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ABSTRACT. Purpose. To determine levels of the chemokines CCL1/1-309, CCL2/MCP-1, CCL3/MIP-1aq,
CCL4/MIP-1B, CCL7/MCP-3, CCL8/MCP-2, CXCL5/ENA-78, CXCL6/GCP-2, CXCL10/IP-10, and CXCL11/I-
TAC in the vitreous humor and serum, from patients with proliferative diabetic retinopathy (PDR), proliferative
vitreoretinopathy (PVR), and rhegmatogenous retinal detachment with no PVR (RD), and to investigate the
expression of MCP-1, CXCL12/SDF-1, and the chemokine receptor CXCR3 in epiretinal membranes. Methods.
Paired vitreous humor and serum samples were obtained from patients undergoing vitrectomy for the treatment
of RD (57 specimens), PVR (32 specimens), and PDR (88 specimens). The levels of chemokines were measured by
enzyme-linked immunosorbent assays. Eighteen PDR and 5 PVR membranes were studied by immunohistochemi-
cal techniques. Results. Of all the chemokines studied, only MCP-1 and IP-10 were detected in vitreous humor
samples. MCP-1 levels in vitreous humor samples were significantly higher than in serum samples (p < 0.001).
MCP-1 levels were significantly higher in vitreous humor samples from patients with PVR and PDR compared
with RD (p = 0.0002). MCP-1 levels in vitreous humor samples from patients with active PDR were significantly
higher than in inactive PDR cases (p = 0.0224). IP-10 levels in vitreous humor samples were significantly higher
than in serum samples (p = 0.0035). IP-10 levels were significantly higher in vitreous humor samples from patients
with PVR and PDR compared with RD (p = 0.0083). The incidence of IP-10 detection in vitreous humor samples
was significantly higher in active PDR cases compared with inactive cases (p = 0.0214). There was a significant
association between the incidence of IP-10 detection and increased levels of MCP-1 in vitreous humor samples
from all patients, and patients with RD and PDR (p <0.001 for all comparisons). MCP-1, and SDF-1 were
localized in myofibroblasts in PVR and PDR membranes and in vascular endothelial cells in PDR membranes.
CXCR3 was expressed by vascular endothelial cells in PDR membranes. Conclusion. MCP-1, IP-10 and SDF-1
may participate in pathogenesis of PVR and PDR. Myofibroblasts and vascular endothelial cells are the major cell
types expressing MCP-1, SDF-1, and CXCR3 in epiretinal membranes.
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Proliferative diabetic retinopathy (PDR) is a serious
complication of diabetes mellitus and is characterized
by neovascularization on the retina and the development
of fibrovascular membranes at the vitreoretinal inter-
face. Formation of fibrovascular tissue often leads to
substantial morbidity and blindness due to vitreous hu-
mor hemorrhage and/or traction retinal detachment.
Proliferative vitreoretinopathy (PVR), a well recog-
nized complication of rhegmatogenous retinal detach-
ment, is characterized by the development of fibrocel-
lular membranes on either side of the retina. The
formation and gradual contraction of these membranes
causes a marked distortion of the retinal architecture
and results in complex retinal detachments that are
difficult to repair. The pathogenesis of epiretinal mem-
branes is still not well understood, but inflammatory and

immunological processes are known to be implicated.
Several studies of epiretinal membranes showed the
presence of activated T lymphocytes, B lymphocytes,
and macrophages [1-3]. The specific mediators that or-
chestrate the recruitment of leukocytes leading to prolif-
erative vitreoretinal disorders have not been fully eluci-
dated, although several studies demonstrated elevated
levels of several chemokines in vitreous humour removed
from patients with proliferative vitreoretinal disorders
[4-8]. In addition, it has been demonstrated that angiogenic
growth factors, such as vascular endothelial growth factor
(VEGF) play an important role in mediating ischemia-
induced retinal neovascularization in PDR [9]. Recently,
Watanabe et al. [10] demonstrated that erythropoietin is a
potent ischemia-induced angiogenic factor that acts inde-
pendently of VEGF during retinal angiogenesis in PDR.
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Chemokines are multifunctional mediators that can direct
the recruitment of leukocytes to sites of inflammation,
promote inflammation, enhance immune responses, and
promote stem cell survival, development, and homeostasis
[11]. Recently, it was demonstrated that chemokines play a
pivotal role in mediating angiogenesis and fibrosis [12-
14]. They are divided into four subgroups, CXC, CC, C,
and CX3C according to the arrangement of the conserved
cysteine residue. In general, CC chemokines are potent
chemoattractants and activators for monocytes, T lympho-
cytes, eosinophils, and basophils. This subfamily includes
CCL1/1-309, monocyte chemoattractant  protein-1
(CCL2/MCP-1), macrophage inflammatory protein-la
(CCL3/MIP-1a), macrophage inflammatory protein-13
(CCL4/MIP-1B), monocyte chemoattractant protein-3
(CCL7/MCP-3), and monocyte chemoattractant protein-2
(CCL8/MCP-2). The CXC chemokines are divided into
two subgroups depending on the presence or absence of
the sequence glutamic acid-leucine-arginine (ELR) that
immediately precedes the first cysteine amino acid in the
primary structure of these cytokines. The ELR-containing
CXC chemokines, such as epithelial cell-derived neutro-
phil attractant-78 (CXCLS5/ENA-78), and granulocyte
chemotactic protein-2 (CXCL6/GCP-2) chemoattract neu-
trophils and are angiogenic. Most non-ELR CXC chemok-
ines such as interferon-y-inducible protein of 10 KDa
(CXCL10/1P-10) and interferon-inducible T-cell a
chemoattractant (CXCL11/I-TAC) potently chemoattract
activated T lymphocytes and are angiostatic [15]. The sole
reported exception of the non-ELR CXC chemokines is
stromal cell-derived factor-1 (CXCL12/SDF-1), which,
despite lacking an ELR motif, is angiogenic [16-18]. The
effects of these chemokines depend on the presence of
chemokine receptors on the target cells [11, 12, 15]. Be-
cause of the involvement of these chemokines in the re-
cruitment of leukocytes [11], and their role in regulating
angiogenesis and fibrosis [12-14], we hypothesized that
their excessive production may play a role in the pathogen-
esis of proliferative vitreoretinal disorders.

To address mechanisms involved in the pathogenesis of
proliferative vitreoretinal disorders, and to identify mo-
lecular targets for therapeutic intervention, we measured
the levels of the chemokines I-309, MCP-1, MIP-1a, MIP-
1B, MCP-3, MCP-2, ENA-78, GCP-2, IP-10, and I-TAC in
the vitreous humor and serum from a series of patients with
PDR, PVR, and rhegmatogenous retinal detachment with
no PVR (RD). In addition, we investigated the expression
of the chemokines MCP-1, and SDF-1, and the chemokine
receptor CXCR3 in the epiretinal membranes from pa-
tients with PDR, and PVR. The level of vascularization and
proliferative activity in epiretinal membranes were deter-
mined by immunodetection of the panendothelial marker
CD34, and the myofibroblast marker a-smooth muscle
actin (a-SMA).

MATERIALS AND METHODS

Vitreous humor samples and epiretinal membrane
specimens

Vitreous humor and paired serum samples were obtained
from 177 consecutive patients (177 eyes) undergoing vit-
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rectomy for the treatment of RD (57 specimens), PVR
(32 specimens), and PDR (88 specimens). All PVR cases
were grade C3 or worse [19] and were secondary to rheg-
matogenous retinal detachment. The indications for vitrec-
tomy in eyes with RD were giant breaks, macular breaks,
and bullous retinal detachment with complex arrangement
of breaks. The indications for vitrectomy in eyes with PDR
were tractional retinal detachment, and/or nonclearing vit-
reous hemorrhage. In patients with PDR, the clinical ocu-
lar findings were graded at the time of vitrectomy for the
presence or absence of patent new vessels on the retina or
optic disc. Patients with active PDR were graded as such
on the basis of visible, patent new vessels on the retina or
optic disc or their absence (inactive PDR). Active PDR was
present in 37 patients, and PDR was inactive in 51 cases
(table 1). Vitreous humor samples were collected undi-
luted by manual suction into a syringe through the aspira-
tion line of the vitrectomy, before opening the infusion
line. The samples were centrifuged, and the supernatants
were frozen at -40°C until assay. Epiretinal membranes
were obtained from 18 patients with PDR and 5 patients
with PVR during pars plana vitrectomy. Fourteen PDR
membranes and 5 PVR membranes were fixed in 10%
formalin solution and embedded in paraffin. Four PDR
epiretinal membranes were immediately snap frozen in
Tissue-Tek optimum cutting temperature (OCT) com-
pound (Miles Laboratories, IN, USA) and maintained at
-80°C until use. The study was conducted according to the
tenets of the Declaration of Helsinki, and informed consent
was obtained from all patients. The study was approved by
the Research Center, College of Medicine, King Saud
University.

Chemokine assays

Sandwich enzyme-linked immunosorbent assays (ELI-
SAs) for chemokines were developed with the antisera
included in table 2. The detection limits and reference
chemokines used as a standard are also shown in rable 1. A
96-well plate was coated overnight (4°C) with the primary
antibody (Ab) in phosphate-buffered saline (PBS). Re-
maining protein binding sites on the plate were blocked for
1 hour (37°C) with blocking buffer (PBS containing 0.05%
Tween 20 and 0.1% casein). Samples and standards were
diluted in blocking buffer and transferred to the plate. After
1 hour of incubation (37°C), the secondary Ab was added
as capturing Ab for another 1 hour. All intermediate wash-
ing steps were performed with PBS containing 0.05%
Tween 20. Depending on whether the secondary Ab was
produced in mouse, rabbit or was biotinylated, the detec-
tion was performed with a corresponding peroxidase-
conjugated polyclonal Ab (Jackson Immuno Research
Laboratories, West Grove, PA, USA) and 3,3',5,5'-
tetramethylbenzidine dihydrochloride hydrate. Measure-
ment of the optical density at 450 nm with a microplate
photometer allowed the calculation of the chemokine con-
centration in the samples by the corresponding standard
curve.

Immunohistochemical staining

After deparaffinization, endogenous peroxidase was
abolished with 2% hydrogen peroxide in methanol for
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Table 1
Characteristics of the patients with proliferative diabetic retinopathy (PDR)
(88 patients)
* Age (y) Mean + SD,49.3 + 12.1
(range, 24- 72)

e Sex

- Male 64 (72.7%)

- Female 24 (27.3)
 Type of diabetes

-IDDM 61 (69.3%)

- NIDDM 27 (30.7%)

¢ Duration of diabetes (y)

¢ Glycosylated hemoglobin (%)

* Activity of PDR
- Active
- Inactive
¢ Indications for vitrectomy
- Tractional retinal detachment
- Combined vitreous hemorrhage and tractional retinal detachment
- Vitreous hemorrhage

Mean = SD, 16.9 +6.6
(range, 5-33)

Mean + SD, 8.35 + 1.33
(range, 6.7-13.3)

37 (42%)
51 (58%)

39 (44.3%)
26 (29.5%)
23 (26.2%)

IDDM = insulin-dependent diabetes mellitus; NIDDM = non-insulin-dependent diabetes mellitus.

20 minutes, and nonspecific background staining was blocked
by incubating the sections for 5 minutes in normal swine
serum. For MCP-1 detection, antigen retrieval was performed
by boiling the sections in 10 mM Tris-EDTA buffer [pH 9] for
30 minutes. For CD34, a-SMA and SDF-1 detection, antigen
retrieval was performed by boiling the sections in 10mM
citrate buffer [pH 6] for 30 minutes. Subsequently, the sec-
tions were incubated with the monoclonal antibodies listed in
table 3. Optimal working concentration and incubation
time for the antibodies were determined earlier in pilot
experiments. For CD34, MCP-1, and SDF-1 immunohis-

tochemistry, the sections were incubated for 30 minutes
with goat anti-mouse immunoglobulins conjugated to
peroxidase-labeled dextran polymer (EnVision™; Dako,
Carpinteria, CA, USA). For a-SMA immunohistochemis-
try, the sections were incubated for 30 minutes with the
biotinylated secondary antibody and reacted with the
avidin-biotinylated peroxidase complex (Dako). The reac-
tion product was visualized by incubation for 10 minutes
in 0.05 M acetate buffer at pH 4.9, containing 0.05%
3-amino-9-ethylcarbazole  (Sigma-Aldrich, Bornem,
Belgium) and 0.01% hydrogen peroxide, resulting in

Table 2
Sandwich enzyme-linked immunosorbent assays against human chemokines

Chemokine Application Antibody type Source® Concentration Detection Standard protein
limit
CCL1/1-309 Primary Monoclonal mouse R&D Systems 1 pg/mL 0.05ng/mL  RecI-309
Secondary Biotinylated polyclonal goat  (Quantikine kit) 0.1 pg/mL (R&D Systems)
CCL2/MCP-1  Primary Monoclonal mouse R&D Systems 1.7 pg/mL 0.4 ng/mL Rec MCP-1
Secondary Biotinylated polyclonal goat ~R&D Systems 0.05 ng/mL [20]
CCL3/MIP-1a.  Primary Polyclonal goat R&D Systems 2 pg/mL 5 ng/mL Rec MIP-1a
Secondary Monoclonal mouse Biosource 0.125 pg/mL (R&D Systems)
CCL4/MIP-1  Primary Polyclonal rabbit Peprotech 0.2ug/mL 2 ng/mL Rec MIP-1f3
Secondary Monoclonal mouse R&D Systems 0.17 ug/mL (R&D Systems)
CCL7/MCP-3  Primary Polyclonal rabbit Rega Institute 0.16 ng/mL 0.5 ng/mL Syn MCP-3
Secondary Monoclonal mouse R&D Systems 0.5 pg/mL [21]
CCL8/MCP-2  Primary Polyclonal rabbit Rega Institute 6 ng/mL 0.5 ng/mL Rec MCP-2
Secondary Monoclonal mouse R&D Systems 0.125 pg/mL [20, 22]
CXCLS5/ENA-78 Primary Polyclonal rabbit Peprotech 1.6 pg/mL 4 ng/mL Rec ENA-78
Secondary Polyclonal goat R&D Systems 3 ng/mL (Peprotech)
CXCL6/GCP-2  Primary Polyclonal rabbit Peprotech 1 pg/mL 0.025 Syn GCP-2 [23]
Secondary Monoclonal mouse R&D Systems 0.25 ng/mL ng/mL
CXCL10/IP-10  Primary Monoclonal mouse R&D Systems 0.5 pg/mL 0.1 ng/mL Rec IP-10
Secondary Biotinylated polyclonal goat R&D Systems 0.17 pg/mL (Peprotech)
CXCLI11/I-TAC Primary Polyclonal rabbit Peprotech 0.17 ug/mL 0.25ng/mL  Rec I-TAC
Secondary Monoclonal mouse R&D Systems 0.5 pg/mL (R&D Systems)

syn = synthetic, rec = recombinant.

# Location of manufacturers: Biosource Europe (Nivelles, Belgium); R&D Systems (Abingdon, UK); Peprotech (Rocky Hill, NJ, USA).
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Table 3
Monoclonal antibodies used in this study

Primary antibody Dilution Incubation time Source®

¢ Anti-CD34 (clone My10) 1/10 60 minutes BD Biosciences
¢ Anti-a-smooth muscle Actin (clone 1A4) 1/100 30 minutes Dako

¢ Anti- CCL2/MCP-1 (clone 23002) 1/25 120 minutes R&D Systems
¢ Anti-CXCL12/ SDF-1 (clone 79018) 1/50 30 minutes R&D Systems
¢ Anti-CXCR3 (clone 49801) 1725 120 minutes R&D Systems

@ Location of manufacturers: BD Biosciences (San Jose, CA, USA); Dako (Glostrup, Denmark); R&D Systems (Abingdon, UK).

bright-red immunoreactive sites. The slides were weakly
counterstained with Harris hematoxylin. Finally, the sec-
tions were rinsed with distilled water and cover-slipped
with glycerol.

For CXCR3 immunohistochemistry, 5 um cryostat sec-
tions were dried overnight at room temperature, fixed in
absolute acetone for 10 minutes and then treated with 2%
hydrogen peroxide in methanol for 3 minutes to block
endogenous peroxidase activity. After rinsing three times
in PBS at pH 7.2 for 15 minutes, the slides were incubated
with the monoclonal antibody (table 3). After washing
with PBS, the sections were incubated for 30 minutes with
EnVision®, peroxidase, Mouse (Dako). The slides were
washed again with PBS and the reaction product was
visualized by incubation for 10 minutes in 0.05M acetate
buffer at pH 4.9, containing 0.05% 3-amino-9-
ethylcarbazole and 0.01% hydrogen peroxide, resulting in
bright-red immunoreactive sites. The slides were weakly
counterstained with Harris hematoxylin. Finally, the sec-
tions were rinsed with distilled water and coverslipped
with glycerol. Omission or substitution of the primary
antibody with an irrelevant antibody of the same species,
and staining with chromogen alone were used as negative
controls. Sections from patients with Crohn’s disease were
used as positive controls.

Quantitation

Blood vessels and cells were counted in five representative
fields, using an eyepiece calibrated grid with 40x magnifi-
cation. With this magnification and calibration, the blood
vessels and cells present in an area of 0.33 x 0.22 mm were
counted.

Statistical analysis

The data were analyzed using the Mann-Whitney test, the
Chi-square test, correlation analysis, and one way analysis
of variance (ANOVA). The Mann-Whitney test was used
to compare means for two independent groups. The Chi-
square test was used for comparing proportions when
analyzing data for two categorical variables. One way
analysis of variance was used to compare means for several
groups. Data transformations were applied to the data to
reduce variance before conducting the ANOVA. When
there was no appropriate transformation, the one way
ANOVA was conducted using the non-parametric
Kruskal-Wallis test. Kruskal-Wallis test was conducted
using the program 3S from the BMDP statistical software.
For post-ANOVA, pairwise comparisons of means, based
on the Kruskal-Wallis test, the critical value for the
Z-statistics was Z = 2.39 at 5% level of significance and 3

groups of means to be compared. Therefore, test values
exceeding 2.39 indicated statistical significance. Test for
linear trend was used to confirm whether the incidence of
IP-10 detection consistently increased with successively
higher levels of MCP-1. The Pearson correlation coeffi-
cient was computed to investigate the linear relationship
between the variables investigated. A p value less than 0.05
indicated statistical significance.

RESULTS

Chemokine levels in vitreous humor and paired serum
samples

Among the chemokines analyzed, only MCP-1 and IP-10
were detected in vitreous humor samples. The results are
summarized in tables 4 and 5. MCP-1 was detected in all
vitreous humor samples (100%), and in 45 (25.4%) of 177
serum samples; the incidence rates of detection differed
significantly (P < 0.001; Chi-square test). The incidence
rates of detection of MCP-1 in vitreous humor samples
from RD, PVR and PDR patients were significantly higher
than in serum samples (p <0.001 for all comparisons;
Chi-square test). When all patients were considered, the
mean MCP-1 level in vitreous humor samples was signifi-
cantly higher than that in serum samples (p <0.001;
Mann-Whitney test). Mean MCP-1 levels in vitreous hu-
mor samples from RD, PVR, and PDR patients were
significantly higher than in serum samples (p < 0.001 for
all comparisons; Mann-Whitney test) (fable 4). There was
no correlation between vitreous humor and serum MCP-1
levels in the entire study group (r =-0.0201; p = 0.7913),
in RD patients (r=0.1712; p = 0.2029), in PVR patients
(r=-0.2074; p=0.2630), and in PDR patients (r=-
0.0108; p=0.9211).

Mean MCP-1 levels in vitreous humor samples differed
significantly between RD, PVR, and PDR patients
(p=0.0002; Kruskal-Wallis test). Post-ANOVA mean
comparisons indicated that mean MCP-1 levels in patients
with PVR and PDR were significantly higher than the
mean levels in patients with RD (Z = 4.05; 2.45, respec-
tively). When patients with PDR were divided into those
with active disease and those with inactive disease, the
mean MCP-1 level in vitreous humor samples from active
PDR cases was significantly higher than that in inactive
PDR cases (p = 0.0224; Mann-Whitney test) (table 5).
IP-10 was detected in 95 (53.7%) of 177 vitreous humor
samples from all patients, and in 29 (16.4%) of 177 serum
samples, and the incidence rates of detection differed sig-
nificantly (p < 0.001; Chi-square test). The incidence rates
for IP-10 detection in vitreous humor samples versus
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Table 4
Summary data for chemokine levels
CCL2/MCP-1 CXCL10/1P-10
No. of samples with Levels detected (ng/mL) No. of samples with Levels detected (ng/mL)
detectable levels (%) (Mean + SD) detectable levels (%) (Mean + SD)
 All patients (n = 177)
Vitreous 177 (100) 1.78 £ 1.64 95 (53.7) 0.45 £0.64
Serum 45(25.4) 0.19 +£0.07 29 (16.4) 0.14 £ 0.05
p value <0.001* <0.001* <0.001* 0.0035*
* RD patients (n = 57)
Vitreous 57 (100) 1.16 £0.73 18 (31.6) 0.16 £0.17
Serum 10 (17.5) 0.18 £0.08 7(12.3) 0.13 £0.04
p value <0.001* <0.001* 0.0236* 0.5752
* PVR patients (n = 32)
Vitreous 32 (100) 2.74 +£2.46 24 (75) 0.5+0.55
Serum 7(21.9) 0.22 0.1 3(9.4) 0.16,0.07,0.11
<0.001* <0.001* <0.001* NA
* PDR patients (n = 88)
Vitreous 88 (100) 1.83 = 1.54 53(60.2) 0.53 +0.75
Serum 28 (31.8) 0.18 £ 0.06 19 (21.6) 0.14 £ 0.05
p value <0.001* <0.001* <0.001* 0.0102*

RD = rhegmatogenous retinal detachment with no PVR; PVR = retinal detachment complicated by proliferative vitreoretinopathy; PDR = proliferative diabetic retinopathy;

NA = not applicable.

@ Statistically significant at 5% level of significance. Statistical evaluation is described in detail in the text of the result section.

serum samples differed significantly in RD, PVR, and
PDR patients (p = 0.0236; < 0.001; < 0.001, respectively;
Chi-square test) (table 4). For the vitreous humor samples,
the incidence rates of detection in RD, PVR, and PDR
cases differed significantly (p < 0.001; Chi-square test).
Further analysis indicated that the incidences of detection
of IP-10 in vitreous humor samples from PVR and PDR
patients were significantly higher than in RD cases
(p <0.001; 0.0017, respectively; Chi-square test). When
patients with PDR were divided into those with active
disease and those with inactive disease, the incidence of
detection of IP-10 in vitreous humor samples from active
PDR cases was significantly higher than that in inactive
PDR cases (p = 0.0214; Chi-square test) (fable 5).

When all patients were considered, the mean IP-10 level in
vitreous humor samples was significantly higher than that
found in serum samples (p = 0.0035; Mann-Whitney test).
However, the mean IP-10 level in vitreous humor samples
from RD patients did not differ significantly from that
found in serum samples (p = 0.5752; Mann-Whitney test).
The mean IP-10 level in vitreous humor samples from
PVR patients was 0.5 =0.55 ng/mL, but IP-10 was de-

tected in only 3 out of 32 serum samples from PVR
patients. The mean IP-10 level in vitreous humor samples
from PDR patients was significantly higher than that found
in serum samples (p=0.0102; Mann-Whitney test)
(table 4). There was no correlation between vitreous hu-
mor and serum IP-10 levels in the entire study group
(r=0.0397; p=0.6019), in RD patients (r=-0.1501;
p =0.2650), in PVR patients (r=-0.1188; p =0.5243),
and in PDR patients (r = 0.1627; p = 0.1321).

Mean IP-10 levels in vitreous humor samples differed
significantly between RD, PVR, and PDR patients
(p =0.0083; Kruskal-Wallis test). Post-ANOVA mean
comparisons indicated that mean IP-10 levels in patients
with PVR and PDR were significantly higher than the
mean level in patients with RD (Z = 2.89; 2.72, respec-
tively). When patients with PDR were divided into those
with active disease and those with inactive disease, the
mean IP-10 level in vitreous humor samples from active
PDR cases was higher than that found in inactive cases
but the difference between the two means was statisti-
cally insignificant (p =0.2232; Mann-Whitney test)
(table 5).

Table 5
Summary data for chemokine levels in vitreous humor samples
CCL2/MCP-1 CXCL10/1P-10
No. of samples with detectable Levels detected (ng/mL) No. of samples with Levels detected (ng/mL)

levels (%) (mean = SD) detectable levels (%) (mean = SD)
RD (n=57) 57 (100) 1.16 £0.73 18 (31.6) 0.16 +0.17
PVR (n=32) 32 (100) 2.74 +2.46 24 (75) 0.5+0.55
PDR (n = 88) 88 (100) 1.83 +1.54 53(60.2) 0.53 £0.75
p value 0.0002* <0.001* 0.0083*
Active PDR (n = 37) 37 (100) 231+1.88 28 (75.7) 0.75+0.97
Inactive PDR (n = 51) 51 (100) 1.47 £1.12 25 (49) 0.30+0.26
p value 0.0224* 0.0214* 0.2232

RD = rhegmatogenous retinal detachment with no PVR; PVR = retinal detachment complicated by proliferative vitreoretinopathy; PDR = proliferative diabetic retinopathy.
 Statistically significant at 5% level of significance. Statistical evaluation is described in detail in the text of the result section.
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Table 6
Relationships between the incidence rates of IP-10 detection and MCP-1 levels in vitreous humor samples
CCL2/MCP-1 (ng/mL) Incidence of CXCL10/IP-10 detection
All patients RD PVR PDR

<1.0 14/59 (23.7%) 4/24 (16.7%) 2/5 (40%) 8/30(26.7%)
1.0-2.0 37/70 (52.9%) 7126 (26.9%) 912 (75%) 21/32 (65.6%)
>2.0 44/48 (91.6%) 717 (100%) 13/15 (86.7%) 24/26(92.3%)
p value (Chi-square test) <0.001* <0.001* 0.1133 <0.001*

p value (test for linear trend) <0.001* <0.001* 0.05279 <0.001*

RD = rhegmatogenous retinal detachment with no PVR; PVR = retinal detachment complicated by proliferative vitreoretinopathy; PDR = proliferative diabetic retinopathy.

 Statistically significant at 5% level of significance.

There was a significant association between the incidence
of IP-10 detection and increased levels of MCP-1 in vitre-
ous humor samples from all patients, and in vitreous hu-
mor samples from RD and PDR patients (p < 0.001 for all
comparisons; Chi-square test and test for linear trend).
However, the association between the incidence of IP-10
detection and increased levels of MCP-1 was not signifi-
cant in vitreous humor samples from PVR patients
(table 6).

Immunohistochemical localization of chemokines
in epiretinal membranes from patients with PDR
and PVR

There was no staining in the negative control slides
(figure 1A). All formalin-fixed PDR membranes showed
blood vessels positive for CD34 (figure 1B), with a mean
number of 25.3 + 16.4 (range, 2-64). Myofibroblasts ex-
pressing a-smooth muscle actin (a-SMA) were detected

Figure 1

Proliferative diabetic retinopathy epiretinal membranes. A) Negative control slide that was treated identically with an irrelevant antibody showing
no labelling (original magnification x 40). B) Immunohistochemical staining for CD34 showing blood vessels positive for CD34 (original
magnification x 40). C) Immunohistochemical staining for o-smooth muscle actin showing strong immunoreactivity in myofibroblasts (original
magnification x 40). D) Immuno-histochemical staining for monocyte chemoattractant protein-1 showing strong immunoreactivity on vascular
endothelial cells (original magnification x 100). E) Immunohistochemical staining for monocyte chemoattractant protein-1 showing immuno-
reactivity in myofibroblasts (original magnification x 40). F) Immunohistochemical staining for stromal cell-derived factor-1 showing
immunoreactivity on vascular endothelial cells (original magnification x 100).
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Proliferative diabetic retinopathy periretinal membrane. Immunohis-
tochemical staining for CXCR3 showing immunoreactivity on vas-
cular endothelial cells (original magnification x 40).

in all membranes (figure 1C), with a mean cell number of
49.1 + 28.8 (range, 18-115). Strong MCP-1 immunoreac-
tivity was noted on vascular endothelial cells in all speci-
mens (figure 1D), with a mean cell number of 20.9 + 11.4
(range, 2-37). MCP-1 immunoreactivity was also noted in
large cells (figure 1E) in 12 (85.7%) membranes with a
mean cell number of 27.5 + 21.6 (range, 0-75). In serial
sections, the distribution of cells expressing MCP-1 was
similar to the distribution of myofibroblasts expressing
o-SMA. There was a significant correlation between the
number of blood vessels expressing CD34 and the number
of blood vessels expressing MCP-1 (r=0.6049;
p =0.0285), as well as the number of myofibroblasts ex-
pressing MCP-1 (r=0.7078; p=0.0068). In addition,
there was a significant correlation between the number of
myofibroblasts expressing o-SMA and the number
of myofibroblasts expressing MCP-1 (r=0.8504;
p =0.0002). Immunoreactivity for SDF-1 was present in
11 (78.6%) specimens, and was weaker than that for
MCP-1. SDF-1 expression was noted on vascular endothe-
lial cells (figure 1F) in 11 (78.6%) specimens, with a mean
cell number of 6.9 + 4.8 (range, 0-15). In serial sections,
SDF-1 immunoreactivity was also noted in myofibroblasts
expressing a-SMA in 5 (35.7%) specimens, with a mean
cell number of 3.2 +£5.0 (range, 0-17). The correlations
between the number of blood vessels expressing CD34, the
number of blood vessels expressing SDF-1 (r = 0.4735;
p = 0.0873), and the number of myofibroblasts expressing

SDF-1 (r =0.1610; p = 0.5823) were not significant. How-
ever, there was a significant correlation between the num-
ber of myofibroblasts expressing a-SMA and the number
of myofibroblasts expressing SDF-1 (r=0.6159;
p=0.019). Finally, immunoreactivity for CXCR3 was
noted on vascular endothelial cells in all frozen PDR
membranes (figure 2).

In PVR membranes, there was no immunoreactivity for
CD34 in any of the specimens. Myofibroblasts expressing
a-SMA were detected in all specimens (figure 3A), with a
mean cell number of 79.0 + 25.3 (range, 43-105). Strong
MCP-1 immunoreactivity was noted in myofibroblasts
expressing 0-SMA in all membranes (figure 3B), with a
mean cell number of 73.0 + 30.0 (range, 46-120). Weaker
immunoreactivity for SDF-1 was noted in myofibroblasts
expressing a-SMA in 4 (80%) membranes, with a mean
cell number of 13.4 + 7.7 (range, 0-21). The numbers of
cells expressing MCP-1, and SDF-1 were significantly
higher in PVR membranes compared with PDR mem-
branes (p = 0.0125; 0.0210, respectively; Mann-Whitney
test).

DISCUSSION

In the present study, the following three findings were
demonstrated: 1) among the 6 CC chemokines and the 4
CXC chemokines studied, only the CC chemokine
MCP-1, and the CXC chemokine IP-10 were detected in
the vitreous humor samples from eyes with proliferative
vitreoretinal disorders; 2) MCP-1, and IP-10 levels in the
vitreous humor samples were significantly higher than
serum levels, and there was no significant correlation be-
tween vitreous humor and serum levels, suggesting that
MCP-1 and IP-10 in vitreous humor reflected local pro-
duction; and 3) myofibroblasts in PDR and PVR mem-
branes expressed MCP-1 and SDF-1, and vascular endot-
helial cells in PDR membranes expressed MCP-1 and
SDF-1 and the chemokine receptor CXCR3.

Progressive fibrosis is a common pathological finding in
various organs, resulting in organ failure. Recently, it was
demonstrated that MCP-1, as well as its interaction with its
major, mononuclear cell receptor CCR2, plays a pivotal
role in mediating persistent mononuclear phagocyte
infiltration that leads to chronic inflammatory/
fibroproliferative diseases [24-26]. Blockade of MCP-

Figure 3
Proliferative vitreoretinopathy epiretinal membranes. A) Immunohistochemical staining for a-smooth muscle actin showing strong immuno-
reactivity in myofibroblasts. B) Immunohistochemical staining for monocyte chemoattractant protein-1 showing strong immunoreactivity in
myofibroblasts (original magnification x 40).
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1/CCR2 signaling reduced renal interstitial fibrosis in a rat
model of renal fibrosis, with the concomitant decrease in
the expression of MCP-1, transforming growth factor J3,
and type I collagen, and reduced CCR2-positive macroph-
ages [26]. Furthermore, anti-MCP-1 gene therapy de-
creased bleomycin-induced pulmonary fibrosis in mice
[25]. MCP-1 deficient mice displayed significantly de-
layed wound re-epithelialization, and wound angiogen-
esis, and reduced collagen synthesis [27] suggesting that
MCP-1 plays a critical role in wound healing. Recent
evidence suggests that MCP-1 might participate in the
fibrotic process by inducing the secretion of extracellular
matrix components. Gharaee-Kermani et al. [28] showed
that MCP-1 promotes collagen expression by fibroblasts in
a transforming growth factor B-dependent manner.
Recently, MCP-1 has been recognized as an angiogenic
chemokine [29-31]. Salcedo et al. [30] showed that the
angiogenic effect of MCP-1 does not require inflammatory
leukocytes. In vivo angiogenesis assays showed that MCP-
1-induced angiogenesis was as potent as that induced by
vascular endothelial growth factor (VEGF) [29], which is
implicated strongly in the development of retinal and iris
neovascularization in PDR [9]. The angiogenic effect of
MCP-1 was completely inhibited by a VEGF inhibitor,
suggesting that MCP-1-induced angiogenesis is mediated
through pathways involving VEGF [29]. In a mouse model
of oxygen-induced ischemic retinopathy, MCP-1 levels
increased after ischemia, and was localized in the hypoxic
inner retina. Neutralizing antibodies against MCP-1 re-
duced retinal neovascularization [32]. Our results of in-
creased levels of MCP-1 in the vitreous humor samples
from patients with PVR or with PDR are consistent with
previous reports [4-6]. Furthermore, we found that MCP-1
levels in vitreous humor samples from active PDR cases
were significantly higher than those in inactive PDR cases.
Collectively, these findings provide evidence that in-
creased MCP-1 expression contributes to the development
of neovascularization and fibrosis in proliferative vitreo-
retinal disorders.

Another aim of the present study was to determine which
cell types express MCP-1, and SDF-1 in epiretinal mem-
branes. Using immunohistochemistry, we demonstrated
for the first time that MCP-1, and SDF-1 proteins were
specifically localized in vascular endothelial cells and
myofibroblasts. In addition, we demonstrated that the
number of blood vessels expressing the panendothelial
marker CD34 in PDR membranes correlated significantly
with the number of blood vessels, and the number of
myofibroblasts expressing MCP-1. These immunohis-
tochemical results are consistent with the detection of
significantly higher levels of MCP-1 in vitreous humor
samples from patients with active PDR compared with
vitreous humor samples from patients with inactive PDR.
Our results are in agreement with a previous report that
demonstrated increased expression of MCP-1 mRNA in
endothelial cells obtained from the aorta of diabetic pa-
tients [33]. Diabetes results in various metabolic and bio-
chemical abnormalities in the retina such as increased
oxidative stress [34], and accumulation of advanced gly-
cation end products [35], which have been shown to induce
the expression of MCP-1 in vascular endothelial cells [36,
37]. In addition, high glucose enhanced the production of
MCP-1, and induced reactive oxygen species in vascular
endothelial cells [38]. Recently, Yamada et al. [39] dem-
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onstrated that VEGF increased MCP-1 mRNA levels in
cultured endothelial cells, and that MCP-1 participates in
VEGF-induced angiogenesis and vascular leakage. On the
other hand, Hong et al. [29] showed that MCP-1 induced
VEGF expression in endothelial cells. These data suggest a
positive regulatory feedback loop between VEGF and
MCP-1 expression by vascular endothelial cells in medi-
ating angiogenesis.

Several studies have demonstrated that SDF-1 induces an
angiogenic effect in vitro and in vivo, and that VEGF and
SDF-1 efficiently and synergistically induce in vivo angio-
genesis and vascular endothelial cell migration [16-18].
New vessel formation induced in vivo by VEGF was
markedly reduced by specific neutralizing antibodies di-
rected at SDF-1 [17]. Recently, Brooks et al. [7] showed
increased SDF-1 levels in vitreous humor from patients
with PDR, supporting a role for SDF-1 in the pathogenesis
of PDR. In vitro studies have demonstrated that VEGF and
basic fibroblast growth factor enhance SDF-1 expression
in vascular endothelial cells [17]. Furthermore, SDF-1
appears to be induced in endothelium undergoing vascular
remodeling in the context of tumor angiogenesis and ves-
sel recanalization [17]. Recently, circulating endothelial
progenitor cells mobilized from the bone marrow were
detected in the peripheral blood and recruited to foci of
neovascularization where they form new blood vessels in
situ through a process called vasculogenesis. The chemok-
ine SDF-1 and its receptor CXCR4 were identified as
critical mediators for the ischemia-specific recruitment of
circulating endothelial progenitor cells. It was also shown
that SDF-1 expression in ischemic tissue was primarily
localized to endothelial cells, creating high local levels of
SDF-1, and that its expression was directly regulated by
hypoxia-inducible factor-1. SDF-1 expression facilitated
adhesion of progenitor cells to ischemic endothelium and
induced their migration [40]. Taken together, the expres-
sion of SDF-1 by vascular endothelial cells in PDR mem-
branes indicates a potentially important role for SDF-1 in
the pathogenesis of retinal neovascularization in diabetic
patients.

The presence of o-SMA-expressing myofibroblasts in
PVR and PDR epiretinal membranes has been previously
reported [41]. In the present study, we demonstrated that
MCP-1, and SDF-1 were expressed in myofibroblasts in
PVR and PDR membranes and that the number of myofi-
broblasts expressing a-SMA significantly correlated with
the numbers of MCP-1 and SDF-1 expressing myofibro-
blasts in PDR membranes. Similarly, in other diseases
characterized by excessive fibrosis such as coal workers
pneumoconiosis [42], and systemic sclerosis [43], MCP-1
was expressed by fibroblasts and myofibroblasts. Recently,
Orimo et al. [44] demonstrated that carcinoma-associated
myofibroblasts produce increased levels of SDF-1, which
is responsible for recruiting endothelial progenitor cells
into carcinoma, enhancing angiogenesis and thus promot-
ing tumor growth. It was also demonstrated that hypoxia is
a potent inducer of SDF-1 production by synovial fibro-
blasts [45], and that rheumatoid fibroblasts overexpress
SDF-1, which supports CD4" and CD8" T cell migration
within synovial tissue [46]. These data suggest a role for
myofibroblast-secreted MCP-1 and SDF-1 in mediating
angiogenesis and recruitment of leukocytes into preretinal
membranes.
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In the present study, IP-10 levels and the incidence of its
detection in the vitreous humor samples from eyes with
PVR and PDR were significantly greater than the levels of
IP-10 and the incidence of its detection in RD cases. A
previous report documented elevated IP-10 levels in vitre-
ous humor samples from patients with PDR [8]. To our
knowledge, however, this is the first report of IP-10 in
PVR. Furthermore, we demonstrated that IP-10 levels and
its incidence of detection were higher in vitreous humor
samples from active PDR cases compared with vitreous
humor samples from patients with inactive PDR. This
result is in contrast to the previous report, in which Elner e?
al. [8] demonstrated higher IP-10 levels in inactive PDR
cases. However, they studied only six cases with inactive
PDR. Recently, Boulday et al. [47] demonstrated that
VEGEF, an established angiogenesis factor in PDR [9],
induced IP-10 expression in vitro and in vivo. These
findings indicate that VEGF-induced augmentation of
IP-10 expression is a major mechanism underlying its
proinflammatory function in immunity.

Increased expression of IP-10 has also been shown in other
fibrotic disorders [48-50]. Suzuki et al. [49] examined the
expression pattern of IP-10 in a rat model of renal tubu-
lointerstitial fibrosis. They demonstrated that the expres-
sion of IP-10 mRNA showed an early increase, which
coincided with the onset of infiltration of lymphocytes,
followed by a gradual decrease to the control level. Marstik
et al. [50] described a similar profile of increased IP-10
expression throughout the early phase of peritoneal wound
healing followed by its decline at more advance stages of
healing that coincided with an increased incidence of ad-
hesion. These data are in general agreement with our
results, which demonstrated higher levels and incidence of
detection of IP-10 in active PDR cases compared with
inactive cases. Several studies reported that IP-10 is a
potent inhibitor of angiogenesis [51-53] and may have an
inhibitory effect on fibrosis [48, 51]. IP-10 inhibits fibro-
blast chemotaxis and accumulation in fibrotic disorders,
but has no direct effect on fibroblast proliferation [48, 51].
In addition, angiostatic, non-ELR CXC chemokines, in-
cluding IP-10, can inhibit neovascularization induced by
angiogenic chemokines [52, 54, 55]. In the present study,
we demonstrated the expression of the chemokine receptor
CXCR3, the cognate receptor for IP-10 [15], by vascular
endothelial cells in PDR epiretinal membranes. There is
increasing evidence that the expression of CXCR3 is en-
hanced during the proliferative stage of the angiogenesis
process [12].

Taken together, our results suggest that elevated levels of
IP-10 in vitreous humor from patients with PVR and PDR,
as well as its interaction with its receptor CXCR3, poten-
tially negatively regulates fibrosis/angiogenesis in prolif-
erative vitreoretinal disorders. In addition, the significant
association between the incidence of IP-10 detection and
increased levels of MCP-1 suggest that the cross talk
between MCP-1 and IP-10 appears to be critical and has a
direct role in coordinating the events that lead to
fibrosis/angiogenesis in proliferative vitreoretinal disor-
ders. Further studies are necessary to provide better under-
standing of the relationship between chemokines and their
receptors, which might contribute to the identification
of molecular targets for preventing undesirable
angiogenesis/fibrosis in the eye.
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