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In diabetic retinopathy (DR), pericyte dropout from capillary walls is believed to cause the
breakdown of the blood-retina barrier (BRB), which subsequently leads to vision-threatening retinal
edema. While various proinflammatory cytokines and chemokines are upregulated in eyes with
DR, their distinct contributions to disease progression remain elusive. Here, we evaluated roles of
stromal cell-derived factor-1o, (SDF-10) and its receptor CXCR4 in the BRB breakdown initiated by
pericyte deficiency. After inhibition of pericyte recruitment to developing retinal vessels in neonatal
mice, endothelial cells (ECs) upregulated the expression of SDF-1a. Administration of CXCR4
antagonists, or EC-specific disruption of the CXCR4 gene, similarly restored the BRB integrity, even
in the absence of pericyte coverage. Furthermore, CXCR4 inhibition significantly decreased both
the expression levels of proinflammatory genes (P < 0.05) and the infiltration of macrophages

(P < 0.05) into pericyte-deficient retinas. Taken together, EC-derived SDF-1a induced by pericyte
deficiency exacerbated inflammation through CXCR4 in an autocrine or paracrine manner and
thereby induced macrophage infiltration and BRB breakdown. These findings suggest that the SDF-
1a/CXCR4 signaling pathway may be a potential therapeutic target in DR.

Introduction

Diabetic retinopathy (DR) is a leading cause of vision loss in working-age populations. DR occurs in
about 35% of diabetic patients, with most of its symptoms being ascribable to anatomical and functional
abnormalities in retinal blood vessels (1). For instance, diabetic macular edema (DME) resulting from
blood-retina barrier (BRB) breakdown and subsequent vascular hyperpermeability may impair central
vision at any clinical stage of DR (2). Since protein concentration of VEGF is increased in eyes with DR
(3), intravitreal injections of anti-VEGF drugs have been globally employed for the treatment of DME.
While anti-VEGF drugs are beneficial for vision maintenance and improvement in DR patients, repeated
injections are usually required owing to DME recurrence (4). Moreover, a considerable proportion of
patients are refractory to anti-VEGF drugs, suggesting the presence of a VEGF-independent signaling
pathway being involved in at least some DME cases (5).

Various proinflammatory cytokines and chemokines are also upregulated in eyes with DR (6, 7). Among
them is stromal cell-derived factor-la (SDF-1a), also known as CXCL12. Intravitreal levels of SDF-1a are
intimately correlated with the presence of DME (8). SDF-1a binds to G protein—coupled CXCR4, which is
expressed in endothelial cells (ECs), immune cells, hematopoietic stem cells, and neurons (9-12). Pharma-
cologic and genetic manipulation studies demonstrate critical roles for SDF-1a/CXCR4 signaling in retinal
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angiogenic processes, including vascular sprouting and artery formation (13). We previously reported the direct
effects of endothelial SDF-10/CXCR4 signaling on the modulation of vascular permeability and inflammation
(14). However, specific roles of this signaling axis in the initiation and progression of DR remain elusive, pri-
marily because hyperglycemic animal models fail to fully reproduce the pathophysiology of DR.

Histological analyses of human retinas imply that dropout of pericytes from retinal capillary walls
leads to BRB breakdown in DR (15). Consistent with this notion, pericyte depletion in developing mouse
retinas through disruption of PDGF/PDGFRS} signaling produces clinical features of DR, such as retinal
vascular tortuosity and dilation and retinal edema and hemorrhage (16—19). Notably, in developing retinal
vessels, pericyte deficiency directly induces inflammatory responses in ECs and subsequent infiltration of
macrophages (20). The infiltrating macrophages further inflame ECs by secreting propermeable and proin-
flammatory cytokines, including VEGF. This vessel-damaging loop between ECs and macrophages leads to
irreversible BRB breakdown (20). Therefore, signaling molecules involved in EC-macrophage interactions
in pericyte-deficient retinas may be potential novel targets to treat DR.

In the current study, we identified SDF-10/CXCR4 signaling as a crucial exacerbating factor in the
inflammatory loop between ECs and macrophages in BRB breakdown following pericyte deficiency. Our
findings support the conclusion that blocking the SDF-1a/CXCR4 signaling pathway may have clinical
implications in the management of DR.

Results

Pericyte deficiency induced BRB breakdown that mimicked DR pathology. In mock-treated C57/BL6 P8 mice,
nearly the entire retinal surface was covered by vessels composed of isolectin B4—positive ECs (Supplemen-
tal Figure 1A, top left; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.120706DS1). The ECs were enveloped by desmin-positive pericytes at both the vascular front
and plexus (Supplemental Figure 1A, bottom left).

As previously shown (20), single intraperitoneal injections of anti-PDGFRf antibody APB5 resulted
in distorted, shortened, and dilated retinal vessels in P8 mice (Supplemental Figure 1A, top right, and
Supplemental Figure 1B). The treatment almost completely inhibited the recruitment of pericytes to the
retinal vessels (Supplemental Figure 1A, bottom right). The APB5-induced pericyte deficiency increased
the leakage of the plasma-component fibrinogen outside the retinal vessels, indicating a BRB breakdown
(Supplemental Figure 1C). In addition, F4/80-positive round-shaped macrophages were infiltrated in the
APB5-treated retina (Supplemental Figure 1D).

SDEF-Ia expression increased in pericyte-deficient retinas. We evaluated Sdfla mRINA expression in murine
retinas. A previous report demonstrated that APB5-induced pericyte deficiency induced inflammatory
responses in ECs of retinal vessels in P5 mice and caused severe edema and hemorrhage in P10 retinas (20).
Consistent with this, our treatment of mice with APB5 significantly increased the Sdfla retinal expression
in P5, P7, and P9 mice (Figure 1A).

In situ hybridization of P8 mouse retinas revealed broadly expressed Sdf7a in mock-treated animals,
including collagen IV—positive ECs (Figure 1B, left, shown by white arrowheads). In APB5-treated mice,
retinal Sdfla expression in ECs was markedly increased (Figure 1B, right, shown by white arrowheads).

CXCR4 expressed in the endothelium of pericyte-deficient retina. Previous reports showed that the SDF-1a
receptor CXCR4 is expressed in endothelial tip cells and arterial ECs in retinas of postnatal mice (13).
Consistent with this report, flow cytometry analysis showed that 66% of CD31*CD45  ECs expressed
CXCR4 in mock-treated mice (Figure 1D). Treatment with APB5 resulted in CD11b*CD45" macro-
phages (20) infiltrating the P8 retinas (Figure 1C). In retinas of APB5-treated mice, approximately 80% of
CD31*CD45 ECs expressed CXCR4 (Figure 1D), compared with about 8% of the macrophages (Figure
1C). In line with these results, in situ hybridization of Cxcr4 in P8 mouse retinas revealed that Cxcr4 was
mainly localized to collagen IV—positive ECs both in PBS- and APB5-treated mouse retinas (Supplemental
Figure 2, shown by white arrowheads).

Endothelial CXCR4 deficiency ameliorated the BRB disruption. We evaluated the functional contribution
of endothelial CXCR4 using tamoxifen-inducible endothelial-specific CXCR4-deficient mice (CXCR4FC),
Retinas from noninduced Cre™ and induced Cre* mice were analyzed at P8. In mock-treated mice, endo-
thelial CXCR4 deficiency did not affect vascular/BRB formation and macrophage infiltration (Figure 2).
APBS5 treatment shortened, dilated, and distorted the retinal vessels of the Cre” mice exhibiting a wild-type
CXCR4 phenotype (Figure 2, A and B). It also disrupted the BRB (Figure 2, C and D) and resulted in
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Figure 1. SDF-10/CXCR4 expression was observed in retinal ECs in APB5-treated mouse retina. (A) The effect of APB5 on
Sdfta mRNA expression in P5, P7, and P mouse retinas (n = 6). (B) Representative images of retina in situ hybridization
of Sdf1a (purple) and collagen IV (brown) on P8. White arrowheads indicate a double-positive staining region of Sdfia and
collagen IV. Scale bar: 50 um. (C) Representative images of P8 mouse flow cytometry. Pink circles in left 2 graphs indicate
CD11b*CD45" macrophages. Pink rectangles in right 2 graphs indicate CXCR4-positive macrophages. (D) Representative
images of P8 mouse flow cytometry. Pink rectangles in left 2 graphs indicate CD31*CD45 ECs. Pink rectangles in 2 right
graphs indicate CXCR4-positive ECs. Significantly different from the results in vehicle-treated mice at *P < 0.05, signifi-
cantly different from the results in vehicle-treated mice.

elevated macrophage infiltration into the retina (Figure 2, E and F). APB5 treatment of induced Cre* mice
that had an endothelial-specific CXCR4-deficient phenotype and caused extension, narrowing, and reten-
tion of the retinal vessels (Figure 2, A and B). Induced CXCR4 deficiency also significantly attenuated BRB
breakdown (Figure 2, C and D) and macrophage infiltration (Figure 2, E and F).

CXCR4 inhibition abrogated the pericyte deficiency—induced BRB disruption. We assessed whether phar-
macological inhibition of SDF-1a/CXCR4 signaling was beneficial against pericyte deficiency—induced
BRB disruption. As shown in Figure 3, A and B, treatment of mice with CXCR4 inhibitor AMD3100 or
FC1310onP3,P5,and P7ameliorated the APB5-induced vascularshortening (almost complete inhibition)
and dilation (about 60% inhibition). These inhibitors also significantly protected the mice from BRB
disruption (Figure 3, C and D; about 40% inhibition) and macrophage infiltration (Figure 3, E and F;
about 65% inhibition).

In consideration and comparison of potential therapeutic application, we intravitreally administrat-
ed AMD3100 (P5; 1 pg/eye) and/or VEGF Trap (current first-line drug against DR, P5; 2.5 ug/eye).
Local treatment with AMD3100 showed beneficial effect against APB5-induced BRB breakdown, which
was comparable to VEGF Trap (Figure 4, A-E). However, we could not observe a synergistic effect of
AMD3100 and VEGF Trap in these protocols (Figure 4, A-E).

We further evaluated the effect of pharmacological blocking of CXCR4 on the advanced forms of
pericyte depletion—induced BRB breakdown. As shown in the middle image of Figure 4F, APB5 treatment
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induced severe edema and hemorrhage, resulting in retinal collapse. Intraperitoneal AMD3100 treatment
once daily from P8 through P10 significantly attenuated both the edema and hemorrhaging (Figure 4, F
and G), suggesting therapeutic potential for pharmaceutical blocking of CXCR4.

Inhibition of CXCR4 decreased CCL2, ICAM-1, and E selectin mRNA expression. Macrophage infiltration is
both a causative and an exacerbating factor of BRB breakdown in the absence of pericytes (20). Consistent-
ly, depletion of macrophages by clodronate liposome (7 mg/ml, i.p., P4 and P5) in APB5-treated mouse
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Figure 3. CXCR4 inhibition abrogated the progression of APB5-induced BRB breakdown and macrophage infiltration. (A) Representative images
of retina immunostaining of isolectin B4 (red) on P8. Scale bar: 500 um (top); 50 um (bottom). (B) The effect of AMD3100 (AMD) or FC131 (FC) on
APB5-treated retinal radius and vessel diameter on P8 (n = 6-10). (C) Representative images of retina immunostaining of isolectin B4 (red) and
fibrinogen (green) on P8. Scale bar: 100 pm (top); 30 um (bottom). (D) The effect of AMD3100 or FC131 on APB5-treated retinal fibrinogen intensity
on P8 (n = 6-10). (E) Representative images of retina immunostaining of isolectin B4 (red) and F4/80 (green) on P8. Scale bar: 100 pm (top); 30 um
(bottom). (F) The effect of AMD3100 or FC131 on APB5-treated retinal F4/80-positive cells on P8 (n = 6-10). Significantly different from the results

in PBS- or APB5-treated mice at *P < 0.05, significantly different from the results in PBS-treated mice. *P < 0.05, significantly different from the
results in APB5-treated mice.
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Figure 4. Local CXCR4 inhibition abrogated the APB5-induced pathologies comparably to VEGF Trap. (A) Representative images of retina immu-
nostaining of isolectin B4 (red) and fibrinogen (green) on P8. Scale bar: 100 um. (B) The effect of AMD3100 (AMD) and/or VEGF Trap on APB5-treated
retinal radius and vessel diameter on P8 (n = 5-8). (C) The effect of AMD3100 and/or VEGF Trap on APB5-treated retinal fibrinogen intensity on P8 (n =
5-8). (D) Representative images of retina immunostaining of isolectin B4 (red) and F4/80 (green) on P8. Scale bar: 100 um. (E) The effect of AMD3100
and/or VEGF Trap on APB5-treated retinal F4/80-positive cells on P8 (n = 5-8). (F) Representative images of P11 mouse retina. (G) Retina grading
scores of APB5- or APB5 and AMD3100-treated P11 mice (n = 6). Significantly different from the results in PBS- or APB5-treated mice at *P < 0.05,
significantly different from the results in PBS-treated mice. *P < 0.05, significantly different from the results in APB5-treated mice.

retinas almost completely rescued its vascular defects and BRB breakdown (Supplemental Figure 3, A-C).
Therefore, we examined the effects of a CXCR4 block on mRNA expression of macrophage chemoattrac-
tant and adhesion molecules in APB5-treated retinas. As shown in Figure 5, APB5 treatment increased
mRNA expression of macrophage chemoattractants CCL2 and CCL7 in mouse retinas but not CCL12
or CCL20 (Figure 5A). APBS5 treatment also increased the expression of endothelial adhesion molecules
ICAM-1, VCAM-1, and E selectin (Figure 5B). Pretreatment with AMD3100 significantly attenuated the
increase in mRNA levels of CCL2, ICAM-1, and E selectin (Figure 5). CXCR4 inhibition may attenuate
the infiltration of macrophages, at least partially, through these molecules.
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Figure 5. Endothelial CXCR4 increased the expression of chemoattractant and adhesion molecule. (A) The effect of
APBS or APB5 and AMD3100 (AMD) on macrophage chemoattractant mRNA expressions in P8 mouse retina (n = 8).
(B) The effect of APB5 or APB5 and AMD3100 (AMD) on endothelial adhesion molecule mRNA expression in P8 mouse
retina (n = 8). Significantly different from the results in vehicle-treated mice at *P < 0.05, significantly different from
the results in vehicle-treated mice. #P < 0.05, significantly different from the results in APB treated mice).

Discussion

SDF-1a is immediately upregulated under hypoxic conditions through the transcription factor hypox-
ia-inducible factor-1a (HIF-1a) (21). Previous reports show that HIF-1o—dependent SDF-1a upregulation
occurs in astrocytes and/or ECs in several diseases, such as stroke and multiple sclerosis (22). Pericyte
depletion induced by a PDGFRp block is likely to decrease the number of perfused functional vessels and
to cause hypoxia (20). This consequently induces SDF-1a expression, primarily in retinal ECs (Figure 1B).

We previously reported that APB5-induced pericyte depletion results in macrophage infiltration into peri-
vascular areas that express VEGF, placental growth factor, and TNF-a (20). This phenomenon leads to sustained
inflammation and subsequent BRB breakdown (20). Other groups have shown that, in streptozotocin-induced
hyperglycemia, macrophages infiltrating the retina produce TNF-o, leading to vascular disruption and hyperper-
meability (23, 24). Therefore, infiltrating macrophages play an important role in the progression of retinopathy.

Our current findings demonstrate that the endothelial-derived SDF-1a stimulated its receptor CXCR4,
predominantly on ECs, and indirectly stimulated macrophage infiltration by inducing chemokine/adhe-
sion molecule expression. Thus, SDF-1a may be a novel exacerbating factor that stimulates a vessel-dam-
aging cycle between ECs and macrophages in retinopathy. SDF-1a might also have direct effect on ECs.
We previously showed that SDF-1a/CXCR4 signal activation attenuated vascular permeability in croton
oil-induced skin inflammation in mice ear (14). In contrast, other researchers showed the exacerbation
of dipeptidyl peptidase 4 induced vascular leakage in mice ear (25). Further study is required to reveal its
direct effect on ECs in progression of retinopathy.

Pharmacological block of CXCR4 decreased the expression of the macrophage chemoattractant CCL2
and endothelial adhesion molecules ICAM-1 and E selectin. CXCR4 is a Gi-type G protein—coupled recep-
tor (26). There are several reports showing that the activation of Gi receptors increases the expression
of these molecules in human and murine ECs via activation of p38 MAPK, JNK, and NF-«B signaling
pathways (27-29). These pathways may be involved in the SDF-1a/CXCR4-induced expression of chemo-
attractant and adhesion molecules.

Anti-VEGF antibody has been widely used to treat DME (4). However, this therapy has several disad-
vantages in terms of disease unresponsiveness and adverse effects, including degeneration of choroidal ves-
sels and macular atrophy (30-33). In our pericyte-deficient model, SDF-1a expression levels were elevated
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as early as at P6, whereas macrophage infiltration increased at P6 (20). Thus, it seems likely that EC-derived
SDF-1a initiates macrophage infiltration and amplifies the inflammatory loop between macrophages and
ECs in the absence of pericytes. Blocking the SDF-1a signal may be a beneficial alternative strategy for DR
patients who have lost responsiveness to anti-VEGF therapy (34).

In the present study, we identified SDF-1a/CXCR4 signaling as an exacerbating factor in the pericyte
depletion—induced BRB breakdown and suggest therapeutic potential through its inhibition. Since admin-
istration of an anti-PDGFRp antibody APB5 induced features characteristic of human DR, we believe that
this model may mimic sequential events following pericyte dropout in human DR and prove useful in the
assessment of therapeutic targets. It should be noted that we utilized postnatal retina angiogenesis, while
human DR typically occurs at a relatively old age. Further studies are needed to evaluate the contribution
and potential therapeutic application of SDF-1a/CXCR4 signaling in human DR.

Methods

Mice. Wild-type C57BL/6 mice were purchased from Sankyo Labo Service and Japan SLC. Pdgfb-iCreER™
mice (35) were crossed with CXCR4%¥/x mice (36) to produce Pdgfb-iCreER™/CXCRA41/fx mice. Litter-
mates lacking the Pdgfb-iCreER™ transgene (CXCR4¥/1o) were used as controls. Conditional endothelial
Cxcrd gene deficiency (CXCR4“E€) was induced by intraperitoneal daily injection of 150 pg 4-hydroxy-
tamoxifen (MilliporeSigma) in 50 ul peanut oil from P1 to P3.

Pericyte deficiency—induced BRB breakdown model. Rat anti-mouse PDGFR monoclonal antibody APB5
(18) was intraperitoneally injected into P1 mice (40 pg in 40 pl PBS). CXCR4 inhibitor AMD3100 (Abcam)
at 40 mg/kg or FC131 (37) at 30 mg/kg was intraperitoneally injected at P3, P5, and P7. The retinas were
analyzed at P8. In other experiments, AMD3100 was injected intraperitoneally daily from P8 through P10,
and the retinas were analyzed at P11. For localized treatment, 1 pg AMD3100 in 0.6 ul PBS and/or 2.5 pg
VEGF Trap (aflibercept, Bayer Pharma) in 0.6 pl PBS were intravitreally injected at P5, and the retinas were
analyzed at P8. Clodronate liposomes (7 mg/ml in 50 ul PBS, i.p., P4 and P5) were injected to deplete infil-
trating macrophages in mouse retinas. In all procedures, mock-treated littermate controls received injections
of vehicle only. The severity of retinal edema and hemorrhage was graded at P11, as described previously
(20). In brief, scores were defined as follows: grade 1, no hemorrhage and edema; grade 2, local hemorrhage
and/or mild edema; grade 3, edema in up to one half of the retina; and grade 4, collapse of the retina.

Morphological analysis. Following fixation of P8 mouse eyes with 4% paraformaldehyde (PFA) in
PBS for 20 minutes, the retinal cups were dissected and further fixed in 4% PFA in PBS for 10 minutes.
The fixed retinas were blocked with 1% bovine serum albumin and 0.5% Triton X-100 in PBS for 2
hours and then incubated overnight with primary antibody rabbit anti-mouse desmin (Abcam; 1:200),
rabbit anti-human fibrinogen (Dako; 1:500), or rat anti-mouse F4/80 (Bio-Rad, Tokyo; 1:200). The
retinas were then treated with Alexa Fluor 594-conjugated isolectin B, (Thermo Fisher Scientific;
1:200) and either secondary antibody Alexa Fluor 488 anti-rabbit antibody (Thermo Fisher Scientific;
1:500) or secondary antibody Alexa Fluor 488 anti-rat antibody (Thermo Fisher Scientific; 1:500), as
appropriate, for 2 hours in 1 mM CaCl,, 1 mM MgCl,, 1 mM MnCl,, and 1% Triton X-100 in PBS.
Nuclei were labeled with DAPI (MilliporeSigma) at 1 pg/ml for 15 minutes. Fluorescent and confo-
cal microscopic images were captured using a Nikon Eclipse Ti microscope and C1 confocal system
(Nikon). The images were analyzed with NIS-Elements D software (Nikon). The radii of retinal vas-
cular networks were calculated using the distances from the optic nerve to the angiogenic front. The
vessel diameters were calculated by averaging those for 3 arteries and veins per retina, approximately
200-300 um from the optic nerve head. Fibrinogen intensity was calculated measuring 20 random
areas at the vascular front per retina. The number of macrophages per area was estimated from counts
in four 300 x 300—um fields per retina.

Real-time PCR. Retinas were harvested at P5, P7, P8, and P9 from mice treated by intraperitoneal injec-
tion of 40-60 pg APB5 in 40 ul PBS or were mock treated with vehicle only at P1. Total RNA was extracted
using TRI-Reagent (Molecular Research Center, Cincinnati, Ohio, USA) and the first strand of cDNA was
reverse transcribed using a random 9-mer primer (TOYOBO) and ReverTra Ace (TOYOBO), as directed by
the manufacturers. The cDNA was amplified using Platinum SYBR Green qPCR SuperMix-UDG (Ther-
mo Fisher Scientific) and AriaMx Real-Time PCR System (Agilent Technologies). The mRNA expression
levels were quantitated with the ACt method, using 18S rRNA or TBP mRNA levels as endogenous con-
trols. Primer sequences are shown in Supplemental Table 1.
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In situ hybridization. Sdfla and Cxcr4 mRNA expression in whole-mount retinas was detected using digoxi-
genin-labeled (DIG-labeled) cRNA probes and alkaline phosphatase—conjugated (AP-conjugated) anti-DIG
antibody (Roche) followed by NBT/BCIP staining (Roche), as previously described (38). After in situ hybrid-
ization, the retinas were immunostained with rabbit anti-type IV collagen antibody (Cosmo Bio) and bioti-
nylated by anti-rabbit antibody (VECTOR). The AP and DAB staining was assessed with an OPTIHOT-2
microscope (Nikon) equipped with associated software (ACT-1C, Nikon).

Flow cytometry. Flow cytometry was conducted as previously described (39—41). P8 retinas were
mechanically dissociated and enzymatically digested using 0.5 mg/ml collagenase D (MilliporeSigma) and
750 U/ml DNase (MilliporeSigma) in Hanks’ balanced salt solution (MilliporeSigma) for 25 minutes. Ret-
inas were then forced through a 100-um nylon mesh to obtain single-cell suspensions. Cells were labeled
with fluorescence-conjugated antibodies for 30 minutes as follows: Alexa Fluor 488 anti-mouse CD45 (Bio-
legend), PE anti-mouse/human CD11b (Biolegend), PE anti-mouse CD31 (Biolegend), or Alexa Fluor
647 anti-mouse CD184 (CXCR4). Viability staining solution 7-aminoactinomycin D (7-AAD; Biolegend)
was applied for 5 minutes, and the analyses were conducted using a BD Accuri C6 Flow Cytometer (BD
Biosciences). Following removal of dead cells based on 7-AAD labeling, the doublet cells were excluded
using forward scatter height (FSC-H) versus forward scatter width (FSC-W) gates. Further analyses were
conducted using BD Accuri C6 Software (BD Biosciences).

Statistics. Data are shown as mean = SEM. Statistical evaluation between 2 groups was conducted by
Student’s ¢ test (2 tailed, parametric) or Mann-Whitney’s U test (nonparametric). Statistical evaluation of 3
groups was performed by 1-way ANOVA followed by Tukey’s test. A value of P < 0.05 was considered to
indicate statistically significant differences.

Study approval. Animal experiments were approved by the Institutional Animal Care and Use Com-
mittee of The University of Tokyo and the Animal Research Committee of Nagoya City University and
performed according to the Association for Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research.
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