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Abstract

Diabetic retinopathy (DR) as a retinal neovascularization-related disease is one of
the leading causes of irreversible blindness in patients. The goal of this study is to
determine the role of a G-protein-coupled chemoattractant receptor (GPCR) FPR2
(mouse Fpr2) in the progression of DR, in order to identify novel therapeutic targets.
We report that Fpr2 was markedly upregulated in mouse diabetic retinas, especially
in retinal vascular endothelial cells, in associated with increased number of activated
microglia and Miiller glial cells. In contrast, in the retina of diabetic FprZ_/_ mice,
the activation of vascular endothelial cells and glia was attenuated with reduced pro-
duction of proinflammatory cytokines. Fpr2 deficiency also prevented the formation
of acellular capillary during diabetic progression. Furthermore, in oxygen-induced
retinopathy (OIR) mice, the absence of Fpr2 was associated with diminished neo-
vasculature formation and pathological vaso-obliteration region in the retina. These
results highlight the importance of Fpr2 in exacerbating the progression of neuroglial

degeneration and angiogenesis in DR and its potential as a therapeutic target.
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1 | INTRODUCTION

Ischemia- and chronic inflammation-induced neovascular-
ization is the main clinical feature of diabetic retinopathy
(DR) which is the leading cause of blindness in patients.]’2
However, the use of inhibitors for vascular endothelial
growth factor (VEGF) for the treatment of DR achieved dis-
appointing results.® Therefore, it is imperative to understand
the relationship between angiogenesis and inflammation in
the pathogenesis of DR to develop novel and more effective
therapies against retinal neovascularization.

Evidence suggests that retinal glial cells contribute to
the pathogenesis of DR, which displays a unique spatial
arrangement of glial cells intercalating between vascu-
lature and neurons to facilitate the uptake of glucose by
glia and subsequent transfer of energy to neurons.’ Vaso
degeneration is accompanied by neuroglial abnormali-
ties resulting in the loss of ganglion cells.® In rat diabetic
retina, Miiller cells exhibit electron dense nuclear granu-
lations and nuclear chromatin dispersion, in association
with the accumulation of glycogen, dense bodies, and ly-
sosomes cytoplasmic.7 Miiller cells secret growth factors
such as VEGF contributing to vascular leakage, inflamma-
tion, and neovascularization in the development of DR.® In
contrast, astrocytes display functions different from Miiller
cells under hyperglycemia, in which astrocytes show a de-
creased density and as a major cell population in the optic
nerve, are responsible for remodeling the structure of lam-
ina cribrosa.’ Compared to Miiller cells, microglial cells
are more dynamic in nature and respond rapidly to changes
in microenvironment.'? Reactive microglia are active par-
ticipants in DR and may promote the progression of the
disease to a proliferative state.!! In the early stage of DR,
perivascular microglia are hypertrophic, and surround di-
lated new vessels in a feature of microglial perivasculitis.12

Cellular responses to microenvironmental changes are
dependent on membrane ‘sensors’ including a variety of
cell surface receptors mediating cell chemotaxis and pro-
liferation. Formyl peptide receptors (FPRs) belong to the
G-protein-coupled chemoattractant receptor (GPCR) fam-
ily and are expressed by a variety of immune cells, such
as neutrophils, macrophages, and microglia to mediate
cell recruitment and mediator release in response to patho-
gen- and tissue-derived chemotactic agonists.13 FPRs also
regulate the expression and secretion of angiogenic factors
by malignant tumor cells and tumor stem cells.'"*'® FPR2
(mouse Fpr2) is one of the FPR family member, expressed
by a various cell types, such as phagocytes, fibroblasts, and
endothelial cells. Resting murine microglial cells express
low levels of Fpr2, which was upregulated by pathogen-
and host-derived molecules associated with inflammatory
and innate immune responses. Fpr2 on activated microg-
lial cells become highly responsive to chemotactic agonists

produced in the central nervous system.”’18 Fpr2 also plays
an important role in the angiogenic process in diabetic
states, as shown by the observation in which an FPR2 ag-
onist peptide stimulates the formation of von Willebrand
factor-positive capillary, suggesting that it stimulates an-
giogenesis thus may have therapeutic potential in wound
healing.'” The capacity of Fpr2 to mediate angiogenesis is
also shown by stimulation of the formation of endothelial
tubules and aortic ring by an agonist.20 It is also reported
that Fpr2 mediates inflammation and angiogenesis in PDR
vitreous in response to peptide agonists, suggesting the re-
ceptor as a target for PDR therapy.21

Our previous study revealed that Fpr2 on Miiller glial
cells was upregulated by high glucose and participated in
the pathological process of DR.* This promoted us to fur-
ther examine the role of Fpr2 in two models of DR, one
recapitulating the early vascular and neuroglial degenera-
tive stage and the other representing the ischemia-induced
neovascular stage. Here we report that Fpr2 acceler-
ates neuroglial and vascular degeneration culminating in
neovascularization.

2 | MATERIALS AND METHODS

2.1 | Reagents

Anti-FPR2 [GM1D6] (ab26316), anti-IBA1 [EPR16589]
(ab178847), and anti-CD31 [MEC 7.46] (ab7388) mono-
clonal antibodies; anti-GFAP (ab7260), anti-Vimen-
tin (ab45939), anti-ki67 (ab15580), and anti-Collagen
IV (ab19808) polyclonal antibodies were from Abcam
(Cambridge, UK). Anti-CRAMP (R-170) polyclonal an-
tibody was from Santa Cruz (Santa Cruz, CA). Isolectin
GS-1B4 (i21412) was from Invitrogen (Carisbad, CA).
Mouse CRAMP was synthesized by New England Peptide
LLC (Gardner, MA). Alexa Fluor 488 and Alexa Fluor
568 were from Abcam (Cambridge, UK). Antibodies for
total ERK1/2, ERK1/2 phosphorylated at Tyr-204, total
p38 MAPK and phosphor (P)-p38 MAPK were from Cell
Signaling Technology (Beverly, MA).

2.2 | Cells

The mouse retinal microvascular endothelial cells (mMRMECsS)
were cultured in ECM medium supplemented with 10%
FBS and 1%EGF and 1%Penicillin/ Streptomycin at 37°C,
5% CO, and 95% air. To study the effect of hyperglycemia,
the cells were exposed to normal (physiological) glucose
(NG) (5.5 mM), HG (25.0 mM) concentrations, or mannitol
(5.5 mM glucose +19.5 mM mannitol) as osmotic pressure
control (OC).
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2.3 | Animals

Fpr27'~ mice of C57BL/6 background were generated as
described previously.23 Littermates derived from Fpr2+/_
heterozygotes were used in this study. Care and treatment
of animals were in agreement with the guidelines of the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Visual
Research and approved by the institutional Animal Care
and Use Committees in Affiliated Hospital of Nantong
University.

2.4 | Diabetic mouse model

Eight-week-old C57BL/6 J mice (male, n = 15) and
Fpr2_/_mice (male, n = 15) were given five consecutive
intraperitoneal injections of streptozotocin (STZ; 60 mg/kg
body wt/day) (Sigma-Aldrich, St. Louis, MO). Control re-
ceived citrate buffer alone. At 1 week after STZ injection,
hyperglycemia was confirmed in tail prick blood samples
using Blood glucose monitoring system (LifeScan, CA,
USA). Blood glucose values >16.7 mmol/L were considered
as diabetic and the mice were enrolled into the study. The
blood glucose and weight were monitored before and after
STZ injection at 1, 4 and 12 and 24 weeks. After injection
for 24 weeks, one mouse failed to reach the diabetic standard
in diabetic group, two mice failed in FprZ_/_ diabetic group.
Twelve mice were survived in diabetic group and 12 mice
Fpr27'~ diabetic group. The mice were euthanized to col-
lect retinas for retinal flat-mount immunofluorescence stain-
ing (six retinas), frozen tissue sections immunofluorescence
staining (six eyes), RT-PCR (six retinas), and Western blot
(six retinas) experiments.

2.5 | Oxygen-induced retinopathy (OIR)

OIR model has been used as an animal model of ischemia-
induced retinal neovascular disease.”* C57BL/6 J and
FprZ_/_ mice on postnatal day 7 (P7) with their nursing
mothers were used in an airtight incubator ventilated by
a mixture of oxygen and air at a final oxygen concentra-
tion of 75 + 5%. Oxygen was returned to normal level at
P12 days postpartum. Untreated WT mice were used as
normal controls. To study the effect of the Fpr2 agonist
CRAMP, mice were intravitreally administered with 1 pl
CRAMP dissolved in phosphate-buffered saline (PBS)
at P12. At P17, whole retinal mounts were isolated and
stained with isolectin GS-IB4. Neovascular area (NV) and
vaso-obliteration area (VO) were analyzed using Image
J. Mouse retinas were also isolated for H&E staining,
Western blot, and RT-PCR.

-ASEB&i0Advances o WlLEYJﬁ

2.6 | Immunofluorescence staining

After euthanizing, the eyes (n = 6 mice per group) were im-
mediately enucleated and were dissected into two group.
For one group, the eyes were fixed by immersing in freshly
prepared 4% paraformaldehyde for 10 minutes at 4°C then
washed in PBS, then retina was removed from the eyecup for
flat-mount staining. The other group of the eyes were fixed
in freshly prepared 4% paraformaldehyde for 10 minutes at
4°C, then embedded in optimal cutting temperature (OCT)
medium and cryosections were cut at 10 mm for frozen tis-
sue sections.

Frozen tissue sections were reheated and washed with
PBS for three times, and then treated for 2 hours at room tem-
perature with 0.05% Triton x-100 and 3% BSA. The sections
were incubated with primary antibodies overnight at 4°C.
After washing with PBS for three times, the sections were
incubated with corresponding secondary antibodies at room
temperature for 2 hours. After staining with DAPI to visual-
ize nuclei, the sections were analyzed under a fluorescence
microscope (Zeiss 510; Carl Zeiss, Germany).

Retinal flat-mount staining and quantification analysis
were conducted as previously described.” Endothelial cells
proliferation was conducted as previously described.”® After
fixed in 4% PFA, the retinas were dissected and flattened
with four radial incisions. After being rinsed and blocked for
non-specific reactions, the dissected and whole retinas were
stained with GS-IB4 and anti-Collagen IV/ KI67 overnight at
4°C, then incubated with corresponding secondary antibod-
ies at room temperature for 2 hours.

2.7 | Real-time quantitative RT-PCR

Total RNA fromretinal tissues was extracted by using the RNeasy
Mini Kit (QIAGEN) and reverse transcribed to cDNA by using
cDNA first-strand synthesis system (Thermo, America). Real-
time PCR was performed on an Applied Biosystems StepOne
Real-Time PCR System. Mouse sequence specific primers for
Fpr2, interleukin (IL)1-fB, tumor necrosis factor-o (TNF-or),
IL-6, and IL-10 were synthesized by Invitrogen Biotechnology
Co. Ltd, (Shanghai, China). Thermal cycling conditions in-
cluded an initial denaturation at 50°C for 2 minutes, 95°C for
10 minutes, 40 cycles at 95°C for 15 seconds, 60°C for 30 sec-
onds. The level of mRNA expression in each sample was de-
termined after correction with GAPDH. Changes in relative
expression of the genes were calculated by comparing the CT
values. Sequence specific primers were as follows: Fpr2 for-
ward: 5'-CCTGGCCCAAAACATAG-3" and reverse: 5'-ACA
GCAGTTGCTTCCTT-3".IL1-p forward: 5'-GAAGAAGAGC
CCATCCTCTGT-3' and reverse: 5-TGTTCACGGAGCCT
GTAG-3'. TNF-a forward: 5-CTCCACTTGGTGGTTTGC
TAC-3" and reverse: 5-CTTCCCTCTCATCAGTTCTAT
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GG-3'. IL-6 forward: 5'-ACCACTCCCAACAGACCTG
TCT-3' andreverse: -3’ andreverse: 5'-CAGATTGTTTTCTGC
AAGTGCAT. IL-10 forward: 5'-ACCTGGTACAAGTGAT
GCC-3’ and reverse: 5'-CAAGGAGTTGTTTCCGTTA-3'.
GAPDH forward 5'-TGAGCAAGAGAGGCCCTATC-3" and
reverse 5'-AGGCCCCTCCTGTTATTATG-3'.

2.8 | Western immunoblotting

Retinas were lysed with sample buffer, sonicated and then
heated at 100°C for 5 minutes. Total protein was separated by
electrophoresis in 10% sodium dodecyl sulfate polyacryla-
mide gel (SDS-PAGE) and transferred to PVDF membrane.
PVDF membrane was then sealed in 5% skim milk at room
temperature for 2 hours and incubated with primary anti-
bodies at 4°C overnight. The membranes were then washed
with TBST for three times and incubated with correspond-
ing secondary antibodies at room temperature for 2 hours.
Immunoreactive bands were visualized using an enhanced
chemiluminescence system and analyzed by Image J.

2.9 | H&E staining

Eyes were fixed by immersing in freshly prepared 4% para-
formaldehyde for 10 minutes at 4°C, then embedded in OCT
medium and sagittally sectioned parallel to the optic, then
stained with HE. Preretinal neovascular cell nuclei were
quantified as previously repor’ted.27

2.10 | Statistical analysis

Results were expressed as the mean +SE. GraphPad Prism
(v6.0, GraphPad Software Inc.) was used for statistical analyses.
ANOVA was conducted to compare the differences in results
obtained from mouse groups and post hoc multiple pairwise
comparisons were performed using Tukey multiple comparison
test. A value of p < .05 was considered as statistically significant.

3 | RESULTS
3.1 | Characterization of STZ-induced
diabetes in mice

Diabetic WT mice showed a body weight loss of 25.11% com-
pared with age-matched control mice after 6 months. The loss
of body weight shown by diabetic Fpr2™™ mice was 19.95%
compared with non-diabetic controls. The blood glucose level
in diabetic WT mice increased by 4.01-fold compared with con-
trol mice. In diabetic ] prZ_/ ~ mice, blood glucose increased by

3.31-fold, compared to non-diabetic control mice (Figure S1).
Therefore, FprZ_/_ mice showed milder diabetic conditions as
compared with WT diabetic counterparts.

3.2 | Increased Fpr2 expression in the
retina of diabetic mice

In normal mouse retina, Fpr2 was expressed in ganglion cell
layer (GCL), inner plexiform layer (IPL), and outer plexi-
form layer (OPL), consistent with vessel locations (Figure
1A). Double immunofluorescence staining with Fpr2 and
CD31, a marker for vascular endothelial cells, showed that
Fpr2 was mostly expressed by retinal vascular endothelial
cells (Figure 1A, B). The expression of Fpr2 mRNA and pro-
tein was markedly upregulated in the retina of STZ-treated
diabetic WT mice, with increased proliferation of vascular
endothelium, both of which were absent in Fpr2_/ ~ mice
(Figure 1C-E). Figure 1F shows that mRMECs exposed to
normal glucose concentration expressed a low level of Fpr2,
which was significantly increased under high glucose condi-
tion. Additional tests showed that OC has no effect on Fpr2
expression in mRMECs.

3.3 | Reduced glial cell dysfunction in
diabetic FprZ_/ ~ mice

GFAP as a marker for glial cells is expressed by retinal astro-
cytes and Miiller cell.’ Diabetes significantly upregulated the
level of GFAP, concomitant with exacerbated reactive gliosis.
In F; prZ_/ ~ diabetic mice, the gliosis was attenuated as indicated
by reduction in the intensity of GFAP staining, mostly in the
innermost retinal layers (Figure 2A,C). Diabetes also more sig-
nificantly upregulated the number of Vimentin positive Miiller
glia cells in WT diabetic mice, as compared to diabetic F prZ_/ -
mice (data not shown). Diabetes is also associated with an in-
crease in the number of IBA1 positive retinal microglia in the
neuropile, especially within IPL and OPL. IBA1 level was sig-
nificantly attenuated in FprZ_/_ mice with diabetes indicating
reduced microglial accumulation and proliferation in the retina
(Figure 2B,D). Thus, STZ-induced diabetes increased the acti-
vation of retinal glia cells including microglia and Miiller cells
in WT mice. However, Fpr2 deficiency significantly reduced
glial cell activation in the retina.

3.4 | Reduced expression of
proinflammatory cytokine mRNA in the
retina of diabetic Fpr2_/ ~ mice

We then examined the expression of genes coding for proin-
flammatory cytokines in the retina of mice. The expression
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FIGURE 1 The expression of Fpr2 in mouse retinas with STZ-induced diabetes. Fpr2~'~ mice and WT littermates were treated with STZ

to induce diabetes. Control mice were injected with citrate buffer. A, Immunofluorescence staining of Fpr2 (red), CD31 (green) and nuclei (blue)
in the retinas of C57BL/6 J (Cntl), Fpr2™'~ (Fpr2™'"), diabetic WT (Db), and diabetic Fpr2~'~ (Db Fpr2~~) mice. Scale bar: 75 pm. B, Fpr2
immunofluorescence intensity quantified based on images in (A). * indicates significantly (p < .05) increased Fpr2 intensity in Db WT mouse
retinas compared with normal mouse retinas. # indicates the absence of Fpr2 fluorescence in Db Fpr2~~ mouse retinas compared with Db WT
retinas. C, Fpr2 mRNA in each mouse group. * indicates significantly increased (p < .05) Fpr2 mRNA in Db WT mouse retinas compared with
normal mouse retinas. # indicates the absence of Fpr2 mRNA in Db Fpr2~'~ mouse retinas compared with Db WT mouse retinas. D, Western
blotting showing Fpr2 in protein the retina of mice. E, Densitometry quantification of Fpr2 protein. Results are presented as fold changes. *
indicates significantly increased (p < .05) Fpr2 protein in Db WT mouse retinas compared with normal mouse retinas. # indicates the absence of
Fpr2 protein in Db Fpr2™~ mouse retinas compared with Db WT mouse retinas. F, Immunofluorescence staining of Fpr2 (red) in mRMECs

FIGURE 2 The expression of glial markers in mouse retinas with STZ-induced diabetes. Immunofluorescence staining of GFAP and IBA 1
in retinas of WT C57BL/6 J (Cntl), Fpr27/7 (Fperlf), diabetic WT (Db) and diabetic F] pr27/7 (Db Fpr27/7) mice. Scale bar: 75 pm. A, GFAP
staining of the retinal Miiller glial cells and astrocytes. B, IBA1 staining of the retinal microglial cells. C, GFAP immunofluorescence intensity
quantified based on images in (A). * indicates significantly (p < .05) increased GFAP intensity in Db WT mouse retinas compared with normal
mice retinas. # indicates significantly (p < .05) decreased GFAP intensity in Db Fper/ ~ mouse retinas compared with Db WT mouse retinas.
D, IBA1 immunofluorescence intensity quantified based on images in (B). * indicates significantly (p < .05) increased IBA1 intensity in Db
WT mouse retinas compared with WT mouse retinas. # indicates significantly (p < .05) decreased IBA1 intensity in Db Fperl* mouse retinas
compared with Db WT mouse retinas

of mRNA for TNF-a, IL-1p, and IL-6 was significantly el- proinflammatory cytokines was significantly reduced

evated in the retina of WT diabetic mice, with significantly
decreased levels of the mRNA for the anti-inflammatory
cytokine IL-10 (Figure 3A-D). In contrast, in the retina of
FprZ_/_ diabetic mice, the expression of the genes encoding

(Figure 3A-D).

The increase in the levels of inflammatory cyto-
kine genes was correlated with the activation status of
MAPK-signaling pathway triggered by many stimulants
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FIGURE 3

Inflammatory cytokine mRNA and MAPR phosphorylation in the retinas of diabetic mice. A-D, Cytokine mRNA expression in

diabetic mouse retinas measured by RT-PCR. Histograms represent quantification of mRNA expression. The average value for each sample was
normalized against the amount of GAPDH. Cytokine mRNA measured includes IL-1p, IL-6, TNF-a, and IL-10. * indicates significantly (p < .05)
increased mRNA levels in diabetic WT mice. # indicates significantly (p < .05) decreased mRNA levels in diabetic Fpr2~'~ mice. E, F, Western
blotting performed to examine the phosphorylation of P38 and ERK1/2 in the retinas of diabetic mice. E, ERK1/2 phosphorylation in diabetic
mice. F, P38 phosphorylation in diabetes mice. G, Densitometry quantification of ERK1/2 phosphorylation normalized against total ERK. Results
are presented as fold changes. * indicates significantly (p < .05) increased ERK phosphorylation in diabetic WT mice. # indicates significantly

(p < .05) decreased ERK1/2 phosphorylation in diabetic Fpr2~'~ mice. H, Densitometry quantification of phosphorylated P38 normalized against
total P38. Results are presented as fold changes. * indicates significantly (p < .05) increased P38 phosphorylation in diabetic WT mice. # indicates
significantly (p < .05) decreased P38 phosphorylation in diabetic Fpr2~'~ mice.
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FIGURE 4 Pathological acellular capillaries in diabetic mouse
retinas. Retinal flat mount was analyzed for pathological acellular
capillaries. A, The retinal vasculature visualized in flat mounts using
concomitant labeling of endothelium (IB4) and basement membrane
(collagen IV). Acellular capillaries are visualized by continual
collagen IV positivity with loss of endothelium. Images show acellular
capillaries (arrows) with collagen IV positive (green) and IB4 negative
(red) vessels. B, The number of >1.3 pm acellular capillaries in mouse
retinas. * indicates significantly (p < .05) increased number in Db WT
mouse retinas compared with normal WT mouse retinas. # indicates
significantly (p < .05) decreased number in Db Fpr2~'~ mouse retinas
compared with Db WT mouse retinas

including high glucose and agonists for the GPCR Fpr2.
Examination of the retinas from diabetic WT mice re-
vealed a higher level of phosphorylation of ERK1/2 and
P38 MAPKSs (Figure 3E-H). In contrast, in the retina from
diabetic Fpr2™'~ mice, the phosphorylation of MAPKs
was significantly diminished. These results indicate an
important role of Fpr2 in amplifying high glucose-medi-
ated inflammatory responses in diabetic retina.

Reduced proliferation of retinal capillaries in diabetic and
OIR Fpr2™"™ mice.

Retinal vasculature is visualized in flat mounts using con-
comitant labeling of endothelium (IB4) and basement mem-
brane (collagen V). Acellular capillaries are visible in the
continuance of collagen IV positivity but loss of IB4. Our
study shows that the retinas in diabetic WT mice contained
approximately sevenfold increase in the numbers of acellular
capillaries compared with non-diabetic retinas (Figure 4A,B).
However, there were decreased acellular vessels in the retinas
of diabetic Fpr2™'~ mice relative to diabetic WT mice (Figure
4A,B). The pathology of OIR bears similarities to DR in mice.
In the murine OIR model, Ki67 is used as a marker for neu-
ronal cell proliferation. IB4, as a marker of the vascular net-
work,29 was used to label retinal vasculatures. In murine OIR,
increased cell proliferation in WT mouse retina was detected
by Ki67 and IB4 staining (Figure 5A,B) indicating an increase
in endothelium in the ischemic retina of WT mice, with reduc-
tion in the ischemic retina of FprZ_/ ~ mice.
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3.5 | Reduced ischemia-induced
neovascularization in OIR F; prZ_/ ~ mice

We further measured retinal neovascularization and ischemic
region in the retina of OIR mice by quantification of pre-
retinal neovascular cell nuclei.’’” H&E staining showed an
increased number of preretinal neovascular cells in WT OIR
mice (Figure 6A,B), which was significantly reduced in
Fpr27'~ OIR mice (Figure 6D,E). After intravitreal injection
of the Fpr2 agonist CRAMP (1 pgin 1 pL PBS) in WT OIR
mice, the cell number was significantly increased compared
to WT OIR mice (Figure 6C), indicating the angiogenic ac-
tivity of Fpr2 in response to the agonist CRAMP. Retinal flat-
mount labeling showed increased neovascular tufts emerging
in WT OIR mice at the boundary between nonperfused and
perfused zones at P17 (Figure 6G,H). The neovascular tufts
and vaso-obliteration (VO) areas in the retina of OIR F] prZ_/_
mice were markedly reduced compared with OIR WT mice
(Figure 6J-M). After administration of CRAMP (1 pgin 1 pL
PBS), the neovascularization and VO areas were signifi-
cantly increased in OIR WT mice (Figure 6I) indicating the
capacity of activated Fpr2 to exacerbate the ischemic damage
of the retina.

( A) Ki67 1B4

Merged (
- . . - -
Fpr2/- . .
OIR
Fpr2-

FIGURE 5
of OIR mice. Retinal proliferation was visualized in flat mounts by

~

o)
o

Fluorescence intensity 0
N o~
o o

OIR

The effect of Fpr2 on cell proliferation in the retinas

concomitant labeling of endothelium IB4 (red) and Ki67 (green).

A, Increased cell proliferation was observed in oxygen-induced

WT mouse retinas than in WT C57BL/6 J (Cntl) mouse retinas.

Cell proliferation was significantly reduced in Fpr2™'~ OIR mouse
retinas. B, Immunofluorescence intensity quantified based on images
in (A). * indicates significantly (p < .05) increased intensity in Db
WT mouse retinas compared with normal mice retinas. # indicates
significantly (p < .05) decreased intensity in Db Fpr2~'~ mouse retinas
compared with Db WT mouse retinas
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3.6 | The expression of Fpr2 agonist
CRAMP in OIR mouse retinas

To investigate the production of potential Fpr2 agonist in the
retina, we examined the presence of CRAMP in mouse reti-
nas. Consistent with our previous observations in DR retina,
CRAMP level was markedly increased in glial cells from OIR
mouse retinas (Figure 7A,B). Interestingly, CRAMP levels
were also increased in the Fpr2~'~ mouse retinas, supporting
the notion for the important role for Fpr2 in mediating the
proinflammatory and proangiogenic activity of CRAMP in
the eye.

4 | DISCUSSION

In this study, using two established models for early and
late stages of DR, we show that the G-protein coupled che-
moattractant receptor, Fpr2, plays a significant role in ex-
acerbating the pathogenesis of the diseases, which include
increased activation of retinal glia cells, retinal inflammatory
responses, and angiogenesis.

Our study demonstrated that all three cell types of retinal
glia responded rapidly reactivity to hyperglycemia anteceding
increased vessel permeability. Because of their close topolog-
ical association with vessels, retinal glial cells are major tar-
gets of vascular alteration and act as communicators between
vessels and neurons during disease progression.30 Reactive
Miiller cells are involved in the regulation of vascular per-
meability and neuronal apoptosis in DR.?! Astrocytes appear
to be pivotal in ion homeostasis, neuronal signaling, and the
integrity of retinal endothelial barrier. In DR, activated astro-
cytes display increase proliferation, migration, hypertrophy,
and secretion of proinflammatory cytokines such as IL-6 and
chemokines.*® In diabetic retinas, activated microglia medi-
ate inflammatory responses resulting in further recruitment
of leukocytes that cause vascular breakdown, glial dysfunc-
tion, and neuronal cell death.**?* Retinal glial cells are also
activated under ischemic conditions in OIR.*3° Activated
astrocytes produce VEGF and other cytokines, important for
revascularization to maintain oxygen supply.3 738

Our study discovered a pivotal role of the GPCR Fpr2
in promoting the pathogenesis of DR and OIR, as demon-
strated by significantly ameliorated disease processes sever-
ity in mice with Fpr2 deficiency, in which the upregulation
of GFAP, IBA1, and Vimentin level seen in the diseases was
significantly attenuated in F] prZ_/_ mice with diabetes, in as-
sociation with reduced glial activation and accumulation in
the retina. The absence of Fpr2 also attenuated the expres-
sion of the proinflammatory cytokines in the diabetic retina.
The involvement of Fpr2 in the disease progression was con-
firmed by FPR inhibitor UPARANT to abolish inflammatory
responses seen in human PDR vitreous implicating in the role
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FIGURE 6 The effect of Fpr2 on pathological angiogenesis in OIR mice. H&E staining was used to detect pathological retinal
neovascularization. A-E, Neovascular cell nuclei anterior to internal limiting membrane (ILM) that represent the extent of retinal neovascularization
in the retinas as indicated with arrows. F, The number of preretinal neovascular cell nuclei on the vitreous side of ILM calculated based on (A).
*indicates significantly (p < .05) increased neovascular cell nuclei in OIR WT mice treated with CRAMP compared with OIR WT mice. The
retinal flat-mount staining with isolectin IB4 was measured to analyze neovascularization (NV) and vaso-obliteration (VO) areas. G-K, Images of
NV and VO areas in the retinas of each mouse group. L, NV areas quantified based on images in (G-K). *indicates significantly (p < .05) increased
NV areas in OIR WT mice treated with CRAMP compared with OIR WT mice. M, VO areas quantified based on images in (G-K). *indicates
significantly (p < .05) increased VO areas in WT OIR mice treated with CRAMP compared with WT OIR mice
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FIGURE 7 The expression of CRAMP in the retina of OIR mice. CRAMP was detected by immunofluorescence in the retina of OIR mice. A,
Increased level of CRAMP in OIR WT mouse retinas compared with normal WT retinas. CRAMP: green, Fpr2: red and nuclei: blue. B, CRAMP
immunofluorescence intensity quantified based on images in (A). * indicates significantly (p < .05) increased CRAMP intensity in OIR WT mouse
retinas compared with normal WT mouse retinas

of human FPRs in the regulation of innate immune responses, to exacerbate proinflammatory responses in the brain of
inflammation, and angiogenesis in the eye.21 Fpr2 was also Alzheimer's disease (AD).*° Thus, Fpr2 in glial cells, which
shown to mediate AB1-42 activation of glial cells in the brain is upregulated by a number of proinflammatory stimulants
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including TLRs and inflammatory cytokines and further-
more, by high glucose, plays an important role in neuroglial
disease conditions including AD, DR, and OIR.*

The proinflammatory property of Fpr2 was further ver-
ified in our current study of retinal neovascularization, a
pathologic process basis of diabetic and ischemic retinop-
athy.*! Neovascularization is a complex process involving
multiple molecules. Accumulating evidence shows that
FPRs play a crucial role in angiogenesis. In rheumatoid
arthritis, a human FPR2 ligand serum amyloid A (SAA)
promotes vascular cell proliferation.*” IL-1p increases the
expression of FPR2 in microvascular endothelial cells to
endothelial cell proliferation.*” FPR2 agonist WKYMVm
peptide promotes the proliferation, migration, and lumen
formation of endothelial progenitor cells through FPR2,
thereby promoting angiogenesis and neovascularization
restores blood circulation to reduce the degree of tissue
damage.44 In addition, FPR inhibitor UPARANT prevents
ocular angiogenesis and reduces the levels of inflammatory
mediators in mice with OIR and laser-induced choroidal
neovascularization.**® Our previous study showed that
high glucose stimulates the expression of Fpr2 in mouse
Miiller cells, and in concert with b-FGFR mediate cell,
proliferation, and release of VEGE.* Thus, Fpr2 actively
participates in the angiogenic processes which are not only
beneficial for tissue restoration after injury but also may
promote detrimental angiogenesis seen in diabetic retinal
diseases as shown in our studies.

Among endogenous chemoattractant ligands recog-
nized by FPR2, LL-37 is a human cationic peptide derived
from the cathelicidin hCAP-18.* The mouse homolog of
LL37 is CRAMP, an important effector molecule of the
innate immune system that induces leukocyte chemotaxis
and activation.**** CRAMP controls normal mouse colon
epithelial growth, repair and protection against inflam-
mation-associated tumorigenesis.50 CRAMP also directly
activates vascular endothelial cells to promote cell prolifer-
ation and form vascular-like structures.' Likewise, human
LL-37 promotes the proliferation and tubule form of um-
bilical vein endothelial cells through FPR2.%? In this study,
CD31 and Fpr2 double positive vascular endothelial cells
were detected in mouse retinal blood vessels with increased
CRAMP production in the retinas of DR and OIR mice.
Furthermore, after intravitreal injection of CRAMP in OIR
mice, neovascularization and vaso-obliteration areas were
significantly increased indicating the proangiogenic func-
tion of CRAMP through Fpr2. These results represent a
novel discovery of Fpr2 in RNV as a driving molecule for
angiogenesis associated with vascular endothelial cell ac-
tivation in ischemic retinas. Thus, Fpr2 participates in the
pathogenesis of early and late sight-threatening stages of
DR, and harnessing Fpr2 activity may revolutionize the de-
velopment of therapies.

-ASEB&i0Advances o WlLEYM

ACKNOWLEDGMENTS

This project has been funded in part by grants from
National Natural Science Foundation of China 81700853,
China Postdoctoral Science Foundation 2019M651927 and
Nantong Science and Technology Project JCZ19081. This
project has also been funded in part by Federal funds from
the National Cancer Institute (NCI), National Institutes of
Health (NIH), under Contract No. HSN261200800001E and
by the Intramural Research Program of NCI, CCR, CIP. The
authors thank Ms. Junfang Zhang and Ms. Lihua Kang for
skillful technical assistance. The secretarial assistance by Ms.
Cheri Rhoderick is also appreciated.

AUTHOR CONTRIBUTIONS

H. Chen, J. M. Wang, and H. Guan designed the research. Y.
Yu, S. Xue, S. Wang, and S. Liu performed the research. R.
Zhu, K. Chen, and X. Cheng analyzed the data. Y. Le con-
tributed new reagents or analytic tools. Y. Yu and S. Xue
wrote the paper.

REFERENCES

1. Ting DS, Cheung GC, Wong TY. Diabetic retinopathy: global prev-
alence, major risk factors, screening practices and public health
challenges: a review. Clin Exp Ophthalmol. 2016;44:260-277.

2. Stitt AW, Curtis TM, Chen M, et al. The progress in understand-
ing and treatment of diabetic retinopathy. Prog Retin Eye Res.
2016;51:156-186.

3. Kwong TQ, Mohamed M. Anti-vascular endothelial growth factor
therapies in ophthalmology: current use, controversies and the fu-
ture. Br J Clin Pharmacol. 2014;78:699-706.

4. Yu Y, Chen H, Su SB. Neuroinflammatory responses in diabetic
retinopathy. J Neuroinflammation. 2015;12:141.

5. Rungger-Brandle E, Dosso AA, Leuenberger PM. Glial reactivity,
an early feature of diabetic retinopathy. Invest Ophthalmol Vis Sci.
2000;41:1971-1980.

6. Kusuhara S, Fukushima Y, Ogura S, Inoue N, Uemura A.
Pathophysiology of diabetic retinopathy: the old and the new.
Diabetes Metab J. 2018;42:364-376.

7. Schellini SA, Gregorio EA, Spadella CT, Machado JL, de-Moraes-
Silva MA. Muller cells and diabetic retinopathy. Braz J Med Biol
Res. 1995;28:977-980.

8. Lin M, Chen Y, Jin J, et al. Ischaemia-induced retinal neovascular-
isation and diabetic retinopathy in mice with conditional knockout
of hypoxia-inducible factor-1 in retinal Muller cells. Diabetologia.
2011;54:1554-1566.

9. Hernandez MR. The optic nerve head in glaucoma: role of astro-
cytes in tissue remodeling. Prog Retin Eye Res. 2000;19:297-321.

10. Banati RB, Graeber MB. Surveillance, intervention and cyto-
toxicity: is there a protective role of microglia? Dev Neurosci.
1994;16:114-127.

11. Karlstetter M, Scholz R, Rutar M, Wong WT, Provis JM, Langmann
T. Retinal microglia: just bystander or target for therapy? Prog
Retin Eye Res. 2015;45:30-57.

12. Zeng HY, Green WR, Tso MO. Microglial activation in human di-
abetic retinopathy. Arch Ophthalmol. 2008;126:227-232.

13. Weiss E, Kretschmer D. Formyl-peptide receptors in infection, in-
flammation, and cancer. Trends Immunol. 2018;39:815-829.



ﬂWl LEY— FASEB:ioAdvances _—

14.

15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

25.

26.
217.
28.

29.

30.

YU ET AL.

Bao Z, Chen K, Krepel S, et al. High glucose promotes human
glioblastoma cell growth by increasing the expression and func-
tion of chemoattractant and growth factor receptors. Transl Oncol.
2019;12:1155-1163.

Zhou Y, Bian X, Le Y, et al. Formylpeptide receptor FPR and the
rapid growth of malignant human gliomas. J Natl Cancer Inst.
2005;97:823-835.

Yao XH, Ping YF, Chen JH, et al. Glioblastoma stem cells
produce vascular endothelial growth factor by activation of
a G-protein coupled formylpeptide receptor FPR. J Pathol.
2008;215:369-376.

Chen K, Iribarren P, Hu J, et al. Activation of Toll-like receptor 2
on microglia promotes cell uptake of Alzheimer disease-associated
amyloid beta peptide. J Biol Chem. 2006;281:3651-3659.
Iribarren P, Chen K, Hu J, et al. CpG-containing oligodeoxynucle-
otide promotes microglial cell uptake of amyloid beta 1-42 peptide
by up-regulating the expression of the G-protein- coupled receptor
mFPR2. FASEB J. 2005;19:2032-2034.

Kwon YW, Heo SC, Jang IH, et al. Stimulation of cutaneous
wound healing by an FPR2-specific peptide agonist WKYMVm.
Wound Repair Regen. 2015;23:575-582.

Choi YH, Heo SC, Kwon YW, et al. Injectable PLGA micro-
spheres encapsulating WKYMVM peptide for neovascularization.
Acta Biomater. 2015;25:76-85.

Rezzola S, Corsini M, Chiodelli P, et al. Inflammation and N-formyl
peptide receptors mediate the angiogenic activity of human vitre-
ous humour in proliferative diabetic retinopathy. Diabetologia.
2017;60:719-728.

YuY, BaoZ, Wang X, et al. The G-protein-coupled chemoattractant
receptor Fpr2 exacerbates high glucose-mediated proinflammatory
responses of muller glial cells. Front Immunol. 2017;8:1852.

Chen K, Le Y, Liu Y, et al. A critical role for the g protein-coupled
receptor mFPR2 in airway inflammation and immune responses. J
Immunol. 2010;184:3331-3335.

Connor KM, Krah NM, Dennison RJ, et al. Quantification of
oxygen-induced retinopathy in the mouse: a model of vessel
loss, vessel regrowth and pathological angiogenesis. Nat Protoc.
2009;4:1565-1573.

Yang N, Zhang W, He T, Xing Y. Suppression of retinal neovas-
cularization by inhibition of galectin-1 in a murine model of oxy-
gen-induced retinopathy. J Ophthalmol. 2017;2017:5053035.

Bats ML, Bougaran P, Peghaire C, et al. Therapies targeting
Frizzled-7/beta-catenin pathway prevent the development of patho-
logical angiogenesis in an ischemic retinopathy model. FASEB J.
2020;34:1288-1303.

Li Z, He T, Du K, et al. Inhibition of oxygen-induced ischemic
retinal neovascularization with adenoviral 15-lipoxygenase-1 gene
transfer via up-regulation of PPAR-gamma and down-regulation of
VEGFR-2 expression. PLoS One. 2014;9:e85824.

McVicar CM, Hamilton R, Colhoun LM, et al. Intervention with
an erythropoietin-derived peptide protects against neuroglial
and vascular degeneration during diabetic retinopathy. Diabetes.
2011;60:2995-3005.

Walchli T, Mateos JM, Weinman O, et al. Quantitative assessment
of angiogenesis, perfused blood vessels and endothelial tip cells in
the postnatal mouse brain. Nat Protoc. 2015;10:53-74.

Moran EP, Wang Z, Chen J, Sapiecha P, Smith LE, Ma JX.
Neurovascular cross talk in diabetic retinopathy: pathophysiolog-
ical roles and therapeutic implications. Am J Physiol Heart Circ
Physiol. 2016;311:H738-749.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang LL, Chen H, Huang K, Zheng L. Elevated histone acetyla-
tions in Muller cells contribute to inflammation: a novel inhibitory
effect of minocycline. Glia. 2012;60:1896-1905.

Sorrentino FS, Allkabes M, Salsini G, Bonifazzi C, Perri P. The
importance of glial cells in the homeostasis of the retinal microen-
vironment and their pivotal role in the course of diabetic retinopa-
thy. Life Sci. 2016;162:54-59.

Altmann C, Schmidt MHH. The role of microglia in diabetic reti-
nopathy: inflammation, microvasculature defects and neurodegen-
eration. Int J Mol Sci. 2018;19.

Grigsby JG, Cardona SM, Pouw CE, et al. The role of microglia in
diabetic retinopathy. J Ophthalmol. 2014;2014:705783.

Vessey KA, Wilkinson-Berka JL, Fletcher EL. Characterization of
retinal function and glial cell response in a mouse model of oxy-
gen-induced retinopathy. J Comp Neurol. 2011;519:506-527.
Downie LE, Pianta MJ, Vingrys AJ, Wilkinson-Berka JL, Fletcher EL.
AT 1 receptor inhibition prevents astrocyte degeneration and restores vas-
cular growth in oxygen-induced retinopathy. Glia. 2008;56:1076-1090.
Stone J, Chan-Ling T, Pe'er J, Itin A, Gnessin H, Keshet E. Roles
of vascular endothelial growth factor and astrocyte degeneration in
the genesis of retinopathy of prematurity. Invest Ophthalmol Vis
Sci. 1996;37:290-299.

Scott A, Powner MB, Gandhi P, et al. Astrocyte-derived vascular
endothelial growth factor stabilizes vessels in the developing reti-
nal vasculature. PLoS One. 2010;5:e11863.

Slowik A, Merres J, Elfgen A, et al. Involvement of formyl pep-
tide receptors in receptor for advanced glycation end products
(RAGE)-and amyloid beta 1-42-induced signal transduction in
glial cells. Mol Neurodegener. 2012;7:55.

Chen K, Zhang L, Huang J, Gong W, Dunlop NM, Wang JM.
Cooperation between NOD2 and Toll-like receptor 2 ligands in the
up-regulation of mouse mFPR2, a G-protein-coupled Abeta42 pep-
tide receptor, in microglial cells. J Leukoc Biol. 2008;83:1467—1475.
Campochiaro PA. Molecular pathogenesis of retinal and choroidal
vascular diseases. Prog Retin Eye Res. 2015;49:67-81.

Lee MS, Yoo SA, Cho CS, Suh PG, Kim WU, Ryu SH. Serum am-
yloid A binding to formyl peptide receptor-like 1 induces synovial
hyperplasia and angiogenesis. J Immunol. 2006;177:5585-5594.
Mou H, Li Z, Kong Y, et al. Proinflammatory stimulants promote the
expression of a promiscuous G protein-coupled receptor, mFPR2, in
microvascular endothelial cells. Inflammation. 2012;35:656-664.
Heo SC, Kwon YW, Jang IH, et al. WKYMVm-induced activation
of formyl peptide receptor 2 stimulates ischemic neovasculogene-
sis by promoting homing of endothelial colony-forming cells. Stem
Cells. 2014;32:779-790.

Dal Monte M, Rezzola S, Cammalleri M, et al. antiangiogenic ef-
fectiveness of the urokinase receptor-derived peptide UPARANT
in a model of oxygen-induced retinopathy. Invest Ophthalmol Vis
Sci. 2015;56:2392-2407.

Cammalleri M, Dal Monte M, Locri F, et al. The urokinase re-
ceptor-derived peptide UPARANT mitigates angiogenesis in a
mouse model of laser-induced choroidal neovascularization. Invest
Ophthalmol Vis Sci. 2016;57:2600-2611.

Tomasinsig L, Zanetti M. The cathelicidins—structure, function and
evolution. Curr Protein Pept Sci. 2005;6:23-34.

Kurosaka K, Chen Q, Yarovinsky F, Oppenheim JJ, Yang D.
Mouse cathelin-related antimicrobial peptide chemoattracts leuko-
cytes using formyl peptide receptor-like 1/mouse formyl peptide
receptor-like 2 as the receptor and acts as an immune adjuvant. J
Immunol. 2005;174:6257-6265.



YU ET AL.

49. De Y, Chen Q, Schmidt AP, et al. LL-37, the neutrophil granule- and
epithelial cell-derived cathelicidin, utilizes formyl peptide receptor-like
1 (FPRL1) as a receptor to chemoattract human peripheral blood neu-
trophils, monocytes, and T cells. J Exp Med. 2000;192:1069-1074.

50. Liang W, Chen K, Gong W, et al. The contribution of chemoattrac-
tant GPCRs, formylpeptide receptors, to inflammation and cancer.
Front Endocrinol (Lausanne). 2020;11:17.

51. Krepel SA, Wang JM. chemotactic ligands that activate G-protein-
coupled formylpeptide receptors. Int J Mol Sci. 2019;20.

52. Koczulla R, von Degenfeld G, Kupatt C, et al. An angiogenic role
for the human peptide antibiotic LL-37/hCAP-18. J Clin Invest.
2003;111:1665-1672.

-ASEB&i0Advances o WlLEYM

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Yu Y, Xue S, Chen K, et al.
The G-protein-coupled chemoattractant receptor Fpr2
exacerbates neuroglial dysfunction and angiogenesis in
diabetic retinopathy. FASEB BioAdvances. 2020;2:613—
623. https://doi.org/10.1096/fba.2020-00034



https://doi.org/10.1096/fba.2020-00034

