial and error
to acquire a higher CCR could be meaningful for the surgeons’
visual perception.

In conclusion, this is the first report comparing the color
contrast between different DAVS settings and different ICG
concentrations. The study demonstrated that the customized
color settings of the DAVS system enabled surgeons to lower
ICG concentration used, which would be advantageous in
macular surgery.
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Glaucoma has engulfed a huge population of the world into its claws of blindness as

it remains asymptomatic until nearly 40% of the neurons are lost and the only option

left is for patients to be subjected to symptomatic treatments or surgical methods,

neither of which is completely effective in curing the disease as they do not restore

the physiological dimensions at the neuronal level. Among the several factors that drive

the pathophysiology of glaucoma, one is the involvement of fibrogenic factors, such

as transforming growth factor β (TGFβ) which remodels the extracellular matrix (ECM)

and, thus, the deposition of fibrotic material in the retina, resulting in the progression

of primary open-angle glaucoma (POAG). The primary objectives of this study were to

evaluate the protective effects of oxymatrine (OMT) in the steroid-induced glaucoma

model in experimental rats and to determine the role of transforming growth factor

β1 (TGFβ1) in the pathogenesis of glaucoma and its consequent inhibition due to the

antioxidant and the antiinflammatory, and also the TGFβ1 antagonistic, behavior of OMT.

To that end, we experimentally elucidated the role of OMT, a TGFβ1 antagonist, that is

known to play antiinflammatory and antioxidant roles in the steroid-induced glaucoma

model in experimental rats, and using the enzyme-linked immunosorbent assay (ELISA),

we observed a direct inhibitory effect of OMT on the pathogenesis of glaucoma. The

antioxidant and the antiinflammatory potentials of OMT were determined using several

biochemical methods to determine the major antioxidants in the retinal layers, such

as superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), and

glutathione (GSH), along with the nitrite and the malondialdehyde (MDA) concentration

levels. As a result, OMT was found to reduce the total protein content in the retinal

layers, a correlation that has not been previously reported. Moreover, the impacts of

OMT on the major governing ATPases, namely Na+/K+ ATPase and Ca2+ATPase, along

with its impacts on the intracellular ionic concentrations of Na+, K+, and Ca2+, were

determined andwere found to point toward OMT, restoring homeostasis in glaucomatous

animals. A clearer picture of the changes during the treatment was obtained using

retinal images of the live animals and of the lenticular changes in the sacrificed animal;

these images provided data on the pathological pathways leading to glaucoma inception
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and its consequent inhibition by OMT. The data reported in this study clearly indicate that

OMT has a possible role in inhibiting the pathogenesis of glaucoma, and the data also

permit the quantification of several biochemical parameters of concern.

Keywords: oxymatrine (OMT), TGFβ1, steroid induced glaucoma, retinal pathology, lenticular alterations,

biochemical estimations

INTRODUCTION

Fibrotic disorders have been of increasing concern in the domain
of ocular disorders, and the transforming growth factor β (TGFβ)
plays a pivotal role in their progression. This multifunctional
cytokine has been found to have a strong impact on the
deposition and the expression of the extracellular matrix (ECM)
and has been observed to be increased in aqueous humor (AH)
and reactive optic nerve astrocytes of patients with primary open-
angle glaucoma (POAG). TGFβ is a key player contributing
to structural changes in the ECM of the trabecular meshwork
(TM) and the optic nerve head (ONH), as characteristically seen
in POAG, and TGFβ has a role in the production of protease
inhibitors that hinder ECM degradation and cause an abnormal
deposition of connective tissue that marks the onset of fibrotic
disease (1–6). TGFβ1 has also been found to be elevated in the
AH, alongwith TGFβ2, of patients with clinically active glaucoma
and has also been found to be involved with the activation of
thrombospondin-I via induction through dexamethasone (DEX)
in TM cells, resulting in stress conditions (7). Moreover, TGFβ-
mediated retinal fibrosis has been found to lead to an escalation in
the intraocular pressure (IOP), which then causes pressure to be
generated in the optic nerve neurons, as a result of which retinal
ganglion cells (RGCs) die (8–10).

In the ONH, transforming growth factor β2 (TGFβ2)-induced
changes are contributable to mechanobiological changes in the
optic nerve axons that impair axonal transport and neurotrophic
supply, thus leading to their continuous degeneration. The
increase in the IOP further adds mechanical stress and strain
to optic nerve axons and accelerates degenerative changes
(11). Even though a variety of experimental findings have
demonstrated the effective contribution of TGFβ2 in patients
with glaucoma, the relationship between glaucoma and TGFβ1
has needed further investigation, which has led to the use of
OMT, a TGFβ1 antagonist extracted from the roots of Sophora
flavescens Ait, belonging to the family Fabaceae and a known
savior for patients with fibrotic diseases (12–14).

Oxymatrine (OMT) has been chosen for this study because
various researches and a literature review revealed it to be
a potent inhibitor of TGFβ, an ECM protein extensively
found in the TM and ONH and involved in the fibrotic
pathway in glaucoma. Its accumulation in the TM causes
mechanobiological alterations and finally leads to an increase
in the IOP, subsequently contributing to glaucoma (8–10). In
addition, OMT inhibits the inducible nitric oxide synthase
(iNOS) and the nuclear factor kappa B, which are two
important mediators of the inflammatory pathway associated
with glaucoma progression (15, 16). OMT has further been found
to inhibit the role of tumor necrosis factor alpha (TNFα), which

enhances neurodegeneration by acting as a pressure enhancer
on RGCs (15, 16). Even though the role of OMT in glaucoma
retardation has yet to be reported, we here report, for the first
time, that OMTmay retard the development and the progression
of glaucoma by acting on targets such as TGFβ and TNFα.

METHODS

Drug Solution and Dosing
Oxymatrine was obtained as a generous gift from Shaanxi
Pioneer Biotech, China, whereas dorzolamide was purchased
from Intas Pharmaceuticals Pvt. Ltd, India, and DEX from
Alfa Aesar, Boston, USA. The other chemicals required for the
biochemical analyses were purchased from various sources and
were of standard analytical grade. The ELISA kit for TGFβ was
purchased from Elabscience, Houston, TX, USA. A stock solution
of 0.1% DEX was prepared by dissolving DEX in distilled water
and filtering the solution in aseptic conditions. The resultant
solution was administered to the animals four times daily for
21 days via the ophthalmic route at a dose of 100 µl or 0.1ml
per topical application (17). A stock solution of 1% OMT was
prepared in distilled water, and consequent dilutions were made
to produce solutions with 0.5 and 0.25% concentrations of
OMT. The aseptically filtered solutions were administered to the
animals once daily via the ophthalmic route at a dose of 50
µl per topical application for 21 days after the occurrence of
DEX-induced glaucoma (18). All the ophthalmic solutions were
prepared under aseptic conditions and finally filtered two times
in an aseptic zone.

Experimental Animals
Experiments were carried out on male and female Sprague-
Dawley rats, 8 to 10 weeks of age and weighing from 100 to
120 g, obtained from Chakraborti Enterprise, Narkeldanga,
Kolkata- 700011, India. Before experimentation, the
procedures were formally reviewed and approved by the
Institutional Animal Ethics Committee (IAEC) (register
number: 994/GO/Re/S/06/CPCSEA and reference number:
275/Pharmacy/2020) as per the guidance of the Committee for
the Purpose of Control and Supervision for Experiments on
Animals (CPCSEA), Government of India.

Experimental Design
Animals with normal IOPs and no visible ocular disturbances
were chosen for the study and were randomly allotted to different
experimental groups, with six animals in each group. During the
experimental protocol, the animals in the normal group received
distilled water at a dose of 100 µl, topical, for 15 days. Uveitic
glaucoma was induced in animals by the administration of DEX

Frontiers in Medicine | www.frontiersin.org 2 February 2022 | Volume 8 | Article 750342136

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Das et al. Oxymatrine Against TGFβ1 Induced Glaucoma

(0.1ml of 0.1% solution, topical, i.e., ophthalmic route, four times
daily, for 21 consecutive days) (17). The experimental animals
allotted for the treatment groups received OMT at doses of 50
µl of 0.25, 0.5, or 1% solution once daily for 15 days via the
topical route of administration. The experimental animals in the
standard group were administered 100 µl of 1% of dorzolamide
daily for 15 days via the topical route (19).

Evaluation of Intraocular Pressure
Before the inducing agent or the treatments were to be
applied, we, with the help of a Tono-Pen tonometer (Reichert
Technologies, Depew, USA), regularly checked the experimental
rats for the degree of IOP generated in the eyes. To create a
baseline, we checked all the rats for IOP before administration
of the drugs; thereafter, we regularly checked the animals until
the day of sacrifice (20).

Determination of the Lenticular Opacity
Assessment of the lenticular opacity was conducted through a
photographic technique where the isolated lenses were washed
immediately in double-distilled water and placed on graph paper.
Photographs of the lenses were then taken using a cell phone
camera (Photron Universal, Maharashtra, India) (21).

Picturization of the Retinal Images of the

Experimental Rats
The experimental rats were exposed to anesthesia, and their
retinas were picturized using fundoscopic examination with a
Panoptic ophthalmoscope (Welch Allyn, Skaneateles Falls, USA),
in which the retina was illuminated through the pupil (22).

Isolation of the Retinas and the Lenses

From the Experimental Rats
The experimental rats were sacrificed using a high dose of
anesthesia, after which the lenses and retinas were isolated using
a posterior approach, washed with cold saline, and dried on
a filter paper. The weighed retinas were homogenized with
a 0.1-M phosphate buffer in nine volumes and centrifuged
at 15,000 rpm for 5min at 2◦C−8◦C using a refrigerated
centrifuge (23). The supernatant was separated and utilized
for further biochemical analysis with the help of a UV-visible
spectrophotometer (Shimatzu, Japan).

Quantitative Estimates of the Antioxidants

in the Retinal Layers
The concentrations of antioxidant, including CAT, SOD, GSH,
and GPX, were spectrophotometrically estimated, and the levels
of lipid-layer damage were quantified using the MDA content
in the retinal layers. The method detailed by Sinha (1972)
was adopted for the determination of the CAT activity, which
was measured using the rate of decomposition of hydrogen
peroxide (H2O2) to water (H2O) and was measured at 530 nm
against a blank. The CAT activity was expressed as µM of
H2O2consumed/min/mg protein (24). The activity of SOD in
the biological samples was calculated based on photoinhibition
of nitro blue tetrazolium (NBT). The enzymatic activity of
SOD was recorded as U/mg, where one unit (U) of SOD

describes the number of enzymes that have effectively reduced
the photoreduction rate of NBT to 50% (25). The activity of
the GPx was assayed using the methods described by Tappel
(1978), which is a prime requisite for the catalyzed reduction
in GSH into GSH and water in the presence of H2O2 and is
expressed as µMof GSH oxidized/min/mg protein (26). Ellman’s
reagent was used to estimate the GSH level. The reaction between
GSH and Ellman’s reagent [(27), 5’-dithiobis (2-nitrobenzoic
acid)] displays a yellow-colored product that was read at 412 nm
spectrophotometrically (28). Lipid peroxidation was denoted
as an analytical parameter for the damage inherited by the
lipid bilayer and was quantified using the MDA content in the
sample. The method defined by Ohkawa et al. (29) was used
to estimate MDA levels during the course of its reaction with
thiobarbituric acid (TBA). The consequent reaction between
TBA and MDA produced a colored, stable chromogen product
that was measured at 532 nm. The MDA content was expressed
as nM/mg protein (29).

Estimates of Nitrite Levels
Assessment of the nitrite content in the retinal samples was
performed following the method described by Green et al. (30).
Sodium nitrite was utilized for the preparation of the standard
curve. Nitrite content was expressed in nmoles/mg (30).

Quantitative Estimates of the Total Protein

Content in the Retinal Layers
The total protein content in the retinal lysate was measured using
the procedure penned down by Lowry et al. (31).

Quantitative Estimates of the Na+/K+

Atpase and the Ca2+Atpase Activities in

the Retinal Layers
The Na+/K+ ATPase and Ca2+ATPase activities of the retina
were quantified by employing the method of Manikandan
et al. (32).

Estimates of the Ionic Contents
Isolated retinas were washed with cold distilled water and
homogenized (1 % w/v) with distilled water. The homogenate
was filtered, and the ionic contents were estimated. The Na+,
K+, and Ca2+ contents in the samples were determined by
spectrophotometry with diagnostic kits as per the procedure
mentioned by Labcare Diagnostics Pvt. Ltd., India.

Estimates of TGFβ Levels in the Retinal

Layers Using the ELISA
Commercially available and precoated ELISA kits (Elabscience,
USA) were used for the in vitro quantitative determination of
rat TGFβ concentrations in the retinal homogenates as per the
manufacturer’s instructions.

Statistical Analysis
All statistical analyses were performed using GraphPad Instat R©
(version 5.0) software, and the results were expressed as means
± standard errors of the mean (SEMs). A one-way ANOVA,
followed by the Newmann–Keuls test, was used for comparing
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TABLE 1 | Effect of OMT on the IOP.

Groups Average IOP (mmHg)

Day zero Day seven Day fourteen Day twenty-one

100 µl of distilled water(Normal) 19.67 ± 1.35 16.33 ± 0.66 17.50 ± 1.33 17.50 ± 1.33

100 µl of 0.1% DEX solution(DEX-induced glaucoma control) 20.50 ± 0.76 35.33 ± 0.42c 42.17 ± 0.79c 47.33 ± 0.667c

50 µl of 0.25% OMT solution (treatment 1) 20.33 ± 1.05 27.17 ± 1.47ce 24.33 ± 1.47bfi 17.83 ± 0.70fi

50 µl of 0.5% OMT solution(treatment 2) 20.50 ± 1.11 26.33 ± 2.70ce 18.50 ± 0.76fi 17.00 ± 0.57fi

50 µl of 1% OMT solution(treatment 3) 21.67 ± 1.62 24.33 ± 1.76bfg 17.33 ± 0.66fi 17.00 ± 0.57fi

100 µl of the commercial dose of dorzolamide solution(standard) 21.00 ± 0.73 32.00 ± 1.67c 31.17 ± 1.81cf 28.83 ± 1.13cf

Values are expressed as means ± SEMs (n = 6). Data were analyzed using the two-way ANOVA, followed by Bonferroni’s post hoc test and are expressed as ap < 0.05, bp < 0.01,

and cp < 0.001 when compared to the normal group, dp < 0.05, ep < 0.01, and fp < 0.001 when compared to glaucoma control group, and gp < 0.05, hp < 0.01, and ip < 0.001

when compared to the standard group. The values are expressed as non-significant values. a,d,hAll the three represent comparisons made to the other groups with the normal group.

FIGURE 1 | Effects over time on the IOP. Values are expressed as mean (n =

6). Data were analyzed by two-way ANOVA followed by Bonferroni’s post hoc

test. Normal: 100 µl of distilled water; control: 0.1ml of 0.1% DEX solution;

treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT

solution; treatment 3: 50 µl of 1% OMT solution; standard: 100 µl of 1% of

dorzolamide solution.

the means of the different groups; similarly, a two-way ANOVA,
followed by Bonferroni’s test, was used for analyzing the data. The
criterion for statistical significance was set at the ∗p< 0.05, ∗∗p<

0.01, and ∗∗∗p < 0.001.

RESULTS

Effects on IOP
The experimental rats were regularly checked, with the help of the
Tono-Pen tonometer (Reichert Technologies, Depew, USA), for
the degree of IOP generated in the eyes. The IOP changes were
recorded as the means of weekly changes and are represented in
Table 1 and Figure 1.

Administration of DEX to the animals in the glaucoma
control group, as compared to the normal group, produced
a significant (p < 0.001) elevation in the IOP approximately
from the seventh day to the end of the experimental protocol.
Topical administration of OMT at a 50-µl dose of 0.25, 0.5,
or 1% notably inhibited the advance of IOP as compared to
DEX-induced glaucoma control group and the standard group,

(p < 0.001 and p < 0.001), respectively, in a time-dependent
manner. After seven days of topical OMT administration at doses
of 50 µl of 0.25% and 50 µl of 0.5%, a significant fall in the
IOP was noted (p < 0.001) in comparison with the control
group, whereas the group receiving treatment 3, that is, the
group treated with 50 µl of 1% OMT, showed the best results
in controlling the IOP in comparison with both the control
and the standard groups, p < 0.001 and p < 0.01, respectively.
From the 14 day to the 21st day of OMT administration,
all three doses exhibited excellent control of the IOP, along
with concurrent normalization of the IOP, when compared to
the control and the standard groups, p < 0.001 and p <

0.001, respectively.

Effects on Oxidative Stress Markers in

Retinal Extracts
Effects on Antioxidants
In the DEX-induced glaucoma control group, the levels of
antioxidants, such as CAT, SOD, GPx, and GSH, were found
to be decreased notably as compared to the normal group (p
< 0.001) (Figures 2A–D). Subsequently, treatment with various
doses of OMT resulted in a significant buildup in the levels of
retinal antioxidants in contrast to the glaucoma control group.
Two weeks of OMT administration at a dose of 50 µl of 0.25%
OMT led to significant increases in some of the antioxidant levels,
such as CAT (p < 0.001, p < 0.001, p < 0.001) and SOD (p
< 0.001, p < 0.01, p < 0.001) when compared to the normal,
glaucoma control, and standard groups, respectively, GPx (p <

0.001, p < 0.001) when compared to the glaucoma control and
the standard groups, respectively, andGSH (p< 0.001, p< 0.001)
when compared to the normal and standard groups, respectively,
but with no significant variations from the glaucoma control
group. The administration of 50 µl of 0.5% OMT led to marked
increase in the antioxidant levels of CAT (p < 0.001, p < 0.001,
p < 0.001), SOD (p < 0.001, p < 0.001, p < 0.001), GPx (p <

0.05, p < 0.001), and GSH (p < 0.001, p < 0.01, p < 0.01) when
compared to the normal, glaucoma control, and standard groups,
respectively. The administration of the highest dose of treatment,
that is, 50 µl of 1% OMT, produced the most notable rises in the
levels of the antioxidants in the retinal layers: CAT (p< 0.001, p<

0.001, p< 0.001), SOD (p< 0.001, p< 0.001, p< 0.001), andGPx
(p < 0.05, p < 0.001, p < 0.001) when compared to the normal,
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FIGURE 2 | Effects of various treatments of OMT on the levels of antioxidants: (A) CAT, (B) SOD, (C) GPX, and (D) GSH. Values are expressed as mean ± SEM (n =

6). Data were analyzed by one-way ANOVA and are expressed as ap < 0.05, bp < 0.01, cp < 0.001 when compared to normal group, dp < 0.05, ep < 0.01, fp <

0.001 when compared to DEX-induced glaucoma control group, and gp < 0.05, hp < 0.01, and ip < 0.001 when compared to standard group, respectively. Normal:

100 µl of distilled water; control: 0.1 ml of 0.1% DEX solution; treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT solution; treatment 3: 50 µl

of 1% OMT solution; standard: 100 µl of 1% of dorzolamide solution.

glaucoma control, and standard groups, respectively, and GSH (p
< 0.001, p < 0.001) when compared to the normal and glaucoma
control groups, respectively with no significant variations from
the standard group.

Effects of Various Treatments on Lipid Peroxidation

and Nitrite Content in the Retinal Layers
The results (Figures 3A,B) demonstrate that the DEX control
group significantly (p < 0.001) increased the MDA and nitrite
content in the retina as compared to the normal group. The two
weeks of OMT administration at the dose of 50 µl of 0.25%

OMT led to a significant slash in the levels of lipid peroxidation

quantified by the levels of MDA (p < 0.001, p < 0.01, p <

0.001) and nitrite (p < 0.001, p < 0.001, p < 0.001) as compared

to the normal group, glaucoma control, and standard groups,
respectively. 50µl of 0.5% OMT administration showed marked
reduction in the levels of MDA (p < 0.001, p < 0.001, p <

0.001) and nitrite (p < 0.001, p < 0.001, p < 0.001) as compared

to the normal group, glaucoma control, and standard groups,
respectively. The highest dose of treatment, that is, 50µl of
1% OMT, exhibited the most notable decline in the levels of
MDA (p < 0.001, p < 0.001, p < 0.001) and nitrite (p <

0.001, p < 0.001, p < 0.001) when compared to the normal
group, glaucoma control, and standard groups, respectively. The
standard group also displayed significant decline in the MDA
levels (p < 0.001, p < 0.001) while a large increase exhibited in
the nitrite concentrations (p < 0.001, p < 0.001) in the retinal
layers when compared to the normal and glaucoma control
groups, respectively.

Effects of Various Treatments on Retinal

Protein Contents
The results (Figure 4) exhibit the remarkable remodeling of
the total protein content in the retinal layers of the various
experimental groups. The DEX control group significantly (p <

0.001) increased the total protein content in the lens as compared
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FIGURE 3 | Effects of various treatments on lipid peroxidation and nitrite content in the retinal extracts: (A) MDA and (B) nitrite. Values are expressed as mean ± SEM

(n = 6). Data were analyzed by one-way ANOVA and are expressed as ap < 0.05, bp < 0.01, cp < 0.001 when compared to normal group, dp < 0.05, ep < 0.01, fp

< 0.001 when compared to DEX-induced glaucoma control group, and gp < 0.05, hp < 0.01, ip < 0.001 when compared to standard group, respectively. Normal:

100 µl of distilled water; control: 0.1ml of 0.1% DEX solution; treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT solution; treatment 3: 50 µl

of 1% OMT solution; standard: 100 µl of 1% of dorzolamide solution.

to the normal group. The two weeks of OMT administration at
the dose of 50 µl of 0.25% OMT and 50 µl of 0.5% OMT in each
of the respective experimental groups lead to a notable plunge
in the levels of the total protein content (p < 0.001, p < 0.05)
of the retinal layers, whereas treatment with 50 µl of 1% OMT
led to an even more prominent decline in the protein content
(p < 0.001, p < 0.01) as compared to the glaucoma control and
standard groups respectively with no significant variation from
the normal group. The standard group, however, raised the bar
of the total protein concentration in the retinal layers (p < 0.05)
when compared to the normal group but managed to reduce
it significantly (p < 0.001) when compared to the glaucoma
control group.

Effects of Various Treatments on ATPase

Activity in the Retinal Extracts
Figures 5A,B reveal that the animals in the DEX control group
had significantly (p < 0.001) increased Na+/K+ ATPase in their
retinal layers, as compared to the normal group. Two weeks
of OMT administration at a dose of 50 µl of 0.25% OMT led
to a significant reduction in the levels of Na+/K+ ATPase (p
< 0.001, p < 0.001, p < 0.001) and Ca2+ATPase (p < 0.001,
p < 0.001, p < 0.001) as compared to the normal, glaucoma
control, and standard groups, respectively. Administration of 50
µl of 0.5% OMT led to an even more notable decline in the
levels of Na+/K+ ATPase (p < 0.001, p < 0.001, p < 0.001) and
Ca2+ATPase (p < 0.01, p < 0.001, p < 0.001), as compared to
the normal, glaucoma control, and standard groups, respectively.
The treatment with the highest dose, that is, 50 µl of 1% OMT,
led to the largest declines in the levels of Na+/K+ ATPase (p
< 0.001, p < 0.001, p < 0.001) and Ca2+ATPase (p < 0.001, p
< 0.001, p < 0.001), as compared to the glaucoma control and
standard groups, respectively. In the standard group, the levels
of Na+/K+ ATPase and Ca2+ATPase (p < 0.001, p < 0.001)

were evidently reduced, as compared to the normal and glaucoma
control groups, respectively.

Effects of Various Treatments on Na+, K+,

Ca+2 ion Activities in the Retinal Extracts
Figures 6A–C reveal that the animals in the DEX control group
had significantly increased Na+ (p < 0.01), K+ (p < 0.001),
and Ca+2 (p < 0.001) in their retinal layers, as compared to the
normal group, respectively. Twoweeks of OMT administration at
a dose of 50µl of 0.25% OMT led to a significant reduction in the
levels of Na+ (p< 0.01, p< 0.001, p< 0.001), K+ (p< 0.001, p<

0.05, p < 0.001), and Ca2+ (p < 0.001, p < 0.05), as compared to
the normal, glaucoma control, and standard groups, respectively.
The group receiving 50 µl of 0.5% OMT recorded remarkable
drops in the levels of Na+ (p < 0.001, p < 0.001, p < 0.01), K+

(p < 0.001, p < 0.001, p < 0.001), and Ca2+ (p < 0.001, p <

0.001, p < 0.001), as compared to the normal, glaucoma control,
and standard groups, respectively. The highest dose of treatment,
that is, 50 µl of 1% OMT, led to the most notable decline in
the levels of Na+ (p < 0.001, p < 0.001, p < 0.001), K+ (p <

0.05, p < 0.001, p < 0.001), and Ca2+ (p < 0.001, p < 0.001,
p < 0.001), as compared to the glaucoma control and standard
groups, respectively.

Effects of OMT on the Expression of TGFβ1
The animals in the DEX control group exhibited gigantic rises
(p < 0.001) in the expression of TGFβ1 in their retinal layers, as
compared to the normal group while dose-dependent decline in
the expressions of TGFβ1 was observed in the various groups of
animals treated with OMT (Figure 7). The animals that received
a dose of 50 µl of 0.25% OMT demonstrated a notable inhibition
(p < 0.001) when compared to the glaucoma control group, but
had significantly higher expression (p < 0.001) when compared
to the normal group; the animals that received a dose of 50 µl of
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0.5%OMT exhibited sizable declines (p< 0.001) when compared
to the control group, but failed to achieve normal levels (p <

0.01). The experimental animals that were treated with a dose
of 50 µl of 1% OMT demonstrated the most notable fall in the

FIGURE 4 | Effects of various treatments on the retinal protein extracts. Values

are expressed as mean ± SEM (n = 6). Data were analyzed by one-way

ANOVA and are expressed as ap < 0.05, bp < 0.01, cp < 0.001 when

compared to normal group, dp < 0.05, ep < 0.01, fp < 0.001 when compared

to DEX-induced glaucoma control group, and gp < 0.05, hp < 0.01, ip <

0.001 when compared to standard group, respectively. Normal: 100 µl of

distilled water; control: 0.1ml of 0.1% DEX solution; treatment 1: 50 µl of

0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT solution; treatment 3:

50 µl of 1% OMT solution; standard: 100 µl of 1% of dorzolamide solution.

TGFβ1 levels (p < 0.001, p < 0.001) when compared to the
glaucoma control and standard groups, respectively. The most
astonishing feature in the group of animals receiving 50 µl of 1%
OMTwas the restoration of normal levels of TGFβ1 in the retinal
layers, which points to rehabilitation of homeostasis using OMT
against dorzolamide, which was unable to restore normal levels
of TGFβ1 in the retinal layers.

Effects of OMT on the Retinal Structure

and Visual Field
The animals in the DEX-induced group exhibited a deposited
fibrous network in the retinal vasculature, along with an increase
in the lenticular opacity. The animals receiving 0.25% of OMT
showed slight declines in amounts of the deposited fibrous
network and in the lenticular opacity, as compared to the
glaucoma control group whereas the group receiving 0.5% of
OMT showed significant falls in amounts of deposited fibrous
network deposition and subsequent increased clarity of the lens,
as compared to the glaucoma control and standard group. The
group receiving 1% of OMT exhibited complete restoration
of the retinal vasculature, along with significant clarity of the
lens, as compared to the glaucoma control and standard group
(Figure 8).

DISCUSSION

Steroids are a class of antiinflammatory agents that find
use in several systemic manifestations. Overindulgence in the
application of topical or systemic steroids, however, is known to
contribute to glaucomatous conditions, which can be detected
by an increase in the IOP. Steroids, such as DEX, prednisolone,
and others, are known to alter the ECM in ocular tissues via
various pathways (7, 17, 27, 33–36). Inhibition of lysosomal

FIGURE 5 | Effects of various treatments on the ATPase activity in the retinal layers: (A) Na+/K+ ATPase and (B) Ca+2 ATPase. Values are expressed as mean ± SEM

(n = 6). Data were analyzed by one-way ANOVA and are expressed as ap < 0.05, bp < 0.01, and cp < 0.001 when compared to normal group, dp < 0.05, ep <

0.01, and fp < 0.001 when compared to DEX-induced glaucoma control group, and gp < 0.05, hp < 0.01, and ip < 0.001 when compared to standard group,

respectively. Normal: 100 µl of distilled water; control: 0.1ml of 0.1% DEX solution; treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT

solution; treatment 3: 50 µl of 1% OMT solution; standard: 100 µl of 1% of dorzolamide solution.
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FIGURE 6 | Effects of various treatments on (A) Na+, (B) K+, (C) Ca+2 ion activities in the retinal extracts. Values are expressed as mean ± SEM (n = 6). Data were

analyzed by one-way ANOVA and are expressed as ap < 0.05, bp < 0.01, cp < 0.001 when compared to normal group, dp < 0.05, ep < 0.01, fp < 0.001 when

compared to DEX-induced glaucoma control group, and gp < 0.05, hp < 0.01, ip < 0.001 when compared to standard group, respectively. Normal: 100 µl of distilled

water; control: 0.1ml of 0.1% DEX solution; treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of 0.5% OMT solution; treatment 3: 50 µl of 1% OMT

solution; standard: 100 µl of 1% of dorzolamide solution.

hyaluronidase by steroids and the resultant activation of TGFβ
is the key to retarding ECM degradation and enhancing fibrillar
materials in the ocular vasculature with further benefaction into
biological edema following a decline in the radius of the TM, thus
causing an increase in the IOP (7, 17, 33, 36).

In this study, DEX (0.1%) was topically administered to
the animals in the glaucoma control group four times daily
at a dose of 0.1ml for 21 days, and a significant hike in
the IOP was noted, which is consistent with the results of
studies previously conducted on humans and animals (5, 17,
34, 35). Diverse mechanisms have been used to explain the
amplification of IOP by DEX. DEX increases the concentrations
of thrombospondin I, integrin, laminin, and fibronectin, all
of which happen to activate TGFβ signaling in ocular tissues,
resulting in persistent fibrosis via cell–matrix interactions
(7, 17, 27). In addition to its effects on the ECM, DEX
can induce the activation of the endoplasmic reticulum and
Golgi apparatus, finally boosting the DNA content in the
TM. Modeling new channel debris due to reduced phagocytic

activities at the TM further results in delayed clearance of
the ocular vasculature, thus finally giving a clear picture of
IOP enhancement (33, 36). The DNA damage caused by DEX
administration enhances the release of reactive oxygen species
(ROS) that further function in the activation and signaling of
TGFβ (17, 37).

Dexamethasone administration in glaucomatous rats resulted
in a steady amplification of the IOPwhereas OMT administration
resulted in a significant decline in and consequent normalization
of the same. The treatment groups achieved IOP values similar
to that found in the normal group, almost diminishing the
effects of DEX; although the standard treatment did help
reduce the IOP compared to the control group, it could not
normalize the IOP value, thus clearly indicating the increased
efficacy of OMT treatment when compared to dorzolamide
treatment, even though the dorzolamide administered was a
commercial preparation formulated with penetration enhancers.
IOP regulation, however, is not the only requisite for inhibiting
the progression of glaucoma; hence, biochemical parameters
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FIGURE 7 | Effects of OMT on the expression of TGFβ1. Values are expressed

as mean ± SEM (n = 6). Data were analyzed by one-way ANOVA and are

expressed as ap < 0.05, bp < 0.01, cp < 0.001 when compared to normal

group, dp < 0.05, ep < 0.01, fp < 0.001 when compared to DEX-induced

glaucoma control group, and gp < 0.05, hp < 0.01, ip < 0.001 when

compared to standard group, respectively. Normal: 100 µl of distilled water;

control: 0.1ml of 0.1% DEX solution; treatment 1: 50 µl of 0.25% OMT

solution; treatment 2: 50 µl of 0.5% OMT solution; treatment 3: 50 µl of 1%

OMT solution; standard: 100 µl of 1% of dorzolamide solution.

and histopathology were investigated to determine the safest
and most effective dose of OMT to inhibit the progression
of glaucoma.

The activation of TGFβ, especially TGFβ1, leads to the
concurrent downregulation of endogenous antioxidants such
as GSH, SOD, GPX, CAT, and ascorbic acid via a significant
inhibitory impact on the mitochondrial membrane potential
while simultaneously enhancing the ROS production that fosters
an immediate reduction in the protective mechanisms of the
TM cells and facilitates damage to the optic nerve disc and
astrocytes (15, 19, 38, 39). All these effects that induced during
the progression of glaucoma by DEX denote the withdrawal of
the salubrious impacts of the antioxidant system and, thus, clearly
define the role of DEX in TGFβ activation and the emergence of
glaucoma in the glaucoma control group (40–45).

These studies denote the beneficial impacts of OMT
administration on the glaucomatous experimental rats. OMT
administration enhances the effects of various antioxidant
systems, such as CAT, SOD, GPX, and reduced GSH, present
in the retinal layers while significantly delaying and reducing
the rates of lipid peroxidation, as denoted by the decline in the
MDA and the nitrite levels. Dorzolamide, being the standard
drug candidate in this study, has been observed to heighten the
nitrite levels, which is due to its effects on vasodilation mediated
via the evolution of nitric oxide from nitrite. Dexamethasone,
primarily being an antiinflammatory agent, does not crucially

FIGURE 8 | Effects of OMT on the retinal structure and visual field. Normal

group: (A) normal retinal vasculature along with normal visual field as indicated

by lens opacity; (B) glaucoma control group: evident retinal fibrosis along with

bilateral opacity in the lens upon DEX exposure; (C) standard group:

restoration of retinal vasculature, however, without efficient detangling of the

blood vessels and reduction in opacity as compared to the control group; (D)

treatment 1 group: retinal fibrosis still evident with opacity in the lens; (E)

treatment 2 group: significant restoration of retinal vasculature along with

betterment in the visual field as indicated by the decline in lens opacity; (F)

treatment 3 group: proper restoration of the retinal vasculature along with

optimum lens clarity. Normal: 100 µl of distilled water; control: 0.1ml of 0.1%

DEX solution; treatment 1: 50 µl of 0.25% OMT solution; treatment 2: 50 µl of

0.5% OMT solution; treatment 3: 50 µl of 1% OMT solution; standard: 100 µl

of 1% of dorzolamide solution.

affect the nitrite levels when compared to its effects on other
pathological enhancers; however, OMT has still been noticed
to lower the nitrite levels to retard the generation of nitric
oxide, thus clarifying its effects as an antiinflammatory agent.
Oxymatrine has been studied to include various toxic molecules
generated by TGFβ activation, thus reducing the consumption of
antioxidant systems and their consequent elevations in diseased
tissues (46). The profound antioxidant effects exerted by OMT
further help to delay the rates of lipid peroxidation via inhibition
of the MDA and the nitrite contents (12, 47). The antioxidant
ability of OMT can be attributed to its chemical structure in
which its oxygen atoms readily combine with the hydroxyl
radicals in the diseased cells and function as a free radical
scavenger, thus increasing the concentration of antioxidant
systems and consequently decreasing the number of the ROS-
activating agents, further inhibiting the generation of an immune
response (12).

The total protein concentration is a crucial part of the
AH drainage facility and has been shown to be increased in
concentration in the glaucoma control group, suggesting a
disruption in the optimum flow of AH. Though none of the
studies previously conducted have reported any relationship
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FIGURE 9 | Various possible targets served by DEX administration leading to glaucomatous conditions. [(+) indicates activation or increase; (x) indicates inhibition or

decrease]. ROS, reactive oxygen species; RGCs, retinal ganglion cells; AH, aqueous humor; IOP, intraocular pressure; TGFβ, transforming growth factor β; iNOS,

inducible nitric oxide synthase.

between OMT administration and the total protein content,
studies have reported its efficacy in lowering the levels of matrix
metalloproteinases (MMPs) and albumin, both of which are
found to be upregulated in the retinal layers during glaucoma
and are important regulators of the AH outflow facility (48, 49).
Furthermore, TGFβ1 is known to elevate the levels of MMPs in
the retinal layers and to provide systematically a distinct view of
the relationship between TGFβ1 activation and the occurrence
of fibrotic tangles (50). In this study, topical administration
of OMT resulted in a profound reduction in the total protein

concentration, thus emphasizing the antifibrotic effects of OMT,
which has found a perfect role in decreasing the fibrogenic
material deposited in the ECM (12).

Previously conducted studies have reported the effects of
DEX in enhancing the Na+/K+ ATPase via an increase in the
phosphorylation and subsequent endocytosis, thereby enhancing
the pump function and increasing the AH production with an
already depressed outflow facility, finally amplifying the IOP
and the consequent increase in the intracellular concentrations
of Na+ and K+ ions, resulting in an alteration of homeostasis
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FIGURE 10 | Various possible targets served by OMT administration leading to effective management of IOP and mechanobiological alterations induced by DEX. [(+)

indicates activation or increase; (x) indicates inhibition or decrease]. ROS, reactive oxygen species; RGCs, retinal ganglion cells; AH, aqueous humor; IOP, intraocular

pressure; TGFβ-transforming growth factor β; iNOS, inducible nitric oxide synthase.

(51). In this study, OMT administration was shown to depress
the Na+/K+ ATPase activity, with a resultant decline in the
related ionic concentrations in the retinal layers and a consequent
normalization of activity, thereby shifting the focus to its
underestimated roles in the regulation of pump functions and

ionic balances. The extensive activities of Ca+2 ATPase in
the progression of glaucoma have not yet been experimentally
elucidated; however, significant rises in intracellular calcium
levels and related neurodegeneration and oxidative stress have
been previously demonstrated (18, 52). This study has set a
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milestone in establishing a factual basis for the Ca+2 ATPase
activity, which is amplified upon glaucoma induction in the
control group animal, thereby forcing an enhanced entry of
calcium ions, which is responsible the increased levels of ROS
and the resultant excitotoxicity of the RGCs (18, 52). OMT
administration has been found to lower the Ca+2 ATPase activity
significantly, thus pointing toward its actions in reducing the
intracellular calcium content. The resultant calcium overload
causes excessive contractility due to an amplified actin–myosin
interaction, leading to the deposition of fibrogenic materials and
structural alterations (53). OMT is responsible for the decline in
the levels of the inward L-type calcium current, especially during
conditions of calcium overload, and this study also remains in
sync with previous considerations as OMT caused prominent
reductions in the rates of calcium overload and enhanced the
restoration of homeostasis (41).

The results obtained from the ELISA analyses of TGFβ1
clearly defined an enhancement of the TGFβ1 levels in the retinal
samples of the DEX-induced glaucoma control group whereas
consistent treatment with OMT led to a dose-dependent decline,
which is known to inhibit TGFβ1 selectively, thus putting enough
emphasis on the impact of TGFβ1 hyperactivation in glaucoma
and its resultant reduction. The relationships between the
various biochemical parameters and TGFβ1 have been formerly
elucidated, and a distinct correlation can thus be portrayed.

Pictures of the retinal vasculature and lens obtained from the
DEX-induced glaucoma control animals showed evident retinal
fibrosis and bilateral opacity in the lens upon DEX exposure
whereas the standard group exhibited restoration of retinal
vasculature, but without an efficient disentanglement of the blood
vessels and reduction in opacity as compared to the control
group. The groups receiving OMT showed dose-dependent
effects on the retinal vasculature and lenticular opacity. The
animal treated with OMT manifested proper restoration of
the retinal vasculature along with optimum lens clarity; this is
consistent with the biochemical estimates showing that the group
receiving the highest dose of treatment experienced maximum
beneficial effects.

CONCLUSION

The preclinical findings obtained from this study implicate
an evident role of the TGFβ1 isoform in the progression of
glaucoma, which might contribute to the various pathological
alterations seen in patients with glaucoma (Figure 9). Elevations

in oxidative stress, lipid peroxidation, nitrite level, and
total protein content, inhibition of ECM-degrading enzymes,
dysregulation in the pump activities and ionic levels, and
alteration of the retinal vasculature via activation of TGFβ1 all
work to fan the flames in the pathophysiology of glaucoma. The
stipulated drug candidate used in this research, that is, OMT,
was able to slow down the pathogenesis of glaucoma by not
only lowering and further managing IOP but also substantially
restoring the homeostasis of the retinal vasculature, which clearly
identified the TGFβ1 isoform as a future target for therapies
related to glaucoma inhibition (Figure 10).
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