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Abstract

Aims/hypothesis Microglial activation in diabetic retinopathy and the protective effect of erythropoietin (EPO) have been
extensively studied. However, the regulation of microglia in the retina and its relationship to inner blood-retinal barrier
(iBRB) maintenance have not been fully characterised. In this study, we investigated the role of microglia in iBRB breakdown
in diabetic retinopathy and the protective effects of EPO in this context.

Methods Male Sprague Dawley rats were injected intraperitoneally with streptozotocin (STZ) to establish the experimental
model of diabetes. At 2 h after STZ injection, the right and left eyes were injected intravitreally with EPO (16 mU/eye, 2 ul)
and an equivalent volume of normal saline (NaCl 154 mmol/l), respectively. The rats were killed at 2 or 8 weeks after diabetes
onset. Microglia activation was detected by ionised calcium binding adaptor molecule (IBA)-1 immunolabelling. Leakage of the
iBRB was evaluated by albumin staining and FITC-dextran permeability assay. BV, cells and primary rat microglia under
hypoxic conditions were used to model microglial activation in diabetic retinopathy. Phagocytosis was examined by confocal
microscopy in flat-mounted retina preparations and in microglia and endothelial cell cocultures. Protein levels of IBA-1, CD11b,
complement component 1r (Clr), and Src/Akt/cofilin signalling pathway components were assessed by western blotting.
Results In diabetic rat retinas, phagocytosis of endothelial cells by activated microglia was observed at 8 weeks, resulting in an
increased number of acellular capillaries (increased by 426.5%) and albumin leakage. Under hypoxic conditions, activated
microglia transmigrated to the opposite membrane of the transwell, where they disrupted the endothelial cell monolayer by
engulfing endothelial cells. The activation and phagocytic activity of microglia was blocked by intravitreal injection of EPO.
In vitro, IBA-1, CD11b and Clr protein levels were increased by 50.9%, 170.0% and 135.5%, respectively, by hypoxia, whereas
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Research in context

What is already known about this subject?

e Microglia are activated in diabetic retinopathy

e Inner blood-retinal barrier (iBRB) breakdown happens early in diabetic retinopathy

e  Erythropoietin (EPO) protects the retina from insults of diabetes

What is the key question?

e How do activated microglia damage endothelial cells in diabetic retinopathy and can EPO prevent this through
supressing the activation of microglia to protect the iBRB?

What are the new findings?

e Activated microglia can penetrate the basement membrane of retinal blood vessels and phagocytose the

endothelial cells, resulting in iBRB breakdown

e EPO prevented iBRB disruption through inhibiting microglial activation and phagocytosis by activating the

Src/Akt/cofilin signalling pathway in microglia

How might this impact on clinical practice in the foreseeable future?

e  Our findings indicate that EPO, as a multifunctional molecule, is a potential candidate for the treatment of diabetic
macular oedema in early diabetic retinopathy and the regulation of microglia might represent an alternative

approach for the treatment of diabetic retinopathy

the phosphorylated proteins of Src/Akt/cofilin signalling pathway components were decreased by 74.2%, 47.8% and 39.7%,
respectively, compared with the control; EPO treatment abrogated these changes.

Conclusions/interpretation In experimental diabetic retinopathy, activated microglia penetrate the basement membrane of the
iBRB and engulf endothelial cells, leading to iBRB breakdown. EPO exerts a protective effect that preserves iBRB integrity via
activation of Src/Akt/cofilin signalling in microglia, as demonstrated in vitro. These data support a causal role for activated
microglia in iBRB breakdown and highlight the therapeutic potential of EPO for the treatment of diabetic retinopathy.

Keywords Diabetic retinopathy - Erythropoietin - Inner blood—retinal barrier - Microglia - Retinal vascular endothelial cell

Abbreviations

AC Acellular capillary

Clr Complement component 1r

EPO Erythropoietin

HRMEC Human retinal microvascular endothelial cell
IBA-1 ITonised calcium binding adaptor molecule-1
iBRB Inner blood-retinal barrier

B4 Isolectin B4

PI Propidium iodide

RM Rat primary microglia

STZ Streptozotocin

VEGF Vascular endothelial growth factor
Introduction

Diabetic retinopathy, a leading cause of blindness in the
working-age population [1-3], is considered as both microan-
giopathy and neuropathy that affects all retinal cells.

@ Springer

Neurovascular unit injury is also implicated in the actiology
of diabetic retinopathy [4, 5]. Glial activation is thought to be
the first event in the pathogenesis of diabetic retinopathy [6, 7].

Microglia are resident cells of the retina that can differen-
tiate from monocytes [8, 9]. Under normal conditions, microg-
lia have a ramified morphology and screen the retina by virtue
of their long processes [10]; when the microenvironment is
perturbed, they become activated and assume an amoeboid
form [11, 12]. Activated microglia are involved in inflamma-
tion, migrating from the inner to outer retina and releasing
proinflammatory cytokines such as TNF-« and IL-1[3 [13,
14]. The observed perivascular clustering of microglia and
fibrinogen deposition in diabetic retinopathy suggests a rela-
tionship between microglial activation and disruption of the
inner blood-retinal barrier (iBRB) [15].

Erythropoietin (EPO), besides stimulating erythrocyte
production, has multiple functions, including neurotrophic
activity in ischaemic damage and stroke, Parkinson’s disease
and retinal degeneration [16]. We previously evaluated the
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efficacy, pharmacokinetics, toxicity and mechanism of action
of EPO in experimental diabetic retinopathy [17-19] and
found that it has protective effects in retinal neurons [20],
microvascular endothelium [19], retinal pigment epithelium
(RPE) [21] and Miiller cells [22].

In an off-label clinical study, five patients with diffuse
diabetic macular oedema who were unresponsive to standard
treatments showed improvement upon intravitreal EPO
administration. EPO reduced macular oedema and improved
visual acuity. Interestingly, in some patients, hard exudates
decreased and even disappeared, possibly as a result of phago-
cytosis by microglia [23].

Microglial activation in diabetic retinopathy has both posi-
tive and negative effects [24]. While the clearance of debris is
beneficial, activated microglia can also cause damage to
normal retina, including the vascular endothelium. We spec-
ulated that under diabetic conditions, leaked albumin resulting
from iBRB breakdown stimulates microglial migration to the
injury site for clearance of hard exudate; however, increased
phagocytic activity of the microglia damages normal retinal
vascular endothelial cells, thereby exacerbating iBRB break-
down, increasing the number of acellular capillaries (ACs),
and leading to further leakage from blood vessels. We also
hypothesised that EPO treatment could protect vascular endo-
thelial cells from damage caused by activated microglia.

Methods

Animal model of diabetic retinopathy and intravitreal EPO
injection All animal procedures were carried out in accor-
dance with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for Use of Animals in
Ophthalmic and Vision Research and the US National
Research Council Guide for the Care and Use of Animals.
The protocol was approved by the ethics committee for animal
experiments of Tongji University (permit number:
TIJHBLAC-2020-06). Male Sprague Dawley rats weighing
120-160 g were purchased from Shanghai Laboratory
Animal Center (Chinese Academy of Sciences, Shanghai,
China) and maintained on a 12:12-h light/dark cycle with free
access to food and water. Sprague Dawley rats were randomly
assigned to be made diabetic. To establish diabetes, the rats
were fasted for 24 h and i.p. injected with streptozotocin (STZ,
60 mg/kg body weight in citric acid buffer); control animals
were injected with the same volume of citric acid buffer [17].
Information on blood glucose level and body weight for the
validation of diabetes establishment after STZ injection is
provided in electronic supplementary material (ESM)
Table 1. Animals receiving STZ were declared diabetic when
their blood glucose exceeded 13.9 mmol/l (250 mg/dl) for 3
consecutive days. The rats were excluded from the experiment
if they failed to develop diabetes.

At 2 h after STZ injection, the right eye of diabetic rats was
intravitreally injected with EPO (16 mU/eye, 2 pl; catalogue
no. 286-EP; R&D, MN, USA) (referred to as the D+E group
in the figures), while the left eye was injected with the equiv-
alent volume of normal saline (NaCl 154 mmol/l; referred to
as the D group). Intravitreal injection of EPO was repeated
every month, based on our previous work [17]. Age-matched
normal control rats were left untreated. Rats were killed at
either 2 or 8 weeks after diabetes onset.

BV, cells, primary human retinal microvascular endothelial
cells and rat primary microglia cultures The BV, mouse
microglia cell line, purchased from American Type Culture
Collection (Manassas, VA, USA), was cultured in high-
glucose (25 mmol/l) DMEM containing 10% (vol./vol.) FBS
(catalogue no. 10091148; Gibco, NY, USA) and 1% (vol./
vol.) penicillin/streptomycin (catalogue no. 15140122;
Invitrogen, CA, USA) at 37°C and 5% CO, in a humidified
incubator. After 24 h, the cells were divided into three groups:
normal control, hypoxia treatment and hypoxia+EPO treatment.
The latter two groups were incubated in a hypoxic workstation
(Whitley H35 Hypoxystation; Don Whitley Scientific, Bingley,
UK) with 1% O, without or with EPO (1 U/ml) treatment.

To investigate the mechanism of action of EPO, BV, cells
were pretreated with 0.5 pmol/l Src family activator (catalogue
no. sc-3052; Santa Cruz Biotechnology, CA, USA), 10 umol/l
Akt activator SC79 (catalogue no. S7863; Selleck, TX, USA)
or 10 umol/l Akt inhibitor MK2206 (catalogue no. S1078;
Selleck) for 30 min to 1 h before exposure to hypoxia.

Human retinal microvascular endothelial cells (HRMECs;
Sciencell Research Laboratories, Carlsbad, CA, USA) were
cultured in endothelial culture medium (catalogue no. 1001;
Sciencell) containing 5% (vol./vol.) FBS (catalogue no. 0025;
Sciencell), 1% (vol./vol.) endothelial cell growth supplement
(catalogue no. 1052; Sciencell) and 1% penicillin/
streptomycin solution (catalogue no. 0503; Sciencell) at
37°C and 5% CO, in a humidified incubator.

Rat primary microglia (RM) (catalogue no. R1900;
Sciencell) were cultured in Microglia Medium (catalogue
no. 1901; Sciencell) supplemented with 5% FBS (catalogue
no. 0025; Sciencell), 1% (vol./vol.) Microglia Growth
Supplement (catalogue no. 1952; Sciencell), and 1%
penicillin/streptomycin solution (catalogue no. 0503;
Sciencell) at 37°C and 5% CO, in a humidified incubator.

BV, cells spontaneously detached from the culture dish
after incubation under the hypoxic condition, and both adher-
ent and detached cells were separately collected for assays.

To mimic the interaction between microglia and endothelial
cells in diabetic retinopathy, we established a BV, cel/HRMEC
coculture system (Fig. 6a). The basal side of the inverted
transwell membrane was pre-coated with fibronectin to simulate
the basement membrane of capillaries, and the endothelial cells
(1 x 10%well) were seeded and cultured in endothelial cell

@ Springer



214

Diabetologia (2021) 64:211-225

medium until they reached confluence. BV, cells (1 x 10*/well)
were seeded on the apical side of the transwell membrane and
cultured in the high-glucose medium. The coculture system was
maintained under normoxic or hypoxic conditions for 9 h.
Microglial migration and phagocytic activity were examined
under a confocal microscope (Al R HD25; Nikon, Tokyo,
Japan). We also established a RM/HRMEC coculture system,
for which the time of incubation under normoxic or hypoxic
conditions was extended to 48 h based on the observations for
RM activation (see ESM for further details).

Immunofluorescence analysis Eyes were fixed in 2% (wt/vol.)
paraformaldehyde for 1 h at 4°C, and anterior segments
including the cornea, iris and lens were removed. After dehy-
dration in a graded series of sucrose solutions (wt/vol.; 10—
30%), the eye cups were embedded in optimal cutting temper-
ature compound (Sakura Finetek, Tokyo, Japan) and stored at
—80°C until sectioning. Frozen serial sections (15-pum thick)
were cut on a cryostat microtome (Leica, Wetzlar, Germany).

For immunofluorescence labelling, cryosections were fixed
in 2% paraformaldehyde for 2 h and permeabilised with
blocking/permeabilisation solution composed of 1% (wt/
vol.) BSA and 0.1% (vol./vol.) Triton X-100 in 1x PBS.
After blocking in the same solution for 1 h at room tempera-
ture, the sections were incubated overnight at 4°C with rabbit
anti-IBA-1 antibody (1:500, catalogue no. 019-19741;
WAKO, Osaka, Japan). After washing three times with 1x
PBS for 10 min each, the sections were incubated with donkey
anti-rabbit [gG H&L (Alexa Fluor 555, 1:500; catalogue no.
ab150074; Abcam, USA) for 1 h at room temperature. After
three washes for 10 min each with 1x PBS, the sections were
counterstained and mounted with DAPI-Fluoromount-G
(catalogue no. 0100-20; SouthernBiotech, AL, USA) and
examined under a confocal microscope (Al R HD25).

To prepare retinal flat-mounts for immunofluorescence anal-
ysis, eyeballs were fixed overnight with 2% paraformaldehyde.
Under a dissecting microscope, the neural retina was dissected
and immersed in permeabilisation buffer (2.5% Triton X-100
and 2.5% (vol./vol.) Tween-20 in 1x PBS). The flat-mounts were
incubated in permeabilisation buffer on a shaker for 1-4 days at
4°C, followed by overnight incubation with rabbit anti-IBA-1,
goat anti-human collagen IV (1:100, catalogue no. 134001; Bio-
Rad, CA, USA), and mouse anti-albumin (1:100, catalogue no.
66051; Proteintech, China) antibodies. After three washes with
1x PBS for 15 min each, the retina was incubated for 2 h in the
dark with secondary antibody or fluorescent probe, i.e. donkey
anti-rabbit [gG H&L (Alexa Fluor 488), donkey anti-goat IgG
H&L (Alexa Fluor 555), donkey anti-mouse IgG H&L (Alexa
Fluor 647) (Abcam), or isolectin B4 (IB4; 1:2000, catalogue no.
121411/132450; Invitrogen) [25]. Flat-mounts were washed three
times for 15 min each with 1x PBS, and mounted with coverslips
using Fluoromount-G (catalogue no. 0100-01; SouthernBiotech)
followed by examination under a confocal microscope.

@ Springer

Western blotting Cells and retinal tissue samples were lysed in
radioimmunoprecipitation assay lysis buffer (catalogue no.
20101ES60; Yeasen, Shanghai, China) containing a complete
protease inhibitor cocktail (1:50; Roche, Basel, Switzerland)
and PhosStop phosphatase inhibitors (1:10; Roche). The samples
were sonicated for 10 s and then placed on ice for 30 min.
Protein concentration was measured with the Pierce
bicinchoninic acid protein assay kit (catalogue no. 23225;
Thermo Fisher Scientific, MA, USA). After denaturation at high
temperature (100°C for 5 min), proteins were separated by SDS-
PAGE and probed with primary and corresponding secondary
antibodies (ESM Table 2). Protein bands were detected by
chemiluminescence or imaged with an Odyssey infrared imag-
ing system (LI-COR Biosciences, Lincoln, NE, USA).

Microglial quantification and 3D image reconstruction IBA-
1-positive cells in retinal flat-mount preparations were imaged
by confocal microscopy, and the images were transformed
into binary and skeleton pictures using Imagel software
(Version 1.52v; NIH, Bethesda, MD, USA). The number of
microglia as well as other variables, such as the length of
branches or processes and the number of branch points, were
quantified according to a previous study [26].

For 3D reconstruction of flat-mounts, the confocal images
were processed using IMARIS software (Version 7.4.2;
Bitplane/Andor Technology, Belfast, UK) as recommended
by the manufacturer.

Retinal vascular leakage examination To detect retinal vascu-
lar leakage in Sprague Dawley rats, colour fundus photogra-
phy and fundus fluorescein angiography were performed at
8 weeks after diabetes onset with or without EPO treatment.
In addition, FITC-dextran (catalogue no. FD10S, Sigma,
USA) was also utilised to confirm iBRB breakdown in
Sprague Dawley rat retinas under different treatments (see
ESM for further details).

Flow cytometry analysis and phagocytosis assay BV, cells
were costained with Annexin V and propidium iodide (PI, cata-
logue no. 40305ES20; Yeasen). After three washes, the cells
were assayed by FACS, and the ratio of apoptotic/necrotic cells
to normal cells was calculated accordingly. The phagocytosis
assay was performed by calculating the ratio of cells with fluo-
rescent microsphere to total cells as above.

Cell smear immunostaining for phagocytosis assay Phagocytosis
by microglia was evaluated with FluoSpheres carboxylate-
modified microspheres (1.0 um, Nile Red fluorescent stain
[535/575], catalogue no. F8819; Invitrogen) according to
the manufacturer’s instructions. Briefly, BV, cells were
seeded on coverslips in a 24-well culture dish (1 x 10*
cells/dish). The microspheres were diluted with cell culture
medium to a final concentration of 5 x 10’ beads per well
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and added to the cells for 2 h under hypoxic conditions.
Groups of cells were also treated with EPO or left untreat-
ed for 24 h under hypoxia.

To perform the phagocytosis assay, BV, cells in suspen-
sion were collected, fixed and permeabilised in tubes contain-
ing 1x PBS with 0.5% Triton X-100 for 30 min. After
blocking with 1x PBS containing 1% BSA and 0.2% Triton
X-100 for 1 h, the cells were stained with phalloidin (1:1000,
catalogue no. 40736ES750; Yeasen) for 2 h in the dark and
DAPI (catalogue no. 40728ES03; Yeasen) for 10 min, follow-
ed by three rinses with 1x PBS. The cells were mounted on
coverslips and stored at room temperature until examination
under a confocal microscope. Cells that had engulfed >2
microspheres were selected as phagocytic cells, and the ratio
of phagocytic cells to total cells was calculated.

ELISA The protein level of vascular endothelial growth factor
(VEGF) in the supernatant of BV, cells under normoxic or
hypoxic conditions was measured using an ELISA kit (cata-
logue no. MMV00, R&D Systems, Minneapolis, MN, USA).
Following the manufacturer’s instructions, the amount of
VEGEF in the samples was determined by using a microplate
reader set to 450 nm, which was interpolated from a standard
curve constructed from standards after correction for sample
dilution.

Statistical analysis Data are expressed as mean = SEM and
were analysed with the two-tailed Student’s 7 test (unpaired ¢
test) or one-way ANOVA by using IBM SPSS Statistics
(version 20; IBM, USA) and GraphPad Prism 8 (GraphPad
Software, USA). A p value of <0.05 was considered statisti-
cally significant.

Results

EPO inhibits microglial activation in diabetic retinopathy To
detect changes in microglial morphology in diabetic retinop-
athy, we performed immunolabelling of microglial marker
IBA-1 and endothelial cell marker IB4 in retinal flat-mounts.
In the normal control, IBA-1-positive microglia were evenly
distributed and had a ramified morphology (Fig. la).
However, microglia in diabetic retina had larger cell bodies
and an amoeboid morphology, which became more
pronounced with diabetes progression. EPO treatment
restored the normal morphology of microglia.

To further characterise microglial activation, we analysed
the number of branches, branch points, endpoints and branch
length of microglia in rat retinas 8 weeks after diabetes onset.
Compared with the normal control, in diabetic rats the number
of microglia was increased by 76.7% (p=0.001), whereas
branch length, number of branch points and endpoints were
decreased by 28.3% (p=0.018), 34.6% (p=0.005) and

45.6% (n=3 retinas from 3 rats, p =0.001), respectively.
EPO treatment prevented these changes, decreasing the cell
number by 27.1% (p =0.004) compared with that in diabetic
retinas without EPO, and increasing branch length by 35.5%
(p=0.030), and the number of branch points and endpoints by
49.4% (p=0.003) and 67.3% (p=0.001), respectively (Fig.
1b—f). There was no significant difference among the three
groups at 2 weeks after diabetes onset (ESM Fig. 1).

We also examined the expression of IBA-1 by western
blotting and found that, compared with normal control, the
IBA-1 protein level in diabetic retinas was almost unchanged
2 weeks after diabetes onset (Fig. 1g), but there was a non-
significant increase at 8 weeks (p =0.150; Fig. 1h). The
immunofluorescence and western blotting results suggest that
IBA-1 immunolabelling is a sensitive method for detecting
activated microglia. Based on these observations, we used
rat retinas 8 weeks after diabetes onset (referred to as 8-
week-diabetic rat retinas) for subsequent analyses.

EPO prevents vascular leakage by inhibiting endothelial cell
phagocytosis by microglia in the retina in diabetes To assess
the correlation between microglial activation and iBRB break-
down, we performed double immunolabelling of IBA-1 and
albumin with IB4 in 8-week-diabetic rat retinas with or with-
out EPO treatment. Albumin leakage into the retinal paren-
chyma was clearly observed in the diabetic retinas compared
with the control; this was largely abolished by EPO (Fig. 2a).
Three-dimensional reconstruction of retinal flat-mounts
confirmed these results (Fig. 2b). To further confirm the
iBRB breakdown, a FITC-dextran permeability assay was
performed, and the result showed that, compared with the
normal control, the leakage of FITC-dextran was increased
in diabetic rat retinas, which was prevented by EPO (ESM
Fig. 2). In addition, in diabetic retinas, there was more albu-
min scattered between blood vessels and fewer microglia, and
there were a greater number of microglia with amoeboid
morphology in close contact with retinal vascular endothelial
cells and less albumin (Fig. 2, ESM Video 1), suggesting that
activated microglia are effectors in iBRB disruption and cause
albumin leakage from blood vessels rather than scavenging
the leaked albumin.

To distinguish between these two possibilities, we
performed double immunolabelling of retinas using antibod-
ies against IBA-1 and collagen IV (a blood vessel basement
membrane marker). The number of ACs and microglia in
close contact with endothelial cells in diabetic retinas was
426.5% (p=0.001) and 85.3% higher (p <0.001) than in
normal control retinas, respectively (Fig. 3a—c, ESM Video
2). EPO administration decreased the number of ACs and
the wrapping microglia by 46.7% (p=0.011) and 23.8%
(p=0.014), respectively. Three-dimensional reconstruction
confirmed close contact between activated microglia and
endothelial cells in the diabetic retinas, and endothelial cell
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Fig. 1 EPO inhibits microglial a
activation in rat retina 8 weeks
after induction of diabetes. (a)
Morphological changes in
microglia immunolabelled for
IBA-1 (red) and IB4 (green) in
normal control and 8-week-
diabetic rat retinas with or without
EPO treatment. (b—f)
Quantification of morphological
changes in microglia in 8-week z
rat retinas. Representative binary

and skeletonised images are

shown (b). (c—f) Summary data of

number of microglia/field (c),

branch length/cell (d), number of

branch points/cell (e) and number o
of endpoints/cell (f). Data are
expressed as mean + SEM (n=3
retinas from distinct rats). (g, h)
IBA-1 expression was non-
significantly increased in 8-week-
diabetic retinas (h; p=0.150), but
no changes were observed at

2 weeks (g). Data are expressed as
mean + SEM (g: n=6 retinas; h:
n=>5 retinas). D, diabetes group;
D+E, diabetes with EPO
treatment group; N, normal
control group; NC, negative
control. *p<0.05, **p<0.01 by
one-way ANOVA. Scale bar,

50 um
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fragments inside microglia implied that the former had been
engulfed by the latter (Fig. 3d, ESM Video 3).

EPO inhibits microglial activation under hypoxic conditions
The in vivo data showed that activated microglia in
diabetic retinas engulfed endothelial cells, leading to
increased ACs and vascular leakage, while EPO reversed
this (Figs 1-3). To mimic the activation of microglia in
diabetic retinopathy, we cultured BV, cells under hypoxic
conditions (1% O,). After 24 h, some cells with an amoe-
boid form spontaneously detached from the culture dish,
while those that remained attached had a ramified
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morphology (Fig. 4a). The cell number remained relatively
unchanged over the 24 h under hypoxic conditions, where-
as in the normoxic control the cell number increased with
time (Fig. 4b). We also used FACS with Annexin V/PI
labelling to count the total number of cells in the suspen-
sion and determine the percentage of living vs dead cells
(Fig. 4c—e). More cells were detached in hypoxia than in
normoxia (5.53 x 10*/ml vs 1.51 x 10*/ml, p<0.001; Fig.
4d). Although the fraction of living cells was lower in
hypoxia than in normoxia (46.3% vs 81.4%), the absolute
number of living cells was higher (2.56 x 10%/ml vs 1.23 x
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Fig. 2 EPO prevents albumin a IBA-1

leakage in diabetic rat retina by
inhibiting microglia activation.
(a) Representative confocal
micrographs of IBA-1 (red), IB4
(green) and albumin (white)
immunolabelling in retinas from
normal rats and diabetic rats

8 weeks after diabetic retinopathy z
induction. Leaked albumin is

indicated by white arrowheads,

and the white rectangular boxes

indicate colocalisation of IBA-1

and B4 at a site of increased

leakage. Merge-1 shows albumin

and IB4 immunoreactivity, and

Merge-2 shows the merged

signals from all three channels

(n=6 retinas from distinct rats).

Scale bar, 50 um. (b) 3D o
reconstruction of albumin leakage

from blood vessels in the retina.

Leaked albumin is visible as

white spots (white arrowheads) in

the three views of the 3D images.

Scale bar, 30 um. D/D’, diabetes

group (different views from the

same retina); D+E, diabetes with

EPO treatment group; N, normal b
control group

NC

D+E

D+E

10*/ml, p=0.020; Fig. 4e). These results indicate that
hypoxia induces microglial activation.

EPO inhibits microglia phagocytosis under hypoxic conditions
To assess the activation of BV, cells in suspension, we exam-
ined integrin-1 and IBA-1 levels by western blotting (Fig.
4f,g). Compared with adherent cells, those that became
detached from the culture dish had lower integrin-31 and
higher IBA-1 levels, confirming the activation of microglia.

Front view

Albumin Merge-1 Merge-2

Side view

Specifically, relative to the level in adherent control cells, the
IBA-1 level in the suspended cells was increased by 373%
(p =0.040) under hypoxic conditions and by 30% under
normoxic conditions (p = 0.284).

The phagocytic activity of microglia was examined using
fluorescent microspheres. By comparing the number of
microglia containing fluorescent microspheres, the phagocytic
activity of microglia, indicated by the ratio of the number of
phagocytic microglia to the total number of microglia, was
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Fig. 3 EPO decreases the number of ACs by inhibiting phagocytosis of
endothelial cells by microglia. (a) Representative images of IBA-1 (red),
IB4 (green), and collagen IV (Col IV, blue) immunolabelling in retinas
from normal rats and diabetic rats 8 weeks after diabetic retinopathy
induction. Colocalisation of ACs and IBA-1-positive microglia is indicat-
ed by white arrowheads. Scale bar, 50 pum. (b) Quantification of ACs/
field. (¢) Quantification of the number of microglia in close contact with
retinal vascular endothelial cells (ECs)/field. Data are expressed as mean
+ SEM (n=5 retinas from distinct rats). (d) Endothelial cells engulfed by
activated microglia across the basement membrane of endothelial cells in

36.2% (p=0.031) and 93.7% (p=0.001) higher under
normoxic and hypoxic conditions, respectively, in suspended
cells compared with that in adherent cells, which was
confirmed by FACS (ESM Fig. 3).

To determine the optimal concentration of EPO for modu-
lating microglia activation, BV, cells cultured subjected to
hypoxia were treated with different concentrations of EPO
and IBA-1 expression was examined. We found that the
IBA-1 level was increased by 50.9% (p = 0.019) under hypox-
ic conditions compared with normoxic conditions; treatment
with 0.5, 1 and 10 U/ml EPO decreased IBA-1 expression by
38.5% (p=0.021), 34.9% (p=0.031) and 7.8% (p =0.749),
respectively, compared with the level under hypoxic condi-
tions (Fig. 5a). Based on this result, we used an EPO concen-
tration of 1 U/ml for subsequent experiments. We examined
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diabetic rat retinas. i-iii show 3D views of retinal flat-mounts. Endothelial
cell fragments (IB4") are visible inside two activated microglia (white
rectangle). A higher number of endothelial cells was associated with
fewer activated microglia (purple rectangle). Scale bar, 10 um. iv—vi
show high-magnification views of endothelial cells phagocytosed by
microglia shown in i—iii (white oval/box) (merged channels). Scale bar,
5 um. D/D’, diabetes group (different views from the same retina); D+E,
diabetes with EPO treatment group; N, normal control group. *p<0.05,
*#p<0.01, **¥*p<0.001 by one-way ANOVA

the protein expression of CD11b (a marker of microglial acti-
vation) and complement component Ir (Clr; a marker of
phagocytosis) in BV, cells under hypoxic conditions with or
without EPO treatment. Compared with cells under normoxic
conditions, CD11b and Clr expression was increased by
170.0% (p=0.012) and 135.5% (p=0.007), respectively;
EPO treatment decreased the level by 41.3% (p =0.042) and
35.9% (p = 0.049), respectively, relative to that under hypoxic
conditions (Fig. 5b,c).

The phagocytic activity of cultured BV, cells with or with-
out EPO treatment was also evaluated with the fluorescent
microsphere assay. Compared with normoxia, the number of
cells containing fluorescent microspheres was increased by
118.1% in hypoxia (vs normoxia, p <0.001) and decreased
by 32.1% (vs hypoxia, p=0.005) by EPO treatment (Fig.
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Fig. 4 Hypoxia induces microglia activation. (a) Morphology of BV,
cells after 24 h in normoxia and hypoxia (1% O,). Scale bars, 80, 40,
20 pum (from top to bottom). (b) Changes in the density of BV, cells at
different time points under normoxic and hypoxic conditions *p<0.05 vs
3 h under normoxic conditions; 'p<0.05 vs 3 h under hypoxia; ¥p<0.05
hypoxia vs corresponding time point under normoxia. (c—e) FACS anal-
ysis of viable cells under hypoxic conditions. (f) Decreased integrin-31
expression in suspended cells compared with adherent cells under
normoxic and hypoxic conditions. (g) Increased IBA-1 protein level in
suspended cells compared with adherent cells in hypoxia. Data are
expressed as mean + SEM (n=3 from separate cell samples). H, hypoxia
group; H(A), adherent cells under hypoxic conditions; H(S), suspended
(detached) cells under hypoxic conditions; N, normoxia group; N(A),
adherent cells under normoxic conditions; N(S), suspended (detached)
cells under normoxic conditions. The data were analysed by one-way
ANOVA (f, g) and unpaired ¢ test (b, d, e); (d—g) *p<0.05, ***p<0.001

5d,e). Similarly, F-actin immunoreactivity, as indicated by
phalloidin staining, was apparently increased under hypoxia,
which was slightly decreased by EPO (Fig. Se).

We also used primary microglia to confirm the above
changes. Compared with the microglia under normoxic

conditions, the cellular bodies of primary microglia were
enlarged slightly (ESM Fig. 4a). In addition, protein levels
of IBA-1, CDI11b and Clr were increased under hypoxic
conditions, and this increase was reduced by EPO (ESM
Fig. 4b—e). In terms of phagocytic activity, the ratio of primary
microglia containing fluorescent microspheres to total microg-
lia was increased by 19.9% (p = 0.007) under hypoxic condi-
tions, but the level under hypoxic conditions was decreased by
18.1% (p =0.005) by EPO (ESM Fig. 5).

EPO blocks endothelial cell phagocytosis by microglia under
hypoxic conditions Our results showed that the phagocytic
activity of microglia was enhanced under diabetic and hypox-
ic conditions (Figs 3 and 5). To determine whether activated
microglia directly engage endothelial cells we used a BV,
cel/HRMEC coculture system to mimic their interaction and
labelled the cells with antibodies against CD11b and CD31
(an endothelial cell marker) (Fig. 6a).

In the absence of microglia, HRMEC morphology did
not differ between normoxic and hypoxic conditions.
When cocultured with microglia, the migration of microg-
lia to the opposite side of the transwell, which was coated
with fibronectin and seeded HRMECs, was not detected
in normoxia, but it was enhanced in hypoxia, as
evidenced by the disruption of the HRMEC monolayer
and phagocytosis of these cells by migrated microglia.
EPO treatment abrogated this effect (Fig. 6b). The above
changes were also recapitulated in an RM/HRMEC cocul-
ture (ESM Fig. 6).

EPO inhibits microglia phagocytosis via activation of Src/Akt/
cofilin signalling Src/Akt/cofilin signalling mediates cellular
cytoskeletal remodelling in phagocytosis [27-29]. We there-
fore investigated the effect of EPO on the activation of Src/
Akt/cofilin signalling in BV, cells. Both phosphorylated and
total protein levels of Src, Akt and cofilin were downregulated
in hypoxic vs normoxic conditions (Fig. 7). We calculated the
ratio of phosphorylated protein to actin in order to detect
changes in the Src/Akt/cofilin pathway and found that,
compared with the normal control, the ratios of phosphorylat-
ed (p-)Src, p-Akt and p-cofilin to actin were decreased under
hypoxic conditions by 74.2% (p =0.022), 47.8% (p =0.038),
and 39.7% (p = 0.043), respectively. On the other hand, EPO
treatment increased p-Src/actin, p-Akt/actin, and p-cofilin/
actin ratios by 108.4% (p=0.047), 83.1% (p =0.049), and
62.2% (p = 0.040), respectively, relative to cells under hypox-
ic conditions (Fig. 7b—d). The ratios of the phosphorylated
protein/total protein and total protein/actin are also presented
in ESM Fig. 7.

To further clarify a role for Src/Akt/cofilin signalling in
mediating the effects of EPO under hypoxic conditions, BV,
cells were treated with activators of Src and Akt and the
expression of downstream effectors was evaluated. Src family
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Fig. 5 EPO inhibits activation
and suppresses phagocytic
activity in microglia under
hypoxic conditions. (a)
Expression of IBA-1 in BV, cells
under hypoxic conditions treated
with different concentrations of
EPO (n=3 from separate cell
samples). (b, ¢) Expression of
CD11b (b, n=4 from separate cell
samples) and Clr (¢, n=4 from
separate cell samples) proteins in
BV, cells under hypoxic
conditions with or without EPO
treatment (1 U/ml). (d)
Quantification of phagocytic cells
(n=6 from separate cell samples).
(e) Phagocytosis assay for
microglia under normoxia and
hypoxia with or without EPO,
MK2206, Src family activator
and SC79 treatment. The column
labelled ‘Magnification’ shows a
high-magnification view of the
microglia marked by a rectangle
in the merged photos immediately
to the left. Data are expressed as
mean = SEM. Scale bar, 25 pm.
H, hypoxia group; H+E,
hypoxia+EPO treatment group;
N, normoxia group. *p<0.05,
*#p<0.01, ***p<0.001 by one-
way ANOVA
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Fig. 6 EPO prevents endothelial a
cell phagocytosis by microglia S
under hypoxia. (a) Schematic

illustration of the coculture

system. (b) Interaction of

microglia and endothelial cells

(ECs) revealed by CD11b and

CD31 immunolabelling (n=6

from separate cell samples). Scale * o™
bar, 25 um. ECM, endothelial cell

» B ECs Fibronectin
¥ @@ Vicroglia HG
« P Microglia ECM

(EPO-treated)

medium; H, hypoxia group; HG,
high-glucose medium; N,
normoxia group b

NC

activator increased p-Akt/actin and p-cofilin/actin ratios by
116.5% (p=0.009) and 244.8% (p =0.018), respectively,
compared with untreated cells under hypoxic conditions.
The Akt activator SC79 increased p-cofilin/actin by 211.5%
(p=0.043) but had no effect on p-Src expression (64.3%
increase, p =0.100) (Fig. 7). These results demonstrate that
the Src/Akt/cofilin signalling pathway is involved in the
phagocytic activity of microglia.

We used the fluorescent microsphere assay to confirm this
finding. Like EPO, Src and Akt activators inhibited the phago-
cytic activity of microglia under hypoxic conditions by 25.4%
(p=0.007) and 20.1% (p =0.043), respectively (Fig. 5d.e).
The effect of EPO was abolished by the Akt inhibitor
MK2206, which increased phagocytosis in EPO-treated cells
by 147.2% (p=0.021). These data indicate that the modula-
tory effect of EPO on microglial phagocytic activity in

|1:o:

||

|z:o:

i

CD11b

DAPI

diabetic retinopathy is exerted through activation of Src/Akt/
cofilin signalling.

Discussion

Microglial activation in diabetic retinopathy has been widely
studied and has been shown to precede the formation of vascu-
lar lesions. Microglia can be activated by various factors,
including Amadori-glycated albumin and damaged cells.
Activated microglia are characterised by enhanced migratory
and phagocytic capacities and regulate the microenvironment
through the release of cytokines [11-14]; however, they can
also perturb homeostasis in the microenvironment and cause
damage to neurons or vascular cells. Excessive cytokine
secretion and enhanced phagocytosis by microglia [13, 14]
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Fig. 7 EPO inhibits phagocytosis a i S

of BV, cells through activation of i -. W S = —
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have been implicated in the pathogenesis of diseases such as
retinitis pigmentosa [30]. Activated microglia accumulate in
areas of vascular leakage [15] and participate in iBRB disrup-
tion through the inflammatory response, which enhances leak-
age from blood vessels [14]. Suppressing inflammation
induced by microglia has been shown to have a prophylactic
effect against diabetic retinopathy [31, 32]. Moreover, cocul-
ture of microglia with R28 (an immortalised rat retinal precur-
sor cell line) resulted in the production of neurotoxins [33].
Collectively, these findings suggest a detrimental role for acti-
vated microglia in diabetic retinopathy.

iBRB breakdown is an early event in the pathogenesis of
diabetic retinopathy that involves the apoptosis of endothelial
cells and pericytes [34-36] and a decrease in tight junction
proteins between endothelial cells [37, 38]. In addition, VEGF
and fibroblast growth factor levels induce leakage from blood
vessels. Decreased production of neurotrophic factors by
Miiller cells, astrocytes and neurons as well as oxidative stress
also contribute to iBRB breakdown [34, 35, 39]. However,
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few studies have examined the role of microglia in iBRB
breakdown, although one report demonstrated an indirect
interaction in a mouse model [40].

In this study, we observed that microglia activation in
diabetic retinopathy was associated with morphological
changes, i.e. ramified microglia assumed an amoeboid form
(Fig. 1). These microglia could engulf endothelial cells by
penetrating the basement membrane of blood vessels, leading
to iBRB disruption, since we found endothelial cell fragments
inside activated microglia in diabetic retinas (Fig. 3c). In addi-
tion, the increased number of ACs and aggravation of vascular
leakage further contributed to diabetic retinopathy progression
(Figs 2 and 3a), consistent with previously published findings
[15, 41].

EPO was previously found to exert protective effects in
diabetic retinopathy [19-22]. In our previous study we demon-
strated that EPO preserved the integrity of the iBRB and atten-
uated vascular leakage through inhibition of hypoxia-inducible
factor-1o/VEGF signalling [19]. In addition, EPO prevented
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retinal microvascular damage by reducing pericyte loss,
suppressing oxidative stress and the formation of advanced
glycation end-products, etc. [42]. Here, we showed that EPO
blocked the phagocytosis of endothelial cells in diabetic reti-
nopathy by inhibiting microglial activation.

Given that hypoxia is a feature of diabetic retinopathy path-
ogenesis [43], we cultured microglia under hypoxic condi-
tions to induce their activation. The dimorphism of microglia
under these conditions, i.e. adherent cells with ramified
morphology and cluster-forming suspended (detached) cells
with a round and amoeboid form (Fig. 4a), has been previous-
ly described [44]. The latter cells showed enhanced migration
and phagocytosis, which is consistent with our in vivo find-
ings (Figs 4f, 5c—e and ESM Figs 3 and 5). Based on our
observation that activated microglia engulfed endothelial
cells, we performed in vitro experiments to determine whether
there is direct interaction between them. In the coculture
system, activated microglia migrated to the opposite side of
the transwell membrane and engulfed endothelial cells, caus-
ing the disruption of the cell monolayer (Fig. 6, ESM Fig. 6).
In an earlier study, vascular leakage was reduced in mouse
retina by inhibiting colony-stimulating factor 1 receptor via
suppression of inflammatory cytokines released by microglia/
macrophages [45]. Under hypoxic conditions, VEGF produc-
tion was increased by microglia (ESM Fig. 8). The junctional
proteins (VE-cadherin and zonula occludens-1 [ZO-1]) in
HRMECs remained relatively unchanged in response to
hypoxia over a short time (9 h), while they became disrupted
and downregulated under hypoxic conditions over a longer
time (24 h) (ESM Figs 9—11). Although we cannot exclude
the involvement of hypoxia and microglia-derived inflamma-
tory factors, including VEGF in iBRB breakdown, our data
suggest that phagocytosis of endothelial cells by activated
microglia plays a central role in this process.

We examined the mechanistic basis for enhanced phago-
cytosis by microglia under hypoxia. The Src/Akt/cofilin path-
way and actin-related protein (Arp2/3) play a critical role in F-
actin polymerisation; however, no difference in the expression
of Arp2/3 was observed under normoxia vs hypoxia in our
study (data not shown). The phosphorylation of Src, Akt, and
cofilin were decreased under hypoxia, an effect that was
prevented by EPO. The activators of Src and Akt, like EPO,
alleviated the phagocytic effect of microglia, suggesting a
regulatory mechanism by which the phagocytic activity of
microglia is enhanced by hypoxia as in diabetic retinopathy.

We observed two distinct phenomena in retinal flat-mount
preparations from rats with STZ-induced diabetes. First, there
was greater accumulation of activated microglia around
vessels that showed obvious leakage (Fig. 2). In addition,
more ACs were present at sites harbouring activated microglia
(Fig. 3a). We speculate that microglia are activated and inter-
nalise endothelial cells in the early stage of diabetic

Fig. 8 EPO prevents iBRB damage by activated microglia in diabetic
retinopathy via activation of the Src/Akt/cofilin pathway. In diabetic reti-
nopathy or under hypoxic conditions, activated microglia engulf endo-
thelial cells, resulting in iBRB breakdown, an increase in ACs and albu-
min leakage. These effects are abolished by EPO through activation of
Src/Akt/cofilin signalling in microglia. The red beads represent fluores-
cent microspheres inside microglia

retinopathy and migrate thereafter to other locations for as-
yet-unknown reasons.

In conclusion, this study provides new insight into early
events in the pathogenesis of diabetic retinopathy; specifical-
ly, the contribution of activated microglia to iBRB break-
down. Evidence from in vitro and in vivo experiments
revealed a direct interaction between microglia and endothe-
lial cells that leads to iBRB disruption. This study is also the
first to provide evidence that EPO protects endothelial cells
from phagocytosis by activated microglia through activation
of the Src/Akt/cofilin signalling pathway, thereby preserving
iBRB integrity (Fig. 8). An open question is whether
microglial activation is a cause or consequence of endothelial
cell death, which could be addressed by examining the corre-
lation between activated microglia and iBRB breakdown in
experimental diabetic retinopathy by depleting or inactivating
microglia in situ. Whether or not EPO could counteract the
neurotoxicity caused by STZ in retina cannot be precluded
yet, although the neurotoxicity induced by STZ in retina
seems unlikely due to the presence of blood—ocular barrier,
similar to the blood—brain barrier [46]. Non-STZ diabetic
models should be considered in further studies. Nonetheless,
our findings highlight the therapeutic potential of EPO for the
treatment of diabetic retinopathy.
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