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Figure 3 SDF-1/CXCR4 signaling promotes laser-induced CNV in mice CNV was induced in animals using laser photocoagulation,
followed by SDF-1 and SDF-1+AMD3100 injections on the indicated days. A-C: HE staining of CNV lesions and quantification of the CNV

thickness and length in cross sections from the three groups. The margins of the CNV lesion are outlined by solid red lines. Scale bar, 50 um; D-E:

Representative OCT images and results of the analysis of CNV thickness using OCT in laser-treated mice; FFA imaging (F) and CNV grading

(G) of the three groups on day 7. CNV lesions are circled by dashed black lines (the line represents the median of each group); H: Representative

CNV areas in choroidal flatmounts from the indicated groups. Blood vessels in choroidal flatmounts were stained with rhodamine-conjugated

agglutinin. A CNV lesion (dashed line) formed around the optic disc (solid line). Scale bar, 100 pm. Magnified image of a single CNV lesion.

Scale bar, 50 um; I-J: CNV areas and volumes were quantified in laser-induced mice. n=6; *P<0.01, *P<0.05.

increased on day 7 after SDF-1 treatment compared with those
in the control treatment, paralleling the increase in a5/CNV
and CXCR4/CNV area ratios. However, CXCR4 blockade
using AMD3100 exerted a significant inhibitory effect on a5/
CXCR4-positive areas, as well as aS/CNV and CXCR4/CNV
area ratios (Figure 4).

Additionally, we observed the effect of SDF-1 on a5 and
CXCR4 expression in ECs using double-immunofluorescence
staining with a CD31 antibody. The number of a5- and
CXCR4-positive ECs was counted in the laser spots of CNV
cross sections. The numbers of a5- or CXCR4-positive cells
and o5/CNV- or CXCR4/CNV-labeled cells in the SDF-1 group
were significantly increased, but were substantially decreased
after CXCR4 inhibition (Figure 5).

SDF-1/CXCR4 Upregulates Integrin a5 Expression in
Choroidal Endothelial Cells We silenced CXCR4 using
siRNAs to determine whether integrin a5 expression was
controlled by SDF-1/CXCR4 signaling. We transfected RF/6A
cells with a combination of three different siRNA sequences
(each at a 1/3 dose) to achieve optimal silencing efficiency

(Figure 6A). The expression of integrin a5 in the SDF-1 group
was significantly elevatedcompared with that in the control
(P<0.05). However, pharmacological or genetic CXCR4
inhibition significantly suppressed the level of integrin a5
observed in response to SDF-1 stimulation (Figure 6B). In
addition, the percentage of a5 integrin-positive cells after
each treatment was consistent with the results obtained using
Western blotting (Figure 6C).

Integrin a5 Mediates SDF-1/CXCR4-induced EC Migration
and Tube Formation RF/6A cells gradually formed tubular
structures after treatment with SDF-1. Notably, compared with
the control, SDF-1 significantly increased lumen formation
at 20h (Figure 7A). A decrease in lumen formation was
observed after CXCR4 inhibition or a5 integrin inhibition
using ATN161, despite the presence of SDF-1. Moreover,
the addition of CXCR4 functional inhibitors and specific
siRNAs, as well as ATN161, inhibited retinal EC angiogenesis
(Figure 7B). A markedly greater number of migrated cells was
observed in the SDF-1 group than in the control group (P<0.05).
After treatment with SDF-1+AMD3100, SDF-1+si-CXCR4 and
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Figure 4 Expression of integrin a5 and CXCR4 in CNV mice CNV was induced in animals using laser photocoagulation, followed by SDF-1 and SDF-
1+AMD3100 injections on day 7. Representative images of choroidal flatmounts (A, C) and quantification of the a5- and CXCR4-expressing areas and
ratios in CNV lesions (B, D) after laser induction. CNV lesions (dashed line) formed around the optic disc (solid line). Scale bar, 100 um. #=6; “P<0.01, "P<0.05.
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Figure 5 Expression of integrin a5 and CXCR4 in ECs from CNV mice CNV was induced in animals using laser photocoagulation, followed
by SDF-1 and SDF-1+AMD3100 injections on day 7. Representative confocal images of the CNV lesion areas in different groups on day 7 (A, C)
and quantification of a5 and CXCR4 expression relative to CD31 (B, D). Scale bar, 100 um. n=6; *P<0.01, *P<0.05.
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Figure 6 Effects of SDF-1/CXCR4 signaling on integrin a5 expression on ECs A: Inhibitory effect of the CXCR4 siRNA on CXCR4
expression in RF/6A cells. *P<0.01 compared with the si-NC group; "P<0.01, °P<0.05 compared with the group transfected with the three siRNA
sequences. Integrin a5 expression (B) and flow cytometry analysis of the percentage of a5-positive RF/6A cells (C) after CXCR4 inhibition in
the presence of SDF-1, *P<0.05 compared with the control, "P<0.05 compared with the SDF-1 group, °P<0.05 compared with the SDF-1+si-NC group.
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Figure 7 Effects of SDF-1/CXCR4 and integrin o5 on EC migration and tube formation A: Tube formation of RF/6A cells in response to
SDF-1 induction and CXCR4 inhibition or integrin a5B1 inhibition using ATN161 (2 mg/mL), scale bar, 500 um; B: Transwell assay of RF/6A
cell migration, scale bar, 500 um; C: HE staining of CNV lesions and quantification of the CNV length in cross sections from the two groups on
day 7; D: Fundus fluorescence angiography imaging of the two groups on day 7. n=6; *P<0.05 compared with the control, "P<0.05 compared
with the SDF-1 group.

SDF-1+ATN161, a marked decrease in the number of migrated
cells was observed. Furthermore, the injection of ATN161
in mice greatly reduced the CNV length and leakage areas
induced by SDF-1 (Figure 7C-7D).

DISCUSSION

Choroidal neovascularization represents an important pathological
cause of intractable and severe vision loss in approximately
40 ocular diseases; the most common of these diseases is
AMD"!. Neovascularization is induced by several factors,

10-11

such as ischemia, hypoxia or inflammation"*"". Newly

constructed vessels are always structurally fragile and

prone to hemorrhage, thus leading to edema, exudates and

2] Therefore, the suppression of

accompanying fibrosis
neovascularization plays a pivotal role in the treatment of
choroidal lesion-related ocular diseases. Inhibition of SDF-1/
CXCR4 signaling and subsequent integrin a5B1 expression
substantially suppressed CNV lesions in mice, as well as the
migration and tube formation of ECs in the present study.
Agents targeting this signaling pathway could become an
alternative treatment option for CNV.

Pathological changes observed in CNV lesions involve

various cells, cytokines and signaling cascades. Basically, after
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sensing complex signal inputs from other cells or cytokines,
such as vascular endothelial growth factor (VEGF), tumor
necrosis factor (TNF) or SDF-1, naive or bone marrow-
derived cell (BMC)-derived ECs participate in CNV formation
via proliferation, differentiation, recruitment or migration.
Our study focused on the role and mechanism of SDF-1 in
CNYV, with the objective of providing evidence for potential
treatments for AMD beyond targeting VEGF. VEGF is
involved in the early steps of angiogenesis, but treatments
designed to inhibit VEGF are successful in <50% of patients
with neovascular AMD"*"'¥, VEGF and SDF-1 were co-localized
in RPE cells from surgically excised CNV lesions. VEGF and
SDF-1 may also exert synergistic effects on the development
of diabetic retinopathy. SDF-1 promotesVEGF production,
whereas VEGF enhances the response of ECs to SDF-1""""), Cai
et al'™ confirmed that SDF-1 is able and sufficient to promote
endothelial chemotaxis to the ischemic retina and participate
in retinal neovascularization in laser-induced mice. Therefore,
we postulated that the inhibition of SDF-1 signaling may
also counteract the effect of VEGF on inducing angiogenesis.
Zhang et al™ reported that hypoxia-specific hypoxia-inducible
factor (HIF)-1a also contributed to the induction of SDF-1 in
RPE cells, which shared a similar pattern of HIF-1a on the
induction of VEGF. We also detected high level of SDF-1 in
RPE cells cultured under hypoxic conditions. However, further
studies examining the synergistic effects of SDF-1 and VEGF
are required.

In parallel with SDF-1 upregulation, its unique receptor,
CXCR4, was elevated in CNV lesions and hypoxia-exposed
ECs. The interaction between SDF-1 and CXCR4 regulates the
entire process of endothelial mobilization, targeted migration,
recruitment and differentiation. SDF-1 also promotes the
migration of embryonic stem cell-derived ECs and the
formation of the vascular network. The directional migration of
ECs shares many similarities with the homing of leukocytes to
inflammation sites. As a major chemokine receptor expressed
on ECs, CXCR4 induces cell chemotaxis toward a gradient of
SDF-1. Furthermore, high levels of SDF-1 have been detected
in the retina and choroid, and the SDF-1/CXCR4 axis may
function as a “navigation system” for ECs"'"'¥. SDF-1/CXCR4
signaling itself is not directly involved in cell adhesion and
migration but may be involved by transducing signals to cells
via other molecules"”. Therefore, we intended to evaluate the
roles of adhesion molecules in the SDF-1/CXCR4 signaling
pathway.

Integrins are cell surface adhesion molecules that not expressed
in mature ocular blood vessels but selectively expressed in
activated ECs. Levels of integrin subunits a5, 3 and B35,
but not av and B1, were increased in both CNV animals and
hypoxia-exposed ECs, and their altered expression patterns
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were similar to that of CXCR4. Integrin avB3 has been
detected in CNV membranes in patients with AMD™. Patients
with diabetic retinopathy and retinal neovascularization
present pre-retinal membrane expression of integrins avp3 and
avp5™®”. According to the study by Reynolds and colleagues”"’,
B3 or B5 integrin knockout mice still form new blood vessels.
Therefore, we focused on the roles of integrin a5 in CNV in
our study. Integrin a5 was closely associated with CNV and
CXCR4 expression. SDF-1 increased integrin a5 subunit
expression and the number of integrin a5-positive ECs in
CNV lesions, and these effects were reversed by CXCR4
inhibition. In addition, we observed an inhibitory effect of
integrin a5B1 suppression on the migration and tube formation
of ECs. Integrin a5 mediates the adhesion of cells to the
extracellular matrix by binding to fibronectin, which may
facilitate the formation of EC tubes following recruitment by
SDF-1/CXCR4 signaling. Our findings provide a link between
a chemokine receptor and integrins in CNV pathogenesis.
Similarly, the association between SDF-1/CXCR4 and
adhesion molecules has been described in renal and prostate
cancer cells””. However, the potential induction mechanism
has not been elucidated and requires further research.

Above all, inhibition of CXCR4 or integrin o531 substantially
suppressed the migration and tube formation of ECs in this
study, ultimately reducing lesion areas and leakage of CNV.
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