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Abstract

Purpose Microglia contribute to immune homeostasis of the
retina, and thus act as a potential regulator determining success-
ful repair or retinal stem cell transplantation. We investigated
the interaction between human microglia and retinal progenitor
cells in cell co-culture to further our exploration on developing
a new therapeutic strategy for retinal degeneration.

Methods Microglia and retinal progenitor cultures were devel-
oped using CD11b" and CD133", respectively, from adult donor
retina. Microglia activation was developed using interferon-
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gamma and lipopolysaccharide. Retinal progenitor differentia-
tion was analysed in co-culture with or without microglial acti-
vation. Retinal progenitor proliferation was analysed in presence
of conditioned medium from activated microglia. Phenotype and
function of adult human retinal cell cultures were examined using
cell morphology, immunohistochemistry and real-time PCR.
Results By morphology, neuron-like cells generated in co-
culture expressed photoreceptor marker recoverin.
Neurospheres derived from retinal progenitor cells showed
reduced growth in the presence of conditioned medium from
activated microglia. Delayed retinal progenitor cell migration
and reduced cellular differentiation was observed in co-
cultures with activated microglia. In independent experiments,
activated microglia showed enhanced mRNA expression of
CXCLI10, IL-27, IL-6, and TNF-alpha compared to controls.
Conclusion Adult human retina retains retinal progenitors or
potential to reprogram cells to then proliferate and differentiate
into neuron-like cells in vitro. Human microglia support retinal
progenitor differentiation into neuron-like cells, but such capac-
ity is altered following microglial activation. Modulating mi-
croglia activity is a potential approach to promote retinal repair
and facilitate success of stem-cell transplantation.

Keywords Adult stem cells - Microglia - Retinal progenitor -
Retinal degeneration - Cell differentiation - Cell culture

Introduction

Retinal degeneration encompasses many conditions, resulting
ultimately in photoreceptors or supporting cell (retinal pig-
ment epithelium; RPE) death, and clinically these cells are
not replaced readily. Retinal degenerations include
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monogenetic disorders such as retinitis pigmentosa, complex
degenerative diseases such as age-related macular degenera-
tion and metabolic and immune mediated disorders, contrib-
uting to retinal degeneration as seen in diabetic retinopathy or
some forms of uveitis. In generating successful therapies to
prevent outer retinal photoreceptor degeneration, gene ther-
apy has been instrumental in improving outcomes for pa-
tients with monogenetic disorders [1-3], and RPE stem-
cell transplants are currently ongoing in clinical trials [4,
5]. Various cell sources, including retinal progenitor, neural
progenitor cells, mesenchymal stem cells, and retinal pig-
ment epithelial cells, have been used in animal models [6].
More recently, utility of embryonic stem cells and induced
pluripotent stem cells (iPS cells) have also moved into
clinical trials [4, 5]. Nevertheless, stem/progenitor cell
transplants into adult retina are arguably constrained by
the limited capacity to integrate into the outer nuclear
layer and differentiate into new photoreceptors, despite
reports of successful integration of retinal progenitors into
the degenerating mature retina [7]. One notion is that ma-
ture mammalian retina lacks the ability to accept and in-
corporate stem cells or promote photoreceptor differentia-
tion [8]. During degeneration, both microglia and macro-
phages accumulate within the outer nuclear layer and pho-
toreceptor outer segment debris [9, 10]. For example, fol-
lowing Mbller stem-cell transplantation in a rat model,
increased numbers of myeloid-derived cells were observed
that might preclude successful integration [11].

Microglia, the resident macrophages in the brain and
the retina, provide a primary immune defence mecha-
nism contributing to neural homeostasis [12, 13]. Mi-
croglia are central to both homeostasis and progression
of disease when activated [14, 15], and will contribute
to retinal repair under certain conditions [16—18]. Our
previous data demonstrated the presence of retinal pro-
genitor cells in man [19], and that activated microglia
inhibited the ability of retinal progenitor cells to gener-
ate neurospheres in vitro [20]. Despite such data, rela-
tively little is known about the role of human microglia
on retinal stem/progenitor cell behaviours in vitro and
in vivo. This is partly due to the limited availability of
appropriate technical approaches and the platforms to
interrogate human retinal tissue interactions.

To elicit understanding of the role of human microglia, we
wished to develop an in-vitro model using primary human
cells to overcome the inherent limitations of animal models
or established cell lines [21]. Firstly, we established a co-
culture model where we successfully isolated adult human
microglia and retinal progenitor cells, and secondly we ex-
plored the potential of these adult retinal progenitors to prolif-
erate and to differentiate into photoreceptors; thereby generat-
ing an experimental human retinal tissue model to investigate
the role of microglia.
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Materials and methods
Adult microglia and retinal progenitor cell cultures

Post-mortem human eyes were obtained from Bristol Eye
Bank (Bristol Eye Hospital), with ethical approval from Cen-
tral and South Bristol Research and Ethics Committee
(E5866) and research consent in compliance with the Helsinki
Declaration. We obtained 87 paired eyes and 37 single eyes
from 124 donors with an average age of 71 years (20 to
93 years; female 48, male 76). Retinae were processed to
isolate microglia and retinal progenitor cells within 24 to
64 h, following enucleation as we have previously reported
[22].

CDl11b is a marker for retinal macrophage/microglia [23],
and CD133 is a neural stem cell marker, which we have shown
to be expressed on cells with retinal progenitor cell status [19].
Utilizing such phenotypic markers, CD11b-expressing cells
(CDI11b"cells) and CD133-expressing cells (CD133" cells)
were isolated from post-mortem retina using an established
protocol [24]. Briefly, retina was dissociated using enzymes
(trypsin and collagenase A) and mechanical trituration; non-
specific binding sites on retinal cells were blocked using FcR
block (Miltenyi Biotec); CD11b" cells and CD133" cells were
isolated from the retinal cell suspensions respectively, using
specific MACS MicroBeads according to manufacturer’s in-
structions (Miltenyi Biotec). Paired eyes gave rise to 2.6%
10°-7.2x10° CD11b" cells, and 2.8%10°-2.4x10" CD133"
cells.

CD11b" cells were cultured to select microglia as previous-
ly described [24], seeded at 10° cells/ml in 6-well plates or
T25 flasks in microglia medium (RPMI 1,640, GlutaMAX
containing 5 % foetal calf serum, 1 % non-essential amino
acid (NEAA )(Sigma), 1 % sodium pyruvate (Sigma—Al-
drich), 0.45 % of Glucose (Sigma—Aldrich) and 10 ng/ml hu-
man macrophage colony-stimulating factor (M-CSF)(R & D
system). Cell culture medium was changed every 3 days.

CD133" cells were cultured to select retinal progenitor cells
and seeded at 10° cells/ml in T25 or T75 flasks in retinal
progenitor medium (DMEM/F12, GlutaMAX (Gibco) con-
taining 1 % of N2 (PAA Laboratories), 2 % of B27
(Invitrogen), 5 ng/ml human FGF-2 and 10 ng/ml human
EGF (Sigma-Aldrich). CD133" cells were cultured without
changing medium in the first 7 days to allow generation of
neurospheres, followed by changing medium after centrifuga-
tion at 200 g for 5 min every 3 days.

Flow cytometric phenotype analysis of microglia and retinal
progenitor cells

Archetypal ramified microglial morphology was observed in
CDI11b" cell cultures. Confirmation via phenotype analysis of
cells was provided via flow cytometry as previously reported
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[24]. Briefly, cell cultures were trypsinized using trypsin/
EDTA (Sigma—Aldrich) and suspended in phosphate buffered
saline (PBS) containing 2 % foetal calf serum (FCS) and
1 mM EDTA, pH 7.5. Cell suspension was blocked using Fc
blocking reagent (Miltenyi Biotec) for 15 min at 4 °C and
stained using APC-Cy7-labelled anti-human CD11b antibody,
PE-Cy7- labelled anti-human CD45 antibody, and Alexa Flu-
or 647-labelled anti-human CD68 antibody or isotype controls
(BD Biosciences). Compensation controls was achieved with
BD™ CompBeads. Samples were acquired using BD LSR-II
Flow Cytometry (BD Cytometry Systems) and data were
analysed using Flowjo software (Tree Star). Isolated
CD11b" expressed Iba-1 by immunohistochemistry to further
corroborate microbiological phenotype (Supplement Fig. 1).

Neurospheres were generated from CD133" single cell cul-
tures. Flow cytometric phenotype was established as previ-
ously described [24]. Briefly, neurospheres were washed by
centrifugation at 200 g for 5 min to remove free cells and then
dissociated using Neurosphere Dissociation Kits (Miltenyi
Biotec) according to manufacturer’s instructions. Dissociated
cells were prepared using Neurosphere Dissociation Kit
(Miltenyi Biotec), and stained using PE-labelled anti-human
CD133 antibody (Miltenyi Biotec), PE-Cy7-labelled anti-
human CD45 antibody (BD Biosciences), and Alexa Flour
647-labelled anti-human CD68 antibody or isotype controls
(BD Biosciences). The labelled dissociated neurosphere cells
were acquired and analysed as described above.

Establishing co-cultures

To examine the role of cell—cell interaction between retinal
progenitor cells (generating neurospheres) and microglia, we
co-cultured retinal progenitor cells with activated microglia or
non-activated microglia as comparison. Microglia were cul-
tured for a variable period of 8—14 days in 6-well plates or T25
flasks, and further subcultured in 12-well plates, 1 ml/well.
Prior to adding neurospheres, microglia medium was switched
to co-culture medium (microglia medium without M-CSF).
Neurospheres generated in CD133" cell cultures for 10—
14 days were washed by centrifugation at 200 g for 5 min to
remove free cells and cell debris. Cell pellet was suspended in
0.5 ml of co-culture medium and loaded into the microglia
cultures. The co-cultures were maintained for a further 14 to
21 days to determine retinal progenitor differentiation. In the
co-culture, the majority of neurospheres closely aligned with
microglia within 1 day. Co-culture medium was changed ev-
ery 3 days.

To examine the role of soluble cytokines and chemokines
secreted from activated microglia, we cultured retinal progen-
itor in presence of conditional medium from activated microg-
lia compared to medium from non-activated microglia control.
Retinal progenitor cells were grown in retinal progenitor me-
dium for 10 days to generate neurospheres. Neurosphere

cultures were loaded into the pre-separation filter (30 um
Miltenyi Biotech), and neurospheres retained within the res-
ervoir of the filter were collected. The neurospheres were
suspended in 1.6 ml of retinal progenitor medium, divided
into two parts and transferred into two wells, 0.8 ml/well in
12-well plates. Conditioned medium from activated and non-
activated microglia respectively was added at 0.2 ml/well into
the two wells. Cell-culture medium was changed every 3 days
by removing 0.5 ml of medium to avoid disturbing the
neurospheres and adding 0.5 ml of new medium (0.1 ml of
microglia conditioned medium and 0.4 ml of retinal progeni-
tor medium). Neurospheres were cultured up to 14 days and
observed and photographed at regular intervals. Neurosphere
size was analysed using ImageJ software. Average
neurosphere sizes were obtained in six randomized fields of
neurosphere cultures in cultures with conditioned medium
from activated microglia or non-activated microglia as
comparison.

Microglia activation and functional analysis

Microglia were activated using interferon-gamma (IFN-y)
and lipopolysaccharide (LPS) as previously reported [20].
Microglia in culture were trypsinized and washed and di-
vided into two equal parts and subcultured in 12-well
plates. Microglia in one of the paired wells were treated
using pre-determined concentrations of activation cyto-
kines, 100U/ml of IFN-y, and 5 ng/ml of LPS in microg-
lia medium for 8 h, after which the medium was removed,
cells washed, and replenished with co-culture medium.
Microglia in the other paired wells were used as control,
and treated using the same procedures without IFN-y/LPS
activation. After 48 h, conditioned medium was collected
from the activated microglia and non-activated microglia
control respectively, and used to supplement neurosphere
culture.

Analysis of cell proliferation using bromodeoxyuridine
(BrdU) incorporation

BrdU incorporation assay was employed for analysis of
cell proliferation [25]. Neurospheres were generated
from single cell CD133" cells for 10 days. BrdU was
added to the neurosphere cultures at 10 uM in retinal
progenitor medium 24 h prior to analysis. Neurospheres
were then dissociated using neurosphere dissociation kit
(Miltenyi Biotec) and stained using APC BrdU Flow
Kit (BD Bioscience) according to the manufacturer’s
instructions. The stained cells were acquired using BD
LSR-II Flow Cytometry (BD Cytometry Systems), and
data was analysed using Flowjo software.
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Immunofluorescent analysis of differentiated cells

Neuron-like cells were seen following co-culture of
neurospheres with microglia. Cells were washed in
phosphate buffered saline (PBS) and fixed using 2 %
paraformaldehyde (PFA) at room temperature (RT) for
5 min, followed by permeabilization using 0.3 % Tri-
ton-100 at RT for 5 min. These cells were then exposed
to 2 % bovine serum albumin (BSA) and 10 % normal
rabbit serum in PBS block at RT for 30 min, and sub-
sequently incubated with rabbit anti-human recoverin
polyclonal antibody (Merck Millipore) at 1:500 and
chicken anti-human tubulin-beta 3 IgY antibody (Merck
Millipore) at 1:400 in PBS containing 0.2 % BSA and
0.03 % Triton-100 at 4 °C overnight. This was followed
by incubation with rhodamine-labelled goat anti-rabbit
antibody (Santa Cruz) at 1:200 and FITC- labelled don-
key anti-chicken IgY antibody (Merck Millipore) at
1:300 at room temperature for 2 h. After each incuba-
tion step, cells were washed in PBS 3 times. Cells were
mounted in Vector Shield mounting medium with DAPI
(Vector Laboratories) and analysed using fluorescence
microscopy (Leica, Germany).

Examination of mRNA expression using real-time PCR

The extent of mRNA expression by microglia,
neurospheres or from the co-cultures was examined using
TagMan Gene Expression Assay (Applied Biosystems).
Briefly, total RNA was isolated from the cells using Trizol
Reagent according to the manufacture’s instructions (Life
Technologies). To enhance RNA precipitation, 0.2 mg/ml
of glycogen was added into isopropyl alcohol, and stored
at =20 °C overnight. Total RNA was isolated from mi-
croglia cultures (152-296 ng RNA), neurosphere cultures
(112-270 ng RNA) or co-cultures (282-662 ng RNA).
RNA was treated with RQ1 RNase-free DNase (Promega).
cDNA was generated using ImProm-II"™ reverse transcrip-
tion system (Promega). cDNA was amplified using
TagMan Universal PCR Master Mix (Applied Biosystems)
and TaqgMan Gene Expression Assays (Applied
Biosystems) and StepOne™ Real-Time PCR System (Ap-
plied Biosystems). PCR primers information is detailed in
Supplement Table 1. PCR reaction volume was 20 ul.
Thermal cycling consisted of 50 °C for 2 min, 95 °C
for 10 min and 60 cycles of 95 °C for 15 s and 60 °C
for 1 min. In order to determine any difference in mRNA
expression between the two groups (e.g., activated microg-
lia vs non-activated microglia), the fold changes in expres-
sion of target genes relative to an internal control gene
(house-keeping gene, GAPDH) were analysed using
2_AACt method [26] AACt:(CtsTarget - CtyGAPDH) activated

microglia ~ (CtaTarget - CtsGAPDH) microglia control-
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Statistical analysis

Neurosphere size data and fold changes of gene expression
between activated microglia group and non-activated microg-
lia control are presented as mean+SD. Statistical comparisons
were performed using the two-tailed Student’s #test. A p-val-
ue less than 0.05 (p<0.05) was considered significant.

Results

Development and validation of microglia and retinal
progenitor cultures

CDI11b MACS MicroBeads-selected retinal cells attached
within hours following culture in microglia medium contain-
ing M-CSF. Attached cells displayed thin and rod-shaped cell
morphology within a few days (Fig. 1a and b), and achieved
the characteristic ramified morphology after 1 week (Fig. 1c
and d). Cells used in co-culture or specific experiments were
harvested after approximately 12 to 20 days in culture, when
the majority of cells demonstrated ramified morphology.
CD133 MACS MicroBeads-selected cells were cultured in
suspension (Fig. 1e). Typical early neurosphere development
occurred from day 7 of culture (Fig. 1f). Neurospheres then
displayed increasing size up to 10-14 days in culture. There-
after, neurospheres appeared congregated (Fig. 1e-h).
Microglia identity was confirmed by analysing CD45 and
CD11b expression via flow cytometry [27]. Microglial isola-
tion was confirmed: 93.3 % expressed CD45, 74.4 %
expressed CD11b, and 24.4 % expressed CD68 (Fig. 2a). Dis-
sociated neurosphere cells expressed CD133 (61 %), and did
not express either CD45 or CD68 (Fig. 2b). Throughout, in
order to enhance cultures and obtain sufficient cell numbers
we adapted the culture technique by pooling retinal cells from
two or three donors. This was on the observation that no cell
loss or increased cell death was noted following pooling of
donor retinal cells in this study and our previous studies.

Generation of morphologically neuron-like cells in co-culture
of neurospheres with microglia

We examined retinal progenitor cell differentiation following
co-culture with microglia in DMEM/F12 with GlutaMAX
containing N2 and B27, or in co-culture medium containing
the same components as the microglia medium minus M-CSF.
Neurosphere-derived cells displayed vigorous cell differenti-
ation in the co-culture medium in absence of exogenous spe-
cific neurotropic factors. Neurospheres were closely associat-
ed with microglia within hours following co-culture, and cells
from neurospheres migrated along the top of microglia
(Fig. 3a), and underwent differentiation into cells of neural
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Fig. 1 Isolation and culture of adult microglial and retinal progenitor
cells. CD11b" cells and CD133" cells were isolated from a paired eyes
of a donor (female, 81 years of age) using MACS CD11b MicroBeads
and CD133 MiroBeads (Miltenyi Biotec), respectively. CD11b" cells

cell morphology. Meanwhile, microglia underwent distinct
cell morphological changes, which included loss of cell ram-
ification and increased size of cell body (Fig. 3b—f). The ma-
jority of differentiated cells displayed bipolar or unipolar cell
morphology (Fig. 3b—f). Differentiated cells formed cell-to-cell

were cultured in microglia medium containing M-CSF (a-d). CD133"
cells were cultured in retinal progenitor medium containing N2, B27,
EGF and FGF-2 (e-h). Photos were taken at day 1 (a, e), day 7 (b, f),
day 14 (c, g) and day 21 (d, h). Scale bar=50 pm

networks on top of underlying adherent microglia with large
and flat cell body (Fig. 3b and f), and only rarely in absence of
underlying microglia (Fig. 3¢). Neuron-like cells expressed ei-
ther recoverin and/or tubulin-beta 3 (Fig. 3g and h). In the dual
expressing neuron-like cells, recoverin expression was
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Fig.2 Phenotype analysis of adult microglial and retinal progenitor cells
using flow cytometry. Microglia cells developed using pooled CD11b"
cells from total four eyes of two donors (one female and one male; 65 and
64 years of age respectively) analysed using flow cytometry and
displayed in fop panel. Figures in each FACS plot show percentages of
cells positive to specific cell membrane markers (CD11b and CD45) or
intracellular marker (CD68). Neurosphere cultures developed using

Comp-PE-Cy7-A

Comp-Alexab47-A

pooled CD133™ cells from total four eyes of two donors (both male, 74
and 63 years of age, respectively) analysed using flow cytometry and
displayed in bottom panel. Blue curves represent results of using
specific antibodies and red curves represent results of using isotype
controls. Figures in each FACS plot show percentages of cells positive
to specific cell membrane markers (CD133 and CD45) or intracellular
marker (CD68)
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Fig. 3 Generation of neuron-like cells in co-culturing adult retinal
progenitor cells (neurospheres) with microglia. Neurosphere and
microglia cultures generated using pooled CD133" cells and pooled
CDI11b" cells, respectively, from total four eyes of two donors (both
male and 69 years of age). Neurospheres were co-cultured with
microglia for 14 days. Cell morphology was taken at day 1 (a) and day
14 b—. Cells were stained for recoverin (red), tubulin-beta 3 (green) and
DNA (blue) (g and h). Retinal progenitor cells attached on top of
microglia at day 1 (a). Neuron-like cells are demonstrated by white

confined to the cell body, while tubulin-beta 3 was along the
axon to the synapse (Fig. 3g). Some differentiated cells dem-
onstrated photoreceptor-like cell morphology, including cell
body, segment region, and synapse. The cell body and segment
region expressed recoverin, whereas only the synaptic region
expressed tubulin-beta 3 (Fig. 3h).

mRNA expression changes in activated microglia compared
to inactivated microglia

IFN-y/LPS-activated microglia displayed typical amoe-
boid morphology (Fig. 4a and b). We further analysed
changes in mRNA expression in three independent ex-
periments when microglia are activated and found, in
comparison to non-activated microglia, the following:
enhanced expressions of CXCL-10 (27,612-fold,
p<0.05), IL-27 (1,243-fold, p<0.05), IL-13 (74-fold,
p>0.05), IL-6 (62-fold, p<0.05), TNF-alpha (38-fold,

@ Springer

arrows and microglial cells are noted by red arrow (c). A neuron-like
cell is positive to recoverin (brown arrow), and a neuron-like cell is
positive to tubulin-beta 3 (red arrow). Neuron-like cell is dual-positive
pointed (white arrow) (g). A differentiated cell, pointed (white arrow),
demonstrates photoreceptor-like cell morphology, displaying a cell body
and segment region in red and synaptic region in green (h). A
differentiated cell, (red arrow), shows synaptic region in yellow,
demonstrating dual positivity to recoverin and tubulin-beta 3 (H). Scale
bar=50 um

p<0.05), IRF1 (59-fold, p>0.05), and SOCS1 (11-fold,
p>0.05), and reduced expression of CD68 (p>0.05),
CDl11b (p>0.05), and AIF1 (Ibal, p>0.05) (Fig. 4c).

Activated microglia conditioned media suppressed retinal
progenitor cell proliferation

Microglia produce various cytokines and proteins, which
are neurotrophic or cytotoxic in physiological and patho-
logical conditions. To continue our study on the roles of
activated microglia on neurosphere development [20], we
modified our experimental protocol by quantitatively
analysing neurosphere size and performing BrdU incorpo-
ration. Delayed neurosphere growth was seen in
neurosphere cultures in the presence of conditioned medi-
um from activated microglia (Fig. 5a-d, g). This result was
supported by our observation of a 48 % reduction of
BrdU positive cells in neurosphere cultures in presence
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Fig. 4 Gene expression changes in activated microglia in comparison to
non-activated microglia. Microglia cultures developed using pooled
CD11b" cells from eyes of three donors (two female and one male; 77,
71 and 68 years of age respectively). Activated microglial cells, 24 h after
being activated using lipopolysaccharide and interferon-y display
amoeboid cell morphology (b) in contrast to non-activated microglia
control a, scale bar=50 um. ¢ shows the fold changes in expression of
target genes relative to the internal control gene GAPDH between the two
groups. Data obtained in three independent experiments using CD11b"
cells from seven donors are presented as mean+SD. *p<0.05. GAPDH:

of conditioned medium from activated microglia, com-
pared to those in presence of conditioned medium from
non-activated microglia control (2.28 versus 4.42 % re-
spectively) (Fig. 5e and f). This result was compatible
with the reduced mRNA expression for nestin (NES) and
antigen MI-67 (MKI67) in neurosphere cultures in pres-
ence of conditioned medium from activated microglia
(Fig. 5h).

Activated microglia influenced retinal progenitor migration
and differentiation

Retinal progenitor cells exhibited rapid differentiation to-
wards morphologically neuron-like cells in co-culture with
microglial cells (Fig. 3) using co-culture medium without
additional supplement of neurotropic factors N2 and B27,
which are essential for an efficient differentiation of hu-
man stem cells toward retinal photoreceptor cells [28].
This data indicates that microglial cells support retinal
progenitor cell differentiation toward morphologically

IL-10
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M Control
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O Activated
microglia
CO AL o 00— m
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2o0=2"<==560
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glyceraldehyde 3-phosphate dehydrogenase; CD68: cluster of
differentiation molecule 68; CD11b: cluster of differentiation molecule
11B; CD200: cluster of differentiation 200; CD200R: CD200 receptor;
IL-27: interleukin-27; IL-27RA: 1L-27 receptor; IL-6: interleukin-6; IL-
6R: IL-6 receptor; IL-10: interleukin 10; IL-10RA: 1L-10 receptor;
CXCL10: C-X-C motif chemokine 10; IL-1b: interleukin-1 beta; TNF:
tumour necrosis factor alpha; A/FI:allograft inflammatory factor 1;
IRFI: interferon regulatory transcription factor 1; /RFS8: interferon
regulatory transcription factor 8; SOCSI: suppressor of cytokine
signaling 1; SOCS3: suppressor of cytokine signaling 3

neuron-like cells. During degeneration, microglia alter
morphology into an activated ‘amoeboid’ form. We
hypothesised that activated microglial cells will regulate
retinal progenitor cell differentiation compared to non-
activated microglial cells. This hypothesis was upheld by
observation of delayed demonstration of formation and
migration of neuron-like cell morphology in the co-
culture with activated microglial cells (Fig. 6b and d)
compared to the co-culture with non-activated microglial
cells (Fig. 6a and c). This notion was partially supported
by the observation of reduced mRNA expression of
recoverin (RCVRN) and rhodopsin (RHD) in the co-
cultures with activated microglial cells, in comparison to
the co-cultures with non-activated microglial cells
(Fig. 6e). Statistical analysis of combining individual ex-
periments failed to achieve significance between the two
groups, which is likely, given the profound gene alter-
ations in each experiment, to be due to inherent donor
variance in material and the levels of gene change ob-
served in independent experiments.
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Fig. 5 Impact of soluble factors
secreted by activated microglia on
retinal progenitor proliferation.
Neurospheres and microglia
cultures were generated using
pooled CD133" cells and pooled
CDI11b" cells respectively,
isolated from donors’ eyes.
Neurospheres of 30 um or more
were cultured in medium with (a
and c¢) or without (b and d)
conditioned medium from
activated microglia. Neurosphere
cultures were photographed at
day 0 (a and ¢) and day 10 (b and
d), scale bar=50 um. Graph g
shows average neurosphere sizes
in the two experimental
conditions. Data are presented in
square micrometres as mean-+SD;
** p<0.01. Graphs e and f show
BrdU incorporation data of
neurospheres in medium with (f)
or without (e) conditioned G
medium from activated microglia.

Figures in the graphs represent

percentages of BrdU positive

cells. Graph h shows the fold

changes in expression of target

genes relative to the internal

control gene GAPDH between

the two groups. Data obtained in

four independent experiments
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Discussion

A pathological role of microglia in neurodegenerative dis-
eases, including Alzheimer’s disease and macular degenera-
tion, has been recognized. However, the precise role of mi-
croglia during outer retinal degeneration or retinal repair and
ultimately microglial influence on retinal stem cell transplant
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integration [14] remains to be elucidated. A recent study sug-
gests that retinal stem cells isolated from adult mouse retina
have the potential of producing functional photoreceptor cells
[29], while the finding of retinal stem cells in pigmented cil-
iary bodies in adult animals remains debatable [30—32]. Here,
as with our previous work, we demonstrate that cells with
retinal stem/progenitor cell behaviour (CD133¥) can be

RCVRN
MKI67
CD133
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Fig. 6 Impact of activated
microglia on the differentiation of
retinal progenitor cells
(neurospheres). Neurospheres
were co-cultured with activated
microglia or control for 14 days. b
and d show cell morphology and
immune reactivity of the co-
cultures using activated
microglia; a and ¢ show data of
the controls. Recoverin was
stained in red, tubulin-beta 3 in
green, and nucleus in blue, scale
bar=50 um. Graph e shows the
fold changes in expression of
target genes relative to the internal
control gene GAPDH between
the two groups. Data obtained in
three independent experiments
using CD133" cells and CD11b"
cells from seven donors are
presented as mean+SD. GAPDH:
glyceraldehyde 3-phosphate
dehydrogenase; PAX6: paired box
protein Pax-6; NES: nestin;
PCNA: proliferating cell nuclear
antigen; RCVRN: recoverin;
TUBB3: tubulin-beta 3; MKI67:
antigen KI-67; RHD: rhodopsin
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isolated from the adult human retina and form neurospheres
in vitro. Retinal progenitor-derived neurospheres differentiat-
ed into morphologically neuron-like cells in a new co-culture
system with microglia. We also provide direct evidence of
human microglia influence on retinal progenitor cells prolif-
eration and differentiation.

Neurospheres were propagated following CD133™ cell iso-
lation, and when developed these neurospheres displayed
61 % CD133 positivity, and 4.42 % cells were BrdU positive,
indicating low level but active proliferation. The low prolifer-
ative potential found in adult retinal progenitor cells is similar
to that found in adult mouse neural stem cells [33], in which
5.27-2.22 % of Prom-1" (CD133") mouse cells are BrdU-
positive. This data suggests that CD133"cells represent a
slowly dividing neural stem and progenitor cell subtype.
Whilst CD133 may not be a good marker for isolating retinal

NES

PCNA
RCVRN
TUBB3
MKI67

RHD

stem/progenitor cells for stem cell transplantation, it allowed
us to develop an in-vitro disease modelling, as a surrogate to
isolate cells with proliferative capacity using its status as rec-
ognized neural stem cell marker. Adding conditioned medium
from activated microglia in neurosphere cultures led to a re-
duced neurosphere growth and fewer BrdU positive cells. The
reduced retinal progenitor cell proliferation (reduced
neurosphere size) can be understood, as we found reduced
mRNA expression of nestin (NES) and antigen KI-67
(MKI67) (Fig. 5h). The data supports the conclusion that re-
duced nestin expression represents a reduced cell capacity to
differentiate, and KI-67 reduction reflects reduced prolifera-
tion capacity. Future work could consider further phenotyping
of neural stem cells such as with CD15 and CD81, to assess
whether stem cell properties were maintained when differen-
tiation was affected. Using carboxyfluorescein succinimidyl
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ester (CFSE) would illuminate cell fate with respect to cells
undergoing differentiation.

Adult human retinal progenitor cells generated morpholog-
ically neuron-like cells that expressed photoreceptor cells
marker recoverin or/and neuron marker tubulin-beta 3
(Fig. 3g and h). Recoverin is expressed in photoreceptors
and bipolar neural cells in the developing and mature mam-
malian retina [34, 35]. Tubulin-beta 3, a constituent of neuro-
nal microtubules, has been frequently used as a marker for the
neuronal lineage in developmental biology, as well as a mark-
er for ganglion cells in the retina. We observed tubulin-beta 3
expression in both microglia and differentiated neuron-like
cells from neurospheres by immunofluorescence when in co-
culture (Fig. 3g and h). The mechanism of tubulin-beta 3
expression in adult human retinal microglia remains un-
known. Given that the expression of tubulin-beta 3 is found
in early born lineage of retinal neurons, not being related to
cell morphology or cell function, but rather to the cell lineage
[36], one is led to infer whether yolk sac adult human retinal
microglia have the potential to generate retinal neurons [37].
However, the expression does not rely on cell contact, as en-
hanced mRNA expression of tubulin-beta 3 was observed in
the retinal progenitor cells (neurospheres) that were cultured
with activated microglia supernatant compared to control
(Fig. 5h). These results are consistent with a previous report
that shows a significant increase in the number of tubulin-beta
3-expressing neuronal phenotype in a co-culture of optic
nerve cells with activated microglia compared to a co-
culture using inactivated microglia. Their data suggests that
activated microglia increase neurogenesis through secretion of
protease-serine 2 [38]. Understanding the mechanisms under-
lying the roles of activated microglia via soluble factors or
through cell—cell interaction opens the potential of new thera-
peutic strategies for facilitating retinal repair.

Various cell sources have been used to develop stem cell
therapies for retinal degeneration, including embryonic stem
cells [4] and induced pluripotent stem (iPS) cells [5], either of
which have the ability to differentiate into any cell type in the
body and provide unlimited supply of human cells for trans-
plantation and disease modeling. Optimization of transplanted
cell integration is essential for the success of a stem cell ther-
apy using any cell source, since barriers exist in the degener-
ative retina for the transplanted photoreceptor precursor mi-
gration and integration into the host outer nuclear layer
(ONL), in which both Mller and microglial cells are involved
[39]. In-vitro and in-vivo animal studies demonstrate that
macrophage/microglia can benefit repairing neurodegenera-
tion [16—18]. We co-cultured retinal progenitor cells
(neurospheres) with non-activated microglia in a medium
without additional N2 or B27, which are essential to induce
human pluripotent stem cell differentiation toward retinal pho-
toreceptors in vitro [28]. This approach led to a vigorous ret-
inal progenitor cell migration and rapid differentiation toward
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morphologically neuron-like cells (Fig. 3) within only 10 to
14 days, though less time was required for inducing human
pluripotent stem cell differentiation toward retinal photorecep-
tor cells [28]. Our notion was that non-activated microglia
provide support through substrate formation and cytokines
and neurotrophic factors to regulate retinal progenitor cells
differentiation. This was in part confirmed when cells isolated
from different donors were used in the co-culture model; mi-
croglia, depending on activation status, regulated the migra-
tion, proliferation, and differentiation of retinal progenitor
cells. Our data supported the thesis that manipulating the re-
cipient retinal environment can improve transplanted photore-
ceptor integration and survival [40].

Several obstacles, including microglia, are supposed to pre-
vent stem cell therapy from successful implementation in pa-
tients with retinal degenerative disorders [41]. This includes a
physical barrier to migration [11] as well as, for example,
induction of photoreceptor apoptosis [42]. Using the co-
culture model described here, we demonstrate an inhibition
through activated microglia on retinal progenitor migration
and differentiation (Fig. 6), as well as an inhibition of gene
expression of microglia-secreted mediators influencing retinal
progenitor proliferation (Fig. 5). Those observations can be
explained, in part, by the observations of enhanced expression
of proinflammatory cytokines including CXCL10, IL-6, IL-
27, and TNF-alpha from activated microglia (Fig. 4c). Togeth-
er with our previous study demonstrating inhibition through
microglia-secreted IL-6 on neurosphere generation from reti-
nal progenitor cell cultures [20], there remains compelling
evidence that activation of microglia and soluble factors will
directly regulate progenitor cell behaviour [12, 14]. Enhanced
mRNA expression of IL-27 in activated microglia (Fig. 4e)
implicates a role in photoreceptor survival, as photoreceptors
constitutively express IL-27 receptor. Endogenous production
of IL-27 and IL-10 by retinal cells suppresses intraocular in-
flammation, wherein SOCS proteins induced by IL-27 during
uveitis may protect the neuroretina from pro-inflammatory
cytokines and apoptosis [43]. Encouraging cell replacement,
IL-27 regulates proliferation and differentiation of human he-
matopoietic stem/progenitor cells [44], although to date no
reports on IL-27 influence on retinal progenitor cells have
been elucidated. Further to our observations, enhanced ex-
pression of IP-10 (CXCL10) in the retinal pigment epithelial
(RPE) cells of eyes with early age-related macular degenera-
tion (AMD), geographic atrophy, or choroidal neovasculariza-
tion has been reported [45], and expression of various apopto-
tic factors in RPE cells in AMD is up-regulated by TNF-alpha
[46]. Whether, therefore, neutralization of TNF-alpha activity
(TNF-alpha inhibitor) as tested in animal models and in clin-
ical trial in AMD shows benefit toward retinal degeneration or
indeed promoting retinal repair has not been pursued [47].

In summary, these data further support the view that adult
human retina retains retinal progenitor cell potential with
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capacity to proliferate and differentiate into recoverin-
expressing morphologically neuron-like cells. Adult human
microglia support autologous and heterologous retinal pro-
genitor cell differentiation into photoreceptor-like cells
in vitro. Activation of microglia leads to suppression of retinal
progenitor cell proliferation and capacity to differentiate to-
ward photoreceptor-like cells. Modulating microglia activity,
therefore, is an approach for promoting retinal repair and as an
adjunct benefiting stem cell transplant integration into the
retina.
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