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Abstract

Background: In proliferative diabetic retinopathy (PDR), vascular endothelial growth factor (VEGF) and connective tissue
growth factor (CTGF) cause blindness by neovascularization and subsequent fibrosis, but their relative contribution to both
processes is unknown. We hypothesize that the balance between levels of pro-angiogenic VEGF and pro-fibrotic CTGF
regulates angiogenesis, the angio-fibrotic switch, and the resulting fibrosis and scarring.

Methods/Principal Findings: VEGF and CTGF were measured by ELISA in 68 vitreous samples of patients with proliferative
DR (PDR, N=32), macular hole (N=13) or macular pucker (N=23) and were related to clinical data, including degree of
intra-ocular neovascularization and fibrosis. In addition, clinical cases of PDR (n =4) were studied before and after pan-retinal
photocoagulation and intra-vitreal injections with bevacizumab, an antibody against VEGF. Neovascularization and fibrosis
in various degrees occurred almost exclusively in PDR patients. In PDR patients, vitreous CTGF levels were significantly
associated with degree of fibrosis and with VEGF levels, but not with neovascularization, whereas VEGF levels were
associated only with neovascularization. The ratio of CTGF and VEGF was the strongest predictor of degree of fibrosis. As
predicted by these findings, patients with PDR demonstrated a temporary increase in intra-ocular fibrosis after anti-VEGF
treatment or laser treatment.

Conclusions/Significance: CTGF is primarily a pro-fibrotic factor in the eye, and a shift in the balance between CTGF and
VEGF is associated with the switch from angiogenesis to fibrosis in proliferative retinopathy.
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Introduction

Blindness from proliferative diabetic retinopathy (PDR) is
caused by angiogenesis and fibrosis in the vitreous cavity of the
eye [1-4]. PDR is a wound healing-like response in which
neovascularization is accompanied by influx of inflammatory cells
and development of myofibroblasts. This progresses to a fibrotic
phase with fibrovascular contraction causing haemorrhages,
retinal detachment and inevitable blindness. Several growth
factors have been shown to play a role in PDR, eg. vascular
endothelial growth factor-A (VEGF), transforming growth factor-
B, hepatocyte growth factor, platelet-derived growth factor, and
the pro-fibrotic connective tissue growth factor (CTGF) [5,6].
VEGT is considered to be the primary angiogenesis factor in this
sequence of events [7-9]. In contrast, the causal factors of fibrosis
and scarring and the regulation of the transition from angiogenesis
to the fibrotic phase of PDR, which we propose to call the angio-
fibrotic switch, remain largely unknown. We have recently shown
that vitreous levels of C'TGF correlate strongly with degree of
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fibrosis in vitreo-retinal disorders [10]. In other organs than the
eye, CTGF has a similar role and has been identified as a potential
therapeutic target for inhibition of pathological fibrosis [11-13].

Interestingly, CTGF is upregulated by VEGF [16-18] and
inhibits VEGF-induced angiogenesis by formation of VEGF-
CTGF complexes [19,20], suggesting a negative feedback function
of CTGF on VEGF-induced angiogenesis. In contrast, recombi-
nant CTGF has been shown to cause angiogenesis in the cornea
and in other in vivo models in addition to its pro-fibrotic properties
[21,22]. Other findings, such as co-localization of CTGF and
VEGF in human subretinal neovascularization [23], and increased
CTGF levels in vitreous of PDR patients with active neovascu-
larization [24], also suggested that CTGF has a causal role in
ocular neovascularization. However, we have recently challenged
this concept by showing that in CTGF knock-out mice,
angiogenesis is not impaired in several experimental models of
neovascularization [25].

Based on these findings we propose a novel concept. We
hypothesize that CTGIF is a primary causal factor in sight-
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threatening fibrosis in the eye, and that an equilibrium shift in the
balance between VEGF and CTGF levels in vitreous regulates the
switch from the angiogenic phase to fibrosis in conditions such as
PDR. Therefore, we investigated vitreous VEGF and CTGF levels
in correlation with degree of fibrosis and neovascularization in a
series of patients with PDR and other vitreoretinal disorders, and
studied the effect of anti-VEGT treatment on the course of PDR in
human patients.

Methods

Patients

We investigated 68 vitreous samples of patients with PDR
(N'=32), macular hole (N=13) and idiopathic macular pucker
(N =23), who were operated by pars plana vitrectomy. The study
was conducted according to the Declaration of Helsinki and
approved by the institutional review board of the Academic
Medical Center at the University of Amsterdam. Informed written
consent was obtained from each patient.

Clinical data, which allowed grading of fibrosis, activity of
neovascularization, degree of haemorrhage, and presence and type
of diabetes, were obtained from the pre-operative ophthalmic and
ultrasound examinations, the patient files and from per-operative
observations, using a standardized form. Fibrosis was graded as 0
when there was no fibrosis, as 1 when there were a few pre-retinal
membranes (as limited as in macular pucker), as 2 when white pre-
retinal fibrotic membranes with limited extension into the vitreous
were present, and as 3 when abundant white membranes reaching
into the vitreous body were observed. Neovascularization was
graded as O when absent, as 1 (quiescent) when only non-perfused
vessels were present, and as 2 (active) when there were perfused
preretinal capillaries [26]. Degree of haemorrhage was graded as 0
when all media were clear and all fundus details were visible, as 1
when media were a little clouded but the fundus could still be
examined, as 2 when the disk was obscured by haemorrhage, and
as 3 when fundus details could not be obtained.

In addition, we investigated retrospectively, after informed consent,
the clinical records of 4 patients with PDR and one patient with
proliferative retinopathy as a complication of branch retinal vein
occlusion, who were treated with either pan-retinal photocoagulation
(2 cases of PDR and the case of branch retinal vein occlusion) or with
intravitreal injections with bevacizumab, an anti-VEGF agent,
followed by pan-retinal laser treatment (2 cases of PDR).

Sample collection

Undiluted vitreous samples (0.5—1 ml) were obtained by using a
vitrectome at the start of a classic three-port pars plana vitrectomy
with the infusion line in position but not opened. The vitreous was
transferred to sterile Eppendorf tubes and immediately frozen in
dry ice. The samples were kept at —80°C until assayed.

Measurement of CTGF and VEGF levels by enzyme-linked
immunosorbent assays (ELISA)

After thawing, vitreous samples were centrifuged at 14.000 rpm
for 15 minutes at 4°C, and supernatant was collected. Concen-
trations of CTGI were measured in samples by means of sandwich
ELISAs, using two distinct monoclonal antibodies specifically
recognizing the N-terminal part of the CTGF protein (FibroGen,
San Francisco CA, USA) as described previously [10]. Purified
recombinant human CTGF (FibroGen) was used as standard.
Concentrations of VEGF55 were determined by means of
sandwich ELISA according to the manufacturer’s protocol
(R&D Systems, Minneapolis MS, USA). All ELISAs were carried
out in duplicate.
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Statistical analysis

Both CTGF and VEGF levels were tested for normal
distribution using the Shapiro-Wilk test (W>0.90). VEGF levels
in vitreous showed a right skewed distribution and were logq
transformed to obtain a normal distribution. Associations between
gender, age, diabetes type, degree of neovascularization, degree of
haemorrhage and degree of fibrosis were assessed by ANOVA
with correction for age and gender (included as covariates) where
appropriate, and for unequal variances due to inter-assay
variability. Least square means were estimated based on the
model and, in case of an overall significant difference, compared
using a post-hoc test. The correlation between CTGF and
log;o(VEGF) is expressed as Spearman correlation coefficient. In
addition, univariate and multiple ordinal logistic regression
analyses were performed with degree of fibrosis or neovascular-
ization activity as dependent (outcome) variables. These effects
were expressed as odds ratios with a 95% confidence interval. A
two-tailed p-value <0.05 was considered statistically significant.
All analyses were carried out using SAS (Version 9) software (SAS
Institute, Cary NC, USA).

Results

Analysis of all patients

The research variables and characteristics of the 68 patients
studied are shown in Table 1. There was a significant difference in
age between the patients diagnosed with a macular hole or
macular pucker and patients with PDR (66.4 versus 54.2,
respectively; p=0.001). Mean vitreous levels of CTGF and
log;o(VEGF) were significantly higher in patients with PDR than
in patients diagnosed with a macular hole or macular pucker
(p<<0.001 for both growth factors, corrected for age (covariate)).

Univariate analysis of all 68 patients showed that CTGF and
log;o(VEGF) levels in vitreous correlated strongly (p<<0.001). A
scatter plot of the correlation between CTGF levels and
logo(VEGT) levels is shown (Figure 1). Univariate analysis of all
68 patients also showed that levels of both growth factors were
associated with diabetes-associated variables (i.e. the presence of
diabetes, degree of neovascularization, fibrosis and haemorrhage;
all p<0.001). CTGF and log;o(VEGT) levels did not differ between
genders. Log;o(VEGF) levels were not associated with age, whereas
CTGF levels were (p=0.03). Multivariate analysis showed that
mean CTGF levels were only associated with degree of fibrosis
(p<<0.001), whereas log;o(VEGF) levels were only significantly
associated with degree of neovascularization (p<<0.001).

Analysis of patients with PDR

Most parameters which correlated with VEGF and CTGF
levels were associated with diabetes (i.e. neovascularization,
haemorrhage and fibrosis) in the group of 68 patients. However,
the 13 macular hole patients and 23 macular pucker patients did
not suffer from diabetes (Table 1). Therefore, to exclude this
confounder, we repeated the statistical analysis on the data of the
32 patients with PDR who all had diabetes. Similar to the entire
patient population, CTGF levels in the vitreous of patients with
PDR  were significantly associated with degree of fibrosis
(p=10.042), and not significantly with degree of neovascularization
(p=0.072), whereas log;o(VEGF) levels were associated with
degree of neovascularization (p=0.011), and not with degree of
fibrosis (p=0.665) (Figure 1). We also evaluated the association
between the ratio C'TGF/log,o(VEGF) and degree of fibrosis or
degree of neovascularization, respectively. The ratio CTGF/
log;o(VEGF) was associated with degree of fibrosis (p = 0.009), but
not with degree of neovascularization (p =0.635) (Figure 2).
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Table 1. Characteristics of the 68 patients included in the study.

Angio-Fibrotic Switch

CTGF (geom. mean, 95% Cl)
VEGF (geom. mean, 95% Cl)
Ratio CTGF/log,o(VEGF)

Patient characteristics (n=68) Subcategory Macular hole (n=13) PDR (n=32)
Macular pucker (n=23)
Age (mean*SD) 66-4*+14-6 54-2%12-7
Gender Male 15 15
Female 21 17
Patients with diabetes Total 0 32
Type | 16
Type Il 16
Degree of neovascularization No neovascularization (0) 36 2
Quiescent neovascularization (1) 1
Active neovascularization (2) 19
Degree of haemorrhage No haemorrhage (0) 36 11
Media little clouded (1) 4
Disc obscured (2) 1"
No fundus detail visible (3) 6
Degree of fibrosis No fibrosis (0) 13 0
Only a few pre-retinal membranes (1) 23 2
Some proliferative membranes (2) 17
Abundant proliferative membranes (3) 13

13-0 ng/ml [10.8-15.3]
123 pg/ml [95-159]
342 [2.7-4.2]

24.1 ng/ml [20.5-27.7]
776 pg/ml [566-1065]
6.2 [5.3-7.1]

doi:10.1371/journal.pone.0002675.t001
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Figure 1. Correlation between the levels of CTGF and
log10(VEGF) in the vitreous of all 68 patients. A significant
(p=0.01) Spearman’s rank correlation (p=0.4) within all samples was
found.

doi:10.1371/journal.pone.0002675.g001
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Abbreviations: PDR, proliferative diabetic retinopathy; SD, standard deviation; VEGF, vascular endothelial growth factor; CTGF, connective tissue growth factor.

The Spearman correlation coeflicient for CTGF and log(-
VEGF) levels was 0.4 (p=0.01). Age, gender, degree of
haemorrhage did not show an association with CTGF or
log1o(VEGTF) levels (p>0.05).

In a separate analysis, an ordinal logistic regression model with
degree of fibrosis as dependent (outcome) variable was used to sort
out the strongest predictive variable for fibrosis. Univariate ordinal
logistic regression model analysis (Table 2) showed that vitreous
levels of CTGF and CTGF/logo(VEGF) ratios were associated
with fibrosis. The association was not found between log;o(VEGF)
levels and degree of fibrosis but it was found between log;o(VEGF)
levels and degree of neovascularization.

In a multifactorial model with both CTGF and log;o(VEGF)
levels as predictors for degree of fibrosis, both CTGF (p=0.008)
and log;o(VEGF) (p=0.033) were associated with degree of
fibrosis: CTGF associated positively with an odds ratio of 1.19 (95%
CI: 1.05-1.36) whereas log,o(VEGF) levels showed a negative
association with an odds ratio of 0.06 (95% CI: 0.01-0.80). These
findings explain the strong association between CTGF/log;(-
VEGTF) ratios and fibrosis in the univariate analysis.

Clinical course of proliferative retinopathy after laser or
anti-VEGF treatment

In each of the 4 cases of PDR, we observed a transition from
pre-retinal angiogenesis to a temporary phase of progressing pre-
retinal fibrosis after pan-retinal laser treatment, or after anti-
VEGF treatment followed by pan-retinal laser (Figure 3). In the
case of branch retinal vein occlusion complicated by local pre-
retinal angiogenesis with leaky vessels due to ischemia, the new
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Figure 2. Mean levels of CTFG (A, D), geometric mean levels of
VEGF (B, E), and mean ratio CTGF/log,,(VEGF) (C, F) in relation
with degree of neovascularization (A-C) and degree of fibrosis
(D-F) in the vitreous of 32 PDR patients. Vertical bars represent
95% confidence intervals. Significant differences between groups are
indicated.

doi:10.1371/journal.pone.0002675.g002

vessels stopped growing and did not leak anymore after laser
treatment, whereas fibrosis did not follow (Figure 4).

Discussion

The observations presented in this study, set against the
background of existing literature on VEGF and CTGF, prompt
us to propose a novel concept of the regulation of angiogenesis and
fibrosis in ocular disease, and in wound healing in general. In this
concept, angiogenesis in the vitreous is driven by VEGF, which
amongst other factors upregulates the pro-fibrotic factor CTGF in
various cell types in the newly formed neovascular membranes.
Increasing levels of CTGF inactivate VEGF by reduction of
production and complex formation, and when the equilibrium
between these two factors shifts to a certain threshold ratio, the
angio-fibrotic switch occurs and fibrosis driven by excess CTGIF
leads to scarring and blindness. This concept identifies CTGF as a
major potential therapeutic target in the treatment of ocular
fibrosis, in particular in combination with anti-VEGF agents.

What is the evidence that this concept may be true? We have
previously shown that vitreous CTGT levels strongly correlate with
degree of fibrosis in vitreo-retinal conditions [10], an observation
which is in line with the established role of CTGF in pathological
fibrosis in other organs [11-13,27-31]. However, exogenous C'TGF
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has been reported to have angiogenic effects in ocular experimental
models [21,22,24,32]. The present study shows that, in human
PDR, the CTGEF levels and the ratio of CTGF over VEGF are
strongly associated with the presence and degree of fibrosis, whereas
CTGF levels, in contrast to VEGF levels, do not have an association
with neovascularization. Moreover, multivariate analysis revealed
that degree of fibrosis was best predicted by the ratio of CTGF over
VEGF. VEGF levels do correlate significantly with active
neovascularization, in agreement with the widely accepted role of
VEGTF as a major ocular angiogenic factor [7,8,26,33-35]. We have
previously shown that C'TGF expression is induced by AGEs in
diabetic rat retinas [36], particularly in pericytes [37]. We also have
shown in various animal models using CTGF"'~ heterozygous and
CTGF ™/~ homozygous CTGF-deficient mice that diminished
levels or even complete absence of CTGF did not affect
neovascularization significantly [25]. These findings support our
concept as outlined above. Our findings question the applicability of
the concept of CTGF-driven angiogenesis to in vivo ocular disease.
Rather, the accumulated evidence indicates that CTGF effects are
highly context dependent and, in the specific condition of PDR,
cause fibrosis rather than angiogenesis. Observations by others in
PDR patients after VEGF inhibition by intravitreal injections with
bevacizumab [38-40] may sustain this assumption. In these
patients, a remarkable inhibition of angiogenesis is observed. We
like to suggest that elevated C'TGF levels, which remain in the
vitreous after VEGF inhibition, are not able to maintain the
angiogenic response, providing further evidence that CTGF has no
pro-angiogenic role in PDR.

PDR and other proliferative retinopathies, which represent
important causes of blindness, are caused by widespread retinal
ischemia. In these conditions, pre-retinal neovascularization into the
vitreous is the first sign that a fibrovascular wound healing reaction
will develop 1n later stages. VEGF produced by the ischemic retina
is considered to be the major causal growth factor in the
neovascularization process [8]. In later stages of PDR, scarring
mechanisms within the fibrovascular membranes become more
important, and fibrosis and vitreoretinal traction cause retinal
detachment and blindness [1,3,4,9]. The mechanisms causing this
transition, the angio-fibrotic switch, have not been elucidated.

Further analysis of human vitreous samples in our study
demonstrated a significant correlation between CTGF and logig
(VEGT) levels. This may relate to the fact that VEGF and CTGF are
both direct targets of factors such as glucose and AGEs, inherent to
the diabetic condition. It may also reflect that VEGF induces CTGF
expression in the eye, as has been demonstrated in retinal endothelial
cells in vitro [16,17] and in the rat retina in vivo [18,36]. The
consequent rise of the ratio of CTGF over VEGF may contribute to
the angio-fibrotic shift occurring during progression of PDR: it has
been reported that CTGF can influence VEGF availability on
different levels, including direct protein-protein binding [19,20,41]
and degradation of HIF-1a, which is a transcription factor for VEGF
[42]. Angiogenesis may thus decline due to inactivation of VEGF by
CTGF. Subsequent fibrosis may be induced by excess of unbound
CTGF as was found in kidney [15,43] and skin [30]. An earlier study
by Kita et al. [44] did not show a significant correlation between
CTGF and VEGF in the vitreous of patients with PDR and
proliferative vitreoretinopathy. The reason for the difference with
the current results is unknown, but may lie in the fact that we
analyzed vitreous of PDR patients only.

Our observations that vitreous VEGF levels were significantly
higher in active neovascularization than in quiescent neovascu-
larization, and were negatively associated to degree of fibrosis,
support this concept. It may, however, not be ruled out that other
factors such as fibronectin, integrins and proteoglycans have an
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influence on the bioavailability of CTGF as well [45-47].
Furthermore, several growth factors have been suggested to play
a role in angiogenesis and fibrosis in ocular disease [5,6], which
may also have influence on the presence and availability of VEGF
and/or CTGF.

Our findings suggest that the balance between VEGF and
CTGF determines the angio-fibrotic switch. This concept predicts
that a sharp decline of VEGF levels in a patient with active
neovascularization due to PDR inhibits angiogenesis, cause the
angio-fibrotic switch and temporarily increase fibrosis. In a non-
systematic survey, we studied the clinical files of a small series of
four PDR patients with active neovascularization treated with
intravitreal bevacizumab, an anti-VEGF antibody, and/or pan-
retinal laser. Pan-retinal photocoagulation is a therapy which
destroys large areas of retina, and which is known to markedly
reduce intra-ocular VEGF levels [26]. In these four patients, we

Table 2. Odds ratio (OR) and 95% confidence interval (95%Cl) of the univariate ordinal logistic regression models with degree of
neovascularization or fibrosis as outcome in the PDR population (N =32), respectively.
Variable Contrast Degree of neovascularization Degree of fibrosis
OR [95% ClI] P-value OR [95% ClI] P-value

Female gender 0.97 [0.24-3.89] 0.965 1.25 [0.32-4.89] 0.746
Age per year 1 [0.95-1.06] 0.939 0.98 [0.93-1.04] 0.568
Types of diabetes Ilvs. | 1.27 [0.32-5.07] 0.74 3.21 [0.77-13.37] 0.109
Degree of haemorrhage 0.592 0.497

1vs.0 0.7 [0.08-6.25] 0.65 [0.07-6.29]

2vs. 0 2.79 [0.48-16.26] 1 [0.19-5.16]

3vs. 0 1.64 [0.22-12.01] 0.21 [0.02-1.81]
Degree of neovascularization 0.233

0vs. 2 0.39 [0.02-8.61]

1vs. 2 3.18 [0.70-14.53]
Degree of fibrosis 0.61

2vs. 1 1.84 [0.10-33.09]

3vs. 1 0.88 [0.05-16.15]
CTGF per unit increase 1.05 [0.97-1.15] 0.235 1.14 [1.03-1.27] 0.014
VEGF per 10 fold increase 94.3 [3.92 - Inf] 0.005 033 [0.05-2.39] 0.27
Ratio CTGF/logo(VEGF) per unit increase 1.19 [0.86-1.65] 0.283 2.05 [1.18-3.54] 0.01
doi:10.1371/journal.pone.0002675.t002

did indeed observe regression of neovascularization and the
predicted temporary increase in fibrosis. In another patient with
branch retinal vein occlusion complicated by focal pre-retinal
neovascularization, fibrosis did not follow laser treatment. This
suggests that for the angio-fibrotic switch to occur, CTGF levels
need to reach a threshold value and a sufficient number of target
cells must be able to elicit the fibrotic response. Therefore, intra-
ocular fibrosis appears to be a tightly regulated on-off response,
like intra-ocular angiogenesis.

Existing literature supports our general concept. The role of
CTGF as pro-fibrotic factor is well-established in various organs
such as skin and kidney [11-13,15,27-31,43,48-50] and recently
in the retina as well [10,51]. Furthermore, mRNA and protein of
CTGF is upregulated by VEGF in retinal endothelial cells [16-18]
and co-localizes with VEGF in neovascular subretinal membranes
of patients with age-related macular disease [23]. In these

Figure 3. Fundus photographs of a patient with proliferative diabetic retinopathy and new vessels (nv) along the lower vascular
arcade, before (A) and 8 months after (B) an injection with bevacizumab followed by pan-retinal photocoagulation. Note the increase

in fibrosis (f) after anti-VEGF and laser treatment (B).
doi:10.1371/journal.pone.0002675.9g003
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Figure 4. Fundus photographs (A, D) and fluorescein angiographic imaging (B, C) of a patient with branch retinal vein occlusion
before (A-C) and after (D) treatment with pan-retinal photocoagulation. Note the leaky vessels consistent with angiogenesis(A, C), and the
quiet aspect of the vessels after treatment without formation of fibrosis (D). n, normal; nv, neovascularization.

doi:10.1371/journal.pone.0002675.g004

membranes, CTGF is localized in retinal pigment epithelial cells
[23], which are capable of transdifferentiation into myofibroblasts,
the major cell type driving fibrosis. In fibrovascular membranes of
patients with PDR and in human diabetic retina, CTGF is
localized in myofibroblasts [24] and pericytes [37] which can also
transform into myofibroblasts. Finally, in a recent study, it was not
only shown that activated human hyalocytes and Miiller cells
produce CTGF, but also that CTGF does not induce pro-
angiogenic functions in cultured human endothelial cells [44].

In summary, our results suggest that, in contrast to VEGE,
elevated CTGF levels do not significantly contribute to ocular
angiogenesis in PDR. In addition, we propose that CTGF, in a
critical balance with VEGF, drives the angio-fibrotic switch and
subsequent fibrosis in PDR. This indicates that C'TGF-targeted
therapy is a possible novel option to prevent sight-threatening
fibrosis in PDR and other ocular diseases that are associated with
neovascularization and fibrosis. Our concept of the regulation of

References

1. Aiello LP, Gardner TW, King GL, Blankenship G, Cavallerano JD, et al. (1998)
Diabetic retinopathy. Diabetes Care 21: 143-156.

2. Campochiaro PA (2001) Pathogenesis of proliferative vitreoretinopathy. In:
Ryan S]], ed. Retina. 3 ed. St. Louis: Mosby. pp 2221-2227.

3. Fong DS, Aiello L, Gardner TW, King GL, Blankenship G, et al. (2003)
Diabetic retinopathy. Diabetes Care 26: 226-229.

4. Fong DS, Aiello LP, Ferris FL 3rd, Klein R (2004) Diabetic retinopathy.
Diabetes Care 27: 2540-2553.

5. Hinton DR, He S, Jin ML, Barron E, Ryan SJ (2002) Novel growth factors
involved in the pathogenesis of proliferative vitreoretinopathy. Eye 16: 422-428.

6. Cui JZ, Chiu A, Maberley D, Ma P, Samad A, et al. (2007) Stage specificity of
novel growth factor expression during development of proliferative vitreoretino-
pathy. Eye 21: 200-208.

7. Aiello LP, Bursell SE, Clermont A, Duh E, Ishii H, et al. (1997) Vascular
endothelial growth factor-induced retinal permeability is mediated by protein

@ PLoS ONE | www.plosone.org

the angio-fibrotic switch may also apply to wound healing
processes outside the eye.

Author Contributions

Conceived and designed the experiments: EJK RG ROS. Performed the
experiments: EJK. Analyzed the data: MWT. Contributed reagents/
materials/analysis tools: MDD JCV. Wrote the paper: EJK ROS. Overall
responsibility for the coordination of the study: EJK. Collection of vitreous
samples: EJK MDD JCV. Performed laboratory experiments: EJK.
Interpretation of results: EJK FAV MDD JCV NO IK CJV RG.
Preparation of the first drafts of the manuscript: EJK. Optimization of
CTGF-ELISA and measurement of CTGF in vitreous samples: FAV.
Supervision of all statistics: MWT. Supply of reagents: NO. Supervision of
the laboratory experiments: IK. Preparation of the last version of the
manuscript and supervision of the preparation of the manuscript: CJV.
Supervision of part of the laboratory experiments: RG. Design of the study:
ROS RG. Overall supervision of data collection: ROS.

kinase C in vivo and suppressed by an orally effective beta-isoform-selective
inhibitor. Diabetes 46: 1473-1480.

8. Witmer AN, Vrensen GF, Van Noorden CJ, Schlingemann RO (2003) Vascular
endothelial growth factors and angiogenesis in eye disease. Prog Retin Eye Res
22: 1-29.

9. Gariano RF, Gardner TW (2005) Retinal angiogenesis in development and
disease. Nature 438: 960-966.

10. Kuiper EJ, De Smet MD, Van Meurs JC, Tan HS, Tanck MW, et al. (2006)
Association of connective tissue growth factor with fibrosis in vitreoretinal
disorders in the human eye. Arch Ophthalmol 124: 1457-1462.

11. Franklin TJ (1997) Therapeutic approaches to organ fibrosis. Int J Biochem Cell
Biol 29: 79-89.

12. Goldschmeding R, Aten J, Ito Y, Blom I, Rabelink T, et al. (2000) Connective
tissue growth factor: just another factor in renal fibrosis? Nephrol Dial
Transplant 15: 296-299.

July 2008 | Volume 3 | Issue 7 | e2675



21.

22.

23.

26.

27.

28.

29.

30.

31.

. Perbal B (2004) CCN proteins: multifunctional signalling regulators. Lancet 363:

62-64.

. Mageto Y, Flaherty K, Brwon K, Fong A, Raghu G (200) Safety and tolerability

of human monoclonal antibody FG-3019, anti-connective tissue growth factor,
in patients with idiopathic pulmonary fibrosis. Chest 126: 7738S.

. Van Nieuwenhoven FA, Jensen LJ, Flyvbjerg A, Goldschmeding R (2005)

Imbalance of growth factor signalling in diabetic kidney disease: is connective
tissue growth factor (C'TGF, CCN2) the perfect intervention point? Nephrol Dial
Transplant 20: 6-10.

. He S, Jin ML, Worpel V, Hinton DR (2003) A role for connective tissue growth

factor in the pathogenesis of choroidal neovascularization. Arch Ophthalmol
121: 1283-1288.

Suzuma K, Naruse K, Suzuma I, Takahara N, Ueki K, et al. (2000) Vascular
endothelial growth factor induces expression of connective tissue growth factor
via KDR, Fltl, and phosphatidylinositol 3-kinase-akt-dependent pathways in
retinal vascular cells. J Biol Chem 275: 40725-40731.

. Kuiper EJ, Hughes JM, Vogels IMC, Goldschmeding R, Van Noorden CJF, et

al. (2007) Effect of VEGF-A on expression of pro-fibrotic growth factor and
extracellular matrix genes in the retina. Invest Ophthalmol Vis Sci 48:
4267-4276.

. Inoki I, Shiomi T, Hashimoto G, Enomoto H, Nakamura H, et al. (2002)

Connective tissue growth factor binds vascular endothelial growth factor (VEGF)
and inhibits VEGF-induced angiogenesis. FASEB J 16: 219-221.

. Jang HS, Kim HJ, Kim JM, Lee YS, Kim KL, et al. (2004) A novel ex vivo

angiogenesis assay based on electroporation-mediated delivery of naked plasmid
DNA to skeletal muscle. Mol Ther 9: 464-474.

Babic AM, Chen CC, Lau LF (1999) Fispl2/mouse connective tissue growth
factor mediates endothelial cell adhesion and migration through integrin
alphavbeta3, promotes endothelial cell survival, and induces angiogenesis in
vivo. Mol Cell Biol 19: 2958-2966.

Shimo T, Nakanishi T, Nishida T, Asano M, Kanyama M, et al. (1999)
Connective tissue growth factor induces the proliferation, migration, and tube
formation of vascular endothelial cells in vitro, and angiogenesis in vivo.
J Biochem 126: 137-145.

Watanabe D, Takagi H, Suzuma K, Oh H, Ohashi H, et al. (2005) Expression
of connective tissue growth factor and its potential role in choroidal
neovascularization. Retina 25: 911-918.

. Hinton DR, Spee C, He S, Weitz S, Usinger W, et al. (2004) Accumulation of

NH(2)-terminal fragment of connective tissue growth factor in the vitreous of
patients with proliferative diabetic retinopathy. Diabetes Care 27: 758-764.

. Kuiper EJ, Roestenberg P, Ehlken C, Lambert V, Bloys van Treslong-de

Groot H, et al. (2007) Angiogenesis is not impaired in connective tissue growth
factor (CTGF)-knock out mice. J Histochem Cytochem 55: 1139-1147.

Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, et al. (1994) Vascular
endothelial growth factor in ocular fluid of patients with diabetic retinopathy and
other retinal disorders. N Engl ] Med 331: 1480-1487.

Igarashi A, Nashiro K, Kikuchi K, Sato S, Thn H, et al. (1995) Significant
correlation between connective tissue growth factor gene expression and skin
sclerosis in tissue sections from patients with systemic sclerosis. J Invest Dermatol
105: 280-284.

Igarashi A, Nashiro K, Kikuchi K, Sato S, Thn H, et al. (1996) Connective tissue
growth factor gene expression in tissue sections from localized scleroderma,
keloid, and other fibrotic skin disorders. J Invest Dermatol 106: 729-733.
Grotendorst GR (1997) Connective tissue growth factor: a mediator of TGF-
beta action on fibroblasts. Cytokine Growth Factor Rev 8: 171-179.

Mori T, Kawara S, Shinozaki M, Hayashi N, Kakinuma T, et al. (1999) Role
and interaction of connective tissue growth factor with transforming growth
factor-beta in persistent fibrosis: A mouse fibrosis model. J Cell Physiol 181:
153-159.

Moussad EE, Brigstock DR (2000) Connective tissue growth factor: what’s in a
name? Mol Genet Metab 71: 276-292.

. Kondo S, Kubota S, Shimo T, Nishida T, Yosimichi G, et al. (2002) Connective

tissue growth factor increased by hypoxia may initiate angiogenesis in
collaboration with matrix metalloproteinases. Carcinogenesis 23: 769-776.

@ PLoS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

44.

46.

47.

48.

49.

51.

Angio-Fibrotic Switch

. Frank RN (1994) Vascular endothelial growth factor-its role in retinal vascular

proliferation. N Engl J Med 331: 1519-1520.

Schlingemann RO, Van Hinsbergh VW (1997) Role of vascular permeability
factor/vascular endothelial growth factor in eye disease. Br J Ophthalmol 81:
501-512.

. Hofman P, Blaauwgeers HG, Tolentino MJ, Adamis AP, Nunes Cardozo BJ, et

al. (2000) VEGF-A induced hyperpermeability of blood-retinal barrier
endothelium in vivo is predominantly associated with pinocytotic vesicular
transport and not with formation of fenestrations. Vascular endothelial growth
factor-A. Curr Eye Res 21: 637-645.

Hughes JM, Kuiper EJ, Klaassen I, Canning P, Stitt AW, et al. (2007) Advanced
glycation end products cause increased CCN family and extracellular matrix
gene expression in the diabetic rodent retina. Diabetologia 50: 1089-1098.
Kuiper EJ, Witmer AN, Klaassen I, Oliver N, Goldschmeding R, et al. (2004)
Differential expression of connective tissue growth factor in microglia and
pericytes in the human diabetic retina. Br J Ophthalmol 88: 1082-1087.
Spaide RF, Fisher YL (2006) Intravitreal bevacizumab (Avastin) treatment of
proliferative diabetic retinopathy complicated by vitreous hemorrhage. Retina
26: 275-278.

Mason JO 3rd, Nixon PA, White MF (2006) Intravitreal injection of
bevacizumab (Avastin) as adjunctive treatment of proliferative diabetic
retinopathy. Am J Ophthalmol 142: 685-688.

Avery RL, Pearlman J, Pieramici DJ, Rabena MD, Castellarin AA, et al. (2006)
Intravitreal bevacizumab (Avastin) in the treatment of proliferative diabetic
retinopathy. Ophthalmology 113: 1695-1715.

Hashimoto G, Inoki I, Fujii Y, Aoki T, Ikeda E, et al. (2002) Matrix
metalloproteinases cleave connective tissue growth factor and reactivate
angiogenic activity of vascular endothelial growth factor 165. J Biol Chem
277: 36288-36295.

Chang CC, Lin MT, Lin BR, Jeng YM, Chen ST, et al. (2006) Effect of
connective tissue growth factor on hypoxia-inducible factor lalpha degradation
and tumor angiogenesis. J Natl Cancer Inst 98: 984-995.

. Yokoi H, Mukoyama M, Nagae T, Mori K, Suganami T, et al. (2004) Reduction

in connective tissue growth factor by antisense treatment ameliorates renal
tubulointerstitial fibrosis. J] Am Soc Nephrol 15: 1430-1440.

Kita T, Hata Y, Miura M, Kawahara S, Nakao S, et al. (2007) Functional
characteristics of connective tissue growth factor on vitreoretinal cells. Diabetes

56: 1421-1428.

. Hoshijima M, Hattori T, Inoue M, Araki D, Hanagata H, et al. (2006) CT

domain of CCN2/CTGF directly interacts with fibronectin and enhances cell
adhesion of chondrocytes through integrin alphabbetal. FEBS Lett 580:
1376-82.

Gao R, Brigstock DR (2005) A novel integrin alphabbetal binding domain in
module 4 of connective tissue growth factor (CCN2/CTGF) promotes adhesion
and migration of activated pancreatic stellate cells. Gut 55: 856-862.

Nishida T, Kubota S, Fukunaga T, Kondo S, Yosimichi G, et al. (2003) CTGF/
Hes24, hypertrophic chondrocyte-specific gene product, interacts with perlecan
in regulating the proliferation and differentiation of chondrocytes. J Cell Physiol
196: 265-275.

Frazier K, Williams S, Kothapalli D, Klapper H, Grotendorst GR (1996)
Stimulation of fibroblast cell growth, matrix production, and granulation tissue
formation by connective tissue growth factor. J Invest Dermatol 107: 404—411.
Duncan MR, Frazier KS, Abramson S, Williams S, Klapper H, et al. (1999)
Connective tissue growth factor mediates transforming growth factor beta-
induced collagen synthesis: down-regulation by cAMP. FASEB J 13: 1774-1786.

. Yokoi H, Sugawara A, Mukoyama M, Mori K, Makino H, et al. (2001) Role of

connective tissue growth factor in profibrotic action of transforming growth
factor-beta: a potential target for preventing renal fibrosis. Am J Kidney Dis 38:
S134-138.

He S, Chen Y, Khankan R, Barron E, Burton R, et al. (2008) Connective tissue
growth factor as a mediator of intraocular fibrosis. Invest Ophthalmol Vis Sci,
april 30, in press.

July 2008 | Volume 3 | Issue 7 | e2675



