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Editorial on the Research Topic

Retinal Immunobiology and Retinopathy

The term “Ocular Immune Privilege” (OIP) was used by Sir Peter Medawar in 1948 to describe the
observation that a foreign tissue graft placed in the anterior chamber of the eye did not undergo rejection
(1). In the last 72 years advances in the understanding of the mechanisms that contribute to the
maintenance of OIP have been made (2). These mechanisms include: 1) sequestration, a lack of
lymphatics, and tight junctions that create an efficient blood-barrier surrounding retinal vessels lining the
inner retina, and tight junctions between retinal epithelial cells separating the outer retina from the
highly vascular choroid; 2) expression of inhibitory soluble and membrane bound factors, such as
transforming growth factor-beta, alpha-melanocyte stimulating hormone, FasL, and thrombospondin;
and 3) inhibition of systemic immune responses, such as the induction of regulatory T cells and
suppressive antigen presenting cells. While the benefit of OIP is the protection of delicate intraocular
tissues from inflammation-mediated damage, it leaves the eye vulnerable to infection. Furthermore,
while the mechanisms of OIP are considerable, diseases such as autoimmune uveitis, diabetic
retinopathy, age-related macular degeneration, and optic neuropathy can break through the
mechanisms of OIP. We are pleased to present a compendium of original research and review
articles on the Research Topic “Retinal Immunobiology and Retinopathy” that discuss the
mechanisms of OIP and the diseases of interest.

A thorough discussion of OIP mechanisms and the treatments available for retinal disease is reviewed
by Takeda et al. This review provides a detailed discussion of immunological mechanisms that contribute
to non-infectious or autoimmune uveitis, diabetic retinopathy, retinopathy of prematurity, retinitis
pigmentosa, and vitreoretinal lymphoma.

Microglia cells are important in maintaining OIP and are present throughout the retina as reviewed
by Rashid et al. In this timely and broadly relevant review, the origin and maintenance of retinal
microglia, the role of microglia in the healthy and diseased retina, and therapies for retinal diseases that
target microglia are discussed. Since microglia are present throughout the retina, they can further
modulate the immune response by augmenting or inhibiting ocular inflammation. Therefore, a greater
understanding of the role that microglial cells have in ocular inflammation could come from knowing
the transcriptional signature of microglia during inflammation. As such, Bell et al. have characterized the
transcriptome of microglia during the “early” activation, peak, and two weeks after endotoxin induced
uveitis (EIU) and found that the acute transcriptional changes that occur to microglia during EIU return
to their original state. The EIU model shows that the activation of endogenous inflammatory pathways
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can override the mechanisms of OIP. Mursalin et al. describe the
resulting rapid and disastrous inflammation that can happen
following Toll-like receptor (TLR)-2 and TLR-4 stimulation
within the eye.

Age-related macular degeneration (AMD) is the largest cause of
blindness resulting from photoreceptor degeneration. Myeloid
derived suppressor cells (MDSCs) are suppressive immune cells
from the myeloid lineage initially identified by their association
with tumor cells for their potent immunosuppressive capacity. The
role of MDSCs in the maintenance of OIP to prevent AMD is
reviewed by Kauppinen et al. In fact, CX3CR1”" mice exhibit an
increased number of mononuclear phagocytes in the subretinal space
and is associated with photoreceptor degeneration. Lavalette et al.
show that CD36, a member of the class B scavenger receptor family
involved in TLR-signaling on mononuclear phagocytes can promote
sterile inflammation, and is necessary for photoreceptor degeneration
in two different CX3CR1”~ AMD models. An important component
of OIP is maintenance of the blood ocular barrier. An elegant study
by Matsubara et al. describes how AMD results from loss of barrier
function through secretion of granzyme B.

Diabetic retinopathy is the most common microvascular
complication of diabetes, and is the largest cause of blindness
among those of working-age. Inflammation and angiogenesis are
hallmarks of diabetic retinopathy. The proangiogenic and
proinflammatory cytokine macrophage migration inhibitory
factor (MIF1) is an upstream activator of innate immunity. El-
Asrar et al. show that MIF1 is significantly elevated in proliferative
diabetic retinopathy (PDR), illustrating how diabetes diminishes
OIP. Another component of inflammation is the complement
system. Apart from Clq for the purpose of synaptic pruning,
complement activation does not normally occur inside the eye,
but has been observed in the diabetic retina. Shahulhameed et al.
report a significant elevation of C3 deposition in the capillary wall
and the co-localization of Complement Factor H in activated
CD11b" microglia in retina samples from diabetic donors. This
suggests a feedback mechanism for arresting excessive complement
activation in the diabetic retina by activated microglia.

Uveitis is inflammation of the eye and the third leading cause
of blindness in countries with healthcare access. The majority of
chronic uveitis cases are idiopathic or can be associated with a
systemic autoimmune disease. As such, targeting inhibition of
inflammatory pathways can be an effective treatment for uveitis.
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Efforts are underway to identify normally expressed signaling
molecules that suppress the immune response, such as kallistatin,
a serine proteinase inhibitor with anti-inflammatory properties.
A report by Muhammad et al. demonstrates the suppression of
experimental autoimmune uveitis (EAU) with kallistatin, and
further shows that kallistatin induces regulatory T cells. T cell
function is modulated through epigenetic modification, and two
inhibitors that block DNA methylation have been approved for
human disease. Zou et al. demonstrate that the DNA methylation
inhibitor, zebularine, is effective in suppressing inflammatory T
cells, promoting regulatory T cells, and suppresses EAU.

Glaucoma is the most prevalent neurodegenerative disease marked
by progressive damage to the optic nerve and death of retinal ganglion
cells. Therapies for glaucoma are based on lowering the intraocular
pressure (IOP), but because elevated IOP is not necessary or sufficient
to cause glaucoma-related neuropathy, there are likely additional
mechanisms involved. In the mini-review by Jiang et al,, they discuss
the evidence that the neuropathy occurs due to aloss of OIP resulting in
T cell-related low-grade intraocular inflammation.

The 12 featured articles in this Research Topic: Retinal
Immunobiology and Retinopathy provide a broad discussion of
the mechanisms of OIP, demonstrate that in different retinal
diseases inflammatory pathways can break through the
mechanisms of OIP, and show that therapies that have modes-of-
action like the mechanisms of OIP are effective at treating retinal
disease. While many therapies to treat retinal inflammatory diseases
have been developed, additional mechanisms remain to be
elucidated to develop better and more effective therapies for
retinal inflammatory diseases.
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The DNA Methylation Inhibitor
Zebularine Controls CD4+ T Cell
Mediated Intraocular Inflammation

Yanli Zou'", Xiao Hu'*, Lauren P. Schewitz-Bowers 23", Madeleine Stimpson?2, Li Miao’,
Xiaofei Ge', Liu Yang', Yan Li’, Paul W. Bible', Xiaofeng Wen', Jing Jing Li’, Yizhi Liu’,
Richard W. J. Lee?%* and Lai Wei ™

' State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou, China,

2 Translational Health Sciences, University of Bristol, Bristol, United Kingdom, ° National Institute for Health Research
Biomedical Research Centre at Moorfields Eye Hospital NHS Foundation Trust and UCL Institute of Ophthalmology, London,
United Kingdom

CD4™ T cell mediated uveitis is conventionally treated with systemic immunosuppressive
agents, including corticosteroids and biologics targeting key inflammatory cytokines.
However, their long-term utility is limited due to various side effects. Here, we investigated
whether DNA methylation inhibitor zebularine can target CD4% T cells and control
intraocular inflammation. Our results showed that zebularine restrained the expression
of inflammatory cytokines IFN-y and IL-17 in both human and murine CD4* T cells
in vitro. Importantly, it also significantly alleviated intraocular inflammation and retinal
tissue damage in the murine experimental autoimmune uveitis (EAU) model in vivo,
suggesting that the DNA methylation inhibitor zebularine is a candidate new therapeutic
agent for uveitis.

Keywords: uveitis, zebularine, DNA methylation inhibitor, CD4* T cell, intraocular inflammation

INTRODUCTION

Autoimmune uveitis is a heterogeneous collection of diseases characterized by intraocular
inflammation (1). Affected patients are at risk of visual impairment or blindness (2), in
particular those who are resistant or intolerant to conventional immunosuppressive therapies
(3-5). Consequently there is a need to develop improved approaches to achieve control of
intraocular inflammation.

Abnormal activation of the T helper (Th) cells and imbalance between inflammatory Th1/Th17
and regulatory T (Treg) cells play a key role in the pathogenesis of autoimmune uveitis (6-8).
Modulating Th cell differentiation and function has been proposed as a therapeutic strategy
for uveitis (9). The expression of signature cytokines and master transcription factors, as well
as Th functions, are under tight control of coordinated epigenetic alterations (10, 11). And
many genome-wide and locus-specific epigenetic changes have been found in patients with
immune-mediated diseases such as systemic lupus erythematosus and rheumatoid arthritis (12).
Therefore, modulating the epigenetic program that controls Thl, Th17, and Treg functions may
serve as a new way to control the intraocular inflammation in uveitis.

Two key epigenetic mechanisms—DNA methylation and histone modifications—regulate
chromatin accessibility, and have been the targets of a series of compounds developed in
recent years for the treatment of cancers and immune-mediated diseases (12). Among these
small-molecule inhibitors, two DNA methyltransferase (DNMT) inhibitor pro-drugs, 5-azacytidine
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Zou et al.

Zebularine Controls Autoimmune Uveitis

and 2'-deoxy-5-azacytidine have been approved for the treatment
of myelodysplastic syndrome and acute myeloid leukemia (13).
In addition, an anti-inflammatory effect of these two drugs
has also been observed in murine models of asthma (14) and
experimental autoimmune encephalomyelitis (15). We therefore
hypothesize that another DNA methylation inhibitor, zebularine,
which has relatively low cellular toxicity and a longer half-life
(16), has the potential to suppress uveitis.

Here, to elucidate whether zebularine is able to control
the intraocular inflammation through regulating the expression
of inflammatory cytokines in CD4" T cells, we explored
the changes of IFN-y, IL-17, and Foxp3 (17) in response
to zebularine treatment in Thl, Thl7, and Treg cells. In
addition, the immunosuppressive effects of zebularine in vivo
were also evaluated using the murine experimental autoimmune
uveitis model.

MATERIALS AND METHODS

Human Peripheral Blood CD4* T Cell

Isolation

CD4™ T cells were obtained by negative selection from peripheral
blood of healthy controls (HCs) (N = 4; 3 female and 1 male;
average age of 42) following informed consent in accordance with
National Health Service Research Ethic Committee approved
protocols at the University Hospitals Bristol Foundation Trust,
United Kingdom (04/Q2002/84). Written, informed consent
was obtained from all study participants. CD4" T cells were
obtained by incubating up to 80 ml uncoagulated peripheral
blood with RosetteSep™ Human CD4" T cell Enrichment
Cocktail (Stemcell Technologies, Canada) according to the
manufacturer’s instructions. Blood was then layered on Ficoll-
Paque PLUS (GE Healthcare, USA) and centrifuged for 1,200
x g for 20min. Enriched CD4" T cells were removed from
the density gradient and washed in RPMI-1640 (Thermofisher)
supplemented with 10% fetal calf serum (FCS). The purity of
human CD4™ T cells was >95%.

Mice

Female C57BL/6 2-Hb mice (8-10 weeks) were purchased
from Guangdong Medical Laboratory Animal Center (China)
and maintained in a SPF facility in Zhongshan Ophthalmic
Center of Sun Yat-sen University. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
Zhongshan Ophthalmic Center. All animal work was performed
in compliance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Antibodies and Reagents

Zebularine was purchased from Tocris Bioscience (UK).
The recombinant mouse interleukin-6 (rmIL-6), rmlIL-12,
recombinant human transforming growth factor beta 1 (thTGEF-
p1) were purchased from R&D Systems (USA). Functional
antibodies anti-CD3 (145-2C11) and anti-CD28 (37.51), FACS
antibodies anti-IL-17A (eBio17B7), anti-IFN-y (XMG1.2) and
anti-Foxp3 (FJK-16s) were from eBioscience (USA). CD4 (L3T4)
and naive CD4" T cell Magnetic-activated cell sorting (MACS)
isolation kits were purchased from Miltenyi (Germany). The

complete Freund’s adjuvant and pertussis toxin were purchased
from Sigma-Aldrich (USA).

Cell Culture

Human peripheral CD4*CCR6~ and CD4TCCR6™ cells (N =
4; 3 female and 1 male; average age of 42) were FACS-sorted
from isolated CD4% T cells, resuspended to 2 x 10° cells/mL
in RPMI-1640 supplemented with 10% FCS, L-glutamine, and
penicillin/streptomycin (all Thermofisher, stimulated with plate-
bound anti-CD3 (5ug/mL; clone UCHT1) and anti-CD28
(5 ng/mL;clone CD28.2) antibodies (eBioscience) (CCR6™ cells)
or with plate-bound antibodies and a polarizing cytokine
mixture of 20 ng/mL IL-6, 10 ng/mL IL-23, 10 ng/mL IL-1f (all
from R&D Systems), 100 ng/mL anti-IFN-y, 100 ng/mL anti-
IL-4 (eBioscience) (CCR6™ cells) for 5 days. Zebularine was
also added at the indicated concentrations at the beginning of
cultures. For murine CD4" T cells, spleen and lymph node
cells were filtered through a 40-pm cell strainer, followed by
the red blood cell lysis using ammonium-chloride-potassium
(ACK) buffer. Total CD4" T cells were then isolated with
the CD4 (L3T4) T cell isolation kit using the autoMACS Pro
Separator (Miltenyi, Germany) and stimulated by plate-bound
of anti-CD3 (5 iug/mL) and anti-CD28 (2 jLg/mL) antibodies, as
well as mIL-12 10 ng/mL, mIL-2 10 ng/mL, anti-IL-4 10 pg/mL
(Thl); mIL-6 20 ng/mL, thTGF-f1 1 ng/mL, anti-IL-4 10 pg/mL,
anti-IFN-y 10 pg/mL (Th17); and mIL-2 50 ng/mL, rhTGF-
Bl 2ng/mL (Treg) for 3 days. When zebularine was used,
the indicated doses of drug were added at the beginning of
the culture.

RNA-seq Analysis

Total RNA from Thl, Thl7, and Treg cells was extracted
with the MasterPure Complete DNA and RNA Purification Kit
(Epicentre, UK) according to the manufacture’s instruction. A
total of 100 ng RNA was sonicated into fragments of 300-400
base pairs using Bioruptor (Diagenode, Belgium). mRNA library
was prepared using VAHTS mRNA-seq V3 Library Prep Kit for
Mlumina (Vazyme, Nanjing, China) following the manufacture’s
protocol and sequenced on the Illumina HiSeq2500 sequencer
with HiSeq SR Cluster Kit V4 and HiSeq SBS Kit V4 50 cycle
kit (Illumina). The initial processing was performed by CASAVA
(v1.8.2). Sequencing reads were then subjected to quality control
processed by FastQC (v0.11.5) and trimmed by Cutadapt (v1.9.1).
Quality controlled reads were then analyzed using DEseq2.

Quantitative Real-Time PCR (qPCR)

Total RNA from T cells was extracted with the MasterPure
Complete DNA and RNA Purification Kit (Epicentre, UK),
and ¢cDNA was synthesized with the PrimeScript™ cDNA
Synthesis Kit (Takara, Japan). qRT-PCR was performed using
SYBR Green PCR Master Mix (KAPA Biosystems, USA) on
the Light Cycler 480 instrument (Roche, Switzerland). The
samples were run in duplicate and the relative expression
was determined by normalizing the expression of each gene
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
the 272ACt method. The primers used are shown in the
Supplementary Table 1.
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Drug Treatment in Mice

Zebularine was reconstituted with 0.9% saline to make a 1 pg/pL
stock and stored at —80°C. Zebularine was administered to the
mice at 10 pg/g body weight by intraperitoneal injection. The
injection was started on day 7 post-immunization and performed
daily for 7 consecutive days. The control group was injected with
0.9% saline only. Body weights of both groups were monitored
after drug treatment.

EAU Induction and Scoring

C57BL/6 mice were immunized subcutaneously, at the base
of tail (100 pL) and in both thighs (50 pL), with total 50
pg human interphotoreceptor retinoid binding (IRBP) 651670
emulsified with complete Freund’s adjuvant supplemented with
3.5mg Mycobacterium tuberculosis. Each mouse also received
1 pg pertussis toxin (Tocris Bioscience, UK) intraperitoneally.
To assess the clinical score of EAU, we performed dilated-pupil
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FIGURE 1 | The expression of IFN-y and IL-17A in zebularine-treated human CD4* T cells in vitro. (A) Representative dot plots (N = 4; 3 female and 1 male; average
age of 42) for stimulated human CD4+CCR6~ and CD4+CCR61 cells on Day 5, stained with IFN-y and IL-17A. The frequency of CD4TIFN-ytIL-17~ (B),
CD4IFN-y~IL-171 (C), and CD4TIFN-y*IL-171 (D) Cells in zebularine-treated human CD4+CCR6T and CD4+CCR6™ cells. (E) Viability of CD4TCCR6~ and
CD4TCCR6™ cells treated with different doses of zebularine. Means + SD are shown.
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fundus examination with a Micron III murine fundus camera
(Phoenix Research Labs, USA) and histological assessment of
FFPE sections of the retinal tissues from EAU mice (18). The
clinical scores were given by two independent experienced
observers in a blindfold manner based on the criteria for EAU
scoring as described previously (19).

Flow Cytometry and FACS Sorting

For FACS-sorted human cells, pre-enriched CD4" T cells were
incubated with a combination of primary antibodies against
cell surface markers at 4°C for 30 min and then washed using
PBS (v/v 10% FCS and 1mM EDTA). Antibodies used for
human CCR6T cell FACS sorts were anti-CD4 AF700 (BD
Biosciences), anti-CD3 BV510 (BD Biosciences) and CCR6
PE (BD Biosciences). 7-AAD (Biolegend, USA) was used to
discriminate living cells. Cells were sorted into CD4TCCR6™ and
CD41TCCR6™ subsets using a BD Influx (BD Biosciences) and
routinely >95% purity was achieved. Both human and murine
cultured or single cell suspensions collected from human CCR6
5-day cultures and retina, spleen, or lymph nodes from mice
were stimulated with 20 ng/ml phorbol myristate acetate (PMA),

1 WM ionomycin (Sigma-Aldrich, USA) and 1 pl/ml GolgiStop
(BD Biosciences) for 4h at 37°C. After 4h, cells were washed
with PBS (v/v 10% FCS and 1mM EDTA), stained with Infrared
Live/Dead fixable dye (ThermoFisher) fixed and permeabilized
(Cytofix/perm solution; BD Biosciences) and stained with anti-
IL-17A, anti-IFN-y, and anti-Foxp3 antibodies. Samples were
acquired using a BD LSRFortessa™ X-20 (BD Biosciences).
Results were analyzed using Flowjo v10 (Treestar).

Bisulfite Sequencing

Total DNA isolated from mouse polarized Treg cells was
extracted with the MasterPure Complete DNA and RNA
Purification Kit (Epicentre, UK). Sodium bisulfite treatment of
total DNA was performed using the EZ DNA Methylation-
Gold Kit (Zymo Research, USA) according to the manufacturer’s
instruction. PCR amplification was performed on the T100
Thermal Cycler (Bio-Rad, USA) in a final volume of 50 pL. PCR
products were purified with the Zymoclean Gel DNA Recovery
Kit (Zymo Research, USA). The sequencing results were analyzed
by BiQ Analyzer (Max Planck Institut Informatik, Germany).
The following primers pairs were used: Foxp3 enhancer CpG
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FIGURE 2 | The expression of IFN-y and IL-17A in zebularine-treated murine Th1 and Th17 cells in vitro. (A) Representative dot plots (N = 5) for murine Th1 and
Th17 cells stained with IFN-y and IL-17A. (B) The percentages of IFN-y* and IL-17+ cells in zebularine-treated murine CD4* T cells. (C) Viability of murine Th1 and
Th17 cells treated with different doses of zebularine. Means + SD are shown.
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FIGURE 3 | Genome-wide expression profiles of Th1, Th17, and Treg cells in response to zebularine stimulation. (A) Principle component analysis of genes with at
least two-fold changes between any two conditions and P < 0.05 (one-way ANOVA). -Z represents the conditions with zebularine stimulation. (B) Hierarchical
clustering analysis of Th1, Th17, and Treg cells with (-Z) or without zebularine stimulation. (C) Hierarchical clustering of genes of interest in Th1, Th17, and Treg cells.
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island (—5782 to —5558): (F: AATG TGGG TATT AGGT AAAA
TTTT T; R: AAAC CCTA AAAC TACC TCTA AC), Foxp3
promoter CpG island (—5252 to —5030): (F: TAGG TGAT TGAT
AAGT AGGA GAAG TTAG TA; R: TACC CCCA TTAC TTAT
AACC ATTTOQ).

Statistical Analysis

Statistical analysis was performed with Prism Graphpad 7.0
(GraphPad Software, USA). Mann-Whitney U test or one-way
ANOVA test was used accordingly.

RESULTS

Zebularine Restrains the Expression of
IFN-y and IL-17A in CD4* T Cells in vitro

To assess the effects of zebularine on the expression of
proinflammatory cytokines, we first examined the human
peripheral CD4" T cells. FACS-sorted CD4TCCR6~ and
CD41TCCR6™ cells were stimulated with anti-CD3/anti-CD28
antibodies or under the Th17 polarizing condition, respectively.
As shown in Figure 1, the frequency of IFN-yTIL-17" cells
was significantly reduced in both CCR6" and CCR6™ cells in

response to zebularine treatment (Figures 1A,B), while IL-17
expression was restrained by zebularine in a dose dependent
manner (Figures 1A,C,D). The viability of CD4™ T cells was not
significantly affected by zebularine treatment (Figure 1E). These
data suggest that zebularine is able to control the inflammatory
cytokine expression in human CD4™ T cells.

To further explore the immunomodulatory effect of
zebularine in murine cells, we differentiated murine peripheral
CD4" T cells into inflammatory Thl and Th17 conditions.
Similar to the findings in human CD4" T cells, zebularine
was found to significantly suppress the protein expression
of IFN-y and IL-17A (Figures 2A,B) in murine Thl and
Th17 cells, respectively. However, the cell viability was
significantly compromised in response to those high dose
zebularine treatments (Figure 2C). To confirm the global
changes zebularine stimulation may lead to on CD41 T cells,
we performed genome-wide expression analysis of murine Th1
and Thl7 cells in response to zebularine stimulation using
the mRNA-seq technology. The principal component analysis
(Figure 3A) and hierarchical clustering analysis (Figure 3B) of
all of the differentially expressed genes (defined as a two-fold
change between any two conditions, with a one-way ANOVA
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FIGURE 5 | Zebularine promotes the expression of Foxp3 in murine CD4F T cells in vitro. (A-=C) The relative RNA expression of Foxp3 in zebularine-treated murine
Th1, Th17 and Treg cells *P < 0.05; **P < 0.01. (D) Representative dot plots (N = 5) for murine Treg cells stained with IFN-y and Foxp3. (E) The percentages of
Foxp3* cells in zebularine-treated murine CD4™ T cells. Means + SD are shown. (F) Viability of murine Treg cells treated with different doses of zebularine. Means =+
SD are shown. (G) Methylation status of the CpG islands located in Foxp3 enhancer in murine Treg cells treated with zebularine or vehicle. e, methylated CpG; o,
unmethylated CpG.

P < 0.05) revealed that zebularine significantly changed global  (Figure 3C). We next performed quantitative PCR analysis to
gene expression profiles of Thl and Thl17 cells, in addition to  confirm the changes of mRNA expression of the inflammatory
the significant modulation of IlI17a expression in Thl7 cells  cytokines and key transcription factor Tbx2I, which encodes

Frontiers in Immunology | www.frontiersin.org 13 August 2019 | Volume 10 | Article 1950


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zou et al.

Zebularine Controls Autoimmune Uveitis

A

Day 0

Day 7 Day 14

Day 28 Day 35

Zeb

B (o]
49 , 26- .
-+ Zebularine -+ Zebularine
-= Control i 244 = Control
(0] -—
S 5
& B 224
@ =
g §2o-
e [24]
18-
16—
A D2 9 90 N A D >N D H
A0 AT NN A RN QR o5
R N I S S S S P SR S
AR AR VAR VARV ARVIAR ARV ARV

FIGURE 6 | The intraocular inflammation of EAU mice was attenuated by zebularine treatment in vivo. The representative fundus images (A) and fundus scores (B)
(means £ SD) of EAU mice treated with zebularine (N = 10) or vehicle (N = 10) were shown ***P < 0.0001. (C) Body weights of EAU mice (means + SD) treated with
zebularine (N = 10) or vehicle (N = 10) were monitored every day during treatment and every week after treatment.

the Th1 master regulator Tbet found by RNA-seq analysis. The
expression of Ifng (Figure 4A), Tbx21 (Figure 4C), and Il17a
(Figure 4B) was significantly decreased by zebularine in Thl
and Th17 cells, respectively, while the relative RNA expression
of Rorc was increased in Th17 cells in response to zebularine
treatment (Figure 4D). Taken together, our data demonstrated
the immunomodulatory function of zebularine on both human
and murine CD4* T cells in vitro.

Zebularine Promotes the Expression of
Foxp3 in Murine CD4™* T Cells in vitro

In addition to the effects on cytokine expression, we also
investigated whether zebularine modulated the expression of
Foxp3, the key transcription factor controlling the development
and function of Treg (20). The genome-wide expression
analysis demonstrated a significant response of Treg cells
to the zebularine stimulation (Figures3A,B). As shown in
Figures 3C, 5A,B, the RNA expression of Foxp3 was activated
and significantly increased in response to the treatment of
zebularine in Thl and Thl7 cells. Under inducible Treg
polarizing condition, high dose of zebularine was not able to
further elevate the expression of Foxp3 (Figures 5C-E). It is
noteworthy that zebularine treatment at 10 pg/mL significantly
decreased the viability of Thl cells (Figure 2C), while the Treg
cells were still highly viable (Figure 5F). These data suggest that
zebularine promotes the expression of Foxp3 in CD4™ T cells.
The epigenetic regulation of Foxp3 expression by DNA
methylation alterations was well documented by previous studies

(21). Therefore, we next assessed whether the methylation status
of the CpG islands located in Foxp3 enhancer was changed by
zebularine in Treg cells, using the bisulfite sequencing technique.
As shown in Figure 5G, the Foxp3 upstream enhancer (—5786 to
—5558) was hypermethylated in the vehicle-treated control cells
(66% methylated), while all 23 CpG islands were demethylated
in cells treated with zebularine (10 jLg/mL). These data further
demonstrate that zebularine promotes the expression of Foxp3 in
CD4™ T cells through demethylating its enhancer region.

Zebularine Controls Intraocular

Inflammation in vivo

To investigate the anti-inflammatory effect of zebularine in vivo,
we treated EAU mice intraperitoneally with zebularine and
investigated the changes of intraocular inflammation. Fundus
examination was performed every 7 days to evaluate the
severity of intraocular inflammation in EAU mice. As shown
in Figures 6A,B, the retinal tissue damage started on Day 7
and peaked at Day 14 post immunization. However, zebularine
treatment significantly reduced the severity of intraocular
inflammation and retinal tissue damage, evidenced by the fundus
clinical score reduction from 2.91 £ 0.24 (vehicle treated group)
t0 0.88 £ 0.16 (zebularine treated group) on Day 14. Importantly,
during the 5 weeks when mice received zebularine treatment,
we did not observe any body weight changes (Figure 6C).
Consistent with the fundus examination result, histological
analyses of the retinal tissues from EAU mice on the disease peak
Day 14 post immunization revealed that zebularine treatment
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FIGURE 7 | Histological analyses of the retinal tissues from EAU mice treated with zebularine or vehicle on Day 14 post immunization. (A) Representative HE
histological sections of EAU mice treated with zebularine or vehicle. The fundus scores and histology scores of EAU mice treated with zebularine (N = 16) or vehicle

Zebularine

significantly alleviated intraocular inflammation and retinal
tissue damage (Figures 7A-C). Taken together, our data suggest
that zebularine significantly reduces intraocular inflammation
and retinal damage in vivo.

Since zebularine restrained inflammatory cytokine expression
in CD4™ T cells in vitro, we next prepared single cell
suspensions from the eyes, cervical lymph nodes (CLN),
peripheral lymph nodes (PLN) and spleen of EAU mice treated
with or without zebularine on Day 14 post-immunization
and analyzed the changes of IFN-y, IL-17, and Foxp3
expression. As shown in Figures 8A-E, the frequency of both
intraocular CD4VIFN-y* and CD4VIL-17 cells was reduced
by zebularine, while the frequency of CD4TFoxp3™ cells
was elevated (Figures 8B,F). In contrast, the expression of
IFN-y, IL-17, and Foxp3 was not significantly changed in
CLN, PLN, and spleen (Figures 8A-F). Therefore, these data
further demonstrate that zebularine controls ocular specific
inflammation without significantly altering the systemic CD4%"
T cell populations.

DISCUSSION

CD4™ T cells mediate systemic and local inflammation in uveitis
(22). Our current study suggests that the DNA methylation
inhibitor zebularine suppresses the expression of inflammatory
cytokines IFN-y and IL-17 in CD4% T cells in vitro and in

vivo, promotes Foxp3 expression, and alleviates the severity of
intraocular inflammation and retinal tissue damage in EAU mice.
To our knowledge, this is the first report showing that zebularine
is a potential therapeutic agent for uveitis.

Previous studies have demonstrated the clinical utility of DNA
methylation inhibitors in oncology, especially in the treatment
of myelodysplastic syndrome and acute myeloid leukemia (12).
However, it is only recently that these drugs have been evaluated
in the context of experimental models of inflammatory disease
(14, 15, 23-27). This showed that systemic administration of
the two DNA methylation inhibitors azacytidine and decitabine
for treating immune-mediated diseases was limited due to
their significant cytotoxicity and side-effects (28). In contrast,
our data revealed limited cytotoxicity of zebularine on human
CD4" T cells in vitro and limited systemic toxicity of
zebularine in mice in vivo, suggesting that zebularine may
be a better immunosuppressive agent in comparison to the
other DNA methylation inhibitors. Importantly, several reports
have identified indoleamine 2,3-dioxygenase (IDO) as the
targets of zebularine through which zebularine carried out
immunomodulatory functions on cancer and autoimmunity
treatments (29-31). Our data on CD4" T cells provided
another possible mechanism by which zebularine carried out its
immunosuppressive function.

Tbet, RORyt, and Foxp3 are the canonical transcription
factors promoting Thl, Th17, and Treg polarization (11). We
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FIGURE 8 | Analysis of CD4™ T cells in inflamed eyes, as well as lymph nodes. (A,B) The representative FACS analysis of the frequency of IFN-y*, IL-17+, and
Foxp31 cells in single cell suspensions (pooled from 5 mice) prepared from the eyes, cervical lymph nodes (CLN), peripheral lymph nodes (PLN), and spleens of EAU
mice treated with (N = 5) or without zebularine (N = 5) on Day 14 post-immunization. (C-F) Summary of two analysis (total of 10 EAU mice treated with zebularine
and 10 without zebularine) of the frequency of IFN-y™*, IL-17F, and Foxp3™ cells in eyes and lymph nodes (each analysis represented the pooled cell population from
5 mice per group). *P < 0.05, paired T test (student T).
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found that zebularine suppressed the expression of Tbx21
(encoding Tbet), but promoted the expression of Foxp3 and Rorc
(encoding RORyt). Suppression of Tbet in Thl cells correlated
well with the significant reduction of IFN-y in response to
zebularine treatment. Promotion of Foxp3 expression, which is
consistent with previous reports that other DNA methylation
inhibitors also activate Foxp3 expression in murine models
of asthma, EAE and diabetes (14, 24, 32, 33), explained the
significant alleviation of intraocular inflammation found in
EAU mice. However, upregulation of Rorc expression seemed
contradictory to the reduction of IL-17 expression by zebularine
found both in vitro and in vivo. Although RORyt is the
critical transcription factor promoting IL-17 expression and
Th17 differentiation, other transcription factors such as STAT3,
IRF4, and BATF are also responsible for the coordinated
regulation of IL-17 expression (34). Therefore, the suppression
of IL-17 expression by zebularine may depend on a RORyt
independent pathway.

Our study demonstrates that zebularine restrains IFN-y and
IL-17 expression and promotes Foxp3 expression in CD4"
T cells and may serve as a candidate therapeutic agent for
autoimmune uveitis. Further study is warranted to elucidate
the molecular mechanisms by which zebularine epigenetically
regulates the expression of these key cytokines and transcription
factors in T cells.
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The retina is a complex tissue with multiple cell layers that are highly ordered. lts
sophisticated structure makes it especially sensitive to external or internal perturbations
that exceed the homeostatic range. This necessitates the continuous surveillance
of the retina for the detection of noxious stimuli. This task is mainly performed by
microglia cells, the resident tissue macrophages which confer neuroprotection against
transient pathophysiological insults. However, under sustained pathological stimuli,
microglial inflammatory responses become dysregulated, often worsening disease
pathology. In this review, we provide an overview of recent studies that depict
microglial responses in diverse retinal pathologies that have degeneration and chronic
immune reactions as key pathophysiological components. We also discuss innovative
immunomodulatory therapy strategies that dampen the detrimental immunological
responses to improve disease outcome.

Keywords: retina, microglia, neuroprotection, chronic inflammation, immunomodulation

INTRODUCTION

The retina is part of the central nervous system with more than 60 distinct retinal cell types,
high level organization, and a evolutionarily conserved structure (1, 2). The mammalian retina
contains three distinct glia cells types; Miiller cells, astrocytes, and microglia (3, 4). Miiller cells
are specialized radial cells that span all retinal layers and account for about 90% of the retinal glia
population (3, 5). They support functioning and metabolism of retinal neurons by releasing trophic
factors, recycling neurotransmitter glutamate, and controlling extracellular ion homeostasis (6).
Retinal astrocytes perform similar functions to Miiller cells, ranging from neurotrophic, metabolic
and mechanical support of neurons, and maintenance of the blood retinal barrier (3, 7). Retinal
astrocytes are however almost entirely restricted to the nerve fiber layer, and to a lesser extent
to the ganglion cell layer (7, 8). Microglia, the third glial cell type, represent the resident tissue
macrophages and play important roles in retinal homeostasis, recovery from injury and progression
of disease (9, 10).

As early as 1897, Spanish neuroscientist Ramén y Cajal began to appreciate that there were
more cell types in the brain than just neurons and astrocytes (11, 12). In pursuit of this hypothesis,
he developed the gold chloride sublimate staining approach that labeled astrocytes and other cells
that he named the “third element” (12, 13). Del Rio-Hortega, another Spanish neuroscientist later
separated the cells in the “third element;” becoming the first scientist to describe microglia as
distinct cellular entity (12, 14). He described their ramified morphology in the normal brain using
elegant drawings and provided evidence of their morphological transformations during tissue brain
pathology (12, 14). These tremendous findings have withstood the test of time and remain highly
relevant today.

In the normal retina, microglia cells are located in the plexiform layers where they exhibit
elaborate ramified processes responsible for immune surveillance of the retina (4). Noxious insults
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in the retina such as oxidative stress, hypoxia or inherited
mutations trigger microglia reactivity manifested by amoeboid
morphology, increased proliferation and migration to the
sites of injury (10, 15). While this initial “constructive”
inflammatory response can rapidly enhance tissue repair
and return to homeostasis, sustained microglial inflammatory
responses can instigate severe alterations in retinal integrity,
and aggravate neuronal demise (16). This review therefore
offers a comprehensive overview on the dual role of microglia
in the retina, examining their contribution in various retinal
neurodegenerative disorders and in aging and parainflammation.
In addition, we discuss recent strategies that have been shown
to suppress microglial inflammatory responses in the retina and
prevent neuronal cell death.

ORIGIN AND MAINTENANCE OF
MICROGLIA IN THE RETINA

Earlier attempts to find answers to the uncertainties existing
around the origin and maintenance of retinal microglia were
made by transplanting bone marrow (BM) derived cells from
eGFP-transgenic mice into irradiated normal adult mice (17).
Retinal flat mounts of the recipient mice were found to contain
BM derived eGFP cells as early as 8-weeks post transplantation,
and by the 6th month, all retinal myeloid cells were eGFP*
(17). Using CX3CRI-GFP/+ mice as BM donors, where GFP
expression is restricted to monocyte lineage cells, a separate study
observed recruitment of monocyte-derived cells into the retinal
tissue 4 weeks post-transplantation (18). Of note, both studies
observed that under steady state conditions, retinal microglia
exhibited very low proliferation rates (17, 18). However, in a
separate study where mice were irradiated and injected with
eGFP+ BM cells prior to induction of retinal injury, only a
minute number of donor cells were observed in the uninjured
normal retina up to 12 months following BM transplantation
(19). In contrast, a massive recruitment of BM derived cells
into the retina was observed following injury (19). The authors
partially attributed the low recruitment of donor cells to the
uninjured eye to shielding eyes and heads of mice prior to
irradiation (19). They argued that in the previous experiments,
irradiation could have unintentionally damaged photoreceptors
and enhanced migration of BM-derived cells to the injured retina
(19). Indeed, additional factors not mentioned by the authors,
such as large amounts of circulating cytokines, CNS vascular
changes, and temporary disruptions of the blood-brain barrier
alterations may confound interpretation of results following
irradiation (20, 21).

Therefore, to further analyse the contribution of circulating
BM derived progenitors on the turnover of resident microglia
in the CNS, a separate study employed parabiosis experiments
(22). Parabiosis, the surgical joining of two organisms, allowed
for the sharing of the blood circulation between wild type
and GFP transgenic mice without affecting their blood-brain
nor the blood-retinal barrier (21-23). The obtained results
revealed that under steady-state conditions, CNS microglia were
a closed system with the capacity to self-renew and were not

replenished by BM derived cells (22). Indeed, it was later
established that microglia were derived from primitive myeloid
progenitors originating from the yolk sac and that postnatal
hematopoietic progenitors did not significantly contribute to
microglia homeostasis (24).

A subsequent study (25) demonstrated that the brain harbored
latent nestin™ microglial progenitors throughout the CNS (25).
Pharmacological depletion of microglia using selective CSFIR
inhibitor PLX3397 triggered rapid proliferation of nestin™ cells
throughout the CNS, which later differentiated into microglia
and repopulated the entire brain within 1 week of inhibitor
cessation (25). Interestingly, this regeneration mirrored some
aspects of normal development, as embryonic stem cells require
a nestin™ stage on their way to becoming microglia (25, 26).
However, subsequent microglia ablation studies have strongly
disputed the presence of nestin™ microglia progenitor cells and
instead provide evidence that microglia repopulation following
pharmacological or genetic depletion occurs solely from residual
non-depleted internal pools which exert massive proliferation
and transiently express nestin (27-29). Similarly, retinas depleted
of microglia using selective CSFIR inhibitor PLX5622 were
not repopulated from nestint precursors (30, 31). Rather,
repopulated retinal microglia exhibited dual extra retinal origins;
first from residual microglia in the optic nerve and secondly
from ciliary body/iris macrophages (30). Residual optic nerve
microglia repopulated the retina along the center-to-periphery
axis, while macrophages in the ciliary body/iris repopulated the
retina along the periphery and accounted for around 15% of the
repopulated microglia (30). Of note, these findings uncovered
for the first time radial migratory routes of retinal microglia and
demonstrated the presence of peripheral macrophage-derived
microglia which were significantly less ramified than their
central counterparts (30). In a parallel study, it was shown that
microglia repopulation in the retina was regulated via neuronal-
microglial crosstalk in the form of CX3CL1-CX3CR1 signaling
which potentiated microglia proliferation and morphological
maturation (31). Most importantly, the latter study demonstrated
that that the repopulated cells fully restored microglia functions
in the retina including immunosurveillance and synaptic
maintenance (31).

MICROGLIA IN THE HEALTHY RETINA

Microglial cells play active roles in maintaining the normal
structure and functioning of the retina. During retinal
development, microglia cells are largely confined to the
ganglion cell layer and inner plexiform layer, where they
phagocytose cellular corpses of excessively produced retinal
ganglion cells (RGCs) early in development (32). Moreover,
in the early postnatal stages when there is a robust synaptic
remodeling, microglia are involved in pruning of weak
presynaptic terminals of RGCs (33). This process occurs in a
complement C3-CR3-dependent mechanism, where activated
C3 (iC3b/C3b) selectively labels the weak RGCs terminals
triggering a C3-receptor dependent phagocytosis pathway in
microglia (4, 33). Importantly, microglial dependent apoptosis
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of RGCs and the elimination of costly neural connections
deemed unfit for proper functioning plays a crucial role in the
normal postnatal development of the retina and cortical visual
areas (32, 33).

Following the development phase, microglia cells move to
occupy the inner and outer plexiform layers where they adopt
a quiescent phenotype characterized by very small somata and
extensively ramified filopodia-like processes (4). They form a
mosaic network of evenly distributed non-overlapping cells that
provide immunological surveillance to the entire retina by the
continuous movement of their processes (4, 34). It is also
possible that the dynamic activity of the filopodial structures
serves a housekeeping function, enabling microglia eliminate
accumulated waste metabolic products and cellular debris in
the retinal microenvironment (35). In addition, the extensive
processes facilitate close relationships with other retinal cells such
as the neurons, promoting the maintenance of their synaptic
structures and neurotransmission (3, 36). Indeed, sustained
microglia depletion in the retina has been shown to result in
the degeneration of photoreceptor synapses with subsequent
progressive decline in the magnitude of electroretinographic
responses to light stimuli (36).

Cross-talk between microglia and other retinal cells is
enabled by the assortment of cell surface molecules on the
microglial cell membrane (4, 37). These surface proteins are
key regulators of tissue homeostasis that limit unnecessary
microglia activation in the healthy retina (9). CD200-CD200R
interaction is an important example that induces a negative
inhibitory signal to restrain microglia from tissue damaging
activation (38, 39). CD200 (previously known as OX2) is a
broadly expressed membrane glycoprotein in ganglion cells,
photoreceptors, vascular endothelium and the retinal pigment
epithelium (RPE), while its receptor, CD200R, is predominantly
expressed in retinal microglia (4, 9, 40). Studies on mice lacking
CD200 have reported heightened pro-inflammatory responses
in experimental animal models of uveoretinitis and exudative
form of age related macular degeneration (38-40). Conversely,
enhancement of CD200R signaling ameliorates pathological
outcome in optic nerve injury and experimental autoimmune
uveoretinitis animal models, suggesting that CD200-CD200R
interaction could be an exploitable avenue for therapeutic
intervention (39, 41).

Sialic acids, covalently linked to cellular membrane proteins
and lipids, also contribute to the inhibition of the innate
immune system in the CNS including the retina (42, 43).
The interaction between polysialic acid chains (PSA) present
on the glycocalyx of healthy neurons and Sialic acid binding
immunoglobulin-like lectin 11 (Siglec11) receptor of microglia
restricts unwanted microglial activation in the brain and
retina (42, 44). The inhibitory signals are propagated via
immunoreceptor tyrosine-based inhibitory motifs (ITIM)
contained in the cytosolic domain of Siglec-11 in microglia
(43). Therefore, given its immunomodulatory capacity,
several studies have reported Siglec-11-ITIM mediated
neuroprotective effects which will be discussed further later
in this review (42, 44, 45).

A further neuroimmune regulator is CX3CL1 (fractalkine), a
constitutively expressed neuron derived chemokine which binds
to its sole receptor CX3CR1 present in microglia and maintains
them in a quiescent mode (46). Indeed, numerous studies
have demonstrated the immunomodulatory and neuroprotective
effects of CX3CL1-CX3CRI1 interaction in the brain and
retina (46, 47). For instance, transplantation of mesenchymal
stem cells engineered to secrete CX3CRI in the subretinal
space inhibited microglial activation and expression of pro-
inflammatory factors in light-induced retinal degeneration in
rats (48). In contrast, deletion of CX3CRI1 in an rd10 retinal
degeneration mouse model augmented microglial activation
and infiltration into the photoreceptor layers with concomitant
increase in photoreceptor demise (49). Remarkably, delivery
of exogenous CX3CL1 to the rd10 mouse eye significantly
slowed down the tempo of photoreceptor demise, underscoring
CX3CL1-CX3CRI1 signaling axis as an influential regulator of
microglial activity (49).

Microglia also exchange functionally significant signals with
Miiller cells both in health and disease states, and this
bidirectional communication can act as mediator of neuron-
microglia crosstalk [Figure 1; (50, 51)]. Indeed, previous studies
had demonstrated that certain microglia-derived neurotrophic
factors such as BDNF and CNTF were neuroprotective for
photoreceptor cells despite these cells not expressing their
receptors (52-55). Subsequent studies later established that
microglia derived neurotrophic factors interact with Miiller cells
and induce or inhibit the release of secondary factors including
basic fibroblast growth factor (bFGF), leukemia inhibitory factor
(LIF) and glial cell line-derived neurotrophic factor (GDNF)
that could act directly on photoreceptors and mediate survival
or apoptosis during stress conditions in the retina (56-60).
Recent investigations have also revealed additional microglia-
Miller cell cross-talk via translocator protein (TSPO; 18 kDa)
signaling axis, where Miiller cells release TSPO’s endogenous
ligand, diazepam binding inhibitor (DBI) protein, which binds
microglial TSPO and suppresses microglial activation during
retinal pathology (61).

As a result of the heterocellular signaling and crosstalk in the
retina, microglia cells are rendered extremely sensitive to slight
changes in their environment, demanding efficient inhibitory
mechanisms to maintain them in a quiescent neuroprotective
state (4). RPE cells prominently support the maintenance of
an immunosuppressive intraocular environment by secreting
inhibitory factors into the subretinal space between the neural
retina-RPE interface (62). This blocks the undesirable infiltration
of microglia cells and other mononuclear phagocytes into
the photoreceptor layers and subretinal space, rendering these
regions devoid of immune cells in the healthy retina (10,
63). Conversely, in both wet and dry forms of age related
macular degeneration, there is an accumulation of mononuclear
phagocytes in the subretinal space where they may contribute
to disease pathogenesis (63). Some of the inhibitory factors
released by RPE cells into the subretinal space include
transforming growth factor-f (TGF-p), thrombospondin-1 (TSP-
1) and somatostatin (SOM) (64-66).
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FIGURE 1 | Schematic representation depicting cellular cross-talk between
retinal cells and microglia. Retinal cells constantly communicate with
microglia via various soluble factors and receptors to restrain microglia from
tissue damaging activation and maintain them in a quiescent protective state.
The bidirectional communicational between microglia and Muller cells can act
as a mediator of neuron-microglia crosstalk. Microglia derived factors may
either induce or inhibit release of secondary factors from Miller cells. TGF-8,
transforming growth factor beta; TSP-1, thrombospondin-1; SOM,
somatostatin; DBI, diazepine binding inhibitor; TTN,
triakontatetraneuropeptide; BDNF, brain derived neurotrophic factor; CTNF,
ciliary neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor;
NT-3, neurotrophin-3; NGF, nerve growth factor; bFGF, basic fibroblast growth
factor; LIF, leukemia inhibitory factor.

MICROGLIA IN THE DISEASED RETINA

A sustained chronic pro-inflammatory environment is an
important common denominator of retinal degenerative
diseases and neurological disorders that affect vision (10).
Neuroinflammatory responses in the retina are orchestrated
by microglial cells which constitute the resident immune
cell population (67). Under acute conditions, microglia-
mediated neuroinflammation promotes neuroprotection and
regenerative processes and facilitates a rapid return to tissue
homeostasis (68, 69). However, under chronic conditions where
the insult persists over time, such as in retinal degenerative
disorders, microglia become pathologically activated and
release exaggerated amounts of inflammatory mediators that
promote tissue damage and disease exacerbation (16, 68, 70).
Consequently, modulation of microglial reactivity has emerged
over the years as a promising therapeutic approach to attenuate
neuronal demise and potentially slow down the onset and
progression of retinal degenerative diseases. Therefore, the next
sections will discuss the role microglia-related mechanisms in
major retinal degenerative diseases like age-related macular

degeneration, hereditary retinopathies, glaucoma, diabetic
retinopathy as well as in aging. In addition, promising regimens
that have shown potent immunomodulatory effects in animal
models of retinal diseases and/or in human tissue culture as well
as patient studies will be discussed.

Microglia in Age Related Macular

Degeneration

AMD, with a global prevalence of ~170 million people, refers
to a progressive deterioration of the macula (71). It is a
neurodegenerative disease with a multifactorial etiology and is
currently considered the leading cause of debilitating vision loss
among the elderly (72). Early clinical features of the disease
includes fundoscopic manifestation of drusen between the RPE
and Bruch’s Membrane and fundus autofluorescence that derives
primarily from accumulation of lipofuscin granules in the RPE
(73, 74). Unfortunately, 15% of patients presenting with early
AMD symptoms will advance to the late stages of the disease
which progresses in two main forms; (I) Neovascular or “wet”
AMD characterized by the ingrowth of immature leaky choroidal
blood vessel through the RPE and into the avascular outer retina
and (II) Geographic atrophy or “dry” AMD characterized by
deterioration of the RPE and associated support functions around
the macula with concomitant loss of the overlying photoreceptors
(75, 76). While effective treatments involving the inhibition of
vascular endothelial growth factor (VEGF) exist for wet AMD, no
truly effective form of treatment is available for dry AMD form
which affects the majority of patients (77).

There is substantial evidence to indicate the involvement
of inflammation and dysregulated innate immunity in the
pathogenesis of AMD (73, 75, 78). Dysregulated innate immunity
in AMD is associated with complement factors, inflammasome
activation, and reactive microglia (71). Wet AMD patients for
instance show elevated levels of complement fragments C3a
and Ba as well as a wide range of cytokines in their aqueous
humor (73, 79). Similarly, soft drusen from AMD donors contain
bioactive fragments of complement components C3a and C5a
which can induce VEGF expression and predispose patients to
choroidal neovascularization (CNV) (80). Drusen from AMD
donors can induce inflammasome activation in myeloid and
mononuclear cells, suggesting that macular drusen in AMD is a
potent pro-inflammatory stimulus (81). Indeed, the widespread
accumulation of drusen components as seen in AMD is a
prominent chemoattractant stimulus for microglia cells which
results in their translocation to the subretinal space (82-84).

Consistently, enlarged amoeboid microglia have been found
in the vicinity of RPE cells overlying drusen in retinal
sections from dry AMD patients (70). In the outer retina,
reactive microglia or microglia-derived factors can induce
NLRP3 inflammasome activation in RPE cells with concomitant
secretion of the proinflammatory cytokine IL-1p (85-87).
NLRP3 inflammasome activation can subsequently induce RPE
degeneration via caspase-1-mediated pyroptosis, contributing to
AMD pathology (88). Notably, human ocular tissue sections from
geographic atrophy or neovascular AMD donors exhibit NLRP3
inflammasome activation (88). Eventually, RPE degeneration
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causes secondary photoreceptor cell death, resulting in loss
of visual function (75). Moreover, the pro-inflammatory
environment fostered by accumulating subretinal microglia can
directly induce death of nearby photoreceptors (89). We have
indeed demonstrated on several instances that conditioned
medium from reactive human and murine microglial cells
triggers caspase-mediated photoreceptor cell death (85, 90).
These findings therefore strongly suggest that microglia reactivity
is a driving force in photoreceptor degeneration and progression
of retinal degenerative disorders.

Indeed, the role of microglial reactivity in severity of disease
has been clearly demonstrated in several mouse models of
AMD. However, it is important to note that conclusions drawn
from these studies are limited in nature since rodents lack an
anatomical macula. Nonetheless, these models effectively mimic
distinct features of human pathology including accumulation
of immune cells such as macrophages or microglia in
the subretinal space, photoreceptor degeneration, choroidal
neovascularization, funduscopically visible drusen-like lesions,
and RPE degeneration (91). We will therefore discuss a few of
these models here to highlight the crucial role played by microglia
in AMD pathogenesis. However, for a more detailed discussion
on the animal models of AMD, the reader is directed to other
articles (91-93).

Bright white light for example can be used to mimic the
photoreceptor cell death and retinal degeneration witnessed in
human AMD patients (94). Intense light causes bleaching of
rhodopsin and excessive phototransduction signaling, resulting
in photoreceptor apoptosis in an AP-1 dependent manner (94,
95). This is followed by a robust migration of microglia to
the outer retina, making the light-damage model useful for
studying physiological as well as pathological consequences of
reactive microglia accumulation in the subretinal space as seen in
human AMD patients (70). Of note is that microglial activation
states and morphological changes are early events that precede
recruitment to the outer retina following light induced damage
(96). This recruitment of microglia to the outer retina following
light damage is mediated in-part by chemokines (C-C motif)
ligand 2 (Ccl2) (97) and (C-X3-C motif) ligand 1 (Cx3cll/
fractalkine) (98) and by the complement anaphylatoxin receptor
C5aR (99). Once in the subretinal space, microglia and other
mononuclear phagocytes enhance their phagocytic capacity and
produce high levels of pro-inflammatory factors including IL-18,
TNF-a, IL-6, CCL2, and iNOS (100). An overt consequence of
this massive recruitment of amoeboid microglia in the subretinal
space is a severe thinning of the outer nuclear layer as a
result of photoreceptor degeneration via pro-inflammatory and
phagocytosis mechanisms (16, 61, 89).

Another useful model for dry AMD is generated by
immunizing mice with carboxyethylpyrrole (CEP)-adducted
proteins (101). CEP is an oxidation product of docosahexaenoic
acid (DHA) and is present in the eyes of AMD patients and
in their serum at higher levels than in age-matched non-AMD
controls (91, 101). This model mimics many aspects of the
dry AMD pathology observed in human patients, including
presence of sub-RPE drusen like deposits, RPE degeneration and
infiltration of phagcoytes around hypertrophied photoreceptors

and degenerating RPE (102). However in this model, RPE
atrophy is more pronounced in regions devoid of immune
cells in their vicinity, suggesting that subretinal mononuclear
phagocytes are not involved in initiating RPE pathology, but
may rather exert beneficial effects by removing debris released
from apoptotic corpses of RPE cells (102). Indeed, some of the
infiltrating macrophages found in the subretinal space contained
melanin pigment, confirming RPE engulfment (102). This model
could therefore be useful in understanding what processes or
factors tips the scales toward neurotoxic damaging phagocytes in
subretinal microglia.

To study microglial immune responses in wet AMD,
a laser induced bruchs membrane photocoagulation model
is used (71). Briefly, laser photocoagulation results in the
rupture of Bruch’s membrane, leading to the ingrowth of
immature leaky blood vessels into the outer avascular retina
(103). A local inflammatory reaction is triggered at the laser
burn site and is accompanied by a rapid recruitment and
accumulation of amoeboid microglia and other mononuclear
phagocytes (104-106). The recruited mononuclear phagocytes
produce high levels of pro-inflammatory cytokines and the pro-
angiogenic factor VEGE worsening disease progression and
severity (104, 105). Indeed, blocking the VEGF receptor signaling
significantly inhibits microglia accumulation in the laser
spots with concomitant reduction in CNV (107). Conversely,
blocking ifnarl/IFN-f or CX3CRI signaling drastically enhances
microglia reactivity and recruitment to the laser lesion site,
exacerbating the development of CNV lesions in mice (104, 105).

Microglia in Hereditary Retinopathies
Hereditary degenerations of the human retina are a diverse group
of clinically and genetically heterogeneous blinding diseases with
more than 260 causal genes identified to date (108). Inherited
retinopathies are mostly monogenic, with the causal mutations
predominantly occurring in genes expressed in photoreceptors
and RPE (4, 109). The most prevalent and severe form of
inherited retinopathies is retinitis pigmentosa (RP), where vision
loss is brought about by primary degeneration of rods, followed
by the degeneration of cones (110). Microglia in human RP
patients become reactive in response to signals from degenerating
rods and migrate to the photoreceptor layers (70). These bloated
microglia in the outer retina of RP patients engage in the
phagocytosis of rod debris, as evidenced by their rhodopsin
intracellular inclusions (70). In addition to phagocytosis of
degenerate cells (70), proposed these reactive microglia in
the outer retina exacerbate photoreceptor cell death including
adjacent healthy cones by secreting pro-inflammatory neurotoxic
factors. Using animal models that recapitulate aspects of human
disease, scientists have proven this hypothesis and demonstrated
accumulation of reactive microglia in the degenerating retinas
that produce high levels pro-inflammatory cytokines and
chemokines aggravating photoreceptor demise.

The rodless mouse, discovered approximately 93 years ago by
the medical geneticist Keeler, was the first ever reported murine
model of retinal degeneration (111). This natural mouse line
carries a nonsense mutation in the Pde6b gene that codes for
the B-subunit of cGMP phosphodiesterase (PDE), and mimics
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to a great extent the RP in human patients bearing mutations
in the human homolog of the gene (112). Rdl mice display an
early onset and a rapid rate of photoreceptor degeneration, such
that by 4 weeks of age, only a single layer of photoreceptors
consisting predominantly of cone photoreceptors is left in the
outer nuclear layer (113). Microglia cells are present in the outer
nuclear layer of the photoreceptors by post-natal day 10 where
they exhibit a highly proliferative capacity (114). Of note is
that their distribution coincides with the spatiotemporal pattern
of photoreceptor cell death, implying that microglial cells are
intimately engaged with the degenerative process and are not
mere bystanders of disease (114). During their migration to
the outer nuclear layer of the photoreceptors, microglia lose
their filopodial-like processes, and by the time they emerge in
the subretinal space, they are fully transformed into amoeboid
phagocytes whose pseudopodia can often be seen (114). These
bloated infiltrating microglia have been shown to secrete
high levels of TNF-a, chemokines CCL2 (alias MCP-1) and
(CCLS5, alias RANTES) accentuating the ongoing photoreceptor
demise (115).

In the retinal degeneration 10 (rd10) mouse which harbors
a missense mutation in the Pde6b gene but displays a much
slower onset of retinal degeneration, a similar infiltration
of microglia into the outer nuclear layer is observed at
around P21 as the number of apoptotic rods increase (16).
Interestingly, microglia activation in rd10 mice, indicated by
the upregulation of microglia specific genes Cx3crl, Aifl,
Irf8, Clqc is already apparent at P12 before the onset of
neurodegeneration (116). Upon activation, microglia migrate
toward the degenerating photoreceptors and transition into
amoeboid cells containing multiple phagosomes where they
produce large amounts of the pro-inflammatory cytokine IL-
18 and potentiate photoreceptor apoptosis (16). In addition,
the reactive outer retina microglia engage in indiscriminate
phagocytosis of stressed but living photoreceptors, aggravating
neuronal demise, and disease severity (16). Of note is that
the number of infiltrating microglia is significantly reduced in
ccr2™/~ rd10 mice, indicating that the ccr2/ccl2 signaling pathway
plays a crucial role in mobilizing mononuclear phagocytes
into the degenerating photoreceptor layer (117). Moreover,
the reduced microglial infiltration was also associated with an
increase in retinal thickness and function, strongly affirming
microglia’s involvement in inducing degenerative changes during
retinal pathology (117).

In addition to the commonly used rdl and rd10 mutants,
rd7 and rd8 mutant mouse strains also display widespread
microglia activation (118). In the rd7 mice where retinal
degeneration occurs as a result of a spontaneous mutation
in the Nr2e3 gene (119), reactive microglia are found under
abnormal foldings (retinal rosettes) that develop in the outer
nuclear layer and inner segments of photoreceptors (118). These
reactive microglia phagocytose large amounts of debris between
photoreceptor and RPE layers, resulting in the accumulation of
lysosomes containing autofluorescent material (118). Activated-
lysosome-laden microglia, which appear as autofluorescent dots
in fundus images, secrete high amounts of pro-inflammatory
cytokines IL-1f, IL-6, and TNF-a thereby accelerating retinal

degeneration (118). Similarly, in the rd8 mice bearing a mutation
in the Crb1 gene, increased amounts of microglia/macrophages
positive for pro-inflammatory markers CD16, MHC-II, and
iNOS accumulate in the subretinal space when compared to age
matched wild type controls (120). This enhanced accumulation
of reactive microglia overexpressing complement (C3 and CFB)
and pro-inflammatory (TNF-a and NFkB) genes, is a specific
response to degenerative changes that occur in the rd8 retina
including development of retinal dystrophic lesions (120, 121).

Microglia in Diabetic Retinopathies

Diabetic retinopathy (DR) is a severe ocular complication of
diabetes mellitus and is also the leading cause of blindness
among the working age populations of industrialized regions
(122). DR can be clinically divided into two forms; (i) an
early non-proliferative form (NPDR) characterized by increased
vascular permeability, retinal microvasculature degeneration,
basement membrane thickening, and loss of pericytes in the
retinal capillaries (ii) an advanced proliferative form (PDR)
involving pathological neovascularization, vitreous hemorrhage,
and retinal scars and detachment (123). Based on vascular
abnormalities such as acellular capillaries, microscopic capillary
loss, and microaneurysms, DR has traditionally been regarded as
a classical microvascular disease (122). However, in recent years,
numerous studies have highlighted the crucial role played by
inflammation in the pathogenesis of DR (124-126).

Early indications of inflammation involvement in the
pathogenesis of DR came from a study reporting a low incidence
and high regression rate of DR when diabetic patients were
treated with salicylates for rheumatoid arthritis complications
(127). Since then, ample evidence exists to show that DR is
a low grade chronic inflammatory condition characterized by
leukostasis, RPE, and endothelial cell damage and associated
blood retinal barrier (BRB) alteration. Subsequently, these events
compromise the immune suppressive environment in the retina
resulting in increased expression of pro-inflammatory factors
(124, 128, 129). Indeed, several clinical studies have shown that
the levels of many pro-inflammatory cytokines including TNF-a,
IL-1B, IL-6, and IL-8 are elevated in the vitreous of DR patients
(124, 128). In addition, persistent hyperglycaemia results in
increased polyol and hexosamine pathways flux, inducing cellular
oxidative stress and the generation of advanced glycation or
lipoxidation end products (AGEs or ALEs) (122, 130). High levels
of pro-inflammatory cytokines and the accumulation of AGEs
and ALEs compromise cellular physiology and induce microglia
activation (131, 132). Furthermore, oxidative stress induced by
the noxious hyperglycaemic environment can trigger NFkB-
mediated inflammatory responses in retinal microglia (133).

In human DR, hypertrophic and amoeboid microglia are
present at different stages of the disease (134). In the NPDR form,
there is a moderate increase in the number of reactive microglia
which are mostly clustered around perivascular vessels and
fresh hemorrhages in microaneurysms (135). In the intermediate
pre-proliferative form, there is a dramatic increase in reactive
microglia which cluster around cotton-wool spots and dilated
vessels (135). Lastly in the PDR form, a marked increase in
reactive microglia number is seen in the ganglion cell layer and
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around new immature blood vessels in the nerve fiber layer and
the optic nerve head where the proliferative process is most
prominent (135). Strikingly, reactive microglia in human DR are
closely associated with perivascular compartments where they
are postulated to exacerbate vascular permeability by propagating
inflammatory responses (135, 136).

Similarly in murine models, changes to retinal microglia are
a prominent feature of diabetic retinopathy (137, 138). In the
Ins2”4% mouse model which harbors a spontaneous missense
mutation in the insulin 2 gene, discrete pockets containing
bloated microglia with shorter less branched processes can be
observed in the diseased retina (138). Moreover, the normal
laminar arrangement of the retinal microglia is markedly
disrupted in these mice from 10 weeks of age (137). These
DR induced microglia morphological alterations might result
partly from disruptions in microglial Cx3crl signaling, as the
detrimental morphological abnormalities are exacerbated in the
absence of Cx3crl signaling (137).

In the Goto-Kakizaki (GK) inbred rat model of type II
diabetes, numerous Ibal™ amoeboid microglia/macrophages
overexpressing inducible form of nitric oxide synthase (iNOS)
can be found all over the retina and in the subretinal space
following 12 months of hyperglycaemia (139). The enhanced
trafficking of microglia/macrophages to the subretinal space at
week 12 is correlated with a reduction in the number of “tunnel-
like” invaginations which mediate a physiological transcellular
pathway in RPE cells (139). Alteration of this transcellular
pathway and subsequent subretinal accumulation of activated
microglia/macrophages induces morphological abnormalities in
the outer retina including disorganization of photoreceptor
outer segments (139). Notably, intraocular injection of a protein
kinase C zeta (PKCg) inhibitor suppresses iNOS expression in
microglia/macrophages and impairs their recruitment to the
subretinal space (139).

Microglia reaction is also elicited in pharmacologically
induced diabetes where toxic glucose analogs alloxan and
streptozotocin (STZ) are used to preferentially destroy pancreatic
beta cells and induce a state of insulin-dependent diabetes (134,
140, 141). Starting at 4 months of age, an upsurge of microglia is
observed in the different retinal layers and especially the outer
plexiform and ganglion cell layer in STZ treated rats (134).
There is also a significant shift in microglia phenotype toward
activated amoeboid cells with hypertrophied cell bodies (134,
142). As the disease progresses, microglia in the outer plexiform
layer extend their processes into the outer nuclear layer, with
some CD11b positive microglia occasionally being found in the
photoreceptor layers and subretinal space (134). Interestingly in
alloxan treated mice, microglia morphological changes including
shortened processes and hypertrophied cellular somas precede
neuronal apoptosis and BRB breakdown in this model, implying
that microglia cells play an important role in the onset and
development of DR (141).

Microglia in Glaucoma

Glaucoma refers to a distinctive group of optic neuropathies
characterized by the progressive demise of retinal ganglion cells
(RGCs) and their axons, thinning of the retinal nerve fiber

layer and cupping of the optic disc (143). Glaucoma, estimated
to affect ~79.6 million people by 2020, is the most frequent
cause of irreversible blindness worldwide (144, 145). Major risk
factors for the development and progression of glaucoma include
old age, race, ocular and systemic hypertension, diabetes, and
high myopia (146-148). To date, the only proven therapeutic
approach to prevent development and slow down disease
progression is the lowering of intraocular pressure (IOP) via drug
treatment, laser therapy or surgery (51, 143). However, despite
effectiveness of the intraocular pressure-lowering approach
which eliminates the primary source of injury, evidence exists
of a secondary degeneration that persists, affecting neighboring
neurons and continuing the pathological process (149-151). An
important mechanism that has been proposed to provoke such
secondary degeneration of the RGCs in optic nerve disorders
is the dysregulation of innate immunity and the associated
neurodegenerative inflammatory responses (152).

Consistent with this hypothesis, aqueous humor from
glaucoma patients have been shown in several studies to
contain higher levels of pro-inflammatory cytokines and
chemokines, suggesting that neuroinflammatory processes play
a key role in glaucomatous neurodegeneration (153-156).
Microglia, the resident tissue macrophages, are the principal
sources of pro-inflammatory mediators in the retina and
have been shown in both human and experimentally induced
glaucoma in rodents to be central players in perpetuating
the neuroinflammatory process in glaucoma (4, 157-159). In
human glaucoma eyes, clusters of large amoeboid, reactive
microglia gather around the compressed lamina cribrosa and
its surrounding blood vessels, forming concentric circles (159).
Enlarged reactive microglia, occurring either singly or in
clusters, are also found in the parapapillary chorioretinal region
(where the RPE and the bruch’s membrane terminate) of
glaucomatous optic nerve heads (ONH) (159). Proteomic and
subsequent immunohistochemical analysis detected abundant
expression of toll like receptor 2 (TLR2), TLR4, and TLR7
in microglia of diseased patients, implicating TLR signaling as
a pathomechanism in glaucomatous neurodegeneration (160).
Moreover, these reactive microglia were shown to express
abundant levels of matrix metalloproteinases (MMP) 1, MMP-
2, MMP-3, and MMP-14, pro-inflammatory factors TNF-a and
NOS-2 and the anti-inflammatory cytokine TGF-p (158). The
high expression of TGF-p suggests that microglia attempt to
downregulate the degenerative reactions in the glaucomatous
ONH, but as the disease progresses, their contribution turns
detrimental leading to neurodegeneration and degradation of the
extracellular matrix (158).

Murine models of glaucoma where increased ocular
hypertension occurs naturally or is experimentally induced
using genetic manipulation or surgical procedures have been
instrumental in understanding microglias role in disease
pathogenesis (161). Using DBA/2] (D2) mice, an established
model of chronic inherited glaucoma carrying spontaneous
mutations in TYRP1 (tyrosinase-related protein 1) and
GPNMB (glycosylated protein nmb), microglia activation and
proliferation was shown to occur at stages prior to overt RGCs
neurodegeneration (162, 163). These findings provide evidence
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supporting an active involvement of microglial activation in
the onset and progression of RGCs neurodegeneration in
the glaucomatous retina (162, 163). Microglia mediate the
neurodegeneration of RGCs, at least in-part, by secreting high
amounts of TNF-a (164). Consistently, mice deficient for TNEF-
R1 are significantly protected against RGCs loss following optic
nerve crush when compared to control animals with a functional
TNF death receptor signaling (164). Moreover, both TNF-a and
its receptor TNF-R1 are upregulated in glaucomatous retinas
in the RGCs and retinal glial cells, respectively, suggesting a
direct contribution of the TNF-a signaling cascade in optic nerve
degeneration in glaucoma (165, 166). Notably, blocking TNF-a
activity with Etanercept, a clinically approved agent, inhibits
microglial inflammation with concomitant attenuation of axonal
degeneration in the optic nerve and RGC demise (167).

Nitric oxide (NO) synthesized by microglia also plays a role
in the pathophysiology of glaucoma (168, 169). Increased levels
of iNOS and NO have been shown to occur in the ONH
of glaucomatous patients and experimental animal models of
glaucoma (168-171). Importantly, pharmacological inhibition of
NO synthesis using timolol and aminoguanidine in rats with
elevated IOP drastically suppresses the degeneration of RGCs,
showing that NO-mediated mechanisms contribute to neuronal
cell death during glaucoma (169, 172).

Increased IL-6 expression has also been reported as a key
component of the retinal microglia response in glaucoma,
although the available evidence is contradictory (173-175).
Early in-vitro experiments conducted on primary glia cultures
isolated from rat retina demonstrated that microglia, and not
astrocytes were the primary sources of IL-6 following elevated
pressure conditions (175). Interestingly, microglial secreted IL-
6 was shown to significantly abate apoptotic cell death in RGCs
injured by elevated pressure, suggesting a beneficial effect of this
cytokine in countering proapoptotic signals in the glaucomatous
retina (174). In contrast, other investigations have reported that
while an IL6 deficiency promotes an anti-inflammatory, pro-
survival retinal environment, it also induces an exaggerated TNF-
a response in the presence of glaucomatous stressors such as
ocular hypertension (176). Moreover, IL6~/~ mice are protected
from IOP induced structural degeneration of the optic nerve and
subsequent decrease in vision acuity, suggesting that IL-6 may
play a specific role in the progression of RGC axonopathy and
vision loss (173). Further studies are therefore needed to delineate
ambiguities and lack of clarity in reported outcomes prior to the
development of IL-6 as a therapeutic target.

TARGETING MICROGLIA FOR THE
TREATMENT OF RETINAL DEGENERATIVE
DISEASES

Microglia  participates in  both  physiological and
pathophysiological functions in the retina (4). Therefore,
despite the fact that neuroinflammatory responses from
overly reactive microglia play a critical role in the onset and
progression of retinal degenerative disorders, complete blocking
of retinal microglial functions would result to undesirable

effects (36). Hence, valid immunotherapeutic approaches for
the treatment of retinal degeneration should be those that
inhibit dysregulated microglial-mediated pro-inflammatory
responses and/or simultaneously enhance their beneficial
neuroprotective functions. In the remainder of this review, we
discuss promising therapeutic strategies that have been used
to modulate microgliosis and improve disease outcome during
retinal pathologies.

Polysialic Acid Receptors

In the vertebrate nervous system, healthy neuronal cells carry a
polysialic acid (PolySia) cap on their glycocalyx made up of a2-8-
glycosidically linked N-acetylneuraminic acid residues and which
are attached by means of Hildebrandt et al. (177) and Schnaar
etal. (178). The glycosylation state of healthy neurons is vigilantly
monitored by cell surface carbohydrate binding receptors on
microglia referred to sialic acid-binding immunoglobulin-like
lectins (Siglecs) (43). Neural cell-adhesion molecule (NCAM),
involved in cell-cell interactions and cell-extracellular-matrix
adhesion, is the most prominent neuronal protein modified by
PolySia (179). Polysialylated neuronal cell adhesion molecule
(PolySia-NCAM) binds a CD33-related, primate lineage-specific
Siglec-11 receptor on microglia, and this interaction serves
to limit microglia immune responses and maintaining them
in a quiescent neuroprotective state [Figure2; (43)]. The
inhibitory signaling of Siglecs is mediated through conserved
ITIM-domains contained in their cytosolic tails (180). Upon
ligand binding, ITIM is phosphorylated by Src-kinases, leading
to a subsequent recruitment of protein-tyrosine phosphatases
Src-homology region 2 domain-containing phosphatase 1
(SHP1) and SHP2 (180). Once recruited, SHPs dephosphorylate
activated tyrosine residues on immunoreceptor tyrosine-based
activation motif (ITAM), inhibiting Syk kinase mediated
inflammatory signaling, ROS production and phagocytosis
(180-183). Indeed, the interaction of ectopically expressed
human Siglec-11 in mouse microglia with PolySia residues on
neurons potently downregulates LPS-induced pro-inflammatory
gene transcription and phagocytic capacity in microglia,
confirming that ITIM-signaling impedes the inflammatory, and
phagocytosis-associated ITAM-Syk cascade (181).

Under pathological conditions such as elevated inflammation
and oxidative stress, degradation of sialic acid caps occurs leaving
neurons and other cells with a damaged glycocalyx (184-186).
During such pathological conditions, soluble sialic acid residues
actually accumulate in serum signifying the removal of sialic
acid caps from glycoproteins (184, 185). Desialylated neuronal
glycocalyx are then opsonized by complement component
Clq, leading to their subsequent phagocytosis and clearance
by the activating-signaling receptor complement receptor 3
(CR3) in microglia/macrophages (43). Consistently, blockage
of CD11b as part of the complement receptor 3 (CR3)
attenuates desialylated neurite phagocytosis by macrophages
(187). However, excessive C1q mediated microglial phagocytosis
of desialylated neurons would exacerbate ongoing neuronal
loss in retinal degenerative disorders (188). This phenomenon
is clearly observed in glaucoma mouse models where Clq
localizes with neuronal synapses early on in the disease, and
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FIGURE 2 | Schematic model depicting the immunomodulatory effects of neuronal polysialic acids on microglia. Healthy neuronal cells have an intact glycocalyx
displaying a polysialic acid (PolySia) cap. The PolySia cap is recognized and bound by Siglec-11, an inhibitory ITIM-signaling receptor. This interaction between
neuronal PolySia and Siglec-11 inhibits microglia activation and maintains retinal homeostasis. However, during pathological conditions, neuronal glycocalyx is altered,
leading to degradation of sialic acid caps. The exposed neuronal glycocalyx is then opsonized by complement component C1q, leading to subsequent recognition by
ITAM-containing complement receptor 3 (CR3) in microglia and activation of inflammatory signaling and ROS production. ITIM, immunoreceptor tyrosine-based
inhibition motif; ITAM, immunoreceptor tyrosine-based activation motif.

blocking neuronal opsonization by depleting C1q protects mice ~ predominantly with activated microglia (190, 192, 193). This
from glaucoma induced neurodegeneration (188). These findings ~ strong upregulation of TSPO in the brain from a very
therefore suggest that treatment with exogenous polysialic acids ~ low baseline led to the development of numerous TSPO
may be neuroprotective by limiting disease induced microglial ~ positron-emission tomography (PET) ligands for the non-
inflammatory responses and phagocytic capacity. invasive imaging of neuroinflammation (194, 195). Similarly,

Indeed, treatment of human macrophages challenged  during retinal inflammation and disease, there is a strong
with LPS or amyloid-f;_4 with nanomolar concentrations  upregulation of TSPO in reactive migratory microglia, and this
of low molecular weight polySia with an average degree of induction accurately marks the extent and duration of retinal
polymerization 20 (polySia avDP20) significantly reduces  inflammation (190, 193). Interestingly, as activated microglia
pro-inflammatory gene transcription, inflammation-induced  upregulate TSPO expression during retinal inflammation and
phagocytosis, and oxidative burst (44). Similarly in the retina,  disease, astrocytes, and Miiller cells upregulate the production
treatment with polySia avDP20 was shown to significantly  and secretion of Diazepam binding inhibitor (DBI), a 9 kDa
reduce microglial activation, vascular leakage and production  endogenous TSPO protein ligand (61). DBI is then taken
of deleterious ROS in humanized transgenic mice expressing up by microglia cells, and the binding of DBI to microglial
SIGLEC-11 following laser-induced choroidal neovascularization =~ TSPO serves to limit the magnitude of microglial inflammatory
(42). Interestingly, higher doses of polySia avDP20 were shown  responses [Figure 3; (61)]. Secreted DBI can also be cleaved
to block alternative complement activation and membrane attack  extracellularly by acidic endopeptidases into its biologically active
complex formation in the diseased retina but in a SIGLEC-11  cleavage product triakontatetraneuropeptide (TTN) (196). TTN

independent manner (42). interaction with retinal microglial TSPO similarly suppresses
inflammatory responses and facilitates a return of activated
Translocator Protein Ligands microglia to baseline quiescence (61, 196). Exploiting this

Translocator protein (18 kDa; TSPO), formerly referred to  endogenous immunomodulatory pathway, we tested the ability
as the peripheral benzodiazepine receptor (PBR), is a highly  of a synthetic and highly specific TSPO ligand, XBD173 (AC-
conserved 5a-helical transmembrane protein located on the 5216, emapunil), to influence microglial reactivity in the acute
outer mitochondrial membrane (OMM) (189). TSPO exhibits ~ white light-induced retinal degeneration mouse model (193).
a high constitutive expression in steroidogenic tissues such ~ White light exposure is an environmental risk factor that
as adrenal glands, gonads and the placenta, but is very contributes to the faster onset and progression of human
weakly expressed in the normal healthy brain (190, 191).  retinal degeneration disorders such as AMD and Retinitis
However, during neuropathology, there is a strong increase  Pigmentosa (197-200). Consistently, rodents exposed to bright
in TSPO protein expression in the brain which colocalizes  white light experience a synchronized burst of photoreceptor
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cell death and thinning of the outer nuclear layer (94, 95, 193).
Photoreceptor demise is brought about by rhodopsin bleaching
and excessive phototransduction signaling, which creates an
intracellular death signal that translocates transcription factor
AP-1 to the nucleus to mediate photoreceptor apoptosis
(59, 94, 95). Using this model, we demonstrated that the
TSPO ligand XBD173 markedly inhibited accumulation of
amoeboid microglia in the outer retina with concomitant
preservation of the outer nuclear layer (193). Moreover, XBD173
efficiently suppressed pro-inflammatory induced gene expression
and morphological transition in microglia with concomitant
reduction in microglial neurotoxicity on cultured photoreceptors
(190). However, the precise mechanisms involved in the TSPO
ligands neuroprotective effects remain largely unknown, but
likely involves, at least in part, enhanced steroidogenesis.

Indeed, the most studied physiological function of TSPO
involves the translocation of cholesterol from the outer
to the inner mitochondrial membrane as a rate limiting
step for steroidogenesis (189, 201). TSPO’s implication in
steroidogenesis has been based upon its localization to the
OMM, presence of a high affinity cholesterol recognition
amino acid consensus (CRAC) motif, high expression in
steroidogenic cells and the ability of TSPO ligands to stimulate
steroid synthesis (202-204). In our own in-vitro experiments
in the lab, we have demonstrated that treatment of microglia
cells with XBD173 induces pregnenolone synthesis, and that
inhibition of this process with aminoglutethimide partially
abolishes XBD173 therapeutic effects (190). Similarly, the
endogenous ligand TTN induces synthesis of pregnenolone
derived Dehydroepiandrosterone (DHEA), inhibiting microglia-
mediated proinflammatory responses (61). Outside the retina,
DBI and synthetic TSPO binding ligands stimulates cholesterol
translocation to the inner mitochondrial membrane increasing
pregnenolone formation by isolated adrenocortical, Leydig and
glia cell mitochondria (205, 206). In addition, gene silencing to
inhibit DBI expression in Leydig cells was shown to significantly
suppress hormone-induced steroidogenesis but not adenylate
cyclase nor cholesterol side chain cleavage (P450SCC) enzyme
activities (207). Of note is that the absence of TSPO in mutant rats
causes increased neutral lipid accumulation in the adrenal glands
and testis, reduced circulating testosterone and undetectable
levels of the neurosteroid allopregnanolone (208). Together, these
findings strongly suggest that TSPO and its ligands regulate
steroid and neurosteroid levels.

Steroid hormones have subsequently been shown to attenuate
neuroinflammatory reactions via autocrine and paracrine
signaling mechanisms (209). Binding of steroids to their
cytoplasmic and nuclear bound receptors results in the rapid
inhibition of pro-inflammatory gene transcription via both
genomic and non-genomic mechanisms (210). In the retina, a
synthetic progesterone, norgestrel, exerts potent neuroprotective
effects in the rd10 mouse model of human RP by reducing
the extent of neuronal apoptosis with concurrent preservation
of the photoreceptor layer (211). Norgestrel mediated rescue
of stressed photoreceptors was shown to be mediated by
the pleiotropic cytokine LIF, the pro-survival growth factor
bFGF and the fractalkine-CX3CRI signaling cascade (211-213).

In addition, norgestrel directly targets reactive microglia in
the rd10 mouse, attenuating their pro-inflammatory gene
expression and NO production and significantly lessening
microglial neurotoxicity on photoreceptor like cells in vitro
(214). Moreover, the steroid hormone 178-estradiol (BE2), which
can be synthesized in the brain from testosterone, has been
shown to protect rats against light-induced retinal degeneration
by upregulating the NRF2-antioxidant pathway and reducing
ROS production (215). In summary, TSPO ligands, working
in part via inducing neurosteroidogenesis, present as attractive
therapeutic regimens to dampen inflammatory responses from
overly reactive microglia during retinal degenerative diseases.

Interferon-f

Interferon-B (IFN-B) belongs to the type I IFN family
which are best known for their ability to induce a cellular
antimicrobial state during a viral or bacterial infection
(216, 217). IFN-B also possesses strong immunomodulatory
properties, making it a first-line immunotherapy against
relapsing remitting Multiple Sclerosis (MS) (217). IFN-B
mediates neuroprotection against MS, an inflammatory and
demyelinating CNS disorder characterized by multifocal
brain lesions, by recruiting microglia to the lesion sites,
enhancing their phagocytic capacity and accelerating clearance
of accumulated myelin debris (218-220). Conversely,
experimental autoimmune encephalomyelitic (EAE) mice
which mimic the disease process of MS develop an
exacerbated disease course accompanied by microglial
hyperactivation and increased lethality in the absence of
myeloid IFN-B signaling (221). Therefore, based on the
immunomodulatory properties of IFN-f in MS neuropathology,
we hypothesized that IFN-f may confer neuroprotection
against chronic inflammation observed in neovascular age
related macular degeneration (AMD) and thereby improve
disease outcome.

We used the laser-induced choroidal neovascularization
(CNV) mouse model that mimics features of exudative AMD
to test this hypothesis (103). Briefly, laser photocoagulation
results in the rupture of the Bruch’s membrane, leading to the
ingrowth of immature leaky blood vessels from the choroid to
the subretinal space (103). Of note is that Bruch’s membrane
rupture is accompanied by rapid recruitment of myeloid cells to
the lesion sites with concomitant elevation of proinflammatory
and angiogenic factors, triggering the formation and growth
of new blood vessels from the choroid (75, 222). Using
this model, we demonstrated that IFN-B strongly inhibits
microglia/macrophage activation and recruitment and induces
a transition of microglia morphology toward a neuroprotective
ramified with more cellular processes (104). Moreover, IFN-f
treated animals showed considerable improvement in disease
outcome signified by a reduction in vascular leakage and
neoangiogenesis (104). These results corroborated those of
a previous study which showed that local administration of
IFN-B exacerbated wound healing of retinal lesions produced
by laser photocoagulation in rabbits (223). Conversely, global
or microglia specific conditional deletion of IFN-B/IFNARI1
signaling in mice resulted in an exacerbated disease marked by
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FIGURE 3 | Endogenous and exogenous TSPO ligands dampen microglial activation. During retinal pathophysiology, microglia upregulate TSPO expression while
Muller cells simultaneously upregulate the production and secretion of the endogenous TSPO ligand DBI. Secreted DBI can subsequently be cleaved extracellularly
into the biologically active product TTN. Extracellular DBl and TTN are taken up by microglia, and their binding to the TSPO receptor serves to limit the magnitude of
microglial inflammatory responses. DBI, diazepine binding inhibitor; TTN, triakontatetraneuropeptide; TSPO, translocator protein 18 kDa.

reactive microgliosis and enhanced vascular leakage (104). These =~ mice significantly lessens disease severity by suppressing
findings strongly suggest that Ifnar1/IFN-f signaling, particularly ~ inflammatory chemokine expression and inhibiting recruitment
in microglia, prevents chronic inflammation and pathological  of inflammatory cells into the retina (231).
neovascularization in the retina and could be therapeutically IFN-B is also known to mediate its immunomodulatory
targeted in wet AMD and other retinal inflammatory disorders.  effects via the noncanonical activation of the PI3K-AKT-mTOR
Remarkably, IFN-f treatment was reported to completely reverse ~ pathway (232, 233). A recent study indeed revealed a central
subfoveal neovascularization and choroiditis in an MS patient,  role of IFN-f signaling in the regulation of the PI3K-AKT
underscoring the importance of IFN- in the management of  pathway, by demonstrating that neurons from Ifnb™/~ mice
ocular inflammation and neovascularization (224). exhibited striking reductions in Pi3K and Akt mRNA and
Several mechanisms have been proposed for IFN-B  protein levels (234). Moreover, phosphorylated Pi3k and Akt,
immunomodulatory and anti-angiogenic effects. One such  which signify active signaling, were even more pronouncedly
mechanism involves the IFN-f induced expression of suppressor ~ reduced in the IFN-f incompetent neurons (234). Following
of cytokine signaling 1 (SOCS1) and SOCS3 (225, 226). IFN-B  activation, PI3K-AKT-mTOR pathway has been shown to
and other type I IFNs activate the transcription of SOCS1 and  exert anti-inflammatory and neuroprotective effects (215, 235).
SOCS3 as part of a negative feedback loop to curb prolonged  Activation of mTORCI, downstream of PI3K-AKT induces
signaling by pro-inflammatory cytokines via the JAK-STAT  the phosphorylation of STAT3 at Ser’?’, thereby enhancing
pathway (227). Once produced, SOCS1 and SOCS3 are recruited ~ expression of the counter regulator of inflammatory signaling,
to cytokine receptors where they inhibit the catalytic activity =~ SOCS3 (236). Of note, the pharmacological blockade of Pi3k-
of JAK tyrosine kinases and negatively regulate inflammatory =~ Akt pathway abolishes the antioxidative and neuroprotective
responses (228, 229). This phenomenon has been clearly effects conferred by the steroid hormone BE2 following light
demonstrated in the retinas of experimental autoimmune induced retinal degeneration in rats (215). Similarly, in LPS
uveoretinitis (EAU) mice lacking SOCS3 in myeloid cells (230).  activated primary rat microglia, pharmacological blockade of the
These retinas showed elevated levels of pro-angiogenic factor ~ Pi3k-Akt-mTOR pathway significantly enhances inflammatory
VEGF-A and pro-inflammatory cytokines IL-1B, TNF-a, and  cyclooxygenase-2 (COX-2) activity and elevates production of
IFN-y (230). Consequently, myeloid-specific SOCS3 deficient  associated downstream prostanoids PGE, and PGD; (237, 238).
mice displayed exaggerated retinal degeneration and accelerated Furthermore, IFN-f mediated activation of the PI3-AKT
retinal angiogenesis compared to their wildtype counterparts  pathway negatively regulates the activity of the pro-inflammatory
(230). In contrast, overexpression of SOCS1 was shown to  enzyme glycogen synthase kinase-3 (GSK-3) (239). GSK-3 is a
protect retinal cells against staurosporine and H;O,-induced  critical mediator of inflammatory responses in the CNS and has
apoptosis (231). Notably, the overexpression SOCS1 in EAU  been shown to downregulate production of anti-inflammatory
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FIGURE 4 | Modulation of microglial inflammatory responses by IFN-g
signaling. IFN-B ligation to its receptor complex, IFNAR, triggers activation of
the associated tyrosine kinases JAK1 and TYK2 and the subsequent
phosphorylation of STAT1, STAT2, and STAT3 transcription factors.
Phosphorylated STAT1 and STAT2 can recruit IRF-9 to the form the
trimolecular complex STAT1-STAT2-IRF9 (ISGF3). Phosphorylated STATS,
and ISGF3 translocate to the nucleus and induce the transcription of various
interferon-stimulated genes including SOCS1 and SOCSS as part of a
negative feedback loop. SOCS1 and SOCS3 inhibit excessive signaling by
pro-inflammatory cytokines via the JAK-STAT pathway. IFN-g can also
non-canonically activate the PIBK-AKT-mTOR pathway and suppress
microglial inflammatory responses. mTORC1, downstream of PISK-AKT can
phosphorylate and activate STAT3, thereby enhancing expression of SOCS3.
Activation of AKT downstream of IFN-B-PI3 inhibits GSK-3 activity through
phosphorylation, negatively regulating GSK-3 mediated inflammatory
responses, and promoting IL-10 expression. JAK1, Janus kinase 1; TYK2,
tyrosine kinase 2; STAT, signal transducer and activator of transcription; IRF9,
interferon regulatory factor 9; PI3K, phosphoinositide 3-kinase; AKT, protein
Kinase B; mTOR, mammalian target of rapamycin; GSK-3, glycogen
synthase kinase 3.

cytokine IL-10 and promote that of pro-inflammatory cytokines
TNF-a, IFN-y, and IL-6 in microglia and macrophages (239,
240). Activation of AKT downstream of IFN-B-PI3 causes
inhibition of GSK-3 by serine phosphorylation, negatively
regulating inflammatory responses in the CNS [Figure 4; (239)].
Notably, treatment of rd10 mice with a small molecule inhibitor
of GSK-3 suppresses pro-inflammatory responses in the retina
with concomitant reduction in photoreceptor demise and
preservation of visual function (241). However, further research
in this area is necessary to delineate the contributions of this
pathway to the immunomodulatory effects of IFN-f on microglia
during retinal inflammation and disease.

Minocycline

Minocycline is a highly lipophilic, semi-synthetic tetracycline
derivative which is mainly used in the treatment of acne
vulgaris and rheumatoid arthritis (242). However, due to its
ability to readily penetrate the CNS and its profound anti-
inflammatory properties, minocycline has recently emerged as a

powerful immunomodulatory drug that is well-suited for CNS
disorders (242, 243). Minocycline blocks microglial activation
in response to a variety of inflammatory stimuli by inhibiting
Toll-like receptor 2 (TLR2) and TLR4 signaling as well as
several MAP kinases including p38, c-Jun-N-terminal activated
protein kinase (JNK) 1/2, and extracellular signal regulated
kinase (ERK) 1/2 (244, 245). In addition, minocycline inhibits
NFkB transcriptional activity by suppressing the degradation of
inhibitor of kappa B-alpha (IkBa) (244, 246).

Consistent with its anti-inflammatory properties, minocycline
benefits during retinal pathophysiology have been confirmed
in several experimental models. In a light-induced retinal
degeneration mouse model, minocycline treatment was shown
to significantly inhibit photoreceptor apoptosis and preserve
retinal structure (89). Moreover, minocycline potently inhibited
microgliosis and the accumulation of reactive amoeboid
microglia in the subretinal space following light induced
retinal damage (89). In an rdI0 mouse model of human RP,
treatment with minocycline significantly reduced microglia-
mediated photoreceptor apoptosis, improving retinal structure
and function (247). In a rat model of diabetic retinopathy,
minocycline treatment represses the release of pro-inflammatory
cytokines IL-18, and TNF-a with concomitant reduction in
caspase-3 mediated apoptosis in the retina (248). Similarly,
in a streptozotocin-induced rat model of DR, minocycline
treatment inhibited the abnormal expression of poly (ADP-
ribose) polymerase 1 (PARP1), a chromatin-associated enzyme
that promotes proinflammatory responses in glial cells, with
concurrent reduction in the number of apoptotic cells in the
diabetic retina (249). In the DBA/2] chronic mouse model
of glaucoma, minocycline inhibited microglial activation, and
increased the fraction of microglia in a ramified neuroprotective
state (250). Of note, minocycline improved RGC axonal transport
and integrity in the glaucomatous retina (250).

Minocycline protective effects have also been examined in
the human retina (251). Retinitis pigmentosa mediated decline
in visual field was shown to be reversed upon long term
minocycline treatment (251). In a NIH proof of concept
clinical study involving patients with diabetic macula edema
(NTCO01120899), a vision threatening form of DR, treatment
with oral minocycline reduced abnormal vascular permeability
and leakage with concomitant improvement in vision acuity
(252). Taken together, these findings demonstrate the broad range
immunomodulatory and neuroprotective effects of minocycline
and underscore the importance of further testing to establish this
antibiotic as an immunotherapy against retinal pathologies.

CONCLUSION

Studies using rodent models in the past decade have been
instrumental in understanding the role of microglial responses
in retinal pathologies. Ample evidence generated from these
studies shows unequivocally that microglia reactivity and
chronic inflammation is a common hallmark of various retinal
pathologies, and that pharmacological targeting of overly
reactive microglia ameliorates disease pathogenesis. However,
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why and how immunologic checkpoints become overwhelmed
resulting in dysregulation of microglial inflammatory responses
remains poorly understood. Therefore, prior to development
of microglial-based therapeutic approaches, further studies are
needed to understand the etiological factors and molecular
mechanisms that propagate microglial responses during
retinal degeneration. In addition, owing to the numerous
overlapping insults that predispose retinal pathologies, it
will be prudent to develop microglia based therapeutic
approaches that will complement, or even synergize, other
retinal therapeutic approaches.
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The macrophage migration inhibitory factor (MIF)/CD74 signaling pathway is strongly
implicated in inflammation and angiogenesis. We investigated the expression of MIF and
its receptor CD74 in proliferative diabetic retinopathy (PDR) to reveal a possible role of this
pathway in the pathogenesis of PDR. Levels of MIF, soluble (s)CD74, soluble intercellular
adhesion molecule-1 (sICAM-1) and vascular endothelial growth factor (VEGF) were
significantly increased in the vitreous from patients with PDR compared to nondiabetic
control samples. We detected significant positive correlations between the levels of MIF
and the levels of sSICAM-1 (r = 0.43; p = 0.001) and VEGF (r = 0.7; p < 0.001).
Through immunohistochemical analysis of PDR epiretinal membranes, significant positive
correlations were also found between microvessel density (CD31 expression) and the
numbers of blood vessels expressing MIF (- = 0.56; p = 0.045) and stromal cells
expressing MIF (r = 0.79; p = 0.001) and CD74 (r = 0.59; p = 0.045). Similar to
VEGF, MIF was induced in Muller cells cultured under hypoxic conditions and MIF
induced phosphorylation of ERK1/2 and VEGF production in Muiller cells. Intravitreal
administration of MIF in normal rats induced increased retinal vascular permeability and
significant upregulation of phospho-ERK1/2, NF-kB, ICAM-1 and vascular cell adhesion
molecule-1 expression in the retina. MIF induced migration and proliferation of human
retinal microvascular endothelial cells. These results suggest that MIF/CD74 signaling is
involved in PDR angiogenesis.
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INTRODUCTION

Ischemia-induced retinal angiogenesis and excessive deposition of extracellular matrix lead to
the formation of fibrovascular membranes at the vitreoretinal interface in proliferative diabetic
retinopathy (PDR). This outgrowth of fibrovascular tissue, composed of new blood vessels,
leukocytes and a-smooth muscle actin (a-SMA)-expressing myofibroblasts (1-4), often causes
serious vision loss due to recurrent vitreous hemorrhage and/or traction retinal detachment.
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Several studies support the paradigm that inflammation,
neovascularization and fibrosis are critical mechanisms for PDR
initiation and progression as the authors showed overexpression
of inflammatory, angiogenic and fibrogenic factors inducing
those processes (1-5).

In PDR, hypoxia seems to drive neovascularization through
upregulation of angiogenic factors (6, 7). In particular vascular
endothelial growth factor (VEGF), upregulated in retinal cells
in response to oxygen deprivation (8, 9), plays a pivotal role
in promoting retinal neovascularization and vascular leakage
(10, 11). In addition to angiogenesis, recruitment of leukocytes
occurs in the ocular microenvironment of patients with PDR
(1-5). Recent data support a causal relationship between
persistent inflammation and angiogenesis (12, 13) and this
interplay might also be critical for PDR development and
progression. Accordingly, some of the signaling molecules of
the inflammatory response, such as cytokines, chemokines and
their receptors might play an essential role in PDR angiogenesis
and progression. Therefore, a new challenge in PDR research is
the identification of the molecular links between inflammation
and angiogenesis.

Macrophage migration inhibitory factor (MIF) is a widely
expressed proinflaimmatory cytokine originally discovered as
a product isolated from the culture medium of activated T
lymphocytes that inhibited the random migration of cultured
macrophages in vitro (14). Today a wide spectrum of biological
properties has been attributed to MIF. MIF is closely involved in
autoimmune and inflammatory diseases (15-17). The biological
effects of MIF are mediated through its primary receptor
CD74, which is the major histocompatibility class II-associated
invariant chain (18). The binding of MIF to its receptor CD74
leads to the activation of extracellular signal regulated kinase
(ERK) 1 and 2 and the proinflammatory transcription factor
nuclear factor-kB (NF-kB) (15). Recently, it was demonstrated
that the MIF/CD74 signaling pathway promotes macrophage-
mediated inflammation in type 1 diabetes (19). In addition,
the chemokine receptors CXCR2 and CXCR4 were identified as
functional receptors for MIF. By activating CXCR2 and CXCR4,
MIF displays chemokine-like functions and stimulates leukocyte
chemotaxis (20).

Besides its role inflammation, MIF has potent
proangiogenic properties and in conjunction with its cell
surface receptor CD74 emerges as an important regulator
of pathological angiogenesis associated with several types of
malignant tumors (21-23). Exogenous MIF stimulated in vitro
endothelial cell migration, proliferation and tube formation, key
steps in the angiogenesis cascade (24-26). Furthermore, MIF
induced angiogenesis in multiple in vivo models (25). Several
studies reported overexpression of MIF and CD74 in multiple
cancers (21-23, 27) and that the MIF/CD74 signaling pathway
promotes tumor progression and angiogenesis (21-24, 27-33).
Furthermore, anti-MIF antibodies suppressed angiogenesis in
animal models of cancer (33). Recently, it was demonstrated that
small molecule inhibitors of MIF, inhibit cancer development
in animal models (29, 34), reduce the severity of experimental
autoimmune encephalomyelitis (17) and lower blood glucose
in an animal model of non-insulin-dependent diabetes

in

mellitus (35). MIF was proposed as the link that connects
the inflammatory response to tumor-associated angiogenesis
(24, 28-31). The angiogenic activity in tumors was attributed
to the fact that MIF acts as a potent inducer of the angiogenic
factors VEGE, CXCL5, and CXCLS in tumor cells (21, 28, 30).

Given the key roles of the MIF/CD74 signaling pathway
in angiogenesis and inflammation, we hypothesized that this
pathway may be involved in the pathogenesis of PDR. To
test this hypothesis, we investigated the expression of MIF
and CD74 in the ocular microenvironment of patients with
PDR and correlated their levels with the angiogenic activity
in epiretinal fibrovascular membranes and the vitreous levels
of VEGF and the inflammatory biomarker soluble intercellular
adhesion molecule 1 (sSICAM-1). We examined the effect of
intravitreal administration of MIF on the retinas from normal
rats. We analyzed in vitro the expression of MIF in human
retinal Miller glial cells following exposure to hydrogen peroxide
(H,03;)-induced oxidative stress and the hypoxia mimetic agent
cobalt chloride (CoCl,) and monitored expression of VEGF in
Miiller cells following exposure to MIF. Finally, we investigated
the response of human retinal microvascular endothelial cells
(HRMECsS) to treatment with MIF.

MATERIALS AND METHODS

Patient Samples

Undiluted vitreous fluid samples were obtained from 36 patients
with PDR during pars plana vitrectomy for the treatment
of tractional retinal detachment, and/or nonclearing vitreous
hemorrhage and processed as described previously (1-5). The
diabetic patients were 23 males and 13 females whose ages
ranged from 27 to 74 years with a median [IQR] of 54
[44-59]. The PDR group consisted of 20 patients who had
insulin-dependent diabetes mellitus and 16 patients who had
non-insulin-dependent diabetes mellitus. Vitreous fluid samples
obtained from 20 patients who had undergone vitrectomy for
the treatment of rhegmatogenous retinal detachment with no
proliferative vitreoretinopathy (PVR) were used as the control
samples. Clinical check-up confirmed that control subjects were
free from diabetes or other systemic disease. The controls were
14 males and 6 females whose ages ranged from 26 to 73 years
with a median [IQR] of 55 [38-66]. The ages (p = 0.526; Mann-
Whitney test) and male/female ratios (p = 0.547; Chi-Square test)
did not differ significantly between nondiabetic control patients
and PDR patients.

Fourteen patients with PDR undergoing pars plana vitrectomy
for the repair of tractional retinal detachment donated epiretinal
fibrovascular membranes. At the time of the procedure,
using previously published criteria, retinal neovascular activity
was clinically graded (36). We made a distinction between
active neovascularization (visible perfused new vessels on the
retina or optic disc present within epiretinal membranes)
and inactive involuted disease (nonvascularized, white fibrotic
epiretinal membranes). For comparison, epiretinal fibrocellular
membranes were obtained from ten patients without diabetes
undergoing vitreoretinal surgery for the treatment of retinal
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detachment complicated by PVR. The epiretinal membranes
were processed as previously described (1-4).

The study was conducted according to the tenets of the
Declaration of Helsinki. Before undergoing vitrectomy, all
patients signed a preoperative informed written consent and
approved the use of the excised epiretinal membranes and
aspirated vitreous fluid for further analysis and clinical research.
The Research Center and Institutional Review Board of the
College of Medicine, King Saud University approved the study
design and protocol.

Immunohistochemical Staining of Human

Epiretinal Membranes and Quantitations
For CD31, a-SMA and MIF detection, antigen retrieval was
performed by boiling the sections in citrate based buffer [pH
5.9-6.1] [BOND Epitope Retrieval Solution 1; Leica, Diegem,
Belgium] for 10 min. For CD45 and CD74 detection, antigen
retrieval was performed by boiling the sections in Tris/EDTA
buffer [pH 9] [BOND Epitope Retrieval Solution 2; Leica]
for 20 min. Subsequently, the sections were incubated for 1h
with mouse monoclonal anti-CD31 (ready-to-use; clone JC70A;
Dako, Glostrup, Denmark), mouse monoclonal anti-CD45
(ready-to-use; clones 2B114-PD7/26; Dako), mouse monoclonal
antibody against a-SMA (ready-to-use; clone 1A4; Dako),
mouse monoclonal anti-CD74 antibody (1:50; ab9514, Abcam,
Cambridge, UK) and rabbit polyclonal anti-MIF antibody
(1:200; ab65869, Abcam). Optimal working conditions for the
antibodies were determined in pilot experiments on kidney,
tonsil and liver sections. The sections were then incubated for
20 min with an alkaline phosphatase-conjugated IgG. Immune
interactions were visualized with the Fast Red chromogen (Leica;
15min incubation). Finally, a faint counterstain with Mayer’s
hematoxylin was performed.

To identify the phenotype of cells expressing MIF and
CD74, sequential double immunohistochemistry was performed.
The sections were first incubated with anti-CD45, followed by
treatment with peroxidase-conjugated secondary antibody and
3, 3’-diaminobenzidine tetrahydrochloride substrate. Next, the
second primary antibodies (anti-MIF or anti-CD74) were added
and detected by alkaline phosphatase-conjugated secondary
antibody and Fast Red reactions. No counterstain was applied. In
negative controls, the incubation step with primary antibody was
omitted from the protocol and only the ready-to-use antibody
diluent (Cat No 52022; Dako) was applied.

Immunoreactive blood vessels and cells were counted in
five representative fields, using an eyepiece calibrated grid in
combination with the 40x objective as previously described
(1-4). The level of vascularization in epiretinal membranes was
determined by immunodetection of the vascular endothelium
marker CD31.

Enzyme-Linked Immunosorbent Assays

Enzyme-linked Immunosorbent Assay (ELISA) kits for human
MIF (Cat No DMF00B), human VEGF (Cat No SVE00) and
human sICAM-1 (Cat No SCD540) were purchased from R&D
Systems (Minneapolis, MN, USA). Levels of human MIF, VEGF
and sSICAM-1 in vitreous fluid and MIF and VEGF in culture

medium were determined using those ELISA kits according to
the manufacturer’s instructions. The minimum detection limits
for MIF, VEGF and sICAM-1 ELISA kits were 0.016 ng/ml, 9
pg/ml and 0.096 ng/ml, respectively.

Human Retinal Miiller Glial Cell and Retinal

Microvascular Endothelial Culture

Human retinal Miiller glial cells (MIO-M1) (a generous gift
from Prof. A. Limb, Institute of Ophthalmology, University
College London, UK) were cultured with DMEM containing
1 g/L glucose with 10% (v/v) fetal bovine serum and 1%
penicillin/streptomycin. Confluent cells were starved overnight
in serum-free DMEM to minimize the effects of serum and
subsequently either left untreated or stimulated for 24h.
The following stimuli were used: recombinant human MIF
(2, 20 or 100ng/ml) (Cat No: 289-MFE R&D Systems),
100 M H,0, (Cat No: H101351000, Scharlau, Sentmenat,
Spain) or 300 .M CoCl, (AVONCHEM Limited, Nacclesfield,
Cheshire, UK). Human retinal microvascular endothelial cells
(HRMECs; Cell Systems, Kirkland, WA, USA) were cultured
in Endothelial Cell Basal Medium-2 (EBM-2) supplemented
with the EGM-2MV SingleQuots kit (both from Lonza,
Verviers, Belgium).

Intravitreal Injection of MIF

Intravitreal injection into the eyes of Sprague Dawley rats
(220-250g) was performed as previously described (37).
While the animals were kept under deep anesthesia, 5 pl
of sterilized solution containing 5 ng recombinant MIF or
sterile phosphate buffer saline (PBS) was injected into the
right or left eye, respectively. Four days after intravitreal
administration the rats were sacrificed, retinas were carefully
dissected, snap frozen in liquid nitrogen, and stored
at —80°C.

Measurement of Blood-Retinal Barrier
Breakdown

Blood-retinal barrier (BRB) breakdown in excised retinas was
evaluated 4 days after intravitreal injection as previously
described (37). Briefly, deeply anesthetized rats were
intravenously injected with 50 mg/kg fluorescein isothiocyanate
(FITC)-conjugated dextran (3-5 kDa, Sigma-Aldrich Corp., St.
Louis, MO, USA). After 30 min, a blood sample was collected,
and each rat was then perfused with PBS. The retinas were
carefully excised, weighed and homogenized to extract the
FITC-conjugated dextran. Fluorescence was measured using
a spectra Max Gemini-XPS microplate reader (Molecular
Devices, Sunnyvale, CA, USA) with excitation and emission
wavelengths of 485 and 538 nm, respectively, with PBS as a blank.
A correction for autofluorescence was made by subtracting
the autofluorescence of retinal tissue from non-treated rats.
The concentration of FITC-conjugated dextran in each retina
was calculated from a standard curve of FITC-conjugated
dextran in water. For normalization, the retinal FITC-conjugated
dextran amount was divided by the retinal weight and by the
concentration of FITC-conjugated dextran in the plasma. BRB
breakdown was calculated using the following equation, with the
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results being expressed in pl/(g*h).

Retinal FITC — dextran (ug)/retinal weight (g)
Plasma FITC — dextran concentration (jug/ul) *circulation time (h)

Western Blot Analysis of Human Vitreous
Fluid, Miiller Cell Lysates and Rat Retinas

Retina and cell lysates were homogenized in western blot lysis
buffer [30 mM Tris-HCl; pH 7.5, 5mM EDTA, 1% Triton X-
100, 250 mM sucrose, 1 mM Sodium vanadate, and a complete
protease inhibitor cocktail from Roche (Mannheim, Germany)].
After centrifugation of the homogenates (14,000 x g; 15min,
4°C), protein concentrations were measured in the supernatants
(DC protein assay kit; Bio-Rad Laboratories, Hercules, CA).
Equal amounts (50 pg) of the protein extracts were subjected
to SDS-PAGE and transferred onto nitrocellulose membranes.
To determine the presence of soluble (s) CD74 in the vitreous
samples, equal volumes (15 1) of vitreous samples were boiled
in Laemmli’s sample buffer (1:1, v/v) under reducing conditions
for 10 min and analyzed as described (2-4).

Immunodetection was performed with the use of mouse
monoclonal anti-CD74 antibody (1:1,000; ab-9514, Abcam),
rabbit monoclonal anti-phospho-ERK1/2 antibody (1:1,500;
MAB1018; R&D Systems), mouse monoclonal anti-p65 subunit
of NF-kB antibody (1:500, sc-136548, Santa Cruz Biotechnology
Inc, Santa Cruz, CA, USA), mouse monoclonal anti-ICAM-1
antibody (1:500, sc-8439, Santa Cruz Biotechnology Inc), mouse
monoclonal anti-vascular cell adhesion molecule-lantibody
(VCAM-1) (1:500, sc-13160, Santa Cruz Biotechnology Inc) and
mouse monoclonal anti-VEGF antibody (1:750, MAB293, R&D
Systems). Nonspecific binding sites were blocked (1.5h, room
temperature) with 5% non-fat milk made in Tris-buffered saline
containing 0.1% Tween-20 (TBS-T). Three TBS-T washings
(5min each) were performed before the secondary antibody
treatment at room temperature for 1 h. Immune reactive bands
were visualized with luminol reagent (sc-2048; Santa Cruz
Biotechnology Inc.). To verify equal loading, membranes were
stripped and reprobed with B-actin-specific antibody (1:2,000;
sc-47778; Santa Cruz Biotechnology Inc.). Band intensities were
quantified using GeneTools software (Syngene by Synoptic Ltd.,
Cambridge, UK).

Chemotaxis Assay

Chemotaxis of HRMECs was evaluated with an xCELLigence
system (ACEA Biosciences, San Diego, CA) as described
before (38). Migration was evaluated in response to different
concentrations of recombinant human MIF (Cat No 289-ME,
R&D Systems), 10 ng/ml of VEGF (Cat No 583702, Biolegend,
San Diego, CA) or dilution medium. First, 160 pl of stimulus
diluted in MCDB131 medium (Gibco/ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 0.4% (v/v) fetal calf
serum were added to the wells of the lower chamber of
a Cell Invasion/Migration (CIM)-Plate (ACEA Biosciences).
After assembly of the lower and upper chamber, 50 pl
of serum-free MCDB131 medium was added in the upper
wells. After equilibration of the plate (1h at 37°C), HRMECs

were added in the upper chamber at 4 x 10* cells in 100
pl/well. After an additional incubation period (30 min at room
temperature) to allow settling of the cells, migration was
monitored every minute for 15h in the xCELLigence apparatus.
Cell migration from the upper to the lower compartment
was recorded as changes in electrical impedance. These
changes were converted into cell indices, as a measure of
cell migration.

Proliferation Assay

To assess the proliferative effect of MIE, HRMECs were seeded at
5 x 10° cells in 100 pl/well of a 96-well plate in culture medium
(vide supra). The next day, cells were washed with serum-free
MCDBI131 medium and stimulated in proliferation medium
[MCDBI131 medium supplemented with 2mM GlutaMAX™
(Gibco), 30pug/ml Gentamicin and 3% fetal calf serum].
Either different concentrations of MIF, 10ng/ml VEGF or
proliferation medium were added to the wells. After 48h,
cell proliferation was assessed using the ATPlite Luminescence
Assay kit (PerkinElmer, Waltham, MA) according to the
manufacturer’s instructions.

Statistical Analysis

Statistical analyses of the data were performed using SPSS
version 21.0. Normal distribution of the data was verified
using the Shapiro-Wilk (S-W) test and normal Q-Q plots.
Normally distributed data were presented as mean & SD and an
independent ¢-test was used to compare the groups. For normally
distributed data, Pearson correlation coefficients were calculated.
Non-parametric tests (Kruskal-Wallis test, Mann-Whitney test
and Spearman’s correlation coeflicients) were performed for not
normally distributed data, which were presented as median and
interquartile range [IQR; Q1-Q3]. Proportions were compared
using the Chi-Square test. The level of statistical significance was
set at 0.05.

RESULTS

Analysis of Angiogenic and Inflammatory
Activities and the Expression of the
Myofibroblast Marker «-SMA in Epiretinal
Fibrovascular Membranes From Patients
With PDR

As a negative control, the experimental staining procedure
was performed with omission of the primary antibody
and no staining was observed (Figure 1A). Subsequently,
we used staining for the vascular endothelial cell marker
CD31, the leukocyte common antigen CD45 and a-SMA to
evaluate ongoing angiogenesis, inflammation, and fibrosis,
respectively. All membranes showed neovessels positive
for CD31 (Figures1B,C). Representative examples of
CD31 staining in membranes with active (Figure 1B) and
involuted (Figure 1C) disease are shown. Furthermore,
leukocytes expressing CD45 (Figure 1D), as well as spindle-
shaped cells expressing a-SMA (Figure 1E) were detected in
all membranes.
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A Negative control

FIGURE 1 | Detection of endothelial cells, leukocytes and myofibroblasts in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular membranes. No staining
was observed in the negative control slide following the full staining procedure with omission of the primary antibody from the staining protocol (A).
Immunohistochemical staining for CD31 showing pathologic new blood vessels expressing this endothelial cell marker in a membrane from a patient with active
neovascularization (B) and in a membrane from a patient with involuted PDR (C). Note that the membrane from the patient with involuted PDR is composed mostly of
fibrous tissue. Immunohistochemical staining for the leukocyte common antigen CD45 showing numerous leukocytes in the stroma (D). Immunohistochemical

staining for a-smooth muscle actin (a-SMA) showing immunoreactivity in myofibroblasts (arrows) (E). (Scale bar, 10 wm).

Expression of MIF and Its Receptor CD74
in Epiretinal Fibrovascular Membranes
From Patients With PDR

Next, immunohistochemical analysis was used to reveal
whether MIF, an inflammatory and angiogenic molecule
associated with tumor pathology, is also expressed in the
context of PDR. MIF immunoreactivity was observed in
all membranes. Figure2 shows representative images of
membranes derived from patients with active (Figure2A)
or involuted (Figure2B) disease. Immunoreactivity for MIF
was noted in both endothelial cells lining blood vessels
(Figures 2A,B) and stromal cells (Figure 2C). In the stroma,
MIF expression was detected in spindle-shaped cells, as well as in
CD45-expressing leukocytes. In serial sections, the distribution
and morphology of spindle-shaped cells expressing MIF
(Figure 2C) were similar to those of myofibroblasts expressing
a-SMA  (Figure 1E). Double immunostaining confirmed

co-expression of CD45 and MIF in stromal and intravascular
cells (Figures 2D,E).

Since MIF activity requires binding to CD74 (15, 17),
we also evaluated CD74 expression in epiretinal PDR
membranes. CD74 immunoreactivity was detected in
vascular endothelial cells (Figure3A) and stromal cells
(Figure 3B). CD74-expressing stromal cells were spindle-
shaped cells (Figure3B) resembling those being «-SMA
positive in Figure 1E and leukocytes co-expressing CD45
(Figures 3C,D).

Correlations Between Microvessel Density
and the Expression of MIF and CD74 in
Epiretinal Fibrovascular Membranes From
Patients With PDR

Quantification of CD31-positive vessels in tumors is a
standard method of measuring intra-tumoral microvessel

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2752


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

S
‘”:',"r

«?
NY ‘_,' —/‘
Y e s

A e -t

B miF
x e -
o . X - '\
’ ! L
‘\ S L LR
e B
b € s ENE. ;.
- .
Ml - N -
- o
e y
% =
b -
‘:‘; o ll. - X -~
- - </
T ye
LR N
S, S
> s > .’.o ®

D Double: CD45 (brown)+MlF (red) E Double: CD45 (brown)+MIF(red)
\J‘ -4 - '3
:‘x a‘"lz \

i) ot o t .u%
(77 . f# Lala
o ,»_’*Aw-‘-fo e
/‘@,‘ e Q‘ ;i‘.‘-’* ').s -

- N 5 e .
T oS BT &
ﬁrw*‘.f?: G ""’3/’ :

FIGURE 2 | Characterization of macrophage migration inhibitory factor (MIF) expressing cells in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular
membranes. Immunohistochemical staining for MIF showing immunoreactivity in vascular endothelial cells (arrows) in a membrane from a patient with active
angiogenesis (A) and in a membrane from a patient with involuted PDR (B). Immunoreactivity for MIF was also detected in stromal spindle- shaped cells (arrows) (C).
Double immunohistochemistry for CD45 (brown) and MIF (red) demonstrated expression of MIF in stromal leukocytes (arrows) (D) and intravascular leukocytes (arrow)

(E). No counterstain to visualize the cell nuclei was applied (D,E). (Scale bar, 10 um).

density (MVD).
of MVD reflects
tissues (22-24, 30, 31).

The mean number of blood vessels expressing CD31 was
significantly higher in membranes from patients with active PDR
than in membranes from patients with involuted PDR (Table 1)
(Figures 1B,C). The numbers of blood vessels expressing MIF
and stromal cells expressing MIF and CD74 were significantly
higher in membranes from patients with active PDR than
in membranes from patients with inactive PDR (Tablel)
(Figures 2A,B).

Significant  positive correlations (Pearson correlation
coefficients) were detected between the numbers of blood
vessels expressing CD31 and the numbers of blood vessels
expressing MIF (r = 0.56; p = 0.045) and stromal cells expressing
MIF (r = 0.79; p = 0.001) and CD74 (r = 0.59; p = 0.045)
(Table 2).

Several studies reported that the level
the angiogenesis process in tumor

Immunohistochemical Analysis of PVR
Epiretinal Fibrocellular Membranes

No immunoreactivity was detected in negative control slides
(Figure 4A). All PVR membranes contained spindle-shaped
a-SMA™ myofibroblasts (Figure 4B) and CD45" leukocytes
(Figure 4C). Immunostainings for MIF (Figure 5A) and CD74
(Figure 5B) revealed spindle-shaped cells expressing cytoplasmic
immunoreactivity, which were in distribution and morphology
similar to the a-SMA™ myofibroblasts (Figure4B) in serial
sections. In addition, double-labeling experiments showed that
cells expressing MIF (Figure 5C) and CD74 (Figure 5D) co-
expressed CD45.

Levels of MIF, VEGF, and sICAM-1 in

Vitreous Samples
In addition, we used ELISA to compare MIF levels in vitreous
samples from 36 patients with PDR to those of 20 nondiabetic
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FIGURE 3 | Characterization of CD74 expressing cells in proliferative diabetic retinopathy epiretinal fibrovascular membranes. CD74 Immunoreactivity was detected in
vascular endothelial cells (arrows) (A) and in stromal spindle-shaped cells (arrows) (B). Double immunohistochemistry for CD45 (brown) and CD74 (red) showed
co-expression in stromal cells (arrows). No counterstain to visualize the cell nuclei was applied (C,D). (Scale bar, 10 wm).

TABLE 1 | Mean number of immunoreactive blood vessels and stromal cells in TABLE 2 | Correlations (Pearson correlation coefficients) between microvessel
epiretinal fibrovascular membranes in relation to the angiogenic activity of density (MVD) and the numbers of immunoreactive blood vessels and stromal
proliferative diabetic retinopathy (PDR). cells in proliferative diabetic retinopathy (PDR) epiretinal fibrovascular membranes.
Variable Active PDR Involuted PDR p-value Variable r p-value
(n=9) (n=05) (Independent
Mean + SD Mean + SD t-test) MVD Blood vessels expressing MIF 0.56 0.045*
(Range) (Range) Stromal cells expressing MIF 0.79 0.001*
Blood vessels 110.8 + 40.4 233+ 10.4 <0.001* Blood vessels expressing CD74 0.2 0.52
expressing CD31 (75-175) (15-35) Stromal cells expressing CD74 0.59 0.045*
Blood vessels 69.2 +£10.2 42.9 +26.8 0.043* L o . o
expressing MIF (65-90) (15-84) Sz‘atrst.rcall)'/ SIQnrﬁcgnt at 5% level of significance.
MIF, migration inhibitory factor.
Stromal cells 93.3+31.3 39.0 £30.3 0.009*
expressing MIF (65-150) (6-80)
Blood vessels 32.2+£195 21.8+£100 0.228 The angiogenic biomarker VEGF was detected in 9 of
expressing CD74 (6-59) (11-35) 20 (45%) vitreous samples from nondiabetic controls and
Stromal cells 150.6 + 48.2 79.0£51.3 0.023* . . .
in f 1.6%) vitreous samples from PDR patients.
expressing CD74 (80-215) (25-160) 33 of 36 (91.6%) vitreous pies o patients

The proinflammatory biomarker sICAM-1 was detected in
“Statistically significant at 5% level of significance. 18 of 20 (90%) vitreous samples from nondiabetic controls
MIF; migration inhibitory factor. and in all vitreous samples from patients with PDR. The
levels of VEGF and sICAM-1 were significantly higher in
controls. MIF was detected in 17 of 20 (85%) vitreous samples PDR (p < 0.001 for both comparisons; Mann-Whitney
from nondiabetic controls, and in all vitreous samples from  test) (Table 3).
patients with PDR. In nondiabetic controls, we found a median Significant positive correlations (Spearman’s correlation
[IQR] level of 3.2 [1.7-4.6] ng/ml. In contrast, the median [IQR] coefficient) were found between vitreous fluid levels of MIF
concentration in patients with PDR reached 15.4 [10.0-20.0] and levels of VEGF (r = 0.70; p < 0.001) and sICAM-
ng/ml, a concentration approximately 5-fold higher than that 1 (r = 0.43; p = 0.001). In addition, a significant positive
recorded in nondiabetic controls (p < 0.001; Mann-Whitney test) ~ correlation was observed between vitreous fluid levels of VEGF
(Table 3). and the levels of sSICAM-1 (r = 0.32; p = 0.023). Although
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A Negative control

FIGURE 4 | Detection of myofibroblasts and leukocytes in proliferative vitreoretinopathy (PVR) epiretinal fibrocellular membranes. Negative control slide showing no
labeling (A). Immunohistochemical staining for a-smooth muscle actin (a-SMA) showing immunoreactivity in spindle-shaped myofibroblasts (B). Immunohistochemical
staining for CD45 showing numerous leukocytes in the stroma (C). (Scale bar, 10 um).

—_

e AN

FIGURE 5 | Characterization of macrophage migration inhibitory factor-(MIF-) and CD74-expressing cells in proliferative vitreoretinopathy (PVR) epiretinal fibrocellular
membranes. Immunohistochemical staining for MIF (A) and CD74 (B) showing immunoreactivity in spindle-shaped myofibroblasts. Double Immunohistochemistry for
CD45 (brown) and MIF (red) (C) or CD74 (red) (D) demonstrated co-expression in leukocytes. No counterstain to visualize the cell nuclei was applied (arrows) (C,D).
(Scale bar, 10 um).
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TABLE 3 | Comparisons of migration inhibitory factor (MIF), vascular endothelial
growth factor (VEGF) and soluble intercellular adhesion molecule-1 (SICAM-1) in
vitreous samples from patients with proliferative diabetic retinopathy (PDR) and
nondiabetic patients with rhegmatogenous retinal detachment (RD).

PDR RD p-value
(n = 36) (n = 20) (Mann-Whitney test)
Median (IQR) Median (IQR)
MIF (ng/ml) 15.4 (10.0-20.1) 3.2 (1.7-4.6) <0.001*
VEGF (pg/ml) 356.0 1.5(0.0-18.9) <0.001*
(151.0-712.3)
sICAM-1 (ng/ml) 17.2 (6.2-24.0) 4.1(1.0-9.2) <0.001*

“Statistically significant at 5% level of significance.
IQR, interquartile range (Q1-Q3).

the correlations between MIF and sICAM-1 and between
VEGF and sICAM-1 were weak, yet they were statistically
significant (Figure 6).

Relationship Between ELISA Levels of MIF
in Vitreous Samples and Angiogenic
Activity of PDR

Comparisons of MIF levels among PDR patients with active
neovascularization (n 20), PDR patients with involuted
(quiescent) neovascularization (n 16), and nondiabetic
controls (n = 20) was conducted with the Kruskal-Wallis test.
The levels differed significantly between the 3 groups (p < 0.001).
Pairwise comparisons (Mann-Whitney test) demonstrated that
the median [IQR] MIF level was significantly higher in
active PDR (19.6 [15.4-24.5] ng/ml) than in involuted PDR
(9.6 [8.3-14.7] ng/ml) (p < 0.001) and controls (3.2 [1.7-
4.6] ng/ml) (p < 0.001). Furthermore, the median MIF
level in involuted PDR was significantly higher than in
controls (p < 0.001).

Detection of sCD74 in Vitreous Samples
Using Western blot analysis, we demonstrated the presence of
sCD74 in vitreous samples from patients with PDR. In agreement
with previous studies (39, 40), sCD74 protein was detected
as two protein bands with molecular weights of around 30
and 40 kDa. Densitometric analysis of the bands demonstrated
a significant increase in both the 30 kDa band (p = 0.002;
Mann-Whitney test) and the 40 kDa band (p = 0.006; Mann-
Whitney test) intensities in samples from PDR patients (n =
8) compared to samples from nondiabetic control patients
(n = 8) (Figure 7).

MIF Induces Upregulation of VEGF and
Phospho-ERK1/2 in Retinal Miiller Cells

As we observed a positive correlation between the vitreous fluid
levels of MIF and VEGE we performed short-term induction
experiments on Miiller cells with MIF as an inducer of VEGF
production. At 100ng/ml, MIF significantly enhanced the
levels of VEGF in the culture medium (Figure 8). However,
2 and 20ng/ml MIF did not affect the expression of VEGF
as compared to untreated control (Figure8). Western
blot analysis demonstrated that treatment of Miiller cells
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FIGURE 6 | Correlation analyses to reveal interactions between vitreous fluid
levels of migration inhibitory factor (MIF), vascular endothelial growth factor
(VEGF) and soluble intercellular adhesion molecule-1 (sICAM-1). Significant
positive correlations between vitreous fluid levels of MIF and levels of VEGF (A)
and sICAM-1 (B) and between vitreous fluid levels of VEGF and levels of
sICAM-1 (C) were found.

with MIF (100ng/ml) induced significant upregulation
of the protein levels of phospho-ERK1/2 (Figure9A). In
contrast, expression of the p65 subunit of NF-kB was
not significantly altered (p = 0.057; Mann-Whitney test)
(Figure 9B).

Frontiers in Immunology | www.frontiersin.org

46

December 2019 | Volume 10 | Article 2752


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Abu El-Asrar et al.

MIF in Diabetic Retinopathy

RD

PDR RD PDR RD PDR RD PDR

40 kDa

30 kDa
_—

30 kDa 40 kDa

6.007

4.004

2.009

Band intensity

=

T
RD

<

I
RD

.00

T T
PDR PDR
FIGURE 7 | Detection of soluble (s) CD74 in vitreous fluid. The expression of
sCD74 in vitreous samples from patients with proliferative diabetic retinopathy
(PDR; n = 8) and from nondiabetic patients with rhegmatogenous retinal
detachment (RD; n = 8) was determined by Western blot analysis. A
representative set of samples is shown. Densitometric analysis of the bands
demonstrated a significant increase in both the sCD74 isoforms with molecular
weights of around 30 and 40 kDa in samples from PDR patients compared to
samples from nondiabetic control patients. Results are expressed as median
(interquartile range) (*p < 0.05).

The Hypoxia Mimetic Agent CoCl, Induces
Upregulation of MIF and VEGF in Retinal
Miiller Cells

Retinal Miiller cells are not only a major source of VEGF (41),
these cells also produced enhanced amounts of MIF in addition
to VEGF after treatment with 300 uM of CoCl, (Figure 10).
However, oxidative stress, mimicked by addition of 100 uM of
H,0 to the Miiller cell cultures did not affect the expression of
MIF as compared to untreated control (Figure 10).

MIF Induces Migration and Proliferation of
Human Retinal Microvascular Endothelial

Cells

As MIF has been described to be involved in pathological
neovascularization of tumors, we tested in the following
experiments whether HRMECs are also responsive to MIF. When
added to the lower compartment of a chemotaxis chamber,
MIF rather potently induced migration of the HRMECs. Indeed,
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FIGURE 8 | Macrophage migration inhibitory factor (MIF) induces vascular
endothelial growth factor (VEGF) expression in Muller cells. Mller cells were
left untreated or treated with MIF (2, 20 or 100 ng/ml) for 24 h. Levels of VEGF
were quantified in the culture media by ELISA. Results are expressed as
median (interquartile range) from three different experiments. In each
experiment, every experimental condition was included 8 times. (o < 0.05
compared to the values obtained from untreated cells).

the minimal effective dose required to trigger a significant
chemotactic response was only 0.1 ng/ml. VEGE however, was
a more efficient chemoattractant (Figure 11A). Furthermore,
MIF also induced proliferation of HRMECs. When 0.01 ng/ml
or higher concentrations of MIF were added to the endothelial
cell cultures, proliferation increased on average to 60% above
background (Figure 11B).

In vivo Effect of Intravitreal Administration
of MIF

Finally, 5 ng of MIF was injected in the eyes of normal
rats. Fluorescein isothiocyanate-conjugated dextran was used
to determine the subsequent change in vascular permeability.
Figure 12A shows that intravitreal administration of MIF (n =
12) significantly increased retinal vascular permeability by about
two-fold compared with vehicle (PBS)-injected eyes (n
11). Furthermore, MIF induced significant upregulation of
the protein levels of phospho-ERK1/2 (Figure 12B), the p65
subunit of NF-kB (Figure 12C), ICAM-1 (Figure 12D), VCAM-
1 (Figure 12E), and VEGF (Figure 12F) in the retinas, compared
to the values obtained from the contralateral eyes that received
PBS alone.

DISCUSSION

In the current study, we detected for the first time co-
expression of MIF and its receptor CD74 in endothelial
cells, leukocytes and myofibroblasts in epiretinal fibrovascular
membranes from patients with PDR. In addition, there were
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FIGURE 9 | Macrophage migration inhibitory factor (MIF) activates the ERK1/2 pathway in Miller cells. Miller cells were left untreated or treated with MIF (100 ng/ml)
for 24 h. Protein expression of phospho-ERK1/2 (A) and p65 subunit of NF-kB (B) in the cell lysates was determined by Western blot analysis. After transfer of the
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respectively. Afterwards, the lower part of the membrane was stripped and reprobed with anti-p-actin. Therefore, phospho-ERK1/2 (A) and p65 subunit of NF-kB (B)
expression were normalized to the same loading control. Results are expressed as median (interquartile range) from three different experiments. In each experiment,
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ree different experiments. In each experiment, every experimental condition was

significant positive correlations between the levels of MIF and
CD74 expression and the angiogenic activity in PDR epiretinal
fibrovascular membranes. Our immunohistochemical data are
in line with those of previous studies that demonstrated MIF

and CD74 expression by tumor-associated fibroblasts, leukocytes
and endothelial cells (27). Several studies proposed that the
MIF/CD74 signaling pathway is an important regulator in
pathological tumor-associated angiogenesis (21-23, 27) and
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FIGURE 11 | Macrophage migration inhibitory factor (MIF) stimulates migration
and proliferation of human retinal microvascular endothelial cells (HRMECs).
(A) HRMECs were stimulated with dilution medium alone (CO), MIF (0.01, 0.1,
1, 10ng/ml) or VEGF (10 ng/ml). Electrical impedance was measured every
minute for 15 h using the xCELLigence RTCA-DP system and automatically
converted to cell indices by the xCELLigence software. The results shown are
derived from the time point where the maximal cell index was reached (about
12 h after initiation). The median (interquartile range) percentage of migration
compared to control is shown (n > 3). (B) The number of HRMECs was
quantified 48 h after addition of dilution medium, VEGF (10 ng/ml) or MIF (0.001
to 10 ng/ml). Results are expressed relative to control (untreated cells). The
relative proliferation is shown as median (interquartile range) (n = 4 in triplicate).
(***p < 0.0001; **p < 0.01; *p < 0.05 compared to unstimulated cells).

showed that MIF expression levels correlated with tumor
angiogenesis (30, 31). In animal models of cancer, it was
demonstrated that MIF had the potential to promote tumor
growth and tumor-associated angiogenesis and that anti-MIF
antibodies suppressed angiogenesis in these models (33). Several
reports demonstrated that MIF directly and potently induces
angiogenesis in multiple in vitro and in vivo models (24-26). In
the present study, we demonstrated that MIF induced HRMEC
migration and proliferation, early key steps during angiogenesis.
These findings implied that MIF and CD74 might play roles as
a ligand-receptor complex in PDR angiogenesis. Previously, it
has been shown that MIF expression was also upregulated in
an animal model of corneal neovascularization and that MIF-
deficient mice had less neovascularization (42). In a mouse
model of oxygen-induced ischemic retinal neovascularization,

MIF deficiency reduced pathological preretinal angiogenesis
and the expression of proinflammatory and proangiogenic
factors (43).

In this study, we also demonstrated that MIF and sCD74 were
significantly upregulated in the vitreous fluid from patients with
PDR, and that vitreous MIF levels were significantly higher in
PDR eyes with active neovascularization compared with eyes
with quiescent disease. Our findings are in agreement with a
previous study that demonstrated upregulated expression of
MIF in the vitreous fluid from patients with PDR (44). Our
analysis showed significant positive correlations between the
vitreous fluid levels of MIF and those of the inflammatory
biomarker sSICAM-1 and the angiogenic biomarker VEGF.
In addition, we demonstrated that intravitreal injection
of MIF in normal rats induced significant upregulation
of ICAM-1 and VCAM-1 in the retina. Our findings are
consistent with previous reports documenting the role of
MIF in upregulating ICAM-1 and VCAM-1 in different types
of cells (45, 46). In an animal model of retinal detachment,
MIF was identified by a proteomics screen to be the most
important cytokine upregulated in retinal detachment.
Administration of a MIF inhibitor blocked pathological
damage responses by protecting photoreceptors and reducing
gliosis (47).

Among the proangiogenic factors, VEGF is considered as
the most potent one with a pivotal role in PDR (10, 11).
To corroborate the findings at the cellular level, stimulation
with MIF caused upregulation of VEGF in Miiller cells.
Miiller cells are considered to contribute to pathological retinal
neovascularization by being the principle VEGF-producing cell
type (41). In addition, Matsuda et al. demonstrated expression
of MIF in rat Miller cells (48). To our knowledge, the
present study is the first to report the capability of MIF to
target Miiller cells and to induce upregulation of phospho-
ERK1/2 and the synthesis and secretion of VEGF. Additionally,
intravitreal injection of MIF induced a significant upregulation
of VEGE phospho-ERK1/2 and the p65 subunit of NF-kB
in the retina of rats. This is in line with previous studies
documenting the capacity of MIF to induce VEGF and
phosphorylation of ERK1/2 in tumor cells (23, 28-30). These
findings suggest that one possible mechanism of MIF-induced
angiogenesis in PDR is related to the upregulation of VEGF.
In addition, upregulation of VEGF is a major contributor
to BRB breakdown in diabetes (49-51). Our findings also
suggest that MIF-induced BRB breakdown might be related to
upregulation of VEGF. Furthermore, we showed that stimulation
with the hypoxia mimetic agent CoCl, promoted VEGF and
MIF expressions in Miller cells. Similarly, previous studies
demonstrated that MIF was induced by hypoxia in cancer cells
(30, 52, 53).

In addition to its well characterized role in inflammation
and angiogenesis, MIF is upregulated in fibrotic disorders,
such as idiopathic pulmonary fibrosis (54, 55) and systemic
sclerosis  (56). Additionally, MIF expression increased
during the wound healing of rat skin injured by excision
and anti-MIF antibodies induced a delay in wound healing
(57). In the present study, immunohistochemical analysis
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demonstrated MIF and CD74 localization in myofibroblasts,
the key cellular mediator of fibrosis (58), in epiretinal
membranes from patients with PDR and PVR. Similarly,
dermal fibroblasts from skin wound lesions (57) and
systemic sclerosis (56) produced higher amounts of MIF
than normal dermal fibroblasts. It was demonstrated in
vitro that transient exposure of fibroblasts to MIF induced
fibroblast activation and promoted fibroblast proliferation,
migration and replenishment of cell monolayers after scratching
(59). In a recent study, an interesting genetic association
of MIF with epiretinal membrane formation was found,
suggesting a potential contribution of MIF to formation of the
membranes (60).

In conclusion, the proinflammatory and proangiogenic
cytokine MIF and its receptor CD74 are upregulated in
the intraocular microenvironment of patients with PDR,
particularly in patients with active angiogenesis. Additionally,
intravitreal administration of MIF significantly increased
retinal vascular permeability in rats. MIF stimulation of
Miiller cells induced increased secretion of VEGF and CoCl,
induced the production of MIF from Miiller cells in vitro.
Stimulation of endothelial cells isolated from human retinas
with MIF induced migration and proliferation, confirming
its reported angiogenic effects. Therefore, the MIF/CD74
signaling pathway might play an important role in PDR
angiogenesis and progression and could become a primary
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therapeutic target for improving the vascular function in patients
with PDR.
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Background: CD36, a member of the class B scavenger receptor family, participates in
Toll-like receptor signaling on mononuclear phagocytes (MP) and can promote sterile
pathogenic inflammation. We here analyzed the effect of CD36 deficiency on retinal
inflammation and photoreceptor degeneration, the hallmarks of age-related macular
degeneration (AMD), that characterize Cx3cr1~/~mice.

Methods: We analyzed subretinal MP accumulation, and cone- and rod-degeneration in
light-challenged and aged, CD36 competent or deficient, hyper-inflammatory Cx3cr1—/—
mice, using histology and immune-stained retinal flatmounts. Monocytes (Mo) were
subretinally adoptively transferred to evaluate their elimination rate from the subretinal
space and Interleukin 6 (IL-6) secretion from cultured Mo-derived cells (MdCs) of the
different mouse strains were analyzed.

Results: CD36 deficient Cx3cr1~/~ mice were protected against age- and light-induced
subretinal inflammation and associated cone and rod degeneration. CD36 deficiency in
Cx3cr1~/= MPs inhibited their prolonged survival in the immune-suppressive subretinal
space and reduced the exaggerated IL-6 secretion observed in Cx3cr1~/~ MPs that we
previously showed leads to increased subretinal MP survival.

Conclusion: Cd36 deficiency significantly protected hyperinflammatory Cx3cr1 =/~
mice against subretinal MP accumulation and associated photoreceptor degeneration.
The observed CD36-dependent induction of pro-inflammatory IL-6 might be at
least partially responsible for the prolonged MP survival in the immune-suppressive
environment and its pathological consequences on photoreceptor homeostasis.

Keywords: age related macular degeneration, mononuclear phagocyte, CX3CR1, CD36, IL-6, photoreceptor
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CD36 and Pathogenic Subretinal Inflammation

INTRODUCTION

Age-related Macular Degeneration (AMD) is a common (1),
highly heritable, neuroinflammatory disorder characterized by
central, sizeable deposits under the retinal pigment epithelium
(drusen) in its early form and choroidal neovascularisation (CNV,
wet AMD) or an extending lesion of the outer central retina
(geographic atrophy) in its late form (2).

We (3-6) and others (7, 8) showed that both advanced
forms [wet AMD (5) and Geographic Atrophy, GA (3, 4, 6)] are
associated with non-resolving accumulation of mononuclear
phagocytes (MP) in the subretinal space. MPs are a family of cells
that include monocyte (Mo), resident macrophages (rM¢) such
as microglial cells (MC), and monocyte-derived inflammatory
macrophages/dendritic  cells (MdC) that arise during
inflammation (9). Physiologically, the subretinal space does not
contain blood- and lymphatic-vessels, and is additionally devoid
of immune cells, including resident MCs (4, 5, 7, 8, 10). Among
others this particularity is due to the potent immunosuppressive,
pro-apoptotic factors produced by the RPE that eliminate
infiltrating leukocytes (4, 11). While MP accumulation
observed around large drusen in early AMD (4, 6) might
control debris accumulation, we showed that MdCs invariably
participate in the infiltrate in and around GA lesions (6), where
they are closely associated with rod and cone degeneration
(3). Indeed, MPs, and in particular MdCs, an important
source of inflammatory cytokines that play a critical role in
animal models of pathological choroidal neovascularisation
(CNV) (12, 13) and photoreceptor degeneration (5, 6, 14-
18). In particular we showed that the inflammatory
cytokines CCL2, IL-6, and IL-1 lead to the excessive MdC
accumulation, diminish the subretinal immunosuppressivity
and induce photoreceptor degeneration and CNV,
respectively (3, 4, 6, 18, 19).

In the eye, CX3CLl is constitutively expressed as a
transmembrane protein in inner retinal neurons (20, 21) and
provides a tonic inhibitory signal to CX3CR1 bearing retinal
MCs that keeps these cells in a quiescent surveillance mode
under physiological conditions (5, 22). Cx3crl deficiency in
mice leads to a strong increase of subretinal MP accumulation
with age, after light-challenge and laser-injury (5, 23, 24),
in diabetes (25), and in a paraquat-induced retinopathy
model (26).

We showed that Cx3crI-deficient MPs express high levels
of Apolipoprotein E, also observed in humanized transgenic
mice expressing the AMD-risk APOE2 isoform (TRE2-mice)
and subretinal MPs of AMD patients (4, 6, 27). The excessive
expression of APOE in turn can activate the CD14/TLR2/TLR4-
dependent innate immunity receptor complex (IIRC) on MPs (4,
27), likely by modifying the cholesterol content of the lipid raft,
in which the complex is located (28). Its activation in subretinal
MPs induces CCL2 (27), which increases Mo recruitment (6),
but also IL-6, which we show reduces RPE FasL expression
and MP elimination (4). The age-dependent accumulation of
subretinal Cx3crl-deficient MPs is associated with a significant
degeneration of rods and cones (5, 29, 30), but not with RPE
atrophy. They therefore quite accurately model the transitional

zone of GA and a subtype of GA called incomplete outer retinal
atrophy [iORA; (31)].

CD36, a member of the class B scavenger receptor family,
is expressed in a variety of cell types and binds a diverse array
of ligands (32). It is expressed on M¢, MC, RPE cells, and
microvascular endothelial cells (32), all cell types potentially
involved in AMD. On vascular endothelial cells CD36 has
been shown to mediate the antiproliferative effect of the
thrombospondins (33, 34). Its expression on RPE cells has been
shown to influence the phagocytosis of rod outer segments (ROS)
(35, 36), in particular oxydized ROS (37, 38), but also oxydized
lipoproteins (39), whose CD36-mediated uptake activates the
NLRP3 inflammasome in the RPE (40). Finally, it is expressed
on MC and M¢ where it is a co-receptor of the toll-like receptor
2 (TLR2) and activates a proinflammatory signaling cascade and
the release of inflammatory cytokines (41, 42). On the other
hand, internalization of apoptotic bodies via CD36 can inhibit
proinflammatory pathways (43, 44).

We have previously shown that CD36 expression regulates
COX-2 and VEGF expression in RPE cells. Its deficiency leads
to a slow, age-related choroidal involution and mild retinal
degeneration (45). On the other hand deficiency of CD36
protected against subretinal inflammation and photoreceptor
degeneration in an acute model of light toxicity, as it inhibited
the release of neurotoxic IL-1beta from subretinal MPs (42).

Here we investigated the influence of CD36 on inflammation
and photoreceptor degeneration in Cx3crl-deficient mice that
we previously showed develop pathogenic subretinal MP
accumulation with age and after a non-toxic light-challenge.

RESULTS

CD36 Deficiency Prevents Age-Related,
Chronic, Pathogenic Subretinal

Inflammation in Cx3cr1-Knockout Mice

We first sought to determine whether Cd36 deficiency would alter
disease onset and progression in Cx3crl ™/~ mice. Quantification
of subretinal IBA-1T MPs on retinal and RPE/choroidal
flatmounts of 2-3 month and 12 month old animals showed
that the age-related increase in subretinal MPs observed in
Cx3crl™/~ mice was significantly inhibited in the absence
of CD36 (Figures 1A,B). Next, we evaluated whether Cd36
deficiency influenced the rod and cone degeneration that is
associated with MP accumulation in Cx3crl~/~ mice (5, 6,
29). Micrographs revealed that Cx3cr1™/~Cd36~/~ mice were
protected against the thinning of the outer nuclear layer that
hosts the photoreceptor nuclei, which is observed in aged
Cx3crl1-deficient mice (6) (Figure 2A). Photoreceptor nuclei row
counts (Figure 2B) and calculation of the area under the curve
showed CD36 deficiency protected against the photoreceptor
cell loss observed in Cx3crl™/~ mice (Figure 2C), while only
a slight decrease was observed in CD36~/~ compared to
control-mice. Similarly, CD36 deficiency completely protected
against cone loss observed on peanut agglutinin stained retinal
flatmounts of 12 month-old Cx3crl™/~ mice (Figures 2D-F).
Thus, we show that CD36 contributes importantly to the
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FIGURE 1 | CD36 deficiency prevents age-related chronic subretinal
inflammation in Cx3cr1-knockout mice. (A) Representative images of 12
month old IBA-1 (green) stained RPE flatmounts of 12 months old Cx3cr1—/~
and Cx3cr1~/~Cd36~/~ mice. (B) Quantification of subretinal IBA-14+MPs in
2-3 months (left) and 12 months (right) old mice of the indicated strains (*Mann
& Whitney test at 12 months of Cx3cr1~/~ vs. 3 months old Cx3cr1~/~ mice p
= 0.0002; #Mann & Whitney test at 12 months of Cx3cr1~/~ vs. 12 months
old Cx3cr1~/~Cd36~/~ mice p < 0.0001). n = number of replicates indicated
in the graphs; replicates represent quantification of eyes from different mice of
at least three different cages. Scale bar (A) = 50 m.

chronic, age-related subretinal MP accumulation and associated
photoreceptor degeneration observed in Cx3cr1~/~ mice.

CD36 Deficiency Prevents Pathogenic
Subretinal Inflammation in Acute,
Light-Induced Cx3cr1-Knockout Mice

Next, we evaluated its impact on acute light-induced stress.
The intensity of the light-challenge model used herein was
calibrated to induce substantial subretinal MP infiltration in
AMD-prone Cx3crl~/~-mice but not in C57BL6/] controls
(6). Quantification of subretinal IBA-1T MPs on retinal
and RPE/choroidal flatmounts of 2-3 month old animals
that were exposed to 4500 lux of green light with fully
dilated pupils for 96h, followed by 10 days of housing
in the normal animal quarters, revealed an increase in
subretinal MPs in Cx3crl1~/~ mice, which was significantly
inhibited in the absence of CD36 (Figures3A,B). To
quantify photoreceptor apoptosis in light-challenged mice
we prepared TUNEL stained retinal flatmounts as previously
described (5, 18). Flatmounts from Cx3crl~/~mice displayed
TUNEL positive cells in the outer nuclear layer, where
the photoreceptor nuclei are located, to a much greater
extent than C57BL6/] controls as previously reported (6).
Importantly, Cx3crl™/~Cd36~/~ mice were protected against
the photoreceptor apoptosis observed in Cx3crl™/~ mice
(Figure 3C).

Taken together, CD36-deficiency very significantly inhibited
the acute subretinal inflammation and associated photoreceptor
apoptosis induced in the light-challenged Cx3crl™/~mice,
similar to our observations in chronic age-related inflammation.

CD36 Deficiency Normalizes the
Resistance to Subretinal Elimination of
Cx3cri-Deficient Monocytes and Reduces

Their IL-6 Production in vitro

We have previously shown that subretinal MPs in aged- and light-
challenges Cx3cr1~/~ mice are in part derived from infiltrating
Mo (6). We showed that subretinally injected WT Mos, MCs
or Mes quickly undergo apoptosis and are eliminated (4), and
that such clearance was significantly delayed when MPs lacked
CX3CRI1 (4). We demonstrated that this resistance was at least
in part due to the fact that Cx3crl-deficient MPs overexpress
interleukin 6 (IL-6), which downregulates FasL expression the
RPE that normally induces subretinal MP elimination (4).

To evaluate whether CD36 expression on MPs influences
their susceptibility to be eliminated by the RPE, we adoptively
transferred CFSE-labeled Mos from the different mouse strains
into the subretinal space of wildtype mice. The surviving CFSE™
Mos were then enumerated 24 h after injection (Figure 4A). As
previously shown, Cx3crl-deficient Mo were significantly more
numerous than subretinally injected wildtype Mos. Importantly,
the deletion of Cd36 in Cx3cr1-deficient Mo completely reversed
this effect (Figure 4B).

Cx3crl-deficient MPs express increased levels of APOE,
which we showed activates the TLR2-CD14-dependent innate
immunity receptor cluster and induces IL-6 (4). CD36 is a
co-receptor of the toll-like receptor 2 (TLR2) and involved
in the proinflammatory signaling cascade and the release of
inflammatory cytokines (41, 42). Indeed, IL-6 transcription
measured by RT-PCR (Figure 4C) and IL-6 secretion evaluated
by ELISA (Figure4D) was significantly increased in bone
marrow derived Mo from Cx3crl-deficient mice compared
to control, but the deletion of Cd36 in Cx3crl-deficient Mo
prevented this increase of expression.

Taken together this data demonstrates that Cd36 deletion
in Cx3crl-deficient Mos inhibits the over-expression of IL-6 in
Cx3crl-deficient Mos and reverses their ability to withstand the
immunosuppressive environment of the subretinal space.

DISCUSSION

We previously showed that the deletion of Cx3crl, a gene that
is exclusively expressed on MPs in the adult eye, is sufficient
to trigger an age-related or light-induced pathogenic non-
resolving subretinal inflammation. We here demonstrate that
the deletion of CD36 in Cx3crl-deficient mice prevented the
age- and light-challenge-dependent accumulation of subretinal
MPs and protected against the associated photoreceptor cell
death. Our data demonstrates that CD36 expression on Mo
is necessary for the over-expression of IL-6 that we observe
in Cx3crl-deficient MdCs. We previously showed that IL-
6 expression in Cx3crl-deficient MPs is necessary for the
accumulation of subretinal MPs in Cx3crI-deficient mice, as it
induces the downregulation of FasL expression the RPE that
induces subretinal MP elimination in wildtype animals (4).
Indeed, when we subretinally adoptively transferred Cx3cr1 =/~ -
and Cd36~/~Cx3cr1~/~-Mo to wildtype recipients, the deletion
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FIGURE 2 | CD36 deficiency prevents age-related rod and cone degeneration in Cx3cr1-knockout mice. (A) Micrographs, taken 1,000 um from the optic nerve, of 12
month-old Cx3cr1~/~ and Cx3cr1~/~Cd36~/~ mice. (B) Photoreceptor nuclei rows at increasing distances (—3,000 wm: inferior pole, +3,000 wm: superior pole)
from the optic nerve (0 wm) in 12 month-old mice. (C) Quantification of the area under the curve of photoreceptor nuclei row counts of 12 month-old mice of the
indicated transgenic mouse strains (Mann Whitney wildtype vs. Cx3cr1~/~ mice *p = 0.0024; Mann Whitney Cx3cr1~/~ vs. Cx3cr1~/~Cd36~/~ mice *p = 0.0024).
(D) Micrographs, taken in the superior periphery of peanut agglutinin (staining cone segments, red) stained 12 month-old Cx3cr1~/~ and Cx3cr1~/~Cd36~/~ mice.
(E) Cone density quantification on retinal flatmounts in peripheral and central, inferior and superior retina (—3,000 wm: inferior pole, +3,000 wm: superior pole, optic
nerve: 0 wm) and their average (F) in 12 month-old mice of the indicated mouse strains (Mann Whitney wildtype vs. Cx3cr1~/~ mice *p = 0.0022; Mann Whitney
Cx3cr1=/= vs. Cx3cr1~/=Cd36~/~ mice ®p = 0.0022). ONL, outer nuclear layer; PNA, peanut agglutinin Scale bar (A,D) = 50 um. n = number of replicates indicated
in the graphs; replicates represent quantification of eyes from different mice of at least three different cages.
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FIGURE 3 | CD36 deficiency prevents pathogenic subretinal inflammation in acute, light-induced Cx3cr1-knockout mice. (A) Schematic representation of the
light-challenge model. (B) Representative images and quantification of IBA-1 (green) stained RPE flatmounts of 2 month-old mice of the indicated strains after 10 days
after the light-challenge (*Mann & Whitney test C57BL/6J control mice vs. Cx3cr1~/~ mice p = 0.0014; *Mann & Whitney test Cx3cr1~/~ vs. Cx3cr1~/~Cd36~/~
mice p = 0.02). (C) Representative images and quantification of TUNEL+- cells in the outer nuclear layer of TUNEL-stained retinal flatmounts of d14 light-challenged
mice of the indicated strains ("Mann & Whitney test C57BL/6J control mice vs. Cx3cr1~/~ mice p = 0.0005; $Mann & Whitney test Cx3cr1~/~ vs.
Cx3cr1~/=Cd36~/~ mice p = 0.0012). n, indicated for each bar; Scale bar (A) = 50 um.

of Cd36 on Cx3crl~/~-monocytes restored the susceptible
to subretinal elimination to the level observed in wildtype
monocytes. Taken together our data demonstrates that Cd36
deficiency inhibits retinal inflammation and retinal degeneration
in Cx3crl knockout mice.

We previously showed that Cx3cri-deficient MPs are
characterized by an over-expression of APOE that triggers
NFkB activation and cytokine secretion. ApoE-deletion in
Cx3crl-deficient mice significantly prevents the accumulation of
pathogenic subretinal MPs (4, 6, 27), similar to Cd36 deficiency.
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FIGURE 4 | CD36 deficiency normalizes the resistance to subretinal elimination of Cx3cr1-deficient monocytes and reduces their IL-6 production in vitro. (A)
Schematic representation of the subretinal adoptive transfer experiments. (B) Representative images and quantification of CSFE+ Mo of the indicated strains on RPE
flatmounts 24 h after subretinal transfer to the subretinal space of wildtype mice (*Mann & Whitney test C57BL/6J Mo vs. Cx3cr1~/~ Mo p = 0.0019; $Mann &
Whitney test Cx3cr1~/~ vs. Cx3cr1~/~Cd36~/~ Mos p = 0.0079). (C) Quantitative RT-PCR of IL-6 mRNA normalized with $26 mRNA of C57BL/6J, Cx3cr1~/~, and
Cx3cr1~/=Cd36~/~ monocytes cultured for 24 h ("Mann & Whitney test C57BL/6J Mo vs. Cx3cr1~/~ Mo p = 0.0159; ®*Mann & Whitney test Cx3cr1~/~ vs.
Cx3cr1~/=Cd36~/~ Mos p = 0.0159). (D) IL-6 ELISA of the supernatants of C57BL/6J, Cx3cr1~/~-, and Cx3cr1~/~Cd36~/~ monocytes cultured for 24 h (*Mann &
Whitney test C57BL/6J Mo vs. Cx3cr1~/~ Mo p = 0.0159; ®Mann & Whitney test Cx3cr1~/~ vs. Cx3cr1—/~Cd36~/~ Mos p = 0.0079). n, indicated for each bar;

Mechanistically, we showed that the excess of APOE activates
the CD14/TLR2-dependent innate immunity receptor complex
(IIRC) on MPs (4, 27). This is likely due to APOE-induced
cholesterol extraction from the lipid rafts of MPs, which lifts the
physiological separation of CD14 (located in the lipid raft) from
TLR2 (located in non-lipid raft membrane) and triggers NFkB
activation and cytokine secretion in the absence of TLR ligands,
as previously demonstrated for APOA-I (28, 46).

CD36 is also part of the innate immunity receptor complex
(47, 48) and an obligate co-receptor of the toll-like receptor
2 (TLR2). Its inhibition blocks the TLR2-dependent NFkB
activation and pro-inflammatory signaling cascade and the
release of inflammatory cytokines such as IL-6 (41, 42). In
Cx3crl-deficient mice the deletion of Cd36 therefore likely
counters the APOE-induced activation of the IIRC, activation
of NFkB and IL-6 secretion, which we show reduces RPE FasL
expression and MP elimination (4). As a result, the CD36-
deficient MPs are quickly eliminated from the subretinal space,
preventing pathogenic subretinal inflammation. Interestingly,
it has recently been demonstrated that Cd36 deletion and
pharmacological inhibition of CD36 also inhibits pathogenic
inflammation in an acute model of light-induced degeneration

in Cx3crl-competent mice (42). The authors demonstrated that
the protective effect is likely due to the inhibition of IL-1
that we showed also plays an important role in photoreceptor
degeneration in Cx3cr1-deficient mice (3, 18).

In summary, the inhibition of CD36 on MPs in diseases that
are characterized by pathogenic subretinal inflammation such as
AMD, holds the promise to reduce MP accumulation and their
production of pathogenic cytokines. On the other hand CD36
expressed by RPE cells has an important role in the maintenance
of the choriocapillaries and the elimination of lipids from Bruchs
membrane (39, 45). Ideally, future therapies for AMD might
therefore want to specifically target CD36 on MPs.

MATERIALS AND METHODS

Animals

Cx3cr1~/~CD36~/~mouse strains on C57BL/6 background were
generated from Cx3crl™/~mice and CD36~/~mouse strains,
which were generated as previously described (49, 50). All mice
were negative for the Crb1"®, Pde6b™!, and Gnat2®/1® mutations.
Mice were housed in the animal facility under specific pathogen-
free condition, in a 12/12 h light/dark (100-500 lux) cycle with
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water and normal diet food available ad libitum. All experimental
protocols and procedures were approved by the local animal
care ethics committee “Comité d’Ethique en Expérimentation
Animale Charles Darwin” (N° p3/2008/54).

Light-Challenge Model

Two- to four-month-old mice were adapted to darkness for
6h and pupils were fully dilated with 1% Atropine (Novartis).
Animals were then exposed to green LED light (4500 Lux, JP
Vezon équipements) for 4 days and subsequently kept in cyclic
12/12h normal animal facility conditions. MP accumulation
and retinal degeneration were assessed at 10 days after light
exposure (6).

Immunohistochemistry and TUNEL

Staining of Retinal Flatmounts

Eyes were enucleated, fixed in 4% paraformaldehyde for 20 min
at room temperature and sectioned at the limbus; the cornea
and lens were discarded. The retinas were peeled from the
RPE/choroid/sclera and incubated overnight at 4°C in PBS-1%
triton with the following primary antibodies: peanut agglutinin
Alexa fluor® 594 (Thermo Fisher Scientific; 1/100), and goat
polyclonal anti-IBA1 (1/100, Wako). After few washes, the
retinas were incubated for 2h at room temperature with
appropriate Alexa Fluor(® conjugated secondary antibodies
(Thermo Fisher Scientific; 1:500) in PBS-1% triton and nuclei
were counterstained with Hoechst (1:1,000, Sigma Aldrich).
The retinas were flatmounted and viewed with a fluorescence
microscope (DM5500, Leica). Images centered on the area with
the lowest number of PNA-+ cone arrestin+ cells were captured
with a confocal laser-scanning microscope (FV1000, Olympus)
using a 40X lens. Each cell population was manually counted in a
masked fashion. IBA-1+ cells were quantified on flatmounts on
the outer segment side of the detached retina while PNA+ cone
arrestin+ cells were counted on confocal microscopy Z-stacks
using Image] software.

For histology, eyes were fixed in 0.5% glutaraldehyde, 4%
PFA for 2h, dehydrated and mounted in Historesin (Leica).
Five millimeters of oriented sections crossing inferior pole, optic
nerve and superior pole were cut and stained with toluidin blue.
Rows of nuclei in the ONL were counted at different distances
from the optic nerve (6).

For Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL), 4% PFA fixed retinal flatmounts were pre-
treated with frozen methanol for 30min and then frozen
methanol/acetic acid (2:1) for another 30 min. After washing
with PBS, flatmounts were incubated overnight at 4°C with the
reaction mixture as described by manufacturer’s protocol (In Situ
Cell Death Detection Kit, Roche Diagnostics) and then for 90 min
at 37°C. After reaction was stopped by washing with PBS at RT,
nuclei were counterstained with Hoechst (Sigma-Aldrich).

Cell Preparations and Cell Culture
Bone marrow-derived monocytes (in serum-free X-Vivo 15
medium) were performed as previously described (6). RT-PCRs

using Sybr Green (Life Technologies) and ELISAs using mouse
IL-6 DuoSet (R&D Systems) were performed as previously
described (6).

Subretinal Mononuclear Phagocyte Cell

Clearance

Bone marrow-derived monocytes (~95% pure) were labeled
in 10nM CFSE (Life technologies). Cells were washed and
resuspended in PBS. Twelve thousand cells (4 pl) were
injected in the subretinal space of anesthetized 2 month-
old mice using a microinjector and glass microcapillaries
(Eppendorf). A hole was pierced with the glass capillary
prior to the subretinal injection to avoid intra-ocular pressure
increase and to allow retinal detachment with 4 ul of
solution. The subretinal injection was verified by fundoscopy.
Eyes were enucleated after 24h, fixed in 4% PFA, and
flatmounted. CFSE™transplanted cells were counted on the
subretinal aspect of the retinal flatmount and the RPE/choroid
flatmount of each eye. Eyes with subretinal hemorrhages
were discarded.

Statistical Analysis

Sample sizes for our experiments were determined according
to our previous studies Graph Pad Prism 6 (GraphPad
Software) was used for data analysis and graphic representation.
All values are reported as mean =+ SEM. Statistical
analysis was performed by Mann-Whitney U-test (2-group
comparisons). The n and p-values are indicated in the
figure legends.
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Single Eye mRNA-Seq Reveals
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Clemens A. K. Lange?3, Colin J. Chu’ and Andrew D. Dick"*
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“Institute of Ophthalmology and the National Institute for Health Research Biomedical Research Centre, Moorfields Eye
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Background: Whether retinal microglia can maintain or restore immune homeostasis
during and after inflammation is unclear. We performed single-eye mRNA-sequencing on
microglia at different timepoints following a single inflammatory stimulus to characterise
their transcriptome during and after resolution of endotoxin-induced uveitis (EIU).

Experimental Approach: Cx3cri1°tR:R26-tdTomato (C57BL/6) male heterozygotes
were administered tamoxifen via different regimes at 4-5 weeks of age. Four weeks
post-tamoxifen, mice were injected intravitreally with 10 ng lipopolysaccharide (endotoxin
induced uveitis, EIU). Six-hundred retinal microglia were obtained by FACS from individual
naive retinas and at 4h, 18h, and 2 weeks following EIU induction. Samples were
sequenced to a depth of up to 16.7 million reads using the SMART-Seq v4 Ultra Low Input
RNA kit. The data was analysed using Partek software and Ingenuity Pathway Analysis.
Genes were considered differentially-expressed (DEQG) if the FDR step-up p-value was
<0.05 and the fold-change was >=+2.

Results: Flow cytometric analysis indicates that the Cx3cr1°ER:R26-tdTomato strain
is both sensitive (>95% tagging) and specific (>95% specificity) for microglia when
tamoxifen is administered topically to the eye for 3 days. During “early” activation, 613
DEGs were identified. In contrast, 537 DEGs were observed during peak cellular infiltrate
and none at 2 weeks, compared to baseline controls (1,069 total unique DEGs). Key
marker changes were validated by gPCR, flow cytometry, and fluorescence microscopy.
C5AR1 was identified and validated as a robust marker of differentiating microglial
subsets during an LPS response.

Conclusion: Using EIU to provide a single defined inflammatory stimulus, mRNA-Seq
identified acute transcriptional changes in retinal microglia which returned to their original
transcriptome after 2 weeks. Yolk-sac derived microglia are capable of restoring their
homeostatic state after acute inflammation.

Keywords: microglia, transcriptome, uveitis, retina, resolution, mRNA-Seq, lipopolysaccharide (LPS),
heterogeneity
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INTRODUCTION

It has been challenging to investigate microglia during
inflammatory contexts primarily because distinguishing
them from infiltrating monocytes and macrophages has been
unreliable due to similar expression of cell-surface markers (1-6).
Microglia contribute to an immunosuppressive environment, are
derived from the yolk-sac, reside within two distinct niches in
the retina, and show differential regulation because of inherent
microglial heterogeneity (7, 8). Nonetheless conflicting data
remains on how microglia regulate or promote inflammation
depending on insult (9, 10). During inflammation microglia
alter their homeostatic state (8, 11-13). In acute inflammation,
markers including C5arl show promise in delineating sub-
populations of microglia mounting an LPS response (13). We
wished to determine if the microglial transcriptome resets after
an acute and resolving insult, or if homeostatic thresholds have
been reset or altered permanently.

Recent advancements in transgenic mouse lines, but also
in identification of markers that are “microglial-specific,” for
example Cd44, P2ry12, Siglech, and Tmem119, have contributed
in various degrees toward microglial identification (12, 14-
20). However, loss of these markers at the transcript level are
observed when microglia are perturbed and some of these
markers are lost at the protein level, highlighting the need
for careful validation of these markers as microglial-specific
given their expression is dependent upon the disease context
(8, 11-13). The Cx3cr1¢*ER:R26-td Tomato mouse strain permits
binary discrimination of the microglia from other immune cells.
The model utilises the high expression of Cx3crl in microglia
and the longevity (as low level self-replication) of microglia in
comparison to other immune cells (14).

In this study, we validate the Cx3cr1¢™*FR:R26-td Tomato strain
as sensitive and specific for tagging retinal microglia and perform
mRNA-Sequencing on microglia obtained from individual
retina during and after resolution of acute inflammation
induced by intravitreal injection of LPS [the endotoxin-induced
uveitis (EIU) model]. We show that the retinal microglia
undergo acute transcriptional changes which resolve to their
original homeostatic state by 2 weeks and support microglial
heterogeneity in response to inflammatory signals.

MATERIALS AND METHODS

Mice

Cx3cr1¢ER:R26-tdTomato mice on a C57BL/6] background
were provided by Clemens Lange (University of Freiburg,
Germany). Breeding colonies of homozygotes were established,
and offspring crossed with C57BL/6] mice to generate
heterozygotes for experiments. Genotyping (via PCR) of
breeding pairs was performed. Mice were confirmed as negative
for the Rd8 mutation (21).

All mice were housed at the University of Bristol Animal
Services Unit under specific pathogen free conditions with
food and water ad libitum. All procedures were conducted in
concordance with the United Kingdom Home Office licence (PPL
30/3281) and were approved by the University of Bristol Ethical

Review Group. The study also complied with the Association for
Research in Vision and Ophthalmology (ARVO) Statement for
the Use of Animals in Ophthalmic and Visual Research.

Tamoxifen Preparation and Administration

Tamoxifen (T5648; Sigma-Aldrich, Poole, UK) was dissolved in
corn oil (C8267; Sigma-Aldrich) to a concentration of 20 or 5
mg/mL, for subcutaneous injection and topical administration,
respectively. The solutions were freshly prepared by overnight
incubation in an orbital shaker at 42°C and 300 rpm. Mice were
injected with 200 L subcutaneously [100 L into both the lower
(inguinal) left and right quadrants using a 25G needle] on days
1 and 3; alternatively, mice were administered 10 iL topically to
the eye three times daily (minimum gap of 2h between dosing)
for up to 4 days.

Induction of EIU

Prior to anesthesia, pupils were dilated using topical tropicamide
1% w/v and phenylephrine 2.5% w/v (Minims; Chauvin
Pharmaceuticals, Romford, UK). Mice were anaesthetised by
intraperitoneal injection of 90 wL/10 g body weight of a solution
containing 6 mg/mL ketamine (Ketavet; Zoetis Ireland Ltd.,
Dublin, Ireland) and 2 mg/mL Xylazine (Rompun; Bayer plc,
Newbury, UK) mixed with sterile water.

Mice were selected for injection (or to be used as a control)
in a constrained randomised order within blocks using Excel
2016 (Microsoft, Redmond, WA); blocks were dependent on cage
allocations, which itself was dependent on the litter they were
derived from. The allocations ensured that all experiments had
littermate controls.

Intravitreal injections were performed as previously described
(22). In brief, 2 pL volume of PBS containing 10 ng LPS from
E. coli 055:B5 (Sigma-Aldrich) was delivered into the intravitreal
space via the pars plana, using an operating microscope and a 33-
gauge needle on a microsyringe (Hamilton Company, Reno, NV)
under direct visualisation. Immediately following injection, 1%
w/w chloramphenicol ointment (Martindale Pharma, Romford,
UK) was applied topically, with the animals monitored and kept
on a heat-pad during recovery.

EIU Clinical Assessment

At selected time-points (4h, 18h, and 2 weeks) post-injection,
pupils were dilated and mice anaesthetised for clinical
assessment. The Micron IV retinal imaging microscope
(Phoenix Research Laboratories, Pleasanton, CA) was used
to capture optical coherence tomography (OCT) scans, and
brightfield and fluorescence fundal images.

Prior to imaging, the Micron IV CCD and OCT were
calibrated in accordance with the manufacturer’s protocol. The
gain was set to +3 dB and the FPS to 15, or +12 dB and 2
for brightfield and tdTomato fluorescence imaging, respectively.
For tdTomato imaging, a 550/25nm bandpass excitation and
590 nm longpass emission filter were used (Edmund Optics,
Barrington, NJ).

For OCT, the parameters were defined according to the
manufacturers protocol, and scans were taken 30 times in
rapid succession and averaged. Full-length B-scans were taken
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horizontally and vertically with the optic disc centered. Images
were stored in the TIFF file format.

Isolation and Flow Cytometric Phenotyping

of Retinal Immune Cells

Eyes were dissected in 100 pL ice-cold PBS with aqueous,
vitreous, and retina extracted by a limbal incision, lens removal
and transfer into a 1.5 mL microcentrifuge tube. The tissue was
mechanically disrupted by rapping the tube along an Eppendorf
rack 12 times before transfer into a 96-well 60 wm nylon mesh
filter plate (Merck Millipore, UK). The plate was centrifuged at
400 xg for 5min and the supernatant aspirated. The remaining
cell pellet was resuspended in FACS buffer (PBS supplemented
with 3% v/v Foetal calf serum and 0.9 mg/mL sodium azide) and
transferred to a 96-well V-bottom plate for FACS staining.

Single cell suspensions from spleen and brain were generated
by mechanical dissociation through a 70 pm cell strainer
with a syringe plunger. Cells were centrifuged at 400 xg for
3 min, erythrocytes lysed using ammonium-chloride-potassium
(ACK) buffer, and cells resuspended in FACS buffer. Cells
were incubated with purified rat anti-mouse CDI16/32 Fc
block [Clone 2.4G2; Becton Dickson (BD) Biosciences, Oxford,
UK] and 7-aminoactinomycin D (7AAD; Thermo Fisher
Scientific, Waltham, MA) diluted in FACS buffer for 20 min
at 4°C. Cells were then incubated with an antibody cocktail
containing fluorochrome-conjugated monoclonal antibodies (see
Supplementary Table 1) against various mouse cell-surface
markers for 20 min at 4°C. All mAbs were titrated and tested
using control tissues.

Cell suspensions were acquired using a 4-laser Fortessa X-
20 flow cytometer (BD Cytometry Systems, Oxford, UK).
Compensation was performed using OneComp eBeads
(Thermo Fisher Scientific), Anti-Rat Ig, k/Negative Control
Compensation Particles Set (BD Biosciences), or AbC total
antibody compensation bead kit (Thermo Fisher Scientific).
To compensate tdTomato, cell suspensions prepared from
Cx3cr1“rERR26-tdTomato homozygote brains were used.
Fluorescence-minus-one (FMO) controls were used to assist
in gating of the markers selected for validation. Following
acquisition, analysis was performed using FlowJo software
(Treestar, San Carlos, CA).

Fluorescence-Activated Cell Sorting

Retinal single cell suspensions were re-suspended in 200
nL FACS buffer containing DRAQ7 (DR77524; Biostatus,
Shepshed, UK). Live microglial cells (tdTomato™ DRAQ7™) were
immediately sorted using a BD Influx Cell Sorter. Retinal samples
were prepared in small batches in order to maintain cell viability
and ensure high quality RNA.

Cells were sorted into 0.2 mL endonuclease-free tubes
containing 0.05 pL RNase inhibitor, 0.95 L lysis buffer, and a
variable amount of nuclease-free water depending on the number
of cells collected: 9.5 — (ﬁ%) L, where x is the number of
cells isolated, using components of the SMART-Seq v4 Ultra
Low Input RNA Kit for Sequencing (Takara Bio USA, Inc,
Mountain View, CA). Samples were sorted in a constrained
randomised order in blocks; blocks were made as small as

possible and consisted of a balance of every experimental group
to ensure that time- or order-dependent (batch) effects of sorting
were mitigated.

mRNA-Sequencing

Sample and Library Preparation

Samples were prepared using the SMART-Seq v4 Ultra Low Input
RNA Kit for Sequencing, according to the user manual, to convert
the mRNA into cDNA and amplify by Long Distance (LD) PCR
(16 cycles for 600 cells). cDNA was isolated using the Agencourt
AMPure XP Kit (Beckman Coulter, Brea, CA) and quantified
using the Agilent High Sensitivity DNA Kit on an Agilent 2100
Bioanalyser (Agilent Technologies, Santa Clara, CA). The library
preparation was performed using the Nextera XT DNA Library
Preparation Kit (Illumina Inc., San Diego, CA).

Sequencing and Analysis

Samples were sequenced to depths of up to 16.7 million
single-end 75 nt length reads per sample using the Illumina
NextSeq 500/550 High Output v2 kit (75 cycles) on an Illumina
NextSeq 500 Sequencing System. Image analysis, base calling, and
generation of sequence reads were produced using the NextSeq
Control Software v2.0 (NCS) and Real-Time Analysis Software
v2 (RTA). Data was converted to FASTQ files using the bcl2fastq2
v2.20 software (Illumina Inc.).

Sequencing data was initially quality-checked using FastQC!,
before alignment and initial analysis. The data was processed
through an analysis pipeline using the Partek Flow (Build
version 6.0.17.0614; Partek Inc., St. Louis, MO) software with
the following task nodes (non-default parameters are specified
in brackets): Trim adapters (inputting Nextera XT Index Kit
v2 adapter sequences?, Trim bases (From 3' end, 1 base),
Trim bases [from 3" end with minimum quality score (Phred)
of 30], Align reads using STAR (2.5.3a using mml0 as the
reference index), Quantify to transcriptome (Partek E/M using
mml0 - Ensembl Transcripts release 89 as the reference index)
(Supplementary Figures 1, 2).

The Partek Flow data output was further analysed using
Partek Genomics Suite (PGS) (Version 6.6, Build 6.16.0812). PGS
normalises data using the reads per kilobase million (RPKM)
approach and performs differential gene expression analysis
using an ANOVA model; a gene is considered differentially-
expressed (DEQG) if it has an FDR step-up p < 0.05 and a fold-
change >=2. The data was subsequently analysed for enrichment
of GO terms and the KEGG pathways; a pathway is considered
significantly-enriched if the enrichment score is >3 (equivalent
to a p < 0.05). The fold-change and p-values of all genes were
then imported into Ingenuity Pathway Analysis (IPA) version
01-13 (Qiagen Bioinformatics, Aarhus, Denmark) and analysed
according to the manual. Pathways were considered significantly

!Simon Andrews, Brian Howard, Phil Ewels. FastQC: a quality control tool for high
throughput sequence data 2015. Available online at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/.

2Illumina. Illumina Adapter Sequences 2017. Available online at: https://support.
illumina.com/content/dam/illumina-support/documents/documentation/
chemistry_documentation/experiment- design/illumina-adapter- sequences-
1000000002694-11.pdf).

Frontiers in Immunology | www.frontiersin.org

64

January 2020 | Volume 10 | Article 3033


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/experiment-design/illumina-adapter-sequences-1000000002694-11.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/experiment-design/illumina-adapter-sequences-1000000002694-11.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/experiment-design/illumina-adapter-sequences-1000000002694-11.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/experiment-design/illumina-adapter-sequences-1000000002694-11.pdf
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Bell et al.

RNA-Seq Retinal Microglial Heterogeneity EIU

altered if they had a p < 0.05 and a z-score (directionality score)
>=2. PGS and IPA were both used to generate figures.

Quantitative PCR

The remaining cDNA generated from the sorted cells was used
for transcript-level validation. QPCR was performed using the
TagMan Universal Master Mix II, with UNG (4440038) and
TaqMan gene expression probes (4331182) on a Quantstudio
3 Real-Time PCR system (A28137; all products from Thermo
Fisher Scientific). Samples were run in technical duplicate, using

1 ng as the input amount, and analysed using the equation:
2Cq(mean (control))—Cq(sample)'

The probes wused were: Bst2  (mml609165_gl),
C5arl (mm00500292_s1), Cd44 (mm01277161_m]1),
Fas (mm01204974_m1), Lairl (mm00618113_m1),
Mertk  (mm00434920_m1),  Milrl (mm01242703_m1),
P2ryl12  (mm01950543_s1),  Siglech  (mmO00618627_ml),

Slamfl (mmO00443317_m1).

Immunohistochemistry

Eyes from euthanised mice were enucleated and fixed in 4% v/v
PFA for 1h before dissection. The anterior portion of the eye
(cornea, iris, ciliary body, and lens) was carefully removed and an
eyecup prepared. The eyecup tissue was blocked in 5% v/v normal
goat serum (Vector Laboratories, CA, USA), 1% v/v BSA, and 3%
v/v Triton x-100 (both Sigma Aldrich) in PBS for 4h at room
temperature with gentle shaking. Eyecups were then incubated
at 4°C overnight with a rabbit anti-mouse anti-RFP mAb (600-
401-379; Rockland Immunochemicals Inc., Limerick, PA) and
for target validation experiments a Super Bright 600-conjugated
anti-mouse CD44 mAb (Supplementary Table 1) was used in
combination. After thorough washing with PBS, samples were
incubated overnight with the secondary antibody goat anti-rabbit
Alexa-633 (A21070; Thermo Fisher Scientific). The eyecups
were washed again, and the retina carefully removed and
flatmounted in Vectashield hard-set antifade mounting media
(H-1400; Vector Laboratories Ltd., Peterborough, UK) and
imaged on a Leica SP5-AOBS confocal laser scanning microscope
(Leica Microsystems Ltd., Wetzlar, Germany). Images were
acquired with an xy pixel size <200 nm, and a z-step size of
<400 nm.

Statistical Analysis and Image Processing
Data were analysed using GraphPad Prism 7 software (GraphPad
Software Inc., San Diego, CA). The One-way ANOVA with
Tukey’s multiple comparisons test was used to compare
multiple groups of data to a control group. A p < 0.05 was
considered significant.

Huygens professional software (Scientific Volume Imaging
B.V., Hilversum, The Netherlands) was used to deconvolve
the Micron IV fluorescent images and fluorescence microscopy
(Supplementary Figure 3). For the Micron images, the following
parameters were used: lens immersion = 1.343 [refractive index
of the 0.2% w/w carbomer eye gel (23)], embedding = 1.377
(24), peak emission = 581 nm, numerical aperture = 1.25, and
xy pixel size of 130 nm; the background was estimated at 2 and a
signal-to-noise ratio of 15 was used. Hot pixel correction (with a

sensitivity of 4) was used prior to deconvolution. For fluorescence
microscopy, the parameters were imported from the microscope
and the default settings were used.

Microscopy images were processed using the Leica LAS X
software (Leica Microsystems Ltd.) and FIJI [a distribution of
Image] (25)]. Other images, and figures, were processed using
Photoshop (Adobe Inc., San Jose, CA).

RESULTS

Subcutaneous and Topical Tamoxifen
Administration Regimes Tag Retinal
Microglia in the Cx3cr1¢r¢ER:R26-tdTomato

Mouse Line

Activation of the CreER system requires administration of
tamoxifen or 4-hydroxytamoxifen, and various methods of
administration are frequently employed such as subcutaneous
injection and oral gavage (14, 26). Moreover, an efficacious
4-day topical regime for activating CreER systems within
the eye was recently described (27). Therefore, we initially
tested which tamoxifen administration regime tagged retinal
microglia efficiently while minimising systemic immune cell
labelling to preclude analysing cells subsequently recruited
during inflammation.

Five regimes were tested, spanning from 1- to 4-day topical
and subcutaneous administration. A no-tamoxifen control
was included. At 4 weeks post-tamoxifen treatment, flow
cytometric analysis of the retinas quantified the proportion
of CD45" CD11b* microglia (in a naive retina) that
were tdTomato™ as corroborated with fluorescent fundal
imaging (Figures 1A,B). Microglia displayed a “resting” ramified
morphology (Figure 1C). The 3- and 4-day topical, and the
subcutaneous regime tagged >95% of microglia whereas the no-
tamoxifen controls had 45% tagged constitutively (Figure 1D).
All tdTomato" cells were microglia, indicating specificity in the
normal adult mouse retina.

Cx3cr1°reER:R26-tdTomato Mice Exhibit
Typical Kinetics of the EIU Model

The stability of microglial tagging during inflammation is
pivotal to the isolation of pure populations of microglia
for downstream transcriptomic assessment before, during,
and after inflammation. To determine this, we utilised
endotoxin-induced uveitis (EIU), a self-resolving model of
acute Toll-like receptor 4 (TLR4)-mediated ocular inflammation,
that following a single inflammatory insult generates acute
immune cell tissue infiltration (28, 29). We confirmed disease
kinetics in the Cx3cr1“FR:R26-tdTomato heterozygotes
replicated our previous data in C57BL/6] mice (22). A
time-course using OCT, deconvolved fluorescent fundal
imaging, and confocal microscopy confirmed tdTomato
expression throughout the expected time course of disease
(Figure 2). Intravitreal administration of LPS results in peak
cellular infiltrate at 18h, which then resolves by 2 weeks
(Figure 2A). Fluorescent fundal imaging demonstrates that
the uniform distribution of microglia is altered in response
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FIGURE 1 | Sensitivity of microglial recombination induced in Cx3cr1°eER:R26-tdTomato mice using different tamoxifen administration regimes. (A) A representative
flow cytometric gating strategy used to identify microglia in a naive retina based on CD45 and CD11b expression. (B) Representative deconvolved tdTomato
fluorescent fundal images of mice with representative tdTomato histograms (unit area scaling) on gated microglia from various tamoxifen administration regimes. (C)
Confocal microscopy from a 3-day topical regime naive retina shows microglia with a physiological ramified morphology, suggesting no gross perturbations in the
microglia as a consequence of the transgenic model. (D) Aggregate data demonstrating the percentage of microglia that were tdTomato" (as quantified by flow
cytometry) shows that a 3- and 4-day topical, in addition to subcutaneous, regimes result in full microglial tagging (n = 3-6). None, no tamoxifen administered; 1D,
1-day topical tamoxifen regime; 2D, 2-days topical tamoxifen regime; 3D, 3-days topical tamoxifen regime; 4D, 4-days topical tamoxifen regime; Sc, subcutaneous
tamoxifen regime. ***p < 0.0001, ns, not significant. Scale bar = 30 um.

to LPS, with defined areas of tdTomatot cell accumulation  ramified morphology that became amoeboid at peak and
observed at peak disease (Figure2B). Confocal microscopy  recovered to a ramified appearance by 2 weeks post-EIU
confirmed tdTomato™ cells in the naive retina with a  induction (Figure 2C).
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FIGURE 2 | The kinetics of endotoxin-induced uveitis (EIU) in the Cx3cr1CeER:R26-tdTomato mouse strain. (A) OCT images showing disease-course in a single
mouse (3-day topical regime), demonstrates the presence of infiltrating cells at 18 h post-injection with resolution by 2 weeks. (B) Deconvolved fluorescent fundal
images acquired simultaneously show few changes in the distribution of tdTomato* cells at 4 h post-injection, but changes at 18 h which resolve by 2 weeks. (C)
Confocal microscopy of the tdTomato™ cells demonstrate a ramified toward amoeboid shift at 4- and 18 h post-injection that reverts to a ramified morphology by 2
weeks. Representative images of single cells are shown in the lower panel to highlight morphological changes. EIU, endotoxin-induced uveitis; OCT, optical coherence
tomography. Scale bars = 30 pm.

Three-Day Topical Tamoxifen Induction Retinas were retrieved at the peak cellular infiltrate
Ensures Specificity of tdTomato Labelling stage of EIU (18h) and flow cytometry was performed
in Microglia (Supplementary Figure 5). Single, live cells identified as

tdTomato™ were assessed by conventional microglia markers
of CD45™ and CD11b* (Figures 3A,B). A small proportion
(5%) of all single live retinal cells express very low levels of
tdTomato (Figure 3A, boxed), as described in the tdTomato
reporter mice (in the absence of Cre/CrefR)3 due to a failure of
a small proportion of ribosomes to terminate translation when
reaching the stop codon that precedes tdTomato (30). Using this
gating strategy, analysis from the 4-day topical and subcutaneous
regimes demonstrates the presence of an additional population
of non-microglial (CD45" CD11b™) cells that were identified

With tdTomato expression confirmed as stable in the microglial
population, we sought to determine whether this was exclusive
to microglia in the context of immune cell infiltration, validating
accurate isolation of the microglial transcriptome. To confirm the
specificity for retinal microglial tagging during inflammation, we
examined tamoxifen regimes which efficiently tagged microglia
(3- and 4-day topical, and subcutaneous) in addition to a no-
tamoxifen control. Flow cytometry was performed on peripheral
tissues and a small portion of myeloid cells were observed as
tdTomato", primarily when tamoxifen was administered via the

subcutal.leo.us ro.ut(? (Suppleimellltary Flgu?e 4). Howev.er’ to test 3The Jackson Laboratory. 007914 - B6.Cg-Gt(ROSA)26Sor 2019. Available online
the specificity within the retina, inflammation was required. at: https://www jax.org/strain/007914.
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FIGURE 3 | The specificity of microglial tagging for different tamoxifen administration regimes in the Cx3cr1°®7:R26-tdTomato mouse strain during active
inflammation. (A) Peak EIU retinas following different tamoxifen administration regimes were prepared for flow cytometry. Live, cell singlets were gated based on
tdTomato" expression. A small proportion (5%) of all live cells expressed low levels of tdTomato (boxed). (B) TdTomato™ cells were gated based on CD45™ and
CD11b* expression, and in the 4-day and subcutaneous tamoxifen treated groups, non-microglial cells (CD45" CD11b~) were present (circled). (C) Gating microglia
based on CD45 and CD11b expression alone results in the inclusion of infiltrating immune cells (tdTomato™, blue) in addition to retinal microglia (tdTomato™, orange)
but exclusion of cells not fitting the microglial expression profile (CD45M/°, red). (D) Aggregate data on the percentage specificity for microglia demonstrates that the
3-day topical route results in high specificity for microglia using tdTomato. The CD45"/CD11b* group uses the microglial gating strategy (from live cell singlets
without using tdTomato) shown in panel B for a comparison of the mouse strain to conventional microglial identification strategies (n = 2-5). (E) Total counts from
naive and peak EIU retinas, following the 3-day topical tamoxifen regime, demonstrate equivalent numbers of tdTomato" cells (n = 6-8). None, no tamoxifen
administered; 3D, 3-days topical tamoxifen regime; 4D, 4-days topical tamoxifen regime; Sc, subcutaneous tamoxifen regime. **p <0.01, ns, not significant.

in the tdTomato™ subset (Figure3B). Gating with CD45™
and CD11b*" but not tdTomato leads to the inclusion of
non-microglial cells (Figure 3C) and greatly compromises
specificity. The 3-day topical and no-tamoxifen control retained
the specificity of tdTomato for microglia (Figures 3B,D), but
as shown previously a no-tamoxifen control does not fully
label the microglial population (Figure 1). As our approach for
distinguishing microglia (CD45™ CD11b* tdTomato™) from
the tdTomato™ group could include non-microglia that possess
a similar transcriptional profile to retinal microglia, the total
counts of the CD45™ CD11b* tdTomato" group, from naive

and peak EIU retinas (3-day topical tamoxifen), were compared
and no significant difference was observed confirming a pure
microglial population (Figure 3E). All subsequent experiments
performed used the 3-day topical tamoxifen regime.

Microglia Undergo Acute Transcriptional
Changes During EIU That Fully Normalise

to a Baseline State by 2 Weeks
The 3-day tamoxifen regime in the Cx3cr1“ER:R26-tdTomato
strain provides the sensitivity and specificity required for
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FIGURE 4 | kinetics, and a restoration back to a homeostatic signal by 2 weeks (n = 5-10). (B) Scatterplots show changes in expression of previously described
microglial genes to include a homeostatic gene (Gpr34), homeostatic transcription factor (Mafb), generic activation gene (Cxcl10), acute LPS-response gene
(Map3k8), and “primed microglia” gene (Ax/). (C) Heatmaps highlight canonical pathways, which were significantly different during at least one timepoint, change in
direction (z-score) and p-value over time (n = 5-10); the pathways are in ascending order based on their overall (summary) p-value. The raw canonical pathway figures
are presented in Supplementary Figure 6. EIU, endotoxin-induced uveitis. *o < 0.05, *p < 1*1073, **

*

p < 11076, **p < 1*107°.

reliable identification and isolation of distinct retinal microglia
populations from other populations of infiltrating immune cells.
To characterise changes in the microglial transcriptome during
and after resolution of EIU, FACS (based on tdTomato) of 600 live
microglia was performed from individual retinas collected at 4 h,
18 h, and 2 weeks post-injection in addition to naive mice. The
majority of these samples (28/30) yielded high-quality cDNA for
sequencing using a validated pipeline (Supplementary Figure 1).

Our approach identified 1,069 unique differentially expressed
genes (DEGs; 613 at 4h, 537 at 18h, and 0 at 2 weeks)
visualised by hierarchical clustering, revealing a highly plastic
transcriptome with most up-regulated genes being mutually
exclusive at different timepoints. Boxes highlight clusters of
genes that were normal at 4h but up-regulated at 18 h (yellow),
those which were up-regulated at 4h but not 18h (brown),
those which were up-regulated at both time-points (green), those
which were down-regulated at 4h but recovered to pre-EIU
levels by 18 h (light blue), and those which were down-regulated
at both 4- and 18h (black). Restoration back to a homeostatic
signal was observed by 2 weeks because unsupervised clustering
failed to distinguish naive and 2-week post-injection samples
(Figure 4A). A multitude of expected gene changes based on
published literature were observed, including downregulation
of microglial homeostatic genes (Gpr34, Mafb), expression of
microglial activation and LPS-response genes (Cxcl10, Map3k8),
in addition to no change in the “primed microglia” gene Axl
(11, 12, 17, 31) (Figure4B). A heatmap demonstrates the
change in z-score over time of canonical pathways identified
as significantly different (Figure 4C). The original canonical
pathways (including bars showing exact p-values) are presented
in Supplementary Figure 6.

Enriched GO terms (enrichment score) when naive and 4h
EIU groups were compared included: immune system process
(60.9), regulation of cytokine production (56.0), and response to
stress (52.7). Similarly, the enriched KEGG pathways included:
NE-Kappa B signaling pathway (34.1), toll-like receptor signaling
pathway (31.7), and TNF signaling pathway (25.3). For the
naive and 18 h EIU comparison GO terms included: cytosolic
part (89.7), extracellular organelle (70.67), translation (65.8),
and immune system process (29.8); enriched KEGG pathways
included: ribosome (58.8) and proteasome (42.9). LPS was found
to be a “master regulator” by IPA, indicating agreement of our
data with the curated lists and pathways.

Flow Cytometry and Fluorescence
Microscopy Validate Key Transcriptional

Alterations
Our next aim was for orthogonal validation of key and
novel transcriptional changes, both at the RNA and protein

level. Markers for validation were selected by systematic
assessment based on magnitude of the relative change in
expression, novelty, lack of prior validation at the protein
level, whether they were a previously suggested microglial
marker, were in contrast to or appeared crucial in light of
other reports, and lastly the availability of testing reagents
(Supplementary Figure 7). Ultimately, the final set of 10
markers selected represent a variety of expression patterns
and kinetics to match the plastic landscape identified by
hierarchical clustering. In line with published reports and
an activated state, pro-inflammatory markers (Slamfl,
C5arl, Fas, and Cd44) were all upregulated at 4h following
LPS challenge. In addition, a novel microglial associated
transcript, Milr]l (a negative regulator of mast cell activation)
and Bst2 (a previously validated marker of late activation)
were elevated by 18h. In contrast, constitutively expressed
microglial genes, including homeostatic genes (e.g., P2ryl2,
Siglech, Mertk, and Lairl) were down-regulated at the
early time-point. In general, qPCR analysis validated
the transcript-level changes observed at each time-point,
confirming resolution and return to baseline levels by 2
weeks (Figure 5).

Flow cytometric analysis demonstrates increased expression
in SLAMF1, MILR1, C5AR1, CD44, BST2, and LAIRI1 at
18h post-injection (Figures 6A-D). Furthermore, differences
in the proportion of marker-positive cells were evident, with
C5AR1, CD44, and BST2 upregulated in the majority of
microglia (>50%), in contrast to the other makers which
were elevated in a smaller fraction (<20%) of cells. The
upregulation of CD44 was also confirmed in retinal flatmounts
at 18h using fluorescence microscopy (Figure 6E). Whilst
P2RY12 was highly expressed in naive microglia (>80%),
no change in expression in response to LPS were observed.
Similarly, low level SIGLECH, MERTK, and FAS expression
in naive populations remained unchanged and restricted to a
small percentage of the microglia (<10%). We also compared
expression of P2RY12 and SIGLECH on CD45" cells, as both
are previously suggested markers that differentiate microglial
populations from other immune cells (17, 20). Flow cytometric
analysis clearly demonstrates that both markers are equally
expressed on CD45" infiltrating cells, indicating these markers
exhibit poor specificity for retinal microglia during the acute
response (Figure 6F).

Stratifying Microglia Using C5AR1
Identifies Both Generalised and Restricted

Microglial Responses
Recent reports show that C5arl was one of several markers
that was enriched in a subset of brain microglia (identified
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FIGURE 5 | Transcript changes in selected markers, using cDNA generated from 600 sorted microglia, over a time-course of EIU. (A,C) RPKM values are shown for
the 10 selected markers (B,D) in-line vertically with matching gPCR validation. EIU, endotoxin-induced uveitis; FC, Fold-change; RPKM, reads per kilobase of
transcript per million mapped reads. *p < 0.05, ****p < 0.0001, ns, not significant.

by sc-mRNA-Seq data) responding to systemic LPS challenge
in vivo (13). Furthermore, mounting evidence from numerous
reports identify heterogeneity in the microglial response during
other pathological states (8, 32). We therefore examined
whether stratifying microglia based on C5AR1 expression would
delineate differences in the markers selected for validation,
highlighting specificity to this subset of C5ARI1-expressing
cells, or generalised expression across the whole population
of microglia.

Microglia were stratified into three main groups: C5AR17¢8,
C5AR1, and C5ARIM, The C5AR1-expressing microglia were
sub-stratified based on whether the C5AR1 expression was
equivalent to microglia observed within a naive mouse (C5AR1!°)
or whether expression was elevated (C5AR1M; Figure7A).

C5AR1M expression correlated to the extent of immune
cell (CD45" TdTomato™) infiltrate within the retinas and
represents a potential microglial marker for disease scoring
(Figure 7B). Flow cytometric analysis compared expression
of the other surface markers in C5ARI™ and C5AR1M
subsets, as two distinctive populations, in naive and peak
EIU retinas. Delineating the two populations on this basis
demonstrates elevation of several markers (SLAMF1, FAS,
MILR1, and LAIRI1) which are restricted to the C5ARI-
expressing microglia (Figure 7C). In contrast CD44 and BST2
were enriched within the C5AR1-expressing population but also
expressed by a large proportion of the C5AR1"® microglia,
thus representing more generalised markers of microglial
perturbation (Figure 7D).
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FIGURE 6 | Changes in protein expression of selected markers in microglia over a time-course of EIU. (A,C) A representative flow cytometric histogram is shown for
the 10 selected markers (B,D) in-line vertically with matching scatterplots of the aggregate flow cytometry data summarising the percentage of microglia positive for
each marker at each timepoint. Gates were drawn with the assistance of fluorescence-minus-one (FMO) controls (light blue). (E) Confocal microscopy also confirms
the upregulation of CD44 in microglia during EIU. (F) Flow cytometric analysis demonstrates P2RY12 and SIGLECH expression on CD45* tdTomato~ non-microglial
immune cells (blue) and CD45™ tdTomato™ microglia (red) at 18 h EIU. % +ve, percentage positive; EIU, endotoxin-induced uveitis. **p < 0.01, ***p < 0.0001, ns, not
significant. Scale bars = 30 um.
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expression that are restricted to C5AR1-expressing microglia, (D) but also changes in proteins which are generalised microglial responses (not exclusive to, but
somewhat enriched in, the C5AR1-expressing microglia). ***p < 0.0001, ns, not significant.

DISCUSSION

Single eye mRNA-Seq revealed inflammation-responsive
transcriptional changes in retinal microglia following LPS
stimulation which resolve within 2 weeks, confirming the
potential for these cells to reset their homeostatic state. In line
with the literature, our data confirms recognised patterns of
altered gene expression in homeostatic and activation pathways,
an absence of changes in “primed microglia” genes, and identifies
enriched pathways relating to immune function.

Hierarchical clustering of the 1,069 DEGs identified reveals
a high level of plasticity in the microglial transcriptome, with
the majority of up-regulated genes at early (4 h) and peak (18 h)
being mutually exclusive across the time-points. At the transcript
level at least, this highlights a consensus group of microglial
LPS-response genes including (Slamfl, C5arl, Fas, Cd44, Milrl,
and Bst2). In contrast, we highlight a common cluster of
down-regulated genes, including homeostatic regulators (P2ry12,
Siglech, Mertk, Lairl).

Orthogonal validation by qPCR of the 10 markers selected
representing key and novel transcripts, confirmed the RNA-
Seq findings. However, altered expression of some of these
membrane-associated makers did not translate to changes at
the protein level, as determined by flow cytometry. In part,

this may reflect the presence of intracellular protein that our
flow cytometric approach did not detect, or represents genuine
discrepancies between the transcriptome and proteome, as
these are not always in direct proportion (33-35). Our results
emphasise caution in reading out RNA-Seq alone as a true
representation of the cell’s activity and highlight the need for
orthogonal validation. Nonetheless, the single eye mRNA-Seq
approach identified key and novel transcriptional changes which
informed subsequent testing on a smaller number of markers via
low-throughput approaches.

We confirmed and validated some of the transcriptional
changes by flow cytometry but found that the differences were
enhanced, and an additional marker (FAS) was identified as
significantly different, when microglia were first stratified based
on their C5ARI1 expression as suggested via a transcripts-
led report (13). Furthermore, we identified markers which
were exclusive to the C5AR1-expressing microglia (SLAMF1,
FAS, MILRI, and LAIR1), but also generalised markers which
were not (CD44 and BST2). This agrees with other reports
which suggest that C5ARI is needed for microglial polarisation
to pro-inflammatory states, and that its knock-out improved
outcomes in an Alzheimer’s model (36). Furthermore, microglial
heterogeneity has already been reported in Alzheimer’s disease,
light-damage models, and in response to LPS stimulation in
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vivo (8, 13, 32). Understanding microglial heterogeneity, and
identifying changes which are exclusive to subpopulations, is
critical for developing targeted therapies.

Conflicting with previous reports investigating LPS-responses
and experimental autoimmune encephalomyelitis (EAE), we did
not find significant down-regulation of P2RY12 upon microglial
activation (11, 13). In EAE, the microglia exhibit a chronic
inflammatory state different to the acute LPS response, whilst
the report investigating the LPS response used a systemic dose
400 times greater than our own local dose and had an endpoint
24h post-injection which could explain the discrepancy. We
suggest microglial loss of P2RY12 as context-dependent, for
example when subject to a significant immune stimulus or
persistent inflammation.

For this investigation, a clear marker to distinguish long-
lived, yolk-sac derived microglia from infiltrating myeloid cells
was critical, particularly during peak ocular inflammation at
18h post-LPS injection. The Cx3crI"ER:R26-tdTomato line
has been validated for this approach previously (14, 37), but
as we demonstrate the systemic tamoxifen administration
also labels peripheral leukocyte populations which are
recruited to the eye during inflammation. Modifying a
recently published protocol (27) demonstrates that the 3-
day topical tamoxifen administration regime is robust in
labelling retinal microglia in both a sensitive (Figure1)
and specific (Figure 3) manner, superior to the established
subcutaneous route. Shortening of the originally-published
topical protocol from 4 days to three is likely possible due to
the very high expression of Cx3crl in microglia and reduces
confounders of animal handling and stress to the mice as
a refinement! The high expression of Cx3crl by microglia
also explains why mice underwent tamoxifen-independent
(or constitutive) recombination in 45% of the microglia
as  tamoxifen-independent  recombination  (constitutive
receptor activation of the CreER) is a well-characterised
phenomenon (38-40).

With other administration routes, we found that the specificity
for microglia was reduced during ingress of immune cells with
inflammation. This supports recent studies of microglia that
highlight the need to confirm the specificity for microglia in their
disease model and employ techniques with single-cell resolution
to resolve the non-microglial cell populations (8, 41).

Taking all our data together, we show that three previously
suggested markers (P2RY12, CD44, and SIGLECH) exhibit poor
specificity for microglia. However, with the Cx3cr1¢™ER:R26-
tdTomato line it remains possible to validate potential markers,
assuming the line retains specificity for microglia across disease
contexts. Microglial subtypes can exhibit both differential and
generalised responses to LPS.

In summary, we demonstrate that the homeostatic threshold
of retinal microglia is reset following an acute inflammatory

#National Centre for the Replacement R, Reduction of Animals in R. The 3Rs |
NC3Rs 2018. Available online at: https://www.nc3rs.org.uk/the- 3rs.

insult and identify potential markers for delineating the
heterogeneity of microglia that may be used depending on
context of retinal perturbation.
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The complement system plays a crucial role in retinal homeostasis. While the proteomic
analysis of ocular tissues in diabetic retinopathy (DR) has shown the deposition of
complement proteins, their exact role in the pathogenesis of DR is yet unclear. We
performed a detailed investigation of the role of the complement system by evaluating
the levels of major complement proteins including C3, C1q, C4b, Complement Factor
B (CFB), and Complement Factor H (CFH) and their activated fragments from both
the classical and alternative pathways in vitreous humor and serum samples from
proliferative DR (PDR) patients and controls. Further, the expressions of complements
and several other key pro- and anti-angiogenic genes in the serum and vitreous humor
were analyzed in the blood samples of PDR and non-PDR (NPDR) patients along with
controls without diabetes. We also assessed the pro-inflammatory cytokines and matrix
metalloproteinases in the vitreous humor samples. There was a significant increase in C3
and its activated fragment C3ba’ (110 kDa) along with a corresponding upregulation
of CFH in the vitreous of PDR patients, which confirmed the increased activation of
the alternative complement pathway in PDR. Likewise, a significant upregulation of
angiogenic genes and downregulation of anti-angiogenic genes was seen in PDR and
NPDR cases. Increased MMP9 activity and upregulation of inflammatory markers IL8
and sPECAM with a downregulation of anti-inflammatory marker IL-10 in PDR vitreous
indicated the possible involvement of microglia in DR pathogenesis. Further, a significantly
high C3 deposition in the capillary wall along with thickening of basement membranes
and co-localization of CFH expression with CD11bT€ activated microglial cells in diabetic
retina suggested microglia as a source of CFH in diabetic retina. The increased CFH
levels could be a feedback mechanism for arresting excessive complement activation in
DR eyes. A gradual increase of CFH and CD1717b expression in retina with early to late
changes in epiretinal membranes of DR patients indicated a major role for the alternative
complement pathway in disease progression.

Keywords: retina, diabetic retinopathy, complement pathway, inflammation, microglia, angiogenesis, vitreous
humor
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INTRODUCTION

Diabetic retinopathy (DR), characterized by pathological ocular
angiogenesis in retina, is a major cause of irreversible vision
loss worldwide, with a global prevalence of 34.6% (1). DR
has a complex pathophysiology that encompasses the entire
retinal function, including compromised neuronal activity and
alterations in retinal vasculature that further lead to gradual
neurodegeneration, neuroinflammation, and visible vascular
complications (2). The retina, being an immune-privileged
organ, has its own unique immune regulatory mechanisms,
including retinal neurons and RPE, and immune defense
mechanisms comprising the microglial population and the
complement system. The retinal immune defense mechanism
is alerted by any kind of noxious signal and starts a cascade
of inflammatory events as an adaptive response to restore the
homeostatic balance (3). Low-level activation of the innate
immune mechanisms, specifically the complement system, is
required to preserve normal eye homeostasis and maintain
retinal integrity while aging (4). However, this protective
mechanism can have a detrimental impact if the insults persist
for a longer duration and leads to irreversible functional loss,
as is seen in neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
and age-related macular degeneration (ARMD) (5). Increased
complement activation-induced photoreceptor cell death has
also been reported in retinal detachment, thereby further
highlighting the impact of the complement system in various
retinal pathologies (6, 7). The complement system, besides
having a major role as an immune defense mechanism, is
involved in several tissue-remodeling processes, such as liver
regeneration and synaptic pruning during development, and
also in retinal angiogenesis and neurodegenerative diseases (8-
11). The role of the complement system in angiogenesis is of
prime importance, since there are several eye diseases associated
with abnormal ocular angiogenesis and neurodegeneration,
such as retinopathy of prematurity (ROP), age-related macular
degeneration (AMD), and proliferative diabetic retinopathy
(PDR) (12-14).

The angiogenic and anti-angiogenic potential of complements
in AMD and ROP is quite well-known based on experimental
evidence derived from both animal and human studies. Bora et al.
in 2005, reported C3 and MAC complex depositions in neovessels
in mice model of laser-induced choroidal neovascularization
(CNV), while the C3 knock out (C3~/~) CNV mice showed
an absence of neovascularization, with a reduced level of
angiogenic factors, thereby suggesting complement component
C3 as a pro-angiogenic factor (15). This was further supported
by genetic association studies of complement proteins in AMD
pathogenesis, where a strong association of CFB and CFH
polymorphism was observed along with a strong deposition
of complement components in the RPE-Bruch layer (16-18).
Further, the deposition of C3 in the retinal microglia and
macrophage population in the outer retinal layers was shown
to induce retinal degeneration in a mouse model of AMD
(19). A recent study on a retinal ischemic mouse model
demonstrated the involvement of the alternative complement

pathway, specifically C3 and Factor B, in promoting retinal
cell apoptosis and vascular dysfunction (20). Conversely, the
anti-angiogenic property of the complement system in a ROP
mouse model was also documented, where it was shown that
C3 and C5aR were required for inhibiting the polarization
of macrophage toward its angiogenic potential (10). We have
earlier demonstrated microglia-mediated excessive complement
activation in the vitreous of ROP babies compared to age-
matched controls, suggesting a possible role of the activation
of the alternative complement pathway in ocular angiogenesis
(21). This evidence points toward both the protective and the
destructive roles of complements in different ocular pathologies
that are incumbent on disease-specific changes in the retina while
sharing some common clinical features.

Some of the recent clinical studies on DR reported an
early neuronal loss in the retina prior to the onset of
visible vascular changes (22, 23). Further, many basic research
investigations have shown the activation of innate immune cells,
mainly the microglial population, at different stages of disease
progression in animal and human DR retinal tissues (24, 25).
It is also quite evident that microglial activation ameliorates
tissue damage with chronic inflammatory response under a
prolonged duration of tissue insults (26). Several independent
studies done on DR have shown an increased deposition of
complement component mediators and effector molecules in
the retina and vitreous. These included deposition of C3d and
MAC complex in the choriocapillaries of DR eyes and reduced
level of glycosylphosphatidyl inositol-anchored inhibitors of
complements such as CD55 and CD59 in the walls of retinal
vessels of DR eyes, suggesting the role of the complement
pathway in DR (27, 28), although it is as yet unclear if this
is a cause or an effect of prolonged diabetic insult. Though
the vitreous proteome studies have detected several complement
proteins such as C3, CFI, CFB, C4A, C4B, C2, C4BPA, CFD,
and CFH in PDR subjects (29-32), their expression levels are
highly variable among different studies and do not explain their
exact involvement in DR pathology as observed earlier in ROP
and AMD. Also, the complement genes do not show any genetic
association with the risk of DR as observed in AMD and ROP.
Lack of suitable tissues for such analysis and variable clinical
phenotypes pose a major challenge. Further, since microglia
and the complement system are involved in retinal defense
mechanisms, it would be important to know whether they
act independently or synergistically for contributing to DR
pathology and whether these are implicated even in the early
stages of DR. We hypothesized that a possible crosstalk between
these defense mechanisms in uncontrolled diabetic conditions
might ameliorate the development of DR and its progression
by inducing neurodegeneration and neuroinflammation in the
retina that eventually leads to abnormal angiogenesis, as seen
in the later stages of DR. Thus, the present study aimed
to understand the possible crosstalk between these defense
mechanisms and its role in PDR pathogenesis.

We have initially performed a systematic investigation of
the role of the complement pathway in PDR pathogenesis by
analyzing classical and alternative pathway complement proteins
and their activation in vitreous and serum samples of human DR
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subjects. In addition, we have also correlated our findings with
the expression of complement genes in retinal tissues obtained
from diabetic cadaveric donors and blood samples of DR patients
and controls. Microglial infiltration and its correlation with
inflammation and neovascularization were further evaluated by
analyzing angiogenic and inflammatory cytokines in the vitreous.
Our study identified a localized elevation of C3, especially the
110 kDa activated fragment C3ba’ and a concurrent upregulation
of CFH along with activated microglial infiltration in the PDR
vitreous. To the best of our knowledge, this is the first report
on the upregulation of CFH levels in PDR vitreous as revealed
through Western blotting and showed its co-localization with
activated microglia, thereby suggesting its involvement in the
pathogenesis of DR and possible crosstalk between these two
defense systems in PDR progression. Further, a gradual increase
in microglial-mediated activation of the alternative complement
pathway based on CFH and CDIIb gene expression in early
to late changes in DR indicates the clinical relevance of the
alternative complement pathway’s role as a possible biomarker
for disease progression.

MATERIALS AND METHODS

Enroliment of Study Participants and
Sample Preparation

The study was performed according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review
Board. Vitreous samples (100 pl) were collected from normal
controls (n = 120) and PDR subjects (n = 120) undergoing pars
plana vitrectomy with prior written informed consent. Samples
were collected in surgery rooms under aseptic conditions and
then immediately transferred to the laboratory in cold condition.
The samples were then centrifuged at 14,000 rpm for 10 min at
4°C to remove any cellular debris and then stored at —80 degrees
for further use. Proteins were lysed in an equal volume of RIPA
buffer and precipitated with ice-cold acetone overnight at —80°C.
The precipitated proteins were collected by centrifugation at
14,000 rpm for 1 h at 4°C, and the protein pellets were dissolved
in 1X PBS containing protease inhibitor. Blood samples were
collected in vacutainers from PDR (n = 38), NPDR (n = 38),
and control (n = 38) subjects, and the serum was separated
within 1 h of sample collection by centrifugation at 1,500 rpm for
15 min. The samples were stored at —80°C and thawed prior to
the experiments. The total protein concentration was calculated
by bicinchoninic acid (BCA) assay. The demographic details of
the subjects from whom the vitreous and serum samples were
collected are provided in Tables 1, 2.

TABLE 1 | Detailed demographic of study subjects used for vitreous
protein analysis.

Western Blotting

Western blotting was performed with the vitreous and serum
samples to identify the role of the complement pathway in
PDR pathogenesis. The levels of total C3 (Ms-C3, Catalog No.
sc-28294, Santacruz) and of its activated proteolytic fragments
in the vitreous humor were determined under non-reducing
conditions in samples collected from PDR and no-DM subjects.
Likewise, C3 and its activated fragments in serum samples
were compared among PDR, NPDR, and no-DM subjects.
The classical complement pathway was evaluated by analyzing
proteins such as Clq (Ms Clq, Catalog No. ab71089, Abcam)
in serum and Clq and C4b (Ms-C4b, Catalog No. sc-74524,
Santacruz) in vitreous. The alternative complement pathway
was evaluated by estimating the levels of factor Bb of CFB
(Rb CFB, Catalog No. ab 72658, Abcam) and CFH (Ms-CFH,
Catalog No. sc-166613, Santacruz). Western blotting for CD11b
(Rb CD11b, Catalog No. ab133357, Abcam) was performed
in the vitreous samples to evaluate the microglial infiltration
under PDR pathogenesis and compared with no-DM control
vitreous. SDS-PAGE-separated protein samples were transferred
to a PVDF membrane (Catalog No. IPFL00010, Millipore) at a
constant voltage of 25V by wet transfer for a period of 1-2h.
After overnight incubation with primary antibodies at 4°C, IR
dye conjugated specific secondary antibodies (Anti -Ms. 680RD,
Catalog No. 926-68070, LICOR, Anti -Rb 800CW, Catalog
No0.926-32211, LI-COR) were added to the blots and incubated
for 1h at room temperature. The details of the antibodies used
and their dilutions are given in Supplementary Table S1. The
blots were developed, and bands were visualized under a LI-
COR image scanner, and the band intensities were quantified
and compared between test patients and controls using LI-COR
image studio software.

Periodic Acid-Schiff (PAS) Staining

Cadaveric control (n = 3) and diabetic eyes from Type 2 DM with
no retinopathy (n = 3) were collected in a sterile moist chamber
within 24 h of death from Ramayamma International Eye Bank,
LV Prasad Eye Institute, Hyderabad, India, according to the
Tenets of the Declaration of Helsinki. The retina tissues were
removed carefully from the eyes under a dissection microscope
and fixed in 10% neutral buffered formalin, and paraffin sections
were made. For PAS staining (Catalog No. 375810, Sigma),
sections were deparaffinized at 60°C for 20-30 min and hydrated,
followed by oxidization with 0.5% Periodic acid solution for
10 min. After washing with distilled water for 5 min, the sections
were stained with Schiff’s solution (Catalog No. 3952016, Sigma)
for 15min in the dark, followed by washing for 5min and

TABLE 2 | Detailed demographics of study subjects used for serum protein
analysis and mRNA expression analysis by gPCR.

Age Gender Duration of DM
Age Gender Duration of DM
No-DM 65.8 + 1.03 FFn=16,M,n=22 Nil
Control vitreous 55.4 £1.02 F,n=60,M,n=40 Nil NPDR 59.83 + 1.32 Fn=14, M, n=24 12.88 + 1.4
PDR vitreous 56.17 £ 0.79 F, n=45,M,n =55 156.64 +0.83 PDR 53.86 + 1.61 Fn=15 M,n=23 156.056 + 0.9
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then staining with Hematoxylin (Catalog No. H3136, Sigma) for
5min. After washing, final dehydration and clearance was done
using alcohol and Xylene (Catalog No. 40575, SD Fine-Chem
Ltd) and mounted using DPX (Catalog No. POICHA-R-391780,
SD Fine-Chem Ltd). The total number of blood vessels was
counted manually in control and diabetic retina, and significance
was calculated using a ¢-test.

Immunohistochemistry (IHC)

For IHC, antigen retrieval was carried out for the deparaffinized
tissue sections using pH 6 Tris Citrate buffer. The sections were
permeabilized using methanol for 30 min at —20°C, followed by
washing thrice with 1X PBS. Blocking was done with 2% BSA,
then sections were incubated with primary antibodies overnight
at 4°C (Ms C3- Santacruz, 1:50, Catalog No. sc-28294, Ms CFH-
Santacruz, 1:50, Catalog No. sc-166613, Rb CXCR4-Santacruz,
1:50, Catalog No. sc- 9036, Rb CD11b-CST, 1:200, Catalog No.
49420, Rb GFAP, 1:300, Dako, Catalog No. Z0334). After washing
thrice with 1X PBS, the sections were incubated with appropriate
fluorescent labeled secondary antibodies (Goat anti Rb594, Life
Tech. Catalog No. A-11012, 1:300, Goat anti-Ms 594, Life Tech.
Catalog No. A-11005, 1:300, Goat anti-Rb 488, Life Tech. Catalog
No. A-11008, 1:300) for 1h at room temperature. The sections
were counterstained with DAPI, and the staining was examined
under a fluorescent microscope (EVOS) using appropriate filters.

Gelatin Zymography

Gelatin zymography was done to analyze the activity of matrix
metalloproteinases (MMP2 and MMP9) in the vitreous samples
obtained from PDR and control subjects (33). Briefly, a 10 ug
of vitreous proteins from PDR and no-DM controls were mixed
with 4X lading dye with a final concentration of 1X and loaded
into a gelatin-incorporated SDS-PAGE gel at a constant voltage
of 125V until the dye front reached the bottom of the gel. The
gel was washed and kept for incubation with 1X renaturing
solution (2.5% v/v Triton X- 100 in d. H,O) for 30 min followed
by overnight incubation with 1X developing buffer (0.05M Tris
HCI, pH 7.8, 0.2 M NaCl, 5mM CacCl,, 0.02% Brij 35) at 37°C.
The gel was stained with Coomassie blue buffered (CBB) solution
and de-stained until clear gelatinolytic bands were visible.

Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA was carried out to evaluate the level of cytokines such as
sPECAM, IL-8 and IL-10, sVEGFR1, and VEGF and VEGFR2 in
the vitreous samples collected from PDR and control subjects.
Vitreous humor samples were diluted with assay buffer at a
dilution of 1:3. The standards were prepared by reconstituting
them with 250 L of deionized water. Twenty five micro liter of
assay standards and quality controls were added into a 96-well
plate, and then 25 pL of diluted test samples (vitreous humor)
and 25 pL of targeted antibody-coated magnetic beads were
added. The plate was kept for overnight incubation (16-20h) at
4°C with constant shaking. The plate was then washed thrice with
1X wash buffer followed by incubation with 25 pL of detection
antibodies for 1h at room temperature under dark conditions.

Following this, 25 wL of reporter tag comprised of streptavidin-
phycoerythrin was added to each of the wells and incubated in
the dark with gentle shaking for 30 min. The plates were washed
thrice with wash buffer, and 150 L of sheath fluid was added to
each of the wells. The plate was scanned under a Luminex system
with xPONENT® software. The generated results were exported
in terms of median fluorescent intensity, and the concentrations
of the analytes in the PDR and controls were calculated. The
significance was calculated based on the t-test with a p < 0.05
using GraphPad Prism software.

RNA Isolation and Quantitative Real-Time

PCR

Blood samples were collected in K3EDTA-coated 3-mL blood
vacutainers from PDR, NPDR, and no-DM subjects, and total
RNA was isolated using the TRIzol-chloroform method. RNA
was isolated from diabetic (n = 7) and control (n = 7) retinal
tissues and epiretinal membranes collected from PDR (n =4) and
control (n = 4) subjects while undergoing membrane peeling as a
part of their surgical management after written informed consent
had been obtained. Then, 1 g of RNA was converted into cDNA
using the iScript cDNA conversion kit (Catalog No. 1708891,
Bio-Rad) as per the manufacturer’s protocol for RNA obtained
from blood and retinal tissues. For membranes, a high-capacity
cDNA reverse transcription kit was used (Catalog No. 4368813,
Applied Biosystems). Semi-quantitative PCR was performed on
a 7900 HT platform using TagMan assay chemistry for C3 and
TGF-B and SyBr green chemistry for the VEGE, CFH, and CXCR4
genes. C3, CFH, and CDI1b expression was also analyzed in
retinal tissues and ERM samples from patients and controls using
SyBr green chemistry. p-actin was used as the normalization
control using standard thermal cycling conditions. The cycle
threshold (Ct) values calculated for each test gene were obtained
for each sample using SDS2.3 software, and fold change was
calculated using 2724, Data are represented as mean & SEM,
and significance was calculated. The primer sequences used for
qRT are given in Supplementary Table S2.

RESULTS
Demographics of the Study Subjects

Vitreous samples were obtained from the study subjects
while undergoing pars plana vitrectomy and blood samples
were collected from subjects by venipuncture, with prior
informed consent in all cases. None of the patients had
received any intraocular anti-VEGF injections as a part of
their ocular complications prior to sample collection. Further
detailed demographic data for these subjects are provided in
Tables 1 and 2.

Systematic Evaluation of Complement
Pathway Activation by Analyzing the

Central Complement Protein C3

Complement component C3 constitutes the central complement
proteins that converge all the three pathways of the complement
system. In order to understand the complement activation in
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PDR vitreous, Western blotting for C3 was performed. The
levels of total C3 molecules and of individual C3 activated
fragments in PDR patients and controls were separated on
PAGE and evaluated by quantifying the mean band intensity
using Tmage Studio™ Lite quantification software (LI-COR).
These were then compared with no-DM controls based on
equal protein loading based on Ponceau staining. There was
a significant increase in total C3 in the PDR vitreous (1.9 £
0.25, **p = 0.004) compared to no-DM controls (0.98 + 0.18)
(Figures 1A,B). The total number of activated C3 fragments,
including intact C3 (195 kDa), C3ba’ (110 kDa), C3a (120
kDa), C3p (75 kDa), a-1 fragment of iC3b (65 kDa), and
C3ca’ fragment-2, (43 kDa) were analyzed in the PDR and no-
DM controls. There was a significant increase in C3ba’ (110
kDa) fragments (*p = 0.01) in the vitreous of PDR subjects
(6.9 £ 2.47) compared to controls (0.604 £ 0.15) (Figure 1C).
Western blotting of the serum samples identified a slight but
statistically insignificant increase in total C3 in PDR and NPDR
compared to the no-DM samples (PDR vs. no-DM: 1.69 £ 0.58,
p = 0.7, NPDR vs. no-DM: 1.38 + 0.24, p = 0.7 and PDR
vs. NPDR: 1.19 £ 0.23, p = 0.9). We did not identify any
significant changes for any of the other C3 fragments in the serum
samples (Supplementary Figure 1).

Contribution of the Classical and
Alternative Pathway of Complement

Activation in Diabetic Retinopathy

The classical pathway of complement activation was evaluated
based on the levels of proteins such as Clq (vitreous and
serum) and C4b (vitreous), while the alternative pathway of
complement activation was evaluated based on the levels of
activated Bb fragment of Factor B (vitreous). The Western
blotting results identified no significant change in Cl1q and C4b
in the vitreous of PDR compared to no-DM controls (C1q-PDR:
1.81 £ 0.44, controls: 1.32 &+ 0.38 p = 0.3; C4b-PDR: 1.39 £
0.4, control 1.08 + 0.2, p = 0.5) (Figures 2A,B,D). Likewise,
there was no significant change in Clq levels in the systemic
circulation of PDR and NPDR compared to no-DM controls
(PDR vs. no-DM: 1.12 £ 0.43, p = 0.5, PDR vs. NPDR: 0.75
+ 0.54, p = 0.5, NPDR vs. no DM: 1.43 £ 0.46, p = 0.8)
(Supplementary Figures 2A,B). Thus, the classical pathway of
complement activation was not involved in the complement
activation of DR. However, Western blotting of Bb indicated a
61 kDa band in the vitreous samples (Figure 2C). The mean
intensity of the 61 kDa band showed a significant downregulation
of Bb in the vitreous of PDR samples compared to the controls
(PDR: 0.97 £ 0.15, Controls: 1.89 = 0.38, *p = 0.03) (Figure 2E),
suggesting that factor B in the PDR vitreous might be bound to
form C3 convertase (C3bBDb) for the activation of the alternative
complement pathway.

Assessment of Regulation of the
Alternative Complement Pathway by
Complement Factor H (CFH)

CFH is a negative regulator of the alternative pathway of the
complement. Western blotting of CFH identified a sharp 150

kDa band of CFH, and its levels were significantly higher in
PDR compared to control vitreous (controls: 0.96 £ 0.172,
PDR: 3.68 £ 0.66, **p = 0.0004) (Figures 3A,C). In order to
identify whether serum infiltration contributed to their increased
level in PDR vitreous, CFH levels were independently compared
between the serum samples of no-DM, NPDR, and PDR subjects
(Figure 3B). CFH was found to be downregulated in the PDR
serum as compared to NPDR and controls (PDR vs. no-DM: 0.78
+ 0.12, p = 0.2, PDR vs. NPDR: 0.66 &+ 0.07, p = 0.1, NPDR vs.
no-DM: 1.205 £ 0.2, p = 0.9) (Figure 3D). This indicated that the
increased level of CFH in PDR vitreous was not due to the serum
infiltration but was a localized phenomenon in the retina.

Validation of Complement Activation and
CFH Upregulation by
Immunohistochemistry Using Diabetic and

Non-diabetic Cadaveric Retinal Tissues
Prior to the validation of complement activation in retinal tissues,
H&E and PAS staining was performed to detect and confirm the
early Vascular/DR changes in retina due to a prolonged history
of diabetes (Figures 4A,B). The number of choriocapillaries was
counted manually in each diabetic and control sections. Mean
number of blood vessels was measured and the graph was plotted.
A significantly increased number of choriocapillaries was found
in diabetic retina compared to control retina (DM: 14.25 + 3.7,
control: 4.7 + 1.85, *p = 0.01) (Figure 4C). Further, retinal
sections were stained using PAS stain. The thickness of vessel
walls in five high power fields each in different diabetic retina
and control retina were measured using an Aperio Image Scope
(version: 12.4.3.5008) at Aperio AT2 Digital Scanner. Mean +
SE was calculated of the thickness in diabetic retina and control
retina. A significant increase in vessel wall thickness was observed
in diabetic retina compared to control retina (Control: 1.91 +
0.46, Diabetic retina: 5.78 & 1.48, ***p = 0.0006) (Figure 4D).
Immunohistochemistry (IHC) was performed to test for
complement activation and Factor H upregulation in the
retina from tissues of diabetic and non-diabetic donor eyes.
The retinal tissues were also stained with markers of glial
activation such as CDI11b for activated microglia and glial
fibrillary acidic protein (GFAP) for the macroglial population
of the retina. The levels of CXCR4 were also evaluated in
these retinal tissues for evaluating the presence of chemotactic
cells. The IHC results clearly demonstrated intense staining of
C3 in all the retinal layers compared to the control retinas
(Figures 5A-D). GFAP was seen only in the inner retinal
layers of both DM and control retinas, but the expression of
GFAP in diabetic retina was found to be slightly higher than
that of control retinas (Figures 5A,B), suggesting the onset
of gliosis in DM retinas. Increased expressions of C3 and
CD11b were observed in DM retina, whereas in the control
retinas, the expressions of these markers were relatively low
(Figures 5C,D). Further evaluation of the levels of CFH in retinas
from control and diabetic donors (Figures5E,F) indicated
intense staining of CFH co-localizing with CD11b-positive
cells in the retinal layers in DM retina, suggesting a possible
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feedback mechanism for excess complement activation by the
microglial cells.

Assessment of Microglial Infiltration and
Activation in Retina as Well as in PDR

Vitreous

Further, the level of CXCR4, a chemokine receptor present in
the microglial cells, was evaluated by IHC, which indicated a
larger distribution of CXCR4*"ecells in DM retina compared
to the control retinas, wherein the CXCR4 staining was
almost negligible, suggesting microglial activation, and enhanced
chemotaxis in diabetes (Figures 6A,B). To evaluate whether this
microglial population infiltrated into the vitreous cavity during
the advanced stages of the disease, the levels of CD11b were
also evaluated in the vitreous samples by Western blotting. The
results indicated an intense band of activated microglial marker
CD11b in the vitreous of PDR subjects that was absent in the
controls (Figure 6C), providing additional evidence of microglial
infiltration during PDR pathogenesis. In order to validate the
contribution of microglial activation in disease progression,
the activity of matrix metalloproteinases was evaluated in
PDR vitreous samples. Microglia are the major source of
gelatinolytic MMPs such as MMP9 and MMP2 in the retina.

Both the levels and enzymatic activity of MMPs in the PDR
vitreous were evaluated by gelatin zymography in the vitreous
samples of patients and controls. The results indicated a clear
gelatinolytic band of 82-85 kDa molecular weight in both
PDR and control vitreous that corresponded to active MMP9.
However, it was more pronounced in PDR vitreous, indicating
increased gelatinolytic activity, and active MMP9 under the
disease condition (Figure 6D). Since the upregulation of MMP9
activity is known to drive the growth of blood vessels, the levels
of VEGF and VEGFR2 were compared in the vitreous samples
of PDR and control subjects. A significant increase in the levels
of sVEGFR1, VEGFR2 and VEGF was observed in the vitreous of
PDR subjects compared to the controls (sVEGFR1, Control: 1227
=+ 209, PDR: 3152 =+ 327, ***p = 0.0002, VEGFR2, control: 2485
=+ 348, PDR: 3929 + 526, *p = 0.03, VEGE, control: 105 £ 18.12,
PDR: 356 + 106, *p = 0.04) (Figure 6E).

Quantitative Estimation of Inflammation in
PDR and Control Samples Based on the
Levels of Pro- and Anti-inflammatory
Cytokines

The levels of inflammation in the vitreous samples were analyzed
by the quantitative estimation of pro-inflammatory markers such
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FIGURE 2 | Representative Western blots of (A) C1q, (B) C4b, and (C) Factor Bb in PDR and No-DM controls, (D). Quantification of C1q in PDR (n = 17) and no-DM
control (n = 17) vitreous, p > 0.05, C4b in PDR (n = 8) and no-DM control (n = 8) vitreous, p > 0.05 and Bb in PDR (n = 22) and no-DM control (n = 22) vitreous, “p
= 0.08. Data represented as mean + SEM, D, PDR; C, controls; L, protein ladder; n.s., not significant.

as SPECAM and IL-8, along with an anti-inflammatory marker,
IL-10. The levels of sSPECAM and IL-8 were found to be higher
in the vitreous of PDR compared to the controls (SPECAM:
Control: 49.54 £+ 4.76, PDR: 105.45 £ 16.69, *p = 0.01, IL-8:
Control: 12.79 £ 3.13, PDR: 29.47 + 14.14, p = 0.2). In contrast,
the level of anti-inflammatory cytokine IL-10 was found to be
significantly downregulated in PDR vitreous as compared to the
controls (Control: 2.24 & 0.42, PDR: 0.57 £ 0.09, **p = 0.001)
(Figures 7A,B).

Gene Expression Profiling for Complement
and Angiogenic Genes by Quantitative
Real-Time PCR Among Different Disease

Categories

Total RNA was isolated from PDR, NPDR, and control subjects,
and quantitative real-time PCR was performed for the candidate
genes such as TGFB1, THSB1, CXCR4, VEGE C3, and CFH.
Significant changes in the gene expressions were observed for
NPDR and PDR compared to controls for THSB and CFH
(THSB1: NPDR vs. Control: 0.499 =+ 0.15; **p = 0.008, PDR vs.
Control: 0.495 % 0.09, **p = 0.004) (CFH: NPDR vs. Control:
0.628 & 0.12; ***p = 0.0009, PDR vs. Control: 0.45 = 0.05, ***p =
0.0001), whereas genes such as TGF 8, VEGE and C3 were found

to be significantly changed only in PDR compared to controls
(PDRvs. Control: TGF B:0.734 £ 0.05, **p = 0.004, VEGF: 1.538
=+ 0.38, *p = 0.02, C3: 1.457 & 0.56, *p = 0.01), and CXCR4- did
not show any significant change (Figure 7C).

Activation of Microglia and CFH in Early vs.

Advanced Stages of the Disease

Further, the differential expression profiling of genes involved
in complement and microglial activation was performed in eyes
with early- (retina from diabetic donor eyes) and late-stage DR
(Epiretinal membranes [ERM]) to investigate their role in disease
development and progression. Retinal tissues from diabetic
donors with early DR changes showed a significant increase for
the C3 gene (13.082 £ 4.24, **p = 0.008) compared to the control
retina (without a history of diabetes and vascular changes), while
it was insignificant for the CDI1b (1.2 = 0.32) and CFH (1.56 +
0.49) genes (Figure 7D). On the contrary, eyes with late-stage DR
exhibited significant changes in the expressions of complement
genes (C3: 6.871 £ 1.85, *p = 0.05 and CFH: 23.35 £ 1.79,
**p = 0.007) and CDIIb (17.88 + 2.3, *p = 0.01), which is a
marker for microglial activation (Figure 7E). It may be noted that
changes in the expression of the CFH and CD11b genes involved
in microglial activation were much higher than in the C3 gene in
the ERM tissues of patients with late DR changes.
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FIGURE 5 | Representative images of the 10X magnified H and E sections and post-immunofluorescence showing the localization of C3 and GFAP in retinal tissues
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magnification 20X, scale bar 200 wm. Co-localized expression of CFH and CD11b is highlighted in 40X magnification in panel (F).

DISCUSSION

Diabetic retinopathy is a serious neuro-vascular complication
of the retina. The involvement of complement pathway genes
in DR progression was proposed based on the identification
of complement deposits in choriocapillaries of DR retina and
reduced levels of complement pathway inhibitors in diabetic
retina, though the mechanism and timing of their involvement
were unclear (27, 28). The major aspect of this study was to check
whether complement pathway proteins are involved in the early
DR pathology or only in DR progression after being released
into the vitreous cavity by blood-retina barrier breakdown in the
advanced stages based on the analysis of retinal tissue specimens
from diabetic and non-diabetic individuals.

C3 is the central complement protein, and the activation of
complement pathways causes proteolytic fragmentation of C3.
These fragments can bind to the nearby tissues and enhance
the inflammatory process (34). Hitherto, a comprehensive study
conducted by Garcia et al. identified a significant increase in
42k Da fragment of C3 in PDR vitreous and found it to
correlate with the mRNA expression in diabetic retina (29). In
the present study, among the various fragments of C3 protein, a
significant upregulation of only the C3ba’ (110 kDa) fragment
was noted in PDR vitreous. The reactive C3ba’ is generated
from the 120 kDa a-chain of C3 after the proteolytic removal
of the 10 kDa C3a fragment and is part of active C3b (35). A
significant increase in the level of C3ba’ is indicative of enhanced
complement pathway activation in PDR vitreous. However, no
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(C) Representative Western blotting of CD11b in PDR vitreous (n = 5) compared to controls (n = 4); (D) Representative gelatin zymography of vitreous samples from
PDR (n = 10) vs. controls (n = 10) (C, control; D, PDR). (E) Scatter plot with individual data points showing differential levels of soluble VEGF (***p = 0.0002) and
VEGFR2 (*p = 0.03) (PDR, n = 8, Control, n = 8) and VEGF (*p = 0.04) (PDR, n = 6, Control, n = 6) by multiplex ELISA.
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significant changes in the expression of the other complement
proteins C1q and C4b in PDR and NPDR clearly ruled out any
major involvement of the classical complement pathway in the
disease pathogenesis.

A detailed analysis of the regulatory proteins involved in
the alternative complement pathway such as CFB and CFH
indeed confirmed a definitive role of the alternative pathway
in DR pathogenesis. CFB, a specific protein, is required for
the formation of C3 convertase (C3bBb) for activating the
alternative complement pathway (36). The faintly visible but
significant downregulation of fragment Bb of factor B seen in
PDR vitreous (based on densitometry estimation) could be due to
the formation of more C3bBb in PDR vitreous. CFH is a negative
regulator/inhibitor of the alternative complement pathway, as
it competes with FB for C3b binding and also acts as a co-
factor for factor I to degrade C3b to C3bi (37). Typically, a
low level of CFH is expected in PDR vitreous concurrent with
the downregulation of free Bb in the PDR vitreous. However,
an unexpected significant upregulation of CFH could be a
feedback mechanism for maintaining the level of C3ba’ in PDR
vitreous. Several earlier studies have shown that the C3ba’
region of C3b protein is involved in binding to CFH protein
(38), and this possibly explains the significant upregulation of
CFH. This feedback regulation of the alternative complement
pathway by CFH was confirmed by a perfect correlation (r
= 0.78, *p = 0.01) in the increased levels for both CFH and

C3ba’ in randomly selected vitreous samples of PDR and no-
DM controls (Supplementary Figure 3). On the other hand, the
downregulation of serum CFH levels in PDR cases compared to
NPDR and controls suggests that the upregulation of CFH seen
in vitreous is contributed by the local/resident cells in the retina.
It was previously reported that VEGF inhibition reduces CFH
production in eye and kidney through reduced VEGFR2/PKC-
a/CREB signaling (39). Therefore, the observed upregulation of
CFH could possibly have been mediated by a simultaneously
increased VEGF level in the PDR vitreous. Further, intense
staining of complement proteins in the retinal tissues of diabetic
donors with early vascular/DR changes as compared to control
non-diabetic donor retina confirmed the role of CFH and C3 in
diabetic retinopathy. Vascular basement membrane thickening
is one of the earliest changes that occur in the retina due to
diabetes (40). The thickening of basement membrane, as seen in
PAS staining of the studied retinal tissues from the diabetic donor
eyes, confirmed the early vascular stage of DR.

The retinal macrophages and microglia are known to
synthesize C3 in aging retina (41). However, the present
study identified a rather uniform distribution of complement
deposition in all of the neural layers of diabetic retina, suggesting
thereby that C3 and CFH could also be synthesized by other
retinal cell types, including the CD11b*V¢ microglial population.
The CFH in the neural retina was known to have an affinity
toward the CR3 receptor in the microglial cells (42). This further
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FIGURE 7 | Scatter plot with individual data points showing the quantitative estimation of inflammation in the vitreous samples based on Multiplex ELISA from PDR
(n = 8) vs. controls (n = 8) (C, control; D, PDR) for (A) sSPECAM and IL-8 and (B) IL-10 in PDR vs. control vitreous. Differential expression based on quantitative PCR
for (C) complement and angiogenic genes from blood in PDR (n = 20) and NPDR (n = 20) vs. no-DM controls (n = 20), (D) early (diabetic retina) vs. late changes, and
(E) ERM tissues in the proteins involved in the activation of the alternative complement pathway. Data represented as mean + SEM. *p < 0.05, *p < 0.01,
***p < 0.001; ns, p > 0.05.

indicates that CFH upregulation in PDR could also be related to by the upregulation of GFAP protein, while no expression
microglial activation. Surprisingly, increased CFH staining was ~ of complement proteins was seen in the macroglial (Miiller
found in the CD11b™¢ microglia in the inner nuclear layers  glia and astrocytes) cells, further emphasizing a major role of
in diabetic retina. This finding was consistent with our earlier = microglia in DR pathogenesis. Microglial cells, being the resident
report on retinopathy of prematurity (21). Significant gliosis  cells, become activated and move up from deep RGC layers
was evidently seen in the diabetic retina tissues, as suggested  toward photoreceptors. Microglial migration upon activation
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in the diabetic retina was confirmed based on the staining of
CXCR4, a chemokine receptor known to be involved in both
astroglial activation and microglial signaling (43) and increased
levels of activated microglial protein CD11b in vitreous samples
on Western blotting. Since an increased level of complement
activation is known to cause damage to the retinal tissues (44),
it could be speculated that the production of CFH by activated
microglia prevents the damage of retinal neurons; this needs to
be explored further.

IL-8, a pro-inflammatory cytokine, and IL-10, an anti-
inflammatory cytokine, are secreted mainly by M1 and M2
microglia, respectively (45). The downregulation of IL-10 and
upregulation of IL-8 further confirmed the activation of the
proinflammatory M1 phenotype of microglia in PDR vitreous.
Microglia, once activated, are known to secrete the matrix
metalloproteinases (46). Together with an increase in pro-
inflammatory markers such as IL-8 and MMPY, a significant
upregulation of sPECAM and VEGF-VEGFR2 in the PDR
vitreous confirmed excessive inflammation and angiogenesis
in the PDR eyes. This further suggests that an inflammatory
environment in the PDR retina could be a driving force for
microglial activation and retinal damage in PDR.

In conclusion, our study provided a systematic analysis of
classical and alternative complement pathway activation in PDR
pathogenesis. The study, for the first time, showed a significant
upregulation of 110 kDa C3ba’ and concurrent increase of CFH
in PDR vitreous, and this upregulation of complement cascade
was localized to retina and not contributed by the blood-retina
barrier breakdown that is a common sight in advanced PDR
cases. The faintly visible detection of CFB in Western blotting
could be due to a low concentration of detectable free CFB
protein in the vitreous sample or a poor antibody. The correlation
of genetic associations of variations in complement factor H
and complement factor B with their expression in epiretinal

membrane tissues and vitreous humor could firmly establish the
role of the alternative complement pathway in DR pathogenesis.
Lastly, our study suggested that the synergistic role of activated
microglia and complement activation plays a major role in
PDR pathogenesis (Figure 8). In the future, targeting microglial
mediated complement activation could pave the way for effective
therapeutic management of DR by reducing underlying neuro-
inflammation and abnormal angiogenesis.
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Bacillus endophthalmitis is a severe intraocular infection. Hallmarks of Bacillus
endophthalmitis include robust inflammation and rapid loss of vision. We reported that
the absence of Bacillus surface layer protein (SLP) significantly blunted endophthalmitis
severity. Here, we further investigated SLP in the context of Bacillus-retinal cell
interactions and innate immune pathways to explore the mechanisms by which SLP
contributes to intraocular inflammation. We compared phenotypes of Wild-type (WT)
and SLP deficient (AslpA) Bacillus thuringiensis by analyzing bacterial adherence to and
phagocytosis by human retinal Muller cells and phagocytosis by mouse neutrophils.
Innate immune receptor activation by the Bacillus envelope and purified SLP was
analyzed using TLR2/4 reporter cell lines. A synthetic TLR2/4 inhibitor was used as a
control for this receptor activation. To induce endophthalmitis, mouse eyes were injected
intravitreally with 100 CFU WT or AsIpA B. thuringiensis. A group of WT infected mice
was treated intravitreally with a TLR2/4 inhibitor at 4 h postinfection. At 10 h postinfection,
infected eyes were analyzed for viable bacteria, inflammation, and retinal function. We
observed that B. thuringiensis SLPs contributed to retinal Muller cell adherence, and
protected this pathogen from Muller cell- and neutrophil-mediated phagocytosis. We
found that B. thuringiensis envelope activated TLR2 and, surprisingly, TLR4, suggesting
the presence of a surface-associated TLR4 agonist in Bacillus. Further investigation
showed that purified SLP from B. thuringiensis activated TLR4, as well as TLR2 in vitro.
Growth of WT B. thuringiensis was significantly higher and caused greater inflammation
in untreated eyes than in eyes treated with the TLR2/4 inhibitor. Retinal function analysis
also showed greater retention of A-wave and B-wave function in infected eyes treated
with the TLR2/4 inhibitor. The TLR2/4 inhibitor was not antibacterial in vitro, and did not
cause inflammation when injected into uninfected eyes. Taken together, these results
suggest a potential role for Bacillus SLP in host-bacterial interactions, as well as in
endophthalmitis pathogenesis via TLR2- and TLR4-mediated pathways.
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INTRODUCTION

Endophthalmitis is a microbial infection of the posterior
segment of the eye (1-6). Microbes can enter this part of
the eye following a penetrating injury to the globe (post-
traumatic), surgery or intraocular injection (post-operative),
or following hematogenous spread from another infection
site (endogenous) (7-15). Hallmarks of this disease include
intraocular inflammation and retinal damage, resulting in
some degree of vision loss. Unfortunately, blindness can
occur and removal of the globe may be necessary, even
when prompt and aggressive therapeutic measures are taken
(5, 16-19). Endophthalmitis caused by Bacillus spp is more
devastating compared to endophthalmitis caused by other
bacterial pathogens associated with this disease (7, 20). Among
members of the Bacillus cereus sensu lato group (comprised of
Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis),
only B. cereus and B. thuringiensis have been reported as the
causative agents of intraocular infection (21-25). Significant
vision loss has been reported to occur in the majority of Bacillus
endophthalmitis cases, with half of those devastating cases
resulting in removal of the globe (enucleation) (26-32). Bacillus
endophthalmitis is indeed a medical emergency, and its rapid
and severe course requires immediate therapeutic attention to
prevent further deterioration of the eye (33-36). At present, there
is no consistently effective therapeutic strategy which mitigates
vision loss during severe cases of endophthalmitis, including
those caused by B. cereus (16, 17, 37-41). The practice of adding
anti-inflammatory agents to antibiotics has not proven effective
in arresting inflammation and vision loss (42-45). It is clear
that other therapeutic strategies are needed to prevent the sight-
threatening consequences of this infection.

B. cereus spp are Gram-positive, motile, f-hemolytic, spore-
forming rods, and are widely disseminated in nature (23, 24).
We reported that the Bacillus cereus cell wall, and secreted toxins
and proteases contributed to the pathogenicity of experimental
endophthalmitis (5, 19, 46, 47). The PIcR quorum sensing
system controls the synchronized synthesis of a majority of
these extracellular virulence factors and is therefore important in
Bacillus intraocular virulence (48-51). The absence of individual
B. cereus toxins did not blunt intraocular virulence (19, 47).
However, in the absence of PIcR, we observed delayed evolution,
but not complete attenuation of Bacillus endophthalmitis,
suggesting the contribution of the bacterial cell wall or other
components to this disease (49).

We reported that metabolically inactive B. cereus triggered
robust intraocular inflammation, suggesting that cell wall
components contribute to the activation of pro-inflammatory
pathways (5). B. cereus have an architecturally unique envelope.
In addition to peptidoglycan, lipoteichoic acid, and lipoproteins,
which are all common among Gram-positive ocular pathogens,
the envelope of some B. cereus has flagella and a paracrystalline
surface protein called the S-layer protein (SLP) (52-56).
Structurally, SLPs are widely diverse among species and sequence
similarities from different species are low.

Since SLPs are major surface antigens, the contributions of
SLPs to microbial pathogenesis have been studied in some model
organisms (56-63). As the outermost layer of the surface of

some bacterial strains, SLPs promote adherence of bacteria to
cell membranes and extracellular matrix components, and also
contribute to biofilm formation (64-68). SLPs also act as barrier,
protecting bacteria from complement-mediated phagocytosis
and killing (69-72). A recent report from our laboratory
demonstrated that the absence of Bacillus SIpA significantly
reduced endophthalmitis disease severity in mice (73). We also
demonstrated that Bacillus SLP preparations activated nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB)
and induced the expression of inflammatory mediators from
retinal cells (73). However, the underlying mechanisms by which
SLPs impact endophthalmitis pathogenesis remains unclear.

The ocular environment is immune privileged, and its inner
tissues contain different types of cells that not only maintain the
structural integrity and homeostasis of this tissue, but also act as
innate immune cells which express several innate receptors (74—
81). During endophthalmitis, TLRs on retinal cells sense invading
microbes and induce the production of inflammatory mediators,
which leads to recruitment of polymorphonuclear neutrophils
(PMN) into the eye (79, 82-84). Almost all TLRs signal through
the myeloid differentiation primary response gene-88 (MyD88)
dependent pathway. In addition to MyD88 pathway, TLR4
can mediate signaling through the Toll/interleukin-1 receptor
(TIR) domain containing adaptor-inducing interferon-p (TRIF)
pathway (85-88). We reported that the inflammatory response
in Bacillus endophthalmitis is primarily facilitated through TLR2
and TLR4, but not through TLR5 (89-91). The absence of
TLR2 or TLR4 resulted in less PMN infiltration, inflammatory
mediator production, and pathological damage during Bacillus
endophthalmitis (90, 91). Blocking TLRs in this disease may
effectively blunt inflammation. Identifying B. cereus ligands that
trigger these innate pathways may help us to more clearly
understand the pathological events of this disease.

Bacillus endophthalmitis is at or near the top of the list of
rapidly blinding ocular diseases, but the level of understanding
of the host/pathogen relationship in this disease is fairly
limited. The earliest host response in Bacillus endophthalmitis
is the activation of TLRs that drive the intense intraocular
inflammation. Since SLPs activated NF-kB and triggered the
production of proinflammatory mediators in human retinal
Muller cells, we hypothesized that B. cereus SLPs initiate early
events in endophthalmitis pathogenesis through interactions
with retinal cells and by activating innate pathways. Results from
this study will broaden our understanding about the mechanisms
of early and potentially damaging immune response and may
aid in the development of potential therapeutics to prevent
inflammation and vision loss during Bacillus endophthalmitis.

MATERIALS AND METHODS

Bacterial Strains

B. thuringiensis subsp. galleriae NRRL 4045 (WT) or its
isogenic SLP deficient mutant (AslpA) (73, 92) were used to
initiate experimental endophthalmitis in mice, as previously
described (89-91, 93-98). Staphylococcus aureus strain 8325-
4, Enterococcus faecalis strain E99, Staphylococcus epidermidis
ATCC 12228, and Streptococcus pneumoniae strain TIGR4 were
used for the preparation of bacterial cell envelopes.
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Bacterial Adherence Assay

To quantify bacterial attachment to human retinal Muller cells
(MIO-M1; a kind gift from Dr. Astrid Limb, UCL Institute
of Ophthalmology, London), human retinal pigment epithelial
cells (ARPE-19; American Type Culture Collection, Manassas,
VA), and retinal photoreceptor-like 661W cells (99), we used an
aerobic bacterial adherence assay. Immortalized human retinal
pigmented epithelial (ARPE-19) and Muller cells were cultured
in Dulbecco’s Modified Eagles Medium (DMEM)/F-12 (GIBCO,
Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS, Sigma Aldrich, St. Louis MO) and 1% Pen Strep (GIBCO)
Retinal photoreceptor-like 661W cells were cultured in DMEM
containing GlutaMAX™.-] (GIBCO), supplemented with 10%
(v/v) FBS (100-103). All cells were maintained in a humidified
5% CO, incubator at 37°C.

Confluent monolayers of each of these cell types (~2 x 10°
cells) were grown in 6-well plates, and transferred to antibiotic-
and serum-free DMEM 6h prior to performing the adherence
assay. Overnight cultures of WT and AslpA B. thuringiensis were
harvested by centrifugation and washed twice with DMEM to
exclude the effects of secreted proteins, including any toxins.
Antibiotic- and serum-free medium were removed from the cells,
and bacteria were added to the wells at a multiplicity of infection
(MOI) of 20 in a total volume of 2 ml DMEM. Equal numbers of
WT and AslpA B. thuringiensis bacteria were added to cell free
wells as controls. Cell-free controls were used to verify whether
bacteria adhered to the plastic surface of the six- well plates.
After a 40 min incubation in a humidified 5% CO; incubator
at 37°C, retinal cells and adherent bacteria were washed twice
with PBS. Adherent cells were then removed with a tissue cell
scraper, vortexed, and serially diluted to quantify the adherent
bacteria. The percent of adherent bacterial cells was calculated as
the ratio of recovered bacteria to input bacteria multiplied by 100
(63, 66, 67, 104).

Isolation of Primary Neutrophils From Mice
Primary neutrophils were collected from mouse bone marrow
by using a neutrophil isolation kit (MACS, Miltnyl Biotech,
Gladbach, Germany) according to the manufacturer’s
instructions. Femurs were harvested from adult C57BL/6]
mice. Bone marrow was collected in a 50mL Falcon tube
containing RPMI media (GIBCO) with 10% FBS (Sigma Aldrich)
using a 10 ml syringe. The bone marrow was then centrifuged
and washed with wash buffer (PBS, pH 7.2, 0.5% bovine serum
albumin (BSA), and 2mM EDTA). Cells were counted using a
hemocytometer. For every 5 x 107 total cells, 200 pL of wash
buffer and 50 pwL neutrophil biotin-antibody cocktail were
added. Cells were mixed and incubated for 10 min at 4°C. Cells
were then washed and the pellet was resuspended in 400 L of
wash buffer and 100 wL of anti-biotin microbeads. Cells were
mixed and incubated at 4°C. After 15min, cells were washed
and resuspended to 103 cells in 500 L of buffer. For magnetic
separation, an appropriate MACS column and separator were
chosen according to the number of total cells and number
of neutrophils. The LS column was used and placed inside a
MACS separator. A 15mL tube was placed under the column
and the column was washed with 3 mL of wash buffer. When

the wash buffer was completely removed, the 15mL tube was
replaced with a new one. The total sample (500 wL) was then
loaded onto the column, and 3 mL of wash buffer was added
3 times onto the column and cells were collected. Cells were
counted and centrifuged at 100 x g for 10 min, and resuspended
in RPMI medium (96, 105, 106). One group of isolated cells
was then immunolabeled with Ly6G and CDI11 antibodies,
washed, and fixed as previously described (107). Samples were
analyzed using a MacsQuant flow cytometer and MacsQuantify
software (Miltenyi Biotec). Neutrophil purity in each isolation
was ~85.6%.

Bacterial Phagocytosis Assay

Human retinal Muller cells (MIO-M1), neutrophil like HL-
60 cells, and mouse primary neutrophils were used in a
gentamicin exclusion assay to assess the impact of SLPs on
phagocytosis. Undifferentiated HL-60 cells were differentiated
into neutrophil like-cells by adding 1.3% DMSO for 6 days
(108-110). After 6 days, cells had neutrophil-like morphology,
as confirmed by microscopy (5). Approximately 1x10° of these
cells were incubated at 20 MOT (~2 x 10°%) with WT or AslpA
B. thuringiensis for 90 min. One group of cells was washed
and treated with 200 wg/mL gentamicin for 60 min to kill all
extracellular bacteria, and another group of cells was centrifuged,
washed and lysed with 0.5% Triton X-100. This later group
contained intra- and extracellular bacteria. After 60 min, the
gentamicin-treated cells were centrifuged, washed to remove
the residual antibiotic, and lysed with 0.5% Triton X-100. This
group represented only the intracellular bacteria. Equal numbers
of WT and AslpA B. thuringiensis (~2 x 10° in 2mL) were
incubated with 200 pg/mL gentamicin for 60 min and used as a
control (96, 104, 111). CFU were enumerated by serial dilution
and plating.

Preparation of Bacterial Cell Envelopes

B. thuringiensis subsp. galleriae NRRL 4045 (W'T) and its isogenic
SLP deficient mutant (AslpA), S. aureus 8325-4, E. faecalis E99,
and S. epidermidis strain ATCC 12228 were each grown for 18 h
at 37°C in brain heart infusion (BHI; VWR, Radnor PA) broth
and 20 pl aliquots were removed, serially diluted, and plated to
quantify bacteria. S. pneumonia was grown in Todd Hewitt Broth
(THB; VWR) with 0.5% yeast extract and also grown for 18 h at
37°C. Cultures were harvested by centrifugation at 3,000 x g for
15 min at 4°C, and washed twice with PBS (pH 7.4) in endotoxin
free water (HyPure cell culture grade water, GE Healthcare Life
Science, Logan UT). Pellets were resuspended with equal volumes
of PBS and heat inactivated at 65°C for 15 min. Sterility was
tested by spread plating an aliquot of each culture onto a BHI
agar plate. Cells were then centrifuged at 3,000 x g for 15 min,
and pellets were washed twice with equal volumes of PBS. The
bacterial pellets were then lyophilized, resuspended with equal
volumes of PBS, and diluted to the required concentrations for
use in the TLR2 and TLR4 reporter assays (5, 73, 112).

Purification of Bacillus SLP
WT and AslpA B. thuringiensis were grown for 18h at 37°C
in BHI, harvested by centrifugation at 3,000 x g for 15min at

Frontiers in Immunology | www.frontiersin.org

93

February 2020 | Volume 11 | Article 215


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mursalin et al.

S-Layer/TLR Interactions in Endophthalmitis

4°C, and washed twice with chilled HyPure cell culture grade
water (GE Healthcare Life Science). As previously described,
pellets were then resuspended in 1/10th of the initial volume
of 3M guanidine hydrochloride (GHCL; pH 2.5; Sigma Aldrich)
and incubated at 37°C for 1h. The extracted SLP was separated
from the pellets by centrifugation at 18,000 x g at 4°C
for 15 min. Supernatants were dialyzed (Pur-A-Lyzer™ 50kDa
dialysis kit, Sigma Aldrich) against 2L of tris/HCL (pH 8.0;
Research Products International Corporation, Mt. Prospect,
IL) at 4°C for 24h with four exchanges of dialysis buffer to
remove residual GHCL. Protein concentrations were quantified
by bicinchoninic acid assay (Sigma Aldrich) according to the
manufacturer’s instructions. Endotoxin levels were quantified
using the Pierce LAL chromogenic endotoxin kit (ThermoFisher
Scientific, MA) according to the manufacturer’s instructions.
Purity was confirmed by PAGE and Coomassie staining, as
previously described (73, 92).

TLR2/TLR4 Reporter Assay

HEK-Blue™ cells were purchased from Invivogen (San Diego,
CA) and used as previously described (73). HEK-Blue™ hTLR2
and HEK-Blue™ hTLR4 were used for the recognition of
TLR2 and TLR4 agonists, respectively. hTLR2 and hTLR4
cells were cultured (up to 20 passages) in DMEM containing
GlutaMAX™.] (GIBCO), supplemented with 10% (v/v) FBS
(Sigma Aldrich) and HEK-Blue Selection antibiotics (Invivogen)
in a humidified 5% CO, incubator at 37°C. hTLR2 and hTLR4
reporter cell lines were treated with bacterial envelopes, or SLP
fractions from WT or AslpA B. thuringiensis with or without
the synthetic TLR2/4 inhibitor OxPAPC (Invivogen) to assess
receptor activation/inhibition (73, 89).

B. thuringiensis, S. aureus, S. epidermidis at 10 envelopes/20
wl, and E. faecalis and S. pneumoniae at 108 envelopes/20 1l
were used to assess TLR2/4 activation. The envelope inoculum
number was determined based on the equivalent number of
viable organisms present during early infection (5). To measure
the TLR2/4 activation by purified SLP, 10 jug/ml SLP from WT
B. thuringiensis was used. The SLP fraction from AslpA B.
thuringiensis was used as an extract control. In both assays,
Pam3Csk4 (0.25 ng/mL; Invivogen) was used as a positive control
for the hTLR2, and a negative control for the hTLR4 reporter
assays. LPS (100 ng/mL; Invivogen) was used as a positive control
for the hTLR4, and a negative control for the hTLR2 reporter
assays. Endotoxin free water (GE Healthcare Life Science) was
used as a negative control for both hTLR2 and hTLR4 reporter
assays. To inhibit TLR2/4 activation, an oxidized phospholipid
OxPAPC (0.15pg/pnL) was used with Pam3Csk4, LPS, and
purified SLP (113). Samples, controls, and inhibitors (20 pL)
were added to appropriate wells of 96-well plates. hTLR2 and
hTLR4 reporter cells at 50 to 80% confluency were washed with
pre-warmed PBS (pH 7.4; GIBCO). After detaching the cells with
PBS, hTLR2 cells were resuspended to 5.0 x 10* and hTLR4
cells to 2.5 x 10* in 180 pl of HEK-Blue™ Detection medium
(Invivogen). For the OxPAPC-treated groups, 5.0 x 10* /160
pl hTLR2 and 2.5 x 10%/160 pl hTLR4 cell suspensions were
prepared. Each cell suspension was immediately added into the
appropriate wells of the 96-well plates, and incubated for 14 h at
37°C in 5% CO,. Activation of TLR2 and TLR4 (production of

SEAP) was measured using a spectrophotometer at 620-655nm.
TLR2/4 activation was presented as percent of TLR2/4 activation
relative to the positive controls Pam3Csk4 and LPS (73, 89, 114).

Mice and Intraocular Infection

All in vivo experiments were performed with C57BL/6] mice
purchased from Jackson Labs (Bar Harbor ME, Stock No.
000664). Mice were housed on a 12h on/12h off light cycle
in biohazard level 2 conditions and acclimated for at least 2
weeks to equilibrate their microbiota. Mice were 8-10 weeks of
age at the time of the experiments. Mice were sedated using a
combination of ketamine (85 mg/kg body weight; Ketathesia,
Henry Schein Animal Health, Dublin, OH) and xylazine (14
mg/kg body weight; AnaSed, Akorn Inc., Decatur, IL). Four
groups of C57BL/6] mice were used in this experiment. The
first two groups of mice were infected with 100 CFU WT B.
thuringiensis/0.5 pul BHI, and the third group was infected with
100 CFU AslpA B. thuringiensis/0.5 wl BHI into the right eye
using a sterile glass capillary needle, as previously described
(73, 89-91, 93, 95-98). The fourth group was not infected. At
4h postinfection, the second group of infected mice and fourth
group of uninfected mice were intravitreally treated with 30
ng/wL OxPAPC. At 10h postinfection, electroretinography was
performed prior to euthanasia by CO, inhalation, and then eyes
were harvested for quantitation of viable intraocular bacteria,
retinal function, and PMN infiltration, and analysis of ocular
architecture by histology, as described below.

Intraocular Bacterial Quantitation

As previously described (73, 89-91, 93, 94, 96-98), eyes
were harvested from euthanized mice at specific time points,
homogenized in 400 wl PBS with sterile 1-mm glass beads
(BioSpec Products, Inc., Bartlesville OK), serially diluted 10-fold
in PBS, and plated onto BHI agar plates.

For in vivo bacterial growth analysis at different time points,
experimental endophthalmitis was induced by intravitreally
injecting approximately 100 CFU WT B. thuringiensis in 0.5 pl
BHI into the right eyes of mice. At 4h postinfection, one group
of infected eyes was treated with OxPAPC, and another group
served as the untreated control. At 2h intervals thereafter, eyes
were harvested for quantitation of intraocular bacterial growth
(73, 89-91, 93, 94, 96-98).

In vitro Bacterial Quantitation

Potential antimicrobial activity of OXPAPC was assessed in vitro.
WT B. thuringiensis was cultured for 18 h at 37°C with aeration
in BHI medium. The culture was then diluted to 10> CFU/mL in
fresh BHI containing 0.1, 1, or 10 p.g/mL OxPAPC, and incubated
for 18 hat 37°C. At 2 h intervals during this period, 20 pl aliquots
were serially diluted 10-fold in PBS, and plated onto BHI agar
plates (73, 93).

Retinal Function Analysis

Electroretinography (ERG) was used to quantify retinal function
as previously described (5, 47, 51, 73, 91, 93, 94, 96,
97) in Bacillus-infected and OxPAPC-treated eyes. After
infection/treatment, mice were dark adapted for 6 h. Mice were
then anesthetized as described above, and pupils were dilated
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with topical phenylephrine (Akorn, Inc., IL). Two gold wire
electrodes were placed onto each cornea. Reference electrodes
were attached to the tail and forehead. Eyes were then stimulated
by five flashes of white light (1,200 cd s/m?) and retinal responses
were recorded as A-wave (retinal photoreceptor cell function)
and B-wave (bipolar cell, Muller cell, and second order neuronal
function) amplitudes for infected eyes and compared with
the uninfected eyes of the same animal (Espion E2 software,
Diagnosys LLC, Lowell MA) (5, 47, 51, 73, 91, 93, 94, 96, 97).

Histology

Infected/treated eyes were harvested from euthanized mice at
10h postinfection. Harvested eyes were incubated in High
Alcoholic Prefer fixative for 30 min, and then transferred to 70%
ethanol. Paraffin-embedded eyes were sectioned and stained with
hematoxylin and eosin (H&E) (73, 89, 90, 94, 96-98).

Inflammatory Cell Influx

Inflammatory cell infiltration was estimated by quantifying
myeloperoxidase (MPO) using a sandwich ELISA (Hycult
Biotech, Plymouth Meeting PA), as previously described.
At 10h postinfection, eyes were harvested, transferred into
PBS supplemented with proteinase inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN) and homogenized using 1-mm
sterile glass beads (BioSpec Products, Inc.). Uninfected eye
homogenates were the negative controls. The lower limit of
detection for this assay was 2 ng/ml (73, 89, 91, 96-98).

Statistics

GraphPad Prism 7 was used for the statistical analysis (Graph-
Pad Software, Inc., La Jolla, CA). Mann-Whitney U-test was used
for statistical comparisons unless otherwise specified. P-values of
<0.05 were considered significant (93, 94, 96, 115). For all assays,
N-values represented single biological replicates.

RESULTS

SIpA Contributes to the Adherence of

Bacillus to Retinal Cells

As Bacillus migrate within the posterior segment of the eye,
organisms physically interact with retinal cells (5, 73). The first
step in this interaction is adherence, and we hypothesized that
SLPs mediated that interaction. An experiment to evaluate the
role of SlpA in bacterial attachment to retinal cells is depicted in
Figure 1. In the absence of SIpA, significant reductions in percent
AslpA B. thuringiensis adherence were seen with human retinal
Muller MIO-M1 cells (P < 0.0001, Figure 1A), retinal pigment
epithelial cells (ARPE-19) (P = 0.0022, Figure 1B), and retinal
photoreceptor-like 661W cells (P = 0.0022, Figure 1C) compared
to that of WT B. thuringiensis. No bacteria were recovered from
cell-free controls, suggesting no adherence to the plastic surface
of the wells. These findings demonstrated that SIpA contributed
to bacterial adherence to retinal cells, suggesting that SLPs may
play a role in bacterial adherence to retinal cells during the early
stage of Bacillus endophthalmitis.

SIpA Protects Bacillus From Phagocytosis
Interactions between Bacillus and retinal and immune cells
may be important in initiating the subsequent immune
response. A gentamicin (Gen) exclusion phagocytosis assay
was used to determine the role of SlpA in internalization
by human retinal Muller cells (MIO-M1), neutrophil like
HL-60 cells, and mouse primary neutrophils (Figure 2).
Significant increases in internalization of AslpA B. thuringiensis
were seen with human retinal Muller cells (P 0.0122,
Figure 2A), neutrophil like HL-60 cells (P = 0.0049, Figure 2B),
and mouse primary neutrophils (P = 0.0002, Figure 2C)
compared to that of WT B. thuringiensis. No bacteria were
recovered after the incubation with gentamicin, indicating
that WT and AslpA B. thuringiensis were susceptible to the
antibiotic. Taken together, these results demonstrated that
SIpA directly interfered with internalization by human retinal
Muller cells and professional phagocytic cells, suggesting that
SLP may protect the pathogen from phagocytosis during
active infection.

Bacillus Envelope Contains an Unexpected

TLR4 Agonist

Mice which lack functional TLR2 or TLR4 have a reduced
intraocular inflammatory response upon intravitreal challenge
with Bacillus (90, 91), suggesting that this organism interacts
with those receptors. Here, we investigated whether the
envelopes of common Gram-positive endophthalmitis
pathogens (WT and AslpA B. thuringiensis, S. aureus, S.
epidermidis, E. faecalis, and S. pneumoniae) activated TLR2
and TLR4 in hTLR2 or hTLR4 reporter cell line assays
(Figure 3). Envelope preparations from all five species
activated TLR2 (Figure 3A). Surprisingly, only WT B.
thuringiensis envelopes significantly activated TLR4 (P =
0.0286), whereas other Gram-positive endophthalmitis
pathogens did not (Figure3B). Activation of TLR4 was
significantly higher (P = 0.0286) in WT B. thuringiensis
than AslpA. These results suggest that the Bacillus envelope
possesses universal TLR2 agonists and one or more unexpected
TLR4 agonists.

SLP of Bacillus Is Necessary for Activation
of Both TLR2 and TLR4

SLP from WT B. thuringiensis induced inflammatory mediator
expression from retinal Muller cells by activating the canonical
NF-kB pathway (73). Since the envelope of B. thuringiensis
activated TLR2/4, we next determined whether its SLP activated
TLR2 and TLR4 in similar assays. Purified SLP from WT B.
thuringiensis activated TLR2 to a significantly higher degree than
the extract control from AslpA B. thuringiensis (P = 0.0003;
Figure 4A). Purified SLP from B. thuringiensis also significantly
activated TLR4 to a greater degree than did the extract control
from AslpA B. thuringiensis (P = 0.0003; Figure 4B). To further
evaluate the activation of TLR2 and TLR4 by SLP, we included an
oxidized phospholipid (OxPAPC) in the reporter assay to inhibit
the activation of both TLR2 and TLR4. OxPAPC significantly
inhibited TLR2 activation by the TLR2 agonist Pam3Csk4 and by
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FIGURE 1 | Bacillus SLP contributes to adherence to retinal cells in vitro. Three different retinal cell types were incubated with WT B. thuringiensis or AslpA B.
thuringiensis for 40 min to assess bacterial adherence. Compared to WT, AslIpA B. thuringiensis demonstrated a significant reduction in adherence to (A) human
retinal Muller MIO-M1 cells, (B) human retinal pigment epithelial (ARPE-19) cells, and (C) retinal photoreceptor-like 661W cells. WT and As|pA B. thuringiensis in
cell-free wells served as controls. Values represent the mean + SEM of N > 5 for at least two separate experiments; *P < 0.05.
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FIGURE 2 | Bacillus SLP provides protection from phagocytosis. Muller cells, neutrophil-like HL60 cells, and mouse primary neutrophils were incubated with WT or
AsIpA B. thuringiensis for 90 min. Cells were then treated with gentamicin for 60 min to kill external bacteria. Compared to WT B. thuringiensis, internalization of AsjpA
B. thuringiensis was significantly greater by (A) human retinal Muller cells, (B) neutrophil-like HL-60 cells, and (C) mouse primary neutrophils. Gen+, Gentamicin
treated; Gen-, Gentamicin untreated. Values represent mean + SEM of N > 5 for at least two separate experiments; *P < 0.05. Dashed lines represent the initial

purified SLP from WT B. thuringiensis (P = 0.0022; Figure 4C).
OxPAPC also significantly reduced the activation of TLR4 by
LPS and by purified SLP (P = 0.0022; Figure 4D) SLP-mediated
TLR2 and TLR4 activation in OxPAPC treated groups were 74.7
and 70.7% lower than TLR2 or TLR4 activation in the untreated
groups, respectively. Together these findings demonstrated that
SLPs not only activated TLR2, but also TLR4. This suggests
that SLP is a potent stimulator of both TLR2 and TLR4 innate
pathways, and may contribute to the production of inflammatory
mediators during experimental endophthalmitis.

Inhibition of TLR2/4 Activation Resulted in
Reduced Bacterial Burden During

Experimental Bacillus Endophthalmitis

There were no changes the intraocular bacterial burden in
TLR2™/~ or TLR4~/~ mice infected with B. cereus (90, 91).
Here, we investigated whether inhibition of both TLR2 and
TLR4 activation affected bacterial growth during experimental
endophthalmitis. Figure 5A depicts the experimental design.
Inhibition of the TLR2/4 pathways by OxPAPC significantly
reduced the bacterial load in WT infected mouse eyes relative

Frontiers in Immunology | www.frontiersin.org

96

February 2020 | Volume 11 | Article 215


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mursalin et al.

S-Layer/TLR Interactions in Endophthalmitis

A B %
I
150+
= 150+ e
| | | |
§ =
2 g
S 1004 = *
5 = 1004 [
< S
E <
<
= 50 &
e = 50—
=S =
X
=)
0- - ==
N . . ; v T T T T T T T
S M 5 F N o ;
& F S N & PO O R S Y
AR PSS P N QIR S S RO Gl
A SR Ay St St
& Q% W W & & &GS WY
é@@ 60\ %‘N $.\ I S of CPQ 'Q"& \\& sQ‘Q s.Q(\
S T YW
¢ e SE& P
& > vS\Q
& ]
&
FIGURE 3 | Bacillus envelope possesses an unexpected TLR4 agonist. HEK-Blue™ hTLR2 and hTLR4 reporter cells were incubated with envelope preparations of
WT or AslpA B. thuringiensis, S. aureus, S. epidermidis, E. faecalis, or S. pneumoniae for 14h at 37°C in 5% CO, (A) The envelopes of WT and AslpA B.
thuringiensis, S. aureus, S. epidermidis, E. faecalis, and S. pneumoniae activated TLR2. (B) Among the five Gram-positive endophthalmitis pathogens, only the
envelopes of WT B. thuringiensis activated TLR4. Values represent mean + SEM of N > 4 for at least two separate experiments; “P < 0.05.

to that of untreated eyes (P = 0.0007; Figure5B) at 10h
postinfection. There was no difference in bacterial load observed
between WT and AslpA infected mouse eyes (P = 0.3680;
Figure 5B). At this time, the growth rates of WT and AslpA
B. thuringiensis infected eyes (2.2 and 1.9 h™!) were faster than
that in the WT-infected and OxPAPC treated eyes (0.76 h~1).
To determine whether OxPAPC possessed bactericidal activity,
we analyzed WT B. thuringiensis growth in the presence of
increasing concentrations (0.1, 1, and 10 pg/mL) of OxPAPC. As
shown in Figure 5C, OxPAPC did not alter bacterial growth in
vitro at any of the concentrations tested. To investigate whether
this phenomenon of reduced bacterial load only occurred in
vivo, we assessed bacterial growth at varying time points after
infection after treatment with OxXxPAPC and observed that
bacterial concentrations were significantly lower in OxPAPC
treated groups at 8h (P = 0.0260), 10h (P = 0.0043) and
12h (P = 0.0152) postinfection (Figure 5D). Taken together,
these findings demonstrated that inhibition of TLR2/4 activation
contributed to reduced bacterial burden during experimental
Bacillus endophthalmitis.

Retinal Function Improved in the Absence
of TLR2/4 Activation by SLP During

Experimental Bacillus Endophthalmitis

Since the absence of individual TLRs (TLR2 or 4) and their
adaptors (MyD88 and TRIF) resulted in retained retinal function
in experimental Bacillus endophthalmitis (90, 91, 97), we
investigated whether inhibition of both TLR2/4 by OxPAPC
would have a similar outcome. Analysis of retinal function and
the representative waveforms of eyes infected with WT, WT-
infected and OxPAPC-treated, AslpA B. thuringiensis-infected,

and OxPAPC-treated only is depicted in Figure 6. The A-wave
amplitudes were significantly reduced in WT-infected eyes at
10h postinfection (P < 0.05) to a retained response of ~29%.
Compared to WT-infected eyes, WT-infected/ OxPAPC-treated,
AslpA-infected, and OxPAPC-treated eyes showed significant
retention of retinal function. At 10 h postinfection, the retained
response of A-wave function in these groups was ~100%
(Figure 6A). The B-wave amplitudes were significantly reduced
in the WT B. thuringiensis-infected eyes at 10h postinfection
(P < 0.05) to a retained response of ~18% (Figure 6B). This
response in eyes infected/treated with WT/OxPAPC, AslpA
B. thuringiensis, and OxPAPC was retained to a significantly
greater degree compared to that of WT-infected and untreated
eyes. The retained responses of B-waves among these groups
at 10h postinfection was ~79%. Representative waveforms
demonstrating the differences in A- and B-wave amplitudes
of eyes in these groups at 10h postinfection are shown in
Figures 6C,D. Together, these results demonstrated that WT-
infected eyes treated with the TLR2/4 inhibitor OxPAPC
retained greater retinal function compared to untreated WT
B. thuringiensis-infected eyes. These results suggested that the
activation of TLR2 and TLR4 innate pathways by SLP influenced
the loss of retinal function during experimental endophthalmitis.

Inflammation Was Reduced and Ocular
Architecture Was Preserved in the Absence
of TLR2/4 Activation by SLP During

Experimental Bacillus Endophthalmitis
PMN are the primary infiltrating cell type recruited to the
site of infection during Bacillus endophthalmitis (6, 82, 98).
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FIGURE 4 | Bacillus SLP is a potent activator of TLR2 and TLR4. (A) SLP from
WT B. thuringiensis activated TLR2 to a significantly greater degree than did
the extract control (AsipA). LPS, a TLR4 agonist, was used as a negative
control. (B) WT SLP significantly activated TLR4 compared to the extract
control (AslpA). Pam3Csk4, a TLR2 agonist, was used as a negative control.
(C) Treatment with OxPAPC significantly inhibited TLR2 activation by the
positive control Pam3Csk4 and WT SLP. (D) Treatment with OxPAPC
significantly inhibited TLR4 activation by the positive control LPS and WT SLP.
Values represent mean 4+ SEM of N > 5 for at least two separate experiments;
*P < 0.05.

Here, we examined the degree of inflammatory cell influx
and retinal damage in WT-infected, WT-infected/OxPAPC-
treated, AslpA B. thuringiensis-infected, and OxPAPC-treated
eyes (Figure 7). PMN infiltration in the eye was estimated by
quantifying myeloperoxidase (MPO) in eye homogenates. MPO
concentrations were significantly greater at 10 h postinfection in
WT-infected eyes compared to that of WT-infected/OxPAPC-
treated (P = 0.0016), AslpA-infected (P = 0.0022), and OxPAPC-
treated (P = 0.0022) eyes (Figure 7A). The levels of MPO in WT-
infected/OXPAPC treated, AslpA-infected, and OXPAPC-treated
eyes were 9-fold, 8-fold, and 38-fold lower compared to that
of untreated WT-infected eyes. These results demonstrated that
infection with AslpA B. thuringiensis and inhibition of the TLR2

and TLR4 pathways during experimental endophthalmitis each
resulted in reduced MPO levels, indicating less PMN recruitment
in these eyes.

A histological comparison of WT-infected, WT-
infected/OxPAPC-treated, AslpA-infected, and OxPAPC-treated
eyes is depicted in Figure 7B. At 10 h postinfection, the anterior
and posterior segments of WT-infected/OxPAPC-treated,
AslpA-infected, and OxPAPC-treated eyes were similar. The
corneas and posterior segments of eyes in these groups had
no inflammation and intact retinas. In contrast, untreated eyes
infected with WT B. thuringiensis had substantial accumulation
of infiltrating cells and fibrin in the posterior segment.
Corneas in these eyes had significant edema, and retinal layers
were detached and often indistinguishable. Together, these
findings demonstrated that inhibition of the TLR2 and TLR4
pathways and infection with SlpA-deficient B. thuringiensis
in experimental endophthalmitis had a similar outcome. In
both cases, inflammation was reduced and ocular architecture
was preserved. Taken together, these results suggest that SLP
contributes to the pathogenesis of Bacillus endophthalmitis via
TLR2 and TLR4.

DISCUSSION

The host-pathogen interaction is an early event that dictates the
severity and outcome of an infectious disease (116). Although
the ocular environment is an immune-privileged site, innate
ocular immune defense mechanisms are capable of responding to
invading pathogens (74, 75, 77, 78). Ocular defense mechanisms
can be easily overwhelmed by infection with a pathogen that
cannot be effectively cleared from the eye. B. cereus intraocular
infection produces a more robust inflammatory response than
other ocular bacterial pathogens such as S. aureus, E. faecalis,
S. epidermidis, S. pneumoniae, E. coli, and Klebsiella pneumoniae
(7, 73, 82, 117). In Bacillus endophthalmitis, within 4h, PMNs
move into the vitreous, and within 8h into the retinal layers.
PMNs not only can disrupt vision through bystander effects on
cells in the retina, but their presence in the vitreous can also
block the clarity of the visual axis (82, 98). Though Bacillus
endophthalmitis is a rare intraocular infection, the potential to
cause blindness is high, and better therapeutic strategies are
needed to improve visual outcomes.

Compared to the envelopes of other Gram-positive
intraocular pathogens, the envelope of Bacillus contains unique
components such as flagella, pili, and a protein coat composed
of SLPs (53-55, 60). Flagella aid in the rapid movement of
Bacillus throughout all parts of the eye, from the initial site
of infection into the anterior segment within 6-12h (89). The
absence of motility affected toxin production, and therefore,
non-motile B. cereus caused less severe disease pathogenesis
(19). We also reported that infection with pili-deficient B.
cereus led to a reduced inflammatory response in the eye,
suggesting the importance of pili in that aspect of this disease
(93). In a recent report (73), we demonstrated that while
the absence of SlpA did not change the growth, cytotoxicity,
motility, hemolytic properties, or cell wall composition of
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B. thuringiensis, the absence of SIpA significantly reduced
disease severity compared to severe disease caused by the WT
parental strain experimental endophthalmitis. SLPs are a major
contributor to the pathogenesis of Bacillus endophthalmitis (73),
but the underlying mechanism by which SLPs contributes to
pathogenesis were unknown.

SLPs form para-crystalline protein sheets that assemble on the
bacterial surface (56). SLPs and their associated proteins facilitate
numerous functions that are critical to cellular physiology and
survival (57, 59). A primary function of SLPs are to promote
colonization by contributing to the adherence to host tissue (68).

It has been reported that SLP of B. anthracis helps the pathogen
to adhere to HeLa cells, and infection with a SLP-deficient
B. anthracis resulted in attenuated infection in guinea pigs
(118). A recent report suggested that SLP of Clostridium difficle
played an important role in the colonization to human intestinal
epithelial cells by contributing to bacterial adherence (63). We
have observed B. cereus and B. thuringiensis near the inner
limiting membrane (ILM) of the retina during experimental
endophthalmitis (5, 73). As physical contact between pathogen
and the infected tissue is the initial event of any host-pathogen
interaction, we compared whether SLPs influenced Bacillus
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FIGURE 7 | Inhibition of SLP-mediated TLR2/4 activation resulted in reduced
inflammatory cell influx and preserved ocular architecture during Bacillus
endophthalmitis. C57BL/6J mouse eyes were infected with 100 CFU WT or
ASIpA B. thuringiensis. Uninfected eyes, or eyes injected with WT B.
thuringiensis were treated with 30 ng/pnL OxPAPC at 4 h postinfection. (A)
Infiltration of PMN was assessed by quantifying MPO in whole eyes by
sandwich ELISA. MPO levels were significantly greater in eyes infected with
WT B. thuringiensis than in eyes infected with WT and treated with OxPAPC,
eyes infected with only AslpA B. thuringiensis, and eyes treated with OXPAPC
alone. Values represent the mean + SEM of N > 4 eyes per group; *P < 0.05.
(B) Infected and treated eyes were harvested at 10 h postinfection and
processed for hematoxylin and eosin staining. Magnification, 10x. Sections
are representative of three eyes in each group.

adherence to different types of retinal cells. Muller cells are the
major retinal cells that span from the outer limiting membrane
(OLM) to the ILM, providing structural and hemostasis support
(119-122). Since the end feet of retinal Muller cells are located
in the ILM, these might be the first retinal cells to encounter
pathogens in the posterior segment. RPE cells are important
for phototransduction and represent the outer blood retinal
barrier. Light-sensitive photoreceptor cells are located anterior
to RPE cells (100-103). A recent report suggested that although
661W cells have been used as cone photoreceptor mimics,
this cell line expresses markers specific to retinal ganglion
cells, such as Rbpms, Brn3b (Pou4f2), Brn3c (Pou4f3), Thyl
and y-synuclein (Sncg), and thus are retinal ganglion cell-
like (99). Here, we demonstrated that SLP plays an important
role in mediating B. thuringiensis adherence to these cell
types in vitro, suggesting its role in bacterial attachment to
retinal cells.

Evading host defense systems is a key event in successfully
establishing an infection. Some organisms are evolutionarily
equipped to conceal themselves from the unfriendly
environment of the host (123-125). If present, SLPs can protect
microorganisms from sudden shifts in pH, exposure to radiation,
and changes in mechanical and osmotic stresses. SLPs can
also shield bacteria from antimicrobial peptides, lytic enzymes,
and bacteriophages (64). It has been reported that the SLP in
Eubacterium yurii provides resistance to this pathogen against
phagocytosis by PMN (72). In addition to providing structural
and homeostasis support, Muller cells might also protect the
retina by phagocytizing microbes (120, 126, 127). Here, we
investigated the role of B. cereus SLPs in phagocytosis by human

retinal Muller cells, neutrophil like HL-60 cells, and mouse
primary neutrophils. We observed significantly less internalized
WT B. thuringiensis than the AslpA B. thuringiensis mutant in all
three phagocytic cell types. These findings support a role of SLP
in promoting Bacillus adherence and evading phagocytosis.

Innate immune responses are the host’s first line of
defense against any invading pathogen, and TLRs are a key
mediator in many inflammatory diseases (128, 129). TLRs
are critical for initiating an ocular inflammatory response
to microbes during keratitis, uveitis, and endophthalmitis
(82, 89-91, 95, 130-132). We demonstrated that during
B. cereus endophthalmitis, TLR2 and TLR4 each directly
influenced the severity of intraocular inflammation (90, 91).
We also reported the importance of MyD88 and TRIF
adaptors in the pathogenesis of B. cereus endophthalmitis
(97). Here, we demonstrated the activation of TLR2 by the
envelope of Gram-positive ocular pathogens, and of these
pathogens, only the envelope of B. thuringiensis activated TLR4.
Since Bacillus is Gram-positive bacterium, it possesses several
universal TLR2 agonists such as peptidoglycan, lipoteichoic
acid, and lipoproteins. However, TLR4 agonists had yet to
be identified.

As cell wall-associated proteins, SLPs have the potential to
interact with retinal innate receptors. C. difficile SLPs have been
shown to activate innate and adaptive immunity in a TLR4-
dependent manner (133). SLP from Lactobacillus helveticus
mediated a proinflammatory response through activation of both
TLR2 and TLR4 in human macrophages (134). We reported
that SLP activated the major transcription factor NF-kb, and
induced proinflammatory cytokine production from retinal cells,
suggesting that this protein might also activate retinal innate
immune pathways (73). Here, by using TLR2 and TLR4 reporter
cell lines, we showed for the first time that SLP not only activated
TLR2, but also TLR4.

Assessing the role of TLRs and adaptor proteins in Bacillus
endophthalmitis has been done using specific TLR- or adaptor
protein-deficient mice (89-91, 97). Since SLP can signal through
both TLR2 and TLR4, we used the oxidized phospholipid
OxPAPC to inhibit both pathways (113). OxPAPC competes with
CD14, lipid binding protein, and MD2, the accessory proteins
that interact with bacterial lipids, and blocks the signaling of
both TLR2 and TLR4 (135, 136). A recent report suggested
that blocking both TLR2 and TLR4 might lay the foundation
for the development of therapies that target inflammasomes
during Gram-negative bacterial sepsis (137). OxPAPC has been
reported to inhibit LPS (for TLR4) and Pam3Csk4 (for TLR2)
ligand-mediated inflammatory responses in mice (138, 139).
Anti-inflammatory effects of OxPAPC-directed attenuation of
TLR signaling in response to pathogens and pathogen associated
molecular patterns (PAMPs) are well recognized (140-142).
Here, we showed that OxPAPC dramatically reduced TLR2
and TLR4 activation by their agonists and by B. cereus SLP
in vitro. In vivo, we observed an unanticipated reduction
in bacterial load in the WT infected-OxPAPC treated group.
In contrast, OxPAPC did not alter bacterial growth in vitro.
We previously reported that absence of TLR2, TLR4, or
TLR5 or their adaptor MyD88 did not result in alterations
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in bacterial burden during Bacillus endophthalmitis. But the
absence of TRIE, which is a key adaptor for TLR4 signaling,
resulted in a significantly reduced bacterial load during Bacillus
endophthalmitis (89-91, 97). Here, OxPAPC treatment resulted
in a reduced bacterial load in the eye from 6- to 12-h
postinfection. A greater bacterial burden might be expected in
tissue where an inflammatory response is insufficient; however,
we did not observe this here. Deficiencies in cathelicidin-
related antimicrobial peptide (CRAMP) which led to increased
S. aureus and Pseudomonas aeruginosa burdens in mouse eyes
with endophthalmitis and keratitis, respectively, have been
reported (143, 144). Hence, it is reasonable to speculate that
increased level of AMPs may lead to a lower bacterial burden.
However, another report demonstrated that TRIF-deficient mice
had low AMP expression levels in the gastrointestinal tract
(145), so the physiological involvement of AMPs may be tissue-
and infection-specific.

If the inflammation we observed here was ordained exclusively
by bacterial burden, infections with WT or AslpA B. thuringiensis
should have resulted in similar levels of inflammation, given
that both strains grow similarly in the eye (73). However, the
course of inflammation and retinal function loss in WT and
AslpA B. thuringiensis eyes were significantly different, but the
rates of bacterial growth in these groups were almost identical
(2.2 and 1.99 h™'). Since B. thuringiensis did not show any
growth defects in the presence of increasing concentrations of
OxPAPC, the possibility arises that blocking both TLR2 and
TLR4 pathways might associated with the upregulation of AMPs
in the vitreous. We did not detect expression of AMPs in the
retinas of WT or TLR4~/~ C57BL/6] mice infected with Bacillus
at 4h postinfection (95). Whether OxPAPC has effects other
than inhibiting TLR2/4 activation or whether OxPAPC induces
expression of AMPs in the retina is an open question.

The retina is a multilayered tissue containing nonregenerative
light sensitive cells responsible for biochemical processes
involved in proper vision (100). Bacillus endophthalmitis
destroys these cells, resulting in retinal function loss. We
reported that mice lacking individual TLRs (TLR2 or 4) and
their adaptors, MyD88 and TRIF, have significant retention of
retinal function during Bacillus endophthalmitis (89-91, 97).
We also reported that infection with a AslpA B. thuringiensis
resulted in better retention of retinal function compared to
infection with a WT B. thuringiensis (73). Here, we observed
that inhibition of both TLR2 and TLR4 signaling with OxPAPC
resulted in significantly higher retained retinal function after
infection with the WT strain, likely due to the preserved retinal
architecture in these eyes. We reported that the absence of
SlpA did not change the cytotoxic properties of Bacillus or
altered its intraocular growth (73). Therefore, it is unlikely that
the differences in retinal function loss between untreated WT-
infected and WT infected-OxPAPC treated and AslpA infected
eyes were due to variations in toxin production by WT and
AslpA B. thuringiensis. However, the lower bacterial burden in
WT infected-OxPAPC treated eyes might have resulted in a
reduced cytotoxic effect on the retina which may have been
reflected in the retained retinal function in OxPAPC-treated
infected eyes.

Retinal detachment is a serious complication of
endophthalmitis and has been reported to occur in 4-21% of
cases (146). Retinal detachments, folds, and complete dissolution
of retinal layers are common in severe cases of endophthalmitis
(5, 17, 47). During B. cereus endophthalmitis, the absence of
TLR2 and TLR4 in mice resulted in less infiltration of PMNs and
fibrin accumulation, and preserved retinal architecture (90, 91).
The lack of inflammation and intact retinal layers were similar to
those reported in infected MyD88 ™/~ and TRIF~/~ eyes at 8 and
12 h postinfection (97). Here, we blocked the SLP-mediated TLR2
and TLR4 activation by OxPAPC and observed better preserved
retinal architecture in the WT-infected/OXxPAPC-treated and
AslpA-infected groups relative to the untreated WT-infected
group. We also observed elevated levels of MPO in the untreated
group as compared to the treated and AslpA-infected groups.
This suggests that TLR2/4 activation by SLP triggered the TLR2/4
pathways which resulted in the migration of PMNs to the eye
and possibly bystander damage to the retina.

Our findings demonstrate for the first time that Bacillus
SLP impacted endophthalmitis pathogenesis by activating
both TLR2 and TLR4 pathways. In addition to identifying
SLP as an unexpected TLR4 agonist, we revealed for the
first time that inhibiting SLP-mediated TLR2/4 activation in
experimental endophthalmitis could reduce disease severity. In
Bacillus endophthalmitis, treatment failures are frequent despite
prompt antibiotic, anti-inflammatory, and surgical intervention.
Up to two-thirds of patients with Bacillus endophthalmitis
lose significant vision, experiencing rapid inflammation and
intraocular tissue damage that may also result in the need for
enucleation (16, 17). As the number of cataract surgeries and
intravitreal injections for degenerative retinal diseases continue
to rise, the risk of endophthalmitis will also increase (147-150).
Since TLRs and their adaptor proteins are major contributors to
the initiation of potentially damaging inflammation in the eye,
finding ligands that activate this pathway could be beneficial in
formulating plausible strategies for therapeutic intervention to
prevent vision loss in endophthalmitis caused by Bacillus and
other bacterial pathogens.
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Glaucoma is a globally unmet medical challenge and the most prevalent
neurodegenerative disease, which permanently damages the optic nerve and retinal
ganglion cells (RGCs), leading to irreversible blindness. Present therapies target solely
at lowering intraocular ocular pressure (I0OP), a major risk factor of the disease; however,
elevated IOP is neither necessary nor sufficient to cause glaucoma. Glaucomatous
RGC and nerve fiber loss also occur in individuals with normal IOP. Recent studies
have provided evidence indicating a link between elevated IOP and T cell-mediated
autoimmune responses, particularly that are specific to heat shock proteins (HSPs),
underlying the pathogenesis of neurodegeneration in glaucoma. Reactive glial responses
and low-grade inflammation may initially represent an adaptive reaction of the retina to
primary stress stimuli; whereas, sustained and excessive glial reactions lead to expanded
immune responses, including adaptive immunity, that contribute to progressive neural
damage in glaucoma. Emerging data suggest a similar mechanism in play in causing
neurodegeneration of other forms of optic neuropathy, such as that resulted from acute
ischemia and traumatic injuries. These studies may lead to the paradigm shift and offer
a new basis for the development of novel mechanism-based diagnosis, therapy, and
preventive interventions for glaucoma. As HSPs are induced under various conditions of
neural stress and damage in the brain and spinal cord, these findings may have broader
implications for our elucidating of the etiology of other neurodegenerative disorders in
the central nervous system.

Keywords: glaucoma, optic neuropathy, heat shock proteins, T cells, glial response, neuroinflammation

INTRODUCTION

Glaucoma, which leads to progressive and irreversible vision loss, presents a critical medical
challenge, partly due to the poorly studied mechanisms that damage the optic nerve and lead
to the death of retinal ganglioncells (RGCs). While current therapy targets solely on lowering
the intraocular pressure (IOP), studies have indicated that the pathogenesis of the disease is
multifactorial (1). Factors such as genetics, age, and immunity are shown to be critical contributors.
In addition, glaucoma can occur in patients with normal IOP, so called normal tension glaucoma
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(NTQG). The therapeutic approach that aims to lower the IOP
is insufficient to halt, sometime limited slowing down of the
progression of the disease (2). There is strong evidence supported
by both experimental and clinical research that elevated IOP
triggers secondary responses which are responsible for RGC
degeneration in glaucoma. In this review, we examine the
evidence regarding the involvement of innate and adaptive
immunities, including the induction of T and B cell-mediated
responses and microglial activation in the acquisition of
pathogenicity in glaucoma. Furthermore, the involvement of
heat-shock proteins (HSPs), such as HSP27 and HSP60, both as
neuroprotective and degenerative roles in the disease progression
is discussed.

THE EYE AS AN IMMUNE PRIVILEGED
SITE AND THE CASE OF GLAUCOMA

The eye is recognized as an immune privileged site. Immune
regulation in the eye is characterized by its active local
immunosuppression, which is achieved, in part, through the
blood-aqueous and blood-retina barriers, the unique feature
of the pigment epithelial cells, and the local production of
immunosuppressive cytokines and neuropeptides (3, 4). Immune
cells that enter the eye in response to infection or injury usually
are induced to undergo apoptosis via the activation of Fas-FasL
signaling without causing inflammation or tissue damage (5).
Antigenic material being introduced into the eye elicits immune
deviation or suppression of T cell-mediated immunity that leads
to peripheral immune tolerance to the antigens, a mechanism
termed Anterior Chamber Associated Immune Deviation (6).
Such immune privilege is thought to protect the retina, which
has limited ability for regeneration and self-repair, from the
damaging effects of an uncontrolled immune responses (7).

The eye’s immune privileged status, however, is affected by
diseased conditions, such as in the case of glaucoma, when the
blood-retina barrier is compromised and cytokine productions
are often altered (8). Activation of both innate and adaptive
immune responses is evident in glaucoma. While systemic
immune responses to the retina is strictly controlled, residential
glial cells, including microglia, astrocytes, and Miiller cells,
play the roles of immune surveillance in the retina. They are
found to become activated in the early stage of glaucoma (9).
Recent evidence also reveals the critical involvement of systemic
adaptive immune responses in the pathogenesis of glaucoma.
Complex patterns of retinal proteins and autoantibodies against
retinal specific antigens have been detected in the sera of
patients with glaucoma (10, 11). Such patterns of serum protein
and antibody profiles may be used for early diagnosis and
detection of glaucoma and/or assessment of the progression
of the disease (11-13). Further supporting a compromised
blood-retinal barrier in glaucoma, autoantibodies were found
to have access to the retina, and infiltration of inflammatory
leukocytes and macrophages were noted preceding clinical
symptoms of glaucoma (14, 15). Increased expression of matrix
metalloproteinase in the astrocytes of the optic nerve head
(ONH) is thought to associate with the loss of the retinal immune

privilege, thus antibody penetration into the eye (16, 17). To
date, elucidating the exact involvement of innate and adaptive
immunity in pathogenesis of glaucoma remains the key to
understanding of the disease etiology (18).

INNATE IMMUNE RESPONSES IN
GLAUCOMA

The innate immunity is body’s first line of defense against
foreign organisms, and it offers a quick response that does
not confer long-lasting protection against the same pathogen.
In glaucoma, it is elevated IOP, not necessarily a foreign
antigen, that triggers an innate immune response, which usually
involves resident immune cells, such as microglia, as well as the
infiltration of macrophages/monocytes (9). Neuroinflammatory
responses generated by microglia are thought to play a leading
role in glaucomatous pathophysiology. Studies show that glial
activations occur at the early stage of the disease in glaucoma
patients and animal models (19-21). Increased microglial
activity, cell density, and their expression of complement Clq
were noted in the retina and optic nerve in experimental model
of glaucoma before RGC and axonal loss is observed (22, 23)
and thought to be detrimental to retinal neurons. Support
for this notion was the elevation of TNFa in the aqueous
humor of glaucoma patients and rodent models of glaucoma,
correlating with the worsening of RGC loss (24, 25). Suppression
of microglial activation with minocycline or neutralization of
TNFa protected RGCs from elevated IOP-induced cell death in
rodents (26, 27).

Astrocytes and Miiller glia, together called astroglia, also
respond to the elevated IOP by developing reactive gliosis, which
is characterized by the upregulation of glial fibrillary acidic
protein and releasing of chemokines and cytokines, including
TNFa. This response is also believed to be a pathological element
that contributes to neural damage in glaucoma. More recently,
studies revealed that reactive gliosis and TNFa production could
be neuroprotective to RGCs. The timing of TNFa expression
appears to be crucial as that the early induction of TNFa
correlates with RGC survival, while longer-term expression
causes RGC degeneration (28). In addition, reactive glial cells
produce a variety of neuroprotective molecules, such as insulin-
like growth factor-1 (IGF1), to protect RGCs from neural
damage (29). Overall, the available evidence strongly suggests
that reactive glia are involved in the pathology of glaucoma. To
date, the key inflammatory signals that lead to glaucomatous
neurodegeneration remain unknown.

INVOLVEMENT OF T CELLS IN GLAUCOMA

Activation of the innate immune system initiates and directs the
adaptive immune responses, which involve T and B lymphocytes
and are also featured in the glaucomatous pathogenesis. In
contrast to the innate immune system, the adaptive immune
system requires up to 7 days to be activated. Recent report
on the involvement of heat shock protein (HSP)-specific T
cells offers the key evidence support a role for autoimmunity
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in glaucoma (30). However, analysis of T cells in patients
and experimental models of glaucoma remains limited; there
are only few studies focusing on the presence of specific T
lymphocyte subsets in the sera of glaucoma patients. In part, this
is because pathogenic antigens in the retina are long thought
to induce T regulatory (Treg) cells through a mechanism of
ACAID, therefore maintaining the ocular immune privilege.
Recent studies of the peripheral blood of glaucoma patients
revealed that the immunity activated in glaucoma may not
be counterbalanced by an efficient immune suppression (30,
31). Patients with glaucoma exhibited a trend of decreased
frequency of Treg and their CD44 T cells presented a greater
stimulation response characterized by increased proliferation
and proinflammatory cytokine secretion. Elevated frequencies
of CD3TCD8™ lymphocytes in both patients with NTG and
primary open-angled glaucoma were noted, and CD8tHLA-
DR* lymphocytes were particularly prevalent in NTG. This
was accompanied by the increased expre ssion of the soluble
interleukin-2 (IL-2) receptor, a marker of T cell activation
(32, 33).

The pathogenic role of T «cells in glaucomatous
neurodegeneration is supported by the evidence that adoptive
transfer of T cells from glaucomatous mice results in a
progressive loss of RGCs and their axons in recipient mice with
a normal IOP (34). A link between elevated IOP and induction
of anti-HSP autoimmunity has also been suggested (14, 35).
HSP27 and HSP60 immunization in rats induced a pattern
of RGC and axon degeneration similar to that was seen in
patients with glaucoma (36). A transient infiltration of T cells
in the retina was noted 2 weeks after the immunization. In vitro
study further demonstrated T cell activation following HSP-
immunization, which initiated the production of inflammatory
cytokine and FasL, resulting in RGC apoptosis. Recently, using
mice deficient in CD4" af T cells, it was reported that CD4™
T cells play a crucial role in propagating RGC degeneration,
particularly during the prolonged period of progressive neural
damage, in glaucoma (30). Uncovering the association between
T cell-mediated autoimmunity and progressive neuron loss
in glaucoma may allow the development of novel therapeutic
interventions that eventually offer a cure for the disease.

HSPS AS PATHOGENIC AUTOANTIGENS
IN T CELL-MEDIATED GLAUCOMATOUS
NEURODEGENERATION

Adaptive immune responses are elicited by specific antigen
stimulation, and HSPs have been identified as pathogenic
autoantigens which evoke T cell responses in glaucoma (30).
The stress response is a highly conserved mechanism of cellular
responses to a wide variety of physiological challenges (37). The
response is characterized by the induction of specific cellular
proteins with protective functions, such as HSPs. Intracellular
HSPs function as molecular chaperones to prevent protein
aggregation and facilitate refolding of dysfunctional proteins,
which is critical to the survival of all organisms (38). They
are some most abundant intracellular proteins that protect cells

from destruction and facilitate neural repair through astrocyte
and microglial recruitment in the CNS. However, evidence
reveals that their release into the extracellular environment
is an indication of loss of cellular integrity, thus acts as
“danger signals” and elicit both the innate and adaptive immune
responses (39). Extracellular HSPs may activate microglia to
secrete pro-inflammatory cytokines, such as IL-1p, IL-6, and
TNF-a and trigger innate immune responses through toll
like receptor 2 (TLR2) and TLR4 (40-42). They can also
be processed and presented by antigen presenting cells to
stimulate T cell responses. Continued and prolonged IOP
elevation leads to HSP upregulation, autoantibody formation,
and immune responses in glaucomatous eyes. Overexpression
of HSP27 in neurons exacerbated RGC loss following IOP
elevation without affecting RGC numbers under a normal IOP
(30). These data suggest that elevated IOP not only upregulates
HSPs, but also triggers their extracellular release and evoke
immune responses.

Tezel et al. have demonstrated increased immunostaining
of HSPs in the glaucomatous eyes (43). In a laser-induced
rat and non-human primate models of glaucoma, elevated
IOP induced expression of HSP27 and HSP70 (44-47). This
elevation of HSPs following increased IOP is suggested to be
neuroprotective, due in part to the study investigating the
effects of geranylgeranylacetone, an HSP70 inducer developed
as an anti-ulcer drug. Geranylgeranylacetone decreased elevated
IOP-induced neuronal damage by reducing RGC apoptosis and
axon loss (44). Subsequent studies by Wax et al. reported that
immunization of rats with HSP27 or HSP60 induced significant
RGC loss that was in conformity with the RGC- and nerve
bundle-specific lesions observed in patients with NTG (36).
Recent studies further demonstrate HSP-specific T cell responses
in patients with glaucoma (30). Remarkably, mice raised in
the absence of commensal microflora (germ-free mice) did not
harbor HSP-specific T cells nor did they develop glaucomatous
neurodegeneration after IOP elevation (30). These results are in
line with the clinical observation that IOP is neither necessary
nor sufficient for glaucomatous neuronal damage. It is the
subsequent stress-induced events involving retinal inflammation
and T cell-mediated responses that are keys to the pathogenesis of
glaucoma. Taken together, family of HSPs are critical modulators
of both the homeostatic and cytoprotective as well as pathogenic
immune response and neurodegenerative arms of the retina and
are thus integral to our understanding of neurodegeneration
in glaucoma. Identification of key pathogenic autoantigens
associated with glaucomatous T cell responses may also provide
a foundation for future exploration of tolerance-based clinical
intervention for preventing or treating the disease.

CONCLUDING REMARKS

Glaucoma is a globally unmet medical challenge due to its
prevalence and debilitating consequences. The lack of cure
for such a major disease reflects poor understanding of the
disease’s mechanisms. Numerous clinical and experimental
data are now pointing to an unexpected interaction among
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FIGURE 1 | Schematic illustration of elevated IOP-induced cellular responses in the retina. (A) Residential glial cells maintain cellular homeostasis in the normal retina.
(B) In the glaucomatous retina, elevated IOP upregulates heat shock proteins (HSPs), initiates both the innate and adaptive immune responses that include microglial
activation and T cell infiltration. Sustained and excessive immune responses lead to RGC apoptosis and vision loss. IOP, intraocular pressure; RGC, retinal ganglion
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elevated IOP, HSP-specific T cell responses and glaucomatous
neurodegeneration and suggesting the crucial involvement
of adaptive immunity in neurodegeneration associated with
glaucoma. Although the primary response may be favorable in
protecting the eye, the proceeding events that lead to long-lasting
activation of glial cells and adaptive immune responses can be
destructive. They disrupt the homeostasis of the retina and result
in the dysfunction of the immune privilege status of the eye
(Figure 1). The mechanisms of immune regulation in glaucoma
demonstrate certain patterns which are similar to those seen
in autoimmune diseases. The antigens and complex antibodies
involved in the activation of immunity response are found in the
sera of the patients. Although it remains unclear if the antibody
production contributes to a cause or consequence of glaucoma,
detection of these antibodies may serve as early diagnostic
markers for the disease that may allow for proper and effective
treatment prior to the late stage of the disease where progression
has already occurred. Through careful examination of factors,
including the activation of the glial cells, upregulation of HSPs,
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Myeloid cells, such as granulocytes/neutrophils and macrophages, have responsibilities
that include pathogen destruction, waste material degradation, or antigen presentation
upon inflammation. During persistent stress, myeloid cells can remain partially
differentiated and adopt immunosuppressive functions. Myeloid-derived suppressor cells
(MDSCs) are primarily beneficial upon restoring homeostasis after inflammation. Because
of their ability to suppress adaptive immunity, MDSCs can also ameliorate autoimmune
diseases and semi-allogenic responses, e.g., in pregnancy or transplantation. However,
immunosuppression is not always desirable. In certain conditions, such as cancer or
chronically inflamed tissue, MDSCs prevent restorative immune responses and thereby
aggravate disease progression. Age-related macular degeneration (AMD) is the most
common disease in Western countries that severely threatens the central vision of
aged people. The pathogenesis of this multifactorial disease is not fully elucidated, but
inflammation is known to participate in both dry and wet AMD. In this paper, we provide
an overview about the potential role of MDSCs in the pathogenesis of AMD.

Keywords: myeloid-derived suppressor cell, age-related macular degeneration, inflammation, innate immunity,
adaptive immunity

INTRODUCTION

Hematopoietic stem cells (HSCs) produce lymphoid and myeloid blood cells. Lymphoid cells
include T and B lymphocytes and natural killer (NK) cells, whereas myeloid cells include
monocytes, macrophages, granulocytes, erythrocytes, megakaryocytes, and platelets (1). Despite
their roles in the innate immune system, myeloid cells can also function as suppressors, although
that task has more traditionally been associated with regulatory T cells. Myeloid-derived suppressor
cells (MDSCs) remain immature and are a phenotypically and functionally heterogeneous cell
population with immunosuppression as their common denominator. MDSCs are widely known for
their capacity to suppress host T cell responses against tumor tissue, but they can also be generated
upon other stressful conditions, from infections to autoimmunity and obesity, and suppress other
cell types, including dendritic cells, NK cells, or macrophages (2-5). MDSCs are not uncommon in
ocular diseases either, and they have been studied especially in experimental autoimmune uveitis,
a murine model of posterior uveitis of autoimmune origin where retina-specific T cells promote
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MDSCs in AMD

local inflammation, leading to the breakdown of the blood—
retinal barrier (BRB), as well as retinal granulomas, folding,
and detachment (6, 7). Monocytic MDSCs have also been
shown to protect retinal ganglion cells from glutamate-induced
damage (8). Despite the potential of MDSCs to enter the retina,
their role in other retinal diseases, such as age-related macular
degeneration (AMD), has remained elusive.

PATHOPHYSIOLOGY OF AMD

AMD is the leading cause of severe vision loss among the elderly
in developed countries (9). Prolonged life expectancies further
amplify its prevalence and cause a vast economic and national
health burden. AMD disturbs central vision due to the loss of
photoreceptors in the macula, a photoreceptor-dense retinal area
responsible for the fine visual acuity (Figure 1) (10). There are
two forms of the disease; advanced retinal atrophy is known as
dry AMD, and it slowly disturbs the central vision (11). In wet
(also known as exudative or neovascular) AMD, which comprises
ca. 10-15% of the cases, fragile blood vessels sprout from the
choroid into the retina (11). Those neovessels rupture easily and
cause edema and acute vision loss (12). It is commonly believed
that the disease begins as a slowly progressing dry form that
later in some people converts into wet AMD but mechanisms
have remained elusive. In a recent study, Krogh-Nielsen et al.
suggested that difference between the two disease forms could
be associated with age and AMD pathology-related changes in
the structure and the functionality of the Bruch’s membrane.
They showed a positive correlation in dry AMD patients between
age and the expression of tissue inhibitor of metalloproteinase
(TIMP)-1, a regulator of matrix metalloproteinases (MMPs) with
anti-angiogenic properties (13). Conversely, plasma levels of
TIMP-3/MMP-2 ratios were significantly lower in patients with
wet AMD (13).

As an age-related disease, changes resulting in clinical
AMD accumulate over years, even decades. Normal aging
contributes to retinal alterations, such as photoreceptor loss,
Bruch’s membrane thickening, choroid thinning, and formation
of hard drusen in the retinal periphery; but in AMD, these
become emphasized (11). In addition, AMD involves soft drusen
formation at the macular area. Yellowish drusen are extracellular
deposits of cellular debris, lipids, lipoproteins, amyloid deposits,
and various proteins between the retinal pigment epithelium
(RPE) and the Bruch’s membrane (Figure1) (11). They are
typically among the first clinical signs upon diagnosis of AMD
(14). Drusen-related proteins include various immune system-
associated factors, such as complement components, and AMD-
related soft drusen are also highly immunoreactive (11). Drusen
material is known, for example, to activate inflammasome
signaling in RPE cells and macrophage infiltration in the diseased
retina (15-18).

The single-cell layer of retinal pigment epithelium (RPE)
plays a significant role in the pathogenesis of AMD, and
its degeneration is preceding the photoreceptor death in
both dry and wet AMD (12, 19). In normal conditions,
one major task of RPE cells is to phagocytize spent tips of

photoreceptor outer segments (POS) and degrade them by
autophagy (19). Efficient removal of waste material is critical,
since ca. 10% of the photoreceptor layer volume becomes
shed and degraded every day (20). However, aging deteriorates
the functionality of intracellular degradation systems, which
results in the accumulation of waste products in postmitotic
and metabolically active RPE cells (19, 21). This results in
increased oxidative stress and accumulation of non-degradable
lipofuscin in lysosomes, which are responsible for waste removal
by their enzymes (19). Lipofuscin inhibits autophagy, leading
to the accumulation of aged mitochondria, which is one of the
established characters of AMD (22, 23). In normal conditions,
defective mitochondria become degraded by autophagy in a
process called mitophagy; but upon autophagy blockade, they
continue producing excessive amounts of reactive oxygen species
(ROS). Dysfunctional autophagy promotes inflammation in RPE
cells through inflammasome activation (24), and oxidative stress
is the principal mechanism triggering the activation of NLRP3
receptor responsible for the inflammasome complex assembly
(25). The vicious circle between dysfunctional autophagy,
mitochondria, and inflammasome activation contributes to the
development of pro-inflammatory retinal milieu that further
promotes the deposition of lipofuscin and drusen material (19,
19). In addition to local pathology, systemic changes in the levels
of certain factors, such as IL-6 or soluble TNF receptor II, have
also been associated with AMD (26, 27).

ROLE OF MYELOID CELLS IN AMD
PATHOLOGY

Inflammation is a physiological first-line response to any
factor endangering cellular homeostasis (28). Cytokines and
chemokines produced in response to pattern-recognition
receptor (PRR) activation-induced signaling cascades alert
the immune system to restore homeostasis. Chemokines are
messengers specialized in attracting leukocytes to the inflamed
tissue. In normal conditions, the eye has immune privilege
maintained by the BRB, which restricts the infiltration of blood-
derived leukocytes, but does not entirely prevent it, especially
during aging (29). Microglia are resident inflammatory cells at
the retina, which normally locate in the inner layers of the neural
retina near to retinal blood vessels (10). Microglia cells play an
important role in maintaining homeostasis at the retina where
they migrate back and forth to the subretinal space between RPE
cells and photoreceptors. In AMD, prolonged existence of stress
factors contributes to the tendency of microglia to accumulate
in the subretinal space, which aggravates retinal degeneration
(10, 30). Relocation of microglia to the subretinal space induces
extravasation of myeloid cells through retinal vessels to replace
the lack of microglia in the inner retina (31). C-C chemokine
receptor type 2-positive (CCR2T) monocytes even differentiate
into microglia-like cells after arrival (31).

AMD is associated with the rupture of BRB, allowing
chemokines to recruit leukocytes also from the underlying
choroid and systemic circulation to the retina (10). It has
been shown both in dry AMD patients and the Crybal
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FIGURE 1 | The structure of healthy (A) and diseased (B) retinae. AMD is associated with the death of RPE and photoreceptors, rupturing of the Bruch’s membrane,
the accumulation of macrophages and microglia in the choroidea and/or subretinal area, and the deposition of drusen between the RPE and the Bruch’s membrane,
as well as the accumulation of lipofuscin inside the RPE cells. Moreover, in wet AMD, fragile blood vessels sprout from the choroidea in a process called choroidal
neovascularization (CNV) to the retina where they leak causing edema and rapid vision loss. A, axons of optic nerves; BV, blood vessel; CH, the choroidea; D, drusen;
GG, ganglion cells; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segments of photoreceptors; M, microglia; M®, macrophage; ONL, outer nuclear layer;

OPL, outer plexiform layer; OS, outer segments of photoreceptors; RPE, retinal pigment epithelium cells.

cKO mouse model with conditional knockout of the gene
encoding PA3/Al-crystallin that early AMD is associated
with infiltration of neutrophils to the choroid and the retina
(32, 33). Infiltration of monocytes and their differentiation
to macrophages upon retinal damage has been proven by
various studies (34-37). Still, the fate of immune cells,
especially microglia and monocyte/macrophages upon
retinal damage is inadequately known (36). Despite observed
leukocyte infiltration in the retina during the development
of both AMD forms, it is possible that reduced oxygen
consumption due to degeneration of photoreceptors
alleviates the attraction of leukocytes in dry AMD. This
view is supported by the fact that patients with advanced
dry AMD lack significant macular edema or immune cell
infiltration (38).

AMD-related leukocyte infiltration can be inflicted by
impairment in receptors responding to chemokines that yield
an increasing concentration gradient toward the inflamed tissue.

C-X3-C Motif Receptor 1 (CX3CR1) and CCR2 are chemokine
receptors implicated in drusen formation and the development
of AMD (39). Interestingly, monocytes expressing both CX3CR1
and CCR2 receptors have been classified as inflammatory,
whereas cells expressing only CX3CR1 have been termed anti-
inflammatory (40). CX3CR1 and CCR2 ligands C-X3-C Motif
Ligand 1 (CX3CL1 or fractalkine/human, neurotactin/mouse)
and Monocyte Chemoattractant Protein 1 (MCP-1 or C-C Motif
Chemokine Ligand 2, CCL2), respectively, recruit especially
macrophages to inflamed tissue as well as microglia to and
from the subretinal space (39, 41). CCL2 is also capable of
attracting effector T cells, regulatory T (T reg) cells, and
MDSCs (42, 43).

CX3CL1 is a transmembrane protein with integrin-like ability
to bind monocytes and T cells, which can also be cleaved into
a soluble form with chemotactic capacity (44). Several ocular
tissues, including the RPE, constantly expresses CX3CL1 to
control the redistribution and activity of CX3CR1-expressing
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microglia (40, 45). Dysfunctionality or loss of CX3CR1 results in
the subretinal accumulation of microglia, which contributes to
drusen-like lesions, retinal degeneration, and neovascularization
(40). Also, prominent infiltration of inflammatory monocytes
in the subretinal space has been associated with photoreceptor
death through the P,X7R-dependent NLRP3 inflammasome
activation and IL-1f production in Cx3crl-deficient mice
(37, 46, 47). Dysregulated microglia-mediated neurotoxicity
upon CX3CRI deficiency is also known in central nervous
system (CNS)-related conditions, such as CNS response to
systemic endotoxin-induced inflammation, Parkinson’s disease,
and amyotrophic lateral sclerosis (ALS) (48). On the other
hand, subretinal accumulation of microglia and macrophages
also increase during aging irrespective of CX3CR1 expression
(49, 50). In a prospective case-control study, higher proportions
of CX3CR1" and CCR2" non-classical monocytes were found
from peripheral blood of patients suffering from wet AMD
when compared to age-matched control subjects devoid of
AMD (51). Together, the data suggest that mononuclear
cells accumulated at the subretinal space contribute to the
retinal degeneration and photoreceptor loss. The role of
CX3CR1 in the cell infiltration remains elusive but its
increased expression in the peripheral monocytes of wet
AMD patients does not exclude disease-specific changes in
chemokine receptors.

ADAPTIVE IMMUNITY IN AMD PATIENTS

In the case that acute inflammation cannot be resolved cannot
be resolved, the adaptive immune system becomes activated
(52). According to current knowledge, in AMD, this refers to T
lymphocyte-dependent responses more than B lymphocytes. No
differences in the levels of B cells between AMD patients and
control subjects have been observed, but oxidative stress-induced
neoepitopes and increased concentrations of retinal auto-
antibodies in patients with either dry or wet AMD imply that
B lymphocytes can be associated with the disease pathogenesis
(53-55). In contrast to that, more findings point to the role of
T lymphocytes in AMD. T cells can roughly be categorized as
helper T (Th) cells, cytotoxic T (Tc) cells, y3-T cells, and T reg
cells (56).

Healthy RPE contributes to the formation of physical BRB
and actively removes infiltrating T cells by killing them through
Fas-mediated apoptosis or rendering them anergic (57, 58).
There is evidence suggesting that in AMD, T lymphocytes can
escape elimination or anergization or be functionally altered
or impaired from being capable of responding to regulatory
signals (52, 59). Also, disease-associated deviations in aging
immune system have been reported. For example, increased
levels of CD28~CD56™ T cells in AMD patients point toward
an immunosenescent phenotype, as with similar association,
found also in coronary artery disease, rheumatoid arthritis, and
Behget’s uveitis (60, 61). Moreover, age-dependent reduction
in the amounts of Thl cells was observed in peripheral
blood of healthy relatives but not in patients suffering either
from dry or wet AMD (62). In a small study by Yu et al,
higher levels of IFN-y and IL-4 were measured from PHA-
stimulated PBMC cultures of wet AMD patients in comparison

to control subjects, suggesting reactivity of Thl and Th2
cells in patients (63). The finding on Thl cells is supported
by Chen et al. who showed increased levels of IFN-y and
IL-17-expressing CD4" T cells in the circulation of wet
AMD patients when compared to control subjects (64). Thl
and Th17 cells isolated from patients also shifted monocytes
toward a pro-inflammatory M1 macrophage phenotype that
has been associated with retinal damage (64). In addition
to data implying systemic activation of adaptive immunity,
in an experimental model of AMD, cytotoxic CD8" T cells
directly facilitated RPE degeneration following the immunization
of mice with carboxyethylpyrrole (CEP)-modified albumin in
complete Freund’s adjuvant (65). In another mouse model, laser-
induced CNV resulted in the infiltration of IL-17-producing y3-T
cells into the eye, which subsequently promoted inflammation
in RPE cells (56). Retinal infiltration of IL-17-producing y3-
T cells was also detected in mice deficient in anti-oxidant
system-regulating nuclear erythroid 2-related factor 2 (Nrf2)
exposed to a high-fat, cholesterol-rich diet (59). The findings
of deleterious effects are contradictory to the role of y3-
T cells as intraepithelial lymphocyte (IEL)-like cells with
protective functions upon inflammatory environment and RPE
degeneration (66). The outcome is probably related to local
conditions, since inflammasome-associated cytokine IL-1p and
the alarmin protein high-mobility group box 1 (HMGBI) are
capable of promoting IL-17 expression by y8-T cells (67).
Conversely, inhibition of IL-1f and HMGB1 or depletion of y8-
T cells prevented experimental CNV in laser-treated mice (67).
Keeping in mind that inflammasome activity and autophagy are
inversely dependent on each other, dysfunctional autophagy in
aged RPE cells may promote infiltration of IL-17-producing y3-T
cells through inflammasome activation.

MYELOID-DERIVED SUPPRESSOR CELLS

Acute inflammation induces myelopoiesis, strongly expanding
neutrophils and monocytes, the latter of which differentiate
into macrophages or dendritic cells in tissues depending on
local conditions (68, 69). Those cells are active in restoring
tissue homeostasis by phagocytosis, respiratory bursts, and
promotion of further immune responses by secreting cytokines
and activating adaptive immunity (69). Upon persistent
stress, myeloid cells remain partially differentiated and adopt
immunosuppressive functions (69). MDSCs were initially
characterized in mice on their expression of Gr-1 in addition
to the classical myeloid marker CD11b (70). Gr-1 is comprised
of Ly6C and Ly6G that represent monocytic and granulocytic
MDSCs, respectively (71). Due to the lack of homolog for Gr-1,
human MDSCs are generally called mononuclear/monocytic (M-
MDSC) and polymorphonuclear/granuclocytic (PMN-MDSC)
cells (72). M-MDSCs are defined as CD11bTCDI14THLA-
DR~/°CD15~ and PMN-MDSCs as CD11b*CD14-CD15%
or CD11bTCD14~CD66b* (71). Also, the myeloid marker
CD33 can be used to define MDSCs; it is expressed by M-
MDSCs, whereas PMN-MDSCs display D(C33dim staining (71).
Lin"HLA-DR™CD33™ are early stage MDSCs that can be found
from human, but their equivalent in mice is not known yet
(71). Physiologically, MDSCs are advantageous in semi-allogenic
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situations, such as pregnancy or transplantation, but they are
better known for their disadvantageous immunosuppressive
functions in chronic pathologies, for example, in chronic
infections or cancer (72, 73) (Figure 2). MDSCs can regulate
both innate and adaptive immune responses, e.g., by modulating
macrophages, inhibiting NK or T cell responses or by inducing
regulatory T cells (2, 5, 74-79). Their non-immunological
functions include promotion of angiogenesis and metastasis
(2, 80). Factors by which MDSCs execute their effects include
arginase 1 (Arg-1), indoleamine dioxygenase (IDO), IL-10,
inducible nitric oxide synthase (iNOS), nitric oxide (NO), heme
oxygenase 1 (HO-1), carbon monoxide (CO), prostaglandin E2
(PGE2), ROS, and cysteine depletion (2, 73). The anergization
of NK cells is dependent on the membrane-bound TGF-B1
of MDSCs, and intracellular HO-1 of MDSCs regulates T cell
proliferation by CO production (73, 75). HO-1, as a stress-
responsive enzyme with immunoregulatory and cytoprotective
properties, is capable of protecting against oxidative stress,
regulating cell proliferation, modulating inflammatory responses,
and facilitating angiogenesis (81). HO-1 has been observed as
a central mediator in MDSC-associated suppression upon
transplantation (82). Along with the expression of regulatory
cytokine IL-10, HMOX-1 encoding for HO-1 was reduced in
monocytic MDSCs of secondary progressive multiple sclerosis
(MS) patients when compared to relapsing-remitting MS
patients or healthy subjects (83). HO-1 also participates in the
tumor microenvironment to protect tumor cells from apoptosis,
to improve their growth and potentially also metastasis
(81, 84). Collectively, MDSCs are beneficial in quenching

acute inflammation, autoimmune diseases, and responses
against (semi-)allografts but become detrimental upon chronic
inflammatory and neoplastic conditions.

MDSCS IN THE MAINTENANCE OF
RETINAL HOMEOSTASIS

Besides the contribution to physical BRB, RPE cells have also
other means to maintain homeostasis at the retina (38). Secretion
of TGF-B or thrombospondin-1 (TSP-1) and the expression
of programmed death-ligand 1 (PD-L1/CD247/B7-H1) on the
plasma membrane alleviate T and B cell responses, and the
production of cathepsin L inhibitor CTLA-20 promotes the
induction of CD4TCD25% Foxp3™ T reg cells (85-90). RPE cells
also produce soluble neuropeptides with immunomodulatory
capacities. Kawanaka et al. showed that neuropeptides alpha-
melanocyte stimulating factor (a-MSF) and neuropeptide Y
(NPY) induced co-expression of Argl and NOS2 in resting
macrophages, converting them into MDSC-resembling cells that
showed significantly reduced secretion of pro-inflammatory
cytokines upon exposure to lipopolysaccharide (LPS) (91). In
contrast, cells expressing only Argl or NOS2 but not both
were found from laser-wounded retina (91). Cells lacking co-
expression were less efficient in inducing apoptosis in T cells
and contributed to the development of pro-inflammatory milieu.
As an additional mechanism, RPE cells have been shown
capable of inducing MDSC differentiation from co-cultured bone
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FIGURE 2 | Potential functions of MDSCs upon acute versus chronic conditions. Green and orange boxes refer to positive and negative effects, respectively. EAU,
experimental autoimmune uveitis; M1, type 1 macrophage; MDSCs, myeloid-derived suppressor cells; Th1, type 1 helper T cell.
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marrow (BM) progenitor cells upon exposure to granulocyte-
macrophage colony-stimulating factor (GM-CSF) and IL-4 (7).
In the absence of RPE cells, BM cells were differentiated into
dendritic cells in the presence of given cytokines, as expected
(7). CD11b*Gr-1T MDSCs shared similar surface markers with
tumor MDSCs, they efficiently inhibited T cell proliferation and
inflammatory cytokine production, and their systemic delivery to
mice immunized with the interphotoreceptor retinoid-binding
protein (IRBP);__,p peptide in complete Freunds adjuvant
(CFA) prevented EAU-related retinal injury (7). The pro-
inflammatory cytokine IL-6 was needed for the process since its
blockade reduced the RPE cell-induced MDSC differentiation.
Instead, TGF-B did not participate in the differentiation process
(7). Both IL-6 and TGF-f can be very harmful due to their
capacity to induce inflammation and fibrosis, respectively, but
probably concentrations and locations influence their effects (86).

POTENTIAL OF MDSCs IN PROVOKING
ANGIOGENESIS IN DISEASED RETINA

Chronic inflammation is known as a promoter for MDSC
differentiation and functionality. MDSCs have also been
experimentally induced wusing different cytokine cocktails
(92). Bunt et al. showed in murine cells that IL-1B-induced
inflammation activated MDSCs through the TLR4/CD14
pathway making MDSCs to regulate macrophages by increasing
their IL-10 and reducing IL-12 productions (93). That may
refer to a homeostatic process where M2-type macrophages
producing immunosuppressive IL-10 prevent the expansion of
M1 population, which by releasing pro-inflammatory cytokines,
such as IL-12 and TNF-aq, is associated with tissue destruction
and T helper 1 (Th1) cell activation (65). On the other hand,
anti-inflammatory but pro-angiogenic M2 macrophages have
been associated with choroidal neovascularization and the
development of wet AMD (94, 95).

Drusen material accumulating between the RPE and the
Bruch’s membrane diminish the oxygen supply from the choroid
to the retina (96). RPE cells suffering from hypoxia can result in
the release of vascular endothelial growth factor (VEGF) already
prior to the production of inflammatory markers (97). Upon
laser-induced vessel formation, peak in the VEGF production
coincided with the arrival of macrophages, supporting the
link between RPE-associated promotion of neovascularization
(98). Macrophages sense the need for oxygen by retinal
cells and further potentiate the VEGF-mediated neovessel
formation (10). In cancer, inflammation-induced MDSCs inhibit
immunosurveillance to allow persistence and proliferation of
premalignant and malignant cells (99). The capacity of MDSCs
to induce angiogenesis has not been shown only in cancer studies
but also in the neovascularization of an ischemic hind-limb of
mice (80, 100).

It is intriguing to hypothesize that cyclooxygenase-2 (COX-
2) in choroidal neovascular membranes could maintain elevated
MDSC levels such that neovessel growth is promoted. COX-
2 is the predominant cyclooxygenase in human RPE cells, and
inflammatory cytokines further promote its expression (101).
COX-2 activity is capable of recruiting MDSCs through CCL2

or PGE2. COX-2 converts arachidonic acid to PGE2 that plays
a major role in the physiologic induction of MDSCs (102).
Direct effects of PGE2 through the E-prostanoid (EP) receptor
provide an alternative pathway for Ccl-2- or Ccr-2-deficient mice
to develop atrophic (dry) and neovascular (wet) pathologies in
the absence of the chemokine or its receptor (103). In an in
vitro study with mouse primary RPE cells, the major lipofuscin
component bis-retinoid N-retinylidene-N-retinylethanolamine
(A2E) reduced PGE2 levels and promoted RPE cells to induce
Thl cell differentiation in IL-18-dependent way, which might
thereby contribute to further retinal degeneration (104, 105).

COX-2 inhibition by acetylsalisylic acid (aspirin,
ASA) prevented the CCL2-mediated accumulation of
CD11b*Ly6GMLy6C® granulocytic MDSCs to the tumor
microenviroment in mice with glioma (43). COX-2/CCL2
blockade also increased the expression of C-X-C Motif
Chemokine 10 (CXCL10/Interferon y-induced Protein 10/IP-10)
that inhibits VEGF-mediated angiogenesis (43, 52). COX-2
is expressed by human choroidal neovascular membranes
(106), and promotion of CXCL10 could result in its inhibition.
CXCL10 is a ligand of C-X-C Motif Chemokine Receptor 3
(CXCR3 also known as GPR9 or CDI183) that, along with
C-C Chemokine Receptor Type 3 (CCR3), is associated with
the development of wet AMD (52). Percentage of both CD4*
Th and CD8" Tc cells expressing CXCR3 has been observed
to be lower in the peripheral blood of patients with wet
AMD in comparison to control subjects (62, 107), which may
diminish the benefit of increased CXCL10 production following
the COX-2 inhibition. Acetylsalisylic acid is a non-steroidal
anti-inflammatory drug (NSAID) and COX-2 inhibitor that
is commonly used at low doses for long periods due to its
anti-thrombotic effects. A retrospective study on AREDS and
AREDS2 data supports the inability of COX-2 inhibition to
protect from neovascularization since the use of acetylsalisylic
acid was not significantly associated with progression of
either dry or wet AMD (108). Instead, a prospective double-
blind randomized human study on the therapy of wet AMD
with photodynamic therapy (PDT) supplemented with oral
intake of the COX-2 inhibitor nabumetone resulted in the
progression of macular atrophy (109). Collectively, the data
on COX-2 inhibition suggest no beneficial effects on wet
AMD but potential aggravation in the progression of dry
AMD, thereby conflicting with the idea of COX-2-induced and
MDSC-mediated neovascularization.

COMPLEMENT AND MDSCs

Due to facts concerning genetic predisposition and composition
of drusen, it is evident that the complement pathway contributes
to the pathogenesis of AMD. Excessive complement activation
has also been observed in various studies to be harmful in
pathologic retinal degenerative and angiogenic conditions (110).

Complement components produced by RPE cells contribute
to the formation of sub-RPE deposits through complement-
driven proteasome inhibition and release pro-inflammatory
cytokines, such as IL-6 and IL-1P, that can amplify the
response by further promoting expression of the C3a receptor
(111, 112). Unstimulated RPE cells express significantly
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higher levels of complement regulator genes in comparison
to complement component genes but under inflammatory
conditions, activated macrophages induce complement
factor B (CFB) and C3 expression in RPE cells (113). Laser
photocoagulation has also shown to induce the deposition of
C3 and membrane attack complex (MAC) in the neovascular
complex (114). Furthermore, MAC formation is capable
of releasing angiogenesis-related growth factors, such as p-
fibroblast growth factor (B-FGF), VEGE and platelet-derived
growth factor (PDGF) (114). The role of MDSCs has not
been studied in relation to ocular complement activation
but there is evidence on the MDSC contribution from other
disease models. Complement inhibition reduces tumor growth
with accompanying decrease in the both C3 and MDSC
levels (115). Hsieh et al. also showed that C3 plays a major
role in the conversion of bone marrow progenitor cells into
MDSC by hepatic stellate cells (116, 117). Those MDSCs
efficiently inhibited T cell responses in vitro and in vivo, and
alleviated experimental autoimmune myasthenia gravis also by
reducing anti-actylcholine receptor IgG levels and decreasing
complement activation at the endplates of neuromuscular
junctions (116-118).

Active pro-inflammatory complement components C3a and
C5a (anaphylatoxins) are included in drusen material and
efficiently promote choroidal neovascularization in mice by
stimulating VEGF production in RPE and choroid cells (98).
Conversely, normalized anaphylatoxin levels promoted recovery
from CNV lesions and prevented fibrotic scar formation
(119). A study on the ARPE-19 cell line originating from
spontaneously transformed human RPE cells emphasized the
role of C5a over C3a in the induction of VEGF production,
but Nozaki et al. also found C3a to stimulate VEGF production
in primary human RPE cells in addition to D407 RPE cell
line (120, 121). Both C3a and Cb5a were found from the
drusen, the proximity of RPE cells, and the Bruch’s membrane
of an AMD patient, whereas neither of them were present
in the eye of a control subject without AMD (98). A study
on C3aR~/~ and C5aR~/~ mice showed that complement
components also play a role in the recruitment of neutrophils
and macrophages that were observed to peak one and three
days after the insult, respectively (98). Neutrophils further
pave the way to other leukocytes by expressing MMP-9 that
disrupts the integrity of BRB (122). In dry AMD, photoreceptor
outer segments exposed to human serum following the BRB
breakdown resulted in complement activation, C5a-mediated
attraction of peripheral blood monocytes, and diminished
survival of the RPE and neural retina (123). Complement
activation in subretinal macrophages can potentially play
a role in the pathogenesis of AMD (124). Also systemic
complement activation in AMD patients has been shown
(125, 126).

Substitution of histidine to tyrosine (Y402H) is one of
the best-known polymorphic complement factor H (CFH)
variants associated with AMD. By diminishing the functionality
of the regulatory CFH, it results in overactive alternative
complement pathway (10). Incomplete CFH activity has
been shown to enhance C3 deposition and Cb5a release in

non-small lung cancer cell lines (127-130). In addition
to direct receptor binding, C5a can stimulate MDSCs
also indirectly through IL-6, IL-1B, or VEGF (131). The
role of C5a in cancer promotion is well known, and it is
also considered as a key player in poor cancer prognosis
on subjects suffering from an autoimmune disease with
complement activation by immune complexes (the Arthus
reaction) (132). According to a recent discovery, CFH(Y402H)
also efficiently binds CD11b, preventing CD47-mediated
elimination of mononuclear cells, such as macrophages
and microglia, attracted to the subretinal space between
the RPE and photoreceptor outer segments to restore
homeostasis (133, 134). This may extend the presence of
mononuclear cells at the retina beyond the need for homeostasis
restoration, which predisposes to adverse effects, such as
photoreceptor degeneration and choroidal neovascularization
(41, 135, 136). CD11b is also expressed by both monocytic
and granulocytic MDSCs (71) predisposing the retina to their
prolonged impact in susceptible persons. Overall, complement
and CFH(Y402H) are efficient in activating MDSC and
may thereby prevent the removal of drusen material by
immune cells.

MDSCs ENHANCE FIBROSIS

Choroidal neovascularization does not only cause rapid vision
loss due to bleeding and swelling at the retina, but it also
results in subretinal fibrosis that can develop despite the
anti-VEGF therapy that prevents the neovessel formation
(137). Conversely, epithelial-mesenchymal transition (EMT)
can also cause resistance to anti-VEGF drugs, as suggested by
studies on pancreatic cancer cells (138). Subretinal fibrosis is
associated with the end stage pathogenesis of wet AMD (137).
TGE-p signaling in myeloid cells promotes CCL2-dependent
MDSC recruitment to the tumor microenvironment, and
granulocytic MDSC-derived TGF-$ promotes EMT upon
metastasis, which is the advanced form of malignancy (139, 140).
TGF-f is a multifunctional growth factor physiologically
needed for the development and tissue repair, but excessive
concentrations are associated with inflammation and
tissue fibrosis, with detrimental consequences in the eye
(141, 142).

CONCLUDING REMARKS

MDSCs have been found beneficial in various CNS disorders
and autoimmune diseases (Figure2). Both monocytic and
granulocytic MDSCs have been shown to alleviate EAE (143-
145). Monocytic MDSCs participated in resolving damage
following experimental spinal cord injury in mice, alleviated
inflammation after stroke in mice, and were found in increased
numbers in the peripheral blood of ischemic stroke patients
(146, 147). MDSCs induced by hepatic stellate cells efficiently
inhibited T cell responses in vitro and in vivo and attenuated
experimental autoimmune myasthenia gravis also by reducing
anti-actylcholine receptor IgG levels and decreasing complement
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activation at the endplates of neuromuscular junctions (116-
118). MDSCs were observed beneficial also especially at the
beginning of autoimmune uveoretinitis (6, 148-150). Adoptive
transfer of RPE-induced MDSCs reduced EAU severity when
detected 21 days after immunization when the acute phase
peaks (7). However, upon combined deletion of CCL2 and
CX3CRI, deficiency in macrophages and MDSCs during chronic
EAU (90 days post-immunization) contributed to reduced
retinal damage and angiogenesis (150). The data supports
the overall idea of inflammation where the timing matters.
In the acute phase, MDSCs probably participate in the
restoration of homeostasis, but upon chronic inflammation, their
capacity to promote atrophy and angiogenesis may overcome
the benefits.
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Granzymes are a family of serine proteases first shown to be intracellular initiators of
immune-mediated cell death in target pathogenic cells. In addition to its intracellular
role, Granzyme B (GzmB) has important extracellular functions in immune regulation
and extracellular matrix (ECM) degradation. Verified substrates of extracellular GzmB
activity include tight junctional and ECM proteins. Interestingly, little is known about
the activity of GzmB in the outer human retina, a tissue in which the degradation
of the tight junctional contacts of retinal pigment epithelial (RPE) cells and within the
external limiting membrane, as well as remodeling of the ECM in Bruch’s membrane,
cause the breakdown of the blood-retinal barrier and slowing of metabolite transport
between neuroretina and choroidal blood supply. Such pathological changes in outer
retina signal early events in the development of age-related macular degeneration
(AMD), a multifactorial, chronic inflammatory eye disease. This study is the first to
focus on the distribution of GzmB in the outer retina of the healthy and diseased
post-mortem human eye. Our results revealed that GzmB is present in RPE and
choroidal mast cells. More immunoreactive cells are present in older (=65 years)
compared to younger (<55 years) donor eyes, and choroidal immunoreactive cells
are more numerous in eyes with choroidal neovascularization (CNV), while RPE
immunoreactive cells are more numerous in eyes with soft drusen, an early AMD
event. In vitro studies demonstrated that RPE-derived tight junctional and ECM
proteins are cleaved by exogenous GzmB stimulation. These results suggest that
the increased presence of GzmB immunoreactive cells in outer retina of older
(healthy) eyes as well as in diseased eyes with CNV (from AMD) and eyes with soft
drusen exacerbate ECM remodeling in the Bruch’s membrane and degradation of
the blood-retinal barrier. Currently there are no treatments that prevent remodeling of
the Bruch’s membrane and/or the loss of function of the outer blood-retinal barrier,
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known to promote early AMD changes, such as drusen deposition, RPE dysfunction and
pro-inflammation. Specific inhibitors of GzmB, already in preclinical studies for non-ocular
diseases, may provide new strategies to stop these early events associated with the

development of AMD.

Keywords: ZO-1,

blood-eye barrier,

Bruch’s membrane, geographic atrophy, soft drusen, choroidal

neovascularization, FITC-dextran permeability, ARPE-19

INTRODUCTION

Age-related macular degeneration (AMD) is a complex disease
with many risk factors contributing to its pathogenesis (2-
4). Despite the fact that clinical and genetic data support an
association of a chronic, low-grade inflammatory response in
the outer retina during the development of AMD, the exact
underlying mechanisms and triggers of inflammation remain
elusive (5). Genetic studies point to a central role of the innate
immune response and particularly the complement cascade in
the development and progression of AMD [for review see (6)].
However, we do not yet understand exactly what causes the
earliest signs of inflammation in the retina.

We recently reported that the RPE and immune cells
(primarily mast cells) in the choroid express Granzyme B
(GzmB) (7), a serine protease that was once thought to function
exclusively as intracellular initiators of immune-mediated cell
death, capable of inducing apoptosis (a process requiring
perforin, a pore-forming protein) in target cells. Earlier studies
in non-ocular systems identified that GzmB is located on
chromosome 14 in both human (14q.11.2) and mouse genomes.
Several cytotoxic [natural killer (NK), CD8+-, T], non-cytotoxic
immune (mast, macrophages, basophils), and non-immune cells
(spermatozoa, keratinocytes) express GzmB. In addition to its
well-established intracellular role, GzmB also has important
extracellular functions in immune regulation and the degradation
of extracellular matrix (ECM) proteins (8-12). Experimental

degranulation of choroidal mast cells in rodents resulted in RPE
abnormalities and outer retinal barrier breakdown (13), however
it is not yet known which of the many proteases, or other
choroidal mast cell mediators, are involved (14).

Here we report the age-related changes and cellular
distribution of GzmB in the healthy and diseased human outer
retina, and in vitro evidence for GzmB’s extracellular role in the
disruption of the outer blood-retinal barrier (0BRB) function
by cleavage of tight junctional proteins between retinal pigment
epithelial (RPE) cells and ECM proteins in Bruch’s Membrane
(BM). BM is an important outer retinal ECM that regulates
the exchange between the (1) metabolically active combination
of photoreceptor and RPE and (2) the choriocapillaris blood
supply. Several of the ECM proteins within BM are known
substrates for extracellular GzmB activity, including fibronectin
(FN), vitronectin (VN), and laminin (LAM) and a small subset
of collagens (COL) (1, 15-18) (Figure 1). The remodeling of
BM during aging and AMD is known to also affect RPE cell
adhesion and function, which in turn, compromises oBRB
function (18, 19). In addition to the breakdown of BM, outer
retina is also compromised by the loss of function of the
oBRB, which is maintained by the tight junctional contacts
between RPE cells. Given that the breakdown of BM and loss
of oBRB function are associated with the earliest events in the
development of AMD (1, 19-21), we speculate that GzmB activity
may promote early changes in outer retina that contribute to
AMD development.
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FIGURE 1 | Schematic of outer retina and substrates of GzmB in BM and RPE. (A) The five layers of BM and major ECM proteins are shown in blue text. The PR and
RPE sit above the BM on the RPE basement membrane. The choriocapillaris sits below BM, on its basement membrane. (B) Changes in outer retina associated with
AMD pathology. RPE undergo atrophy and cell death, soft drusen deposits accumulate below RPE. Laminin, elastin, and fibronectin undergo cleavage resulting in
overall ECM fragility; altered forms of collagen increase, causing thickening of BM. Choriocapillaris undergoes atrophy, with closure of some vessels, identified as
ghost vessels. (C) Enlargement of box in (A) depicting tight junctional and cell adhesion proteins on RPE cleaved by GzmB in blue text. PR, photoreceptors; RPE,
retinal pigment epithelium; RPE Bm, basement membrane of RPE; ICL, inner collagenous layer; EL, elastin layer; OCL, outer collagenous layer; ChC Bm, basement
membrane of the choriocapillaris; COL, collagen; LAM, laminin; FN, fibronectin; Ghost Ves, closed lumen of vessel with dead endothelial cells; JAM, junctional
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Our earlier work showed that GzmB cleaves ECM in
non-ocular systems, implicating extracellular GzmB activity
in pathological chronic inflammation, delayed wound healing,
skin injuries, and cardiopulmonary disease (8-10, 12, 22).
Here we address the evidence that age-related increases in
extracellular GzmB in the outer retina promote pathological
remodeling of the BM and alterations in RPE barrier function.
Given that there are no treatment strategies that prevent
pathological breakdown of BM or the oBRB, studies on the
extracellular GzmB activity in ocular tissues may allow us further
insights into novel immune-mediated mechanisms associated
with degradation and remodeling of the outer retina during aging
and AMD development.

MATERIALS AND METHODS

Sixteen pairs of non-diseased donor eyes, consented for research,
were obtained from the Eye Bank of British Columbia (EBBC,
Vancouver, British Columbia, Canada). Healthy eyes collected
within 12h following death were immersed in 10% buffered
formalin after corneal tissues removed for corneal transplant
purposes. Each normal donor eye had a medical/hospital history
obtained by EBBC, and these eyes, to the best of our knowledge,
were ocular disease free. These eyes were then embedded in
paraffin and serial sections at 6 micra thickness were obtained.
Every 20th section was stained for H & E and assessed by
light microscopy. Tissue sections from the macular area were
assessed to identify and screen for ocular pathologies. Healthy
eyes had normal retinal organization, and did not display
outer retinal fibrosis, RPE/PR degeneration, neovascularization,
or hemorrhage. Healthy donor tissues with the following
pathologies were excluded in this study: local or systemic
infection, progressive brain pathologies, systemic diseases of
unknown origin, lymphoproliferative, or myeloproliferative
disorders or any intrinsic eye disease.

Diseased eyes with geographic atrophy (GA), choroidal
neovascularisation (CNV), or soft drusen deposits were obtained
from the Department of Pathology, UBC. Tissue sections from
the macular area were stained by hematoxylin and eosin, and
then assessed by ophthalmic pathologists to identify and screen
for ocular pathologies. In total, 8 eyes with GA (from AMD), 6
eyes with CNV (from AMD), 9 eyes with numerous soft drusen
(from non-AMD eyes) were included in this study. For cell
culture studies, ARPE-19 (RPE cell line, ATCC) and primary fetal
RPE cells were used. Primary RPE were isolated from human
fetal donor eyes, with no known pathology, that were consented
for research studies from the CARE program at BC Women’s
Hospital under Clinical Research Ethics Board (UBC) approval.

Immunohistochemistry

Human Outer Retina

The immunohistochemical procedures and analysis followed
those previously described (23). Briefly, deparaffinized tissue
sections (6 pm thickness) were probed with a primary antibody
against GzmB (Abcam), followed by incubation in secondary
antibody and developed in ABC-AEC system (Vector Labs).
All sections were taken from central macular area of the retina

TABLE 1 | List of antibodies used.

Antigen Antibody (Catalog Dilution Source
No.)
GzmB Rabbit polyclonal 1:100  Abcam, Burlingame,
(ab4059) CA
Z0-1 Rabbit polyclonal 1:100  Thermo Fisher
(61-7300) Scientific, Waltham, MA
JAM-A Mouse monoclonal 1:100  Thermo Fisher
(14-3219-82) Scientific, Waltham, MA
Occludin Mouse monoclonal 1:100 Santa Cruz
(E-5. SC-133256) Biotechnology, Dallas
X
Vinculin Rabbit monoclonal 1:1,000 Abcam, Burlingame,
(ab129002) CA
Fibronectin Rabbit polyclonal 1:1,000 Abcam, Burlingame,
(ab2413) CA
Laminin 5 Rabbit polyclonal 1:1,000 Abcam, Burlingame,
(ab14509) CA
Collagen IV Mouse monoclonal  1:1,000 Santa Cruz
(G-2. SC-398655) Biotechnology, Dallas
X
Collagen | Mouse monoclonal 1:1,000 Santa Cruz
(E-6. SC-393573) Biotechnology, Dallas
X
CD68 Mouse monoclonal 1:100 Dako
(M0876) Carpinteria, CA
Tryptase Mouse monoclonal 1:100  Abcam, Burlingame,
(ab2378) CA
Rabbit IgG Horseradish Polyclonal Goat IgG 1:1,000 R&D Systems,

Peroxidase conjugated
Antibody

Mouse IgG Horseradish Polyclonal Donkey
Peroxidase conjugated 1gG (HAFO18)
Antibody

(HAFOO08) Minneapolis, MN

1:1,000 R&D Systems,

Minneapolis, MN

and each cross section used in this analysis contained the optic
nerve head to verify its retinal location. A list of primary and
secondary antibodies, source, and dilutions is shown in Table 1.
The immunoreactive RPE and immune cells in the choroidal
layers were counted and normalized to 1,050 pm length units of
BM. Approximately 4-6 sections per donor eye were analyzed.
The immunoreactivity was compared among eyes from healthy
older, healthy younger, GA, CNV, or soft drusen (an early marker
of AMD) donors.

ARPE-19 or Primary RPE Cells Grown in Chamber
Slides or Transwell Inserts

Tight  junctional  proteins  were  visualized by
immunofluorescence on both ARPE19 or primary RPE cells
grown to confluence and stimulated in chamber slides. Tight
junctional proteins were evident on ARPE19 (within 5-7 days)
and on primary RPE (within 7-10 days) in culture. After GzmB
stimulation, cells were fixed in situ with cold methanol, washed
with PBS, and incubated in 2% normal goat serum (Vector Labs)
for 30 min at room temperature (RT). Next, chamber slides
were incubated with antibody against ZO-1 (Invitrogen), JAM-A
(Invitrogen), or Occludin (Santa Cruz). All antibodies were
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diluted at 1:100 in PBS with 0.1% TX-100 and chamber slides
were incubated for 1h at RT, then overnight at 4°C. Primary
antibodies were omitted for negative controls. Next, slides were
thoroughly washed with PBS, and then incubated with Alexa 488
conjugated goat anti-rabbit or anti-mouse secondary antibody
(1:400) for 1h at RT. Slides were washed with PBS, and then
incubated with Hoechst 33258 (DAPI, Sigma, 1:500) for 20 min.
A blade was used to remove chambers and silicon tapes, and
marker pen was used to label the locations of different chambers
on slides. Slides were mounted with glycerol (50:50 glycerol:
PBS) and 1.5mm coverslips. For transwell inserts, after GzmB
stimulation and measurements of FITC-dextrans fluorescence,
membranes at the bottom of inserts were cut out and adherent
ARPE-19 cells underwent immunocytochemistry with ZO-1
primary antibody as above. An LSM 510 confocal laser-scanning
microscope was used to image antibody labeling at 488 and
543 nm, DAPI (nuclei) was imaged at 405 nm and images stored
as digital files. All settings on confocal were kept constant
throughout the imaging sessions in order to compare intensity
of fluorescent signals between groups.

Cell Culture

Primary RPE were grown as described previously (24). Briefly,
passage 5-7 ARPE-19 cells (or passage 3-5 primary RPE cells)
were seeded into 6 well plates in 1.0 mL Dulbecco’s modified
Eagle Medium/F12 medium (DMEM, Life Technologies)
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pg/mL streptomycin and kept in a humidified chamber
with 5% CO, at 37°C until confluent. Cells were washed with
PBS and starved for 3h in serum free DMEM before GzmB
stimulation. GzmB was isolated YT cells, an autonomously
proliferating human NK cell line devoid of GzmA and GzmK
activity, and procedures were modified from Shi et al. (25).
Next, DMEM medium with 0nM (control) or 100 nM GzmB
was added to wells and cells cultured at 37°C incubator for 5 h.
After 5h, supernatants were carefully removed and stored, and
cells rinsed with PBS on ice. Total protein lysates were collected
for western blot analysis. To determine effects of exogenous
GzmB on the cleavage of RPE-derived ECM proteins WBs were
undertaken using both supernatant and lysate samples.

In some studies, ARPE19, a human RPE cell line, were used
at passage 5-7 (26). These cells were grown to confluence on
chamber slides or transwell inserts. Briefly, ~1.6 x 10°/cm? cells
were seeded in a laminin-coated Transwell insert (0.4 um pore
size, 12 mm diameter, Fisher Scientific) or on chamber slides
(LabTek II) in 0.2 mL DMEM containing 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin and kept in a humidified
chamber with 5% CO, at 37°C. Next, the cells were washed
with PBS, starved for 3h in serum-free DMEM before GzmB
stimulation. DMEM medium with GzmB (0, 1, 10, 50, 100) was
added to culture slides for 5h at 37°C. After 5h, culture medium
was removed and stored; cells were fixed in situ with 100%
methanol on ice for 15 min.

MTT Cell Viability Assay

ARPE-19 cells were grown to 95% confluence in 96-well plates
for MTT assays. Cells were then washed with PBS twice and then

starved for 3 h in serum-free DMEM before GzmB stimulation at
different concentrations (0, 10, 20, 50, 100 nM). Next, the 96-well
plates were placed in 37°C incubator for 24 h. After 24 h, culture
medium was removed, and 250 .l of 0.5 mg/ml MTT bufter (1:10
dilution in DMEM) was added to each well, incubated at 37°C for
2h. MTT solution was removed, 250 ]l DMSO added to each
well and reincubated at 37°C for 15-20 min; next, absorbance
at 570 nm wavelength was read using the Hybrid Multi-Mode
Reader (BioTek Synergy H1).

Western Blot

To detect the cleaved products in primary RPE cultures after
GzmB stimulation, confluent primary RPE cells were first
starved (as above), then treated with GzmB (0 or 100nM)
in 37°C incubator for 5h. After 5h, culture supernatants
were collected and aliquoted for later analysis, and RPE cells
rinsed with PBS twice on ice. Next, the adherent cells were
treated with 200 wl of lysis buffer [10ml RIPA lysis buffer
with proteinase inhibitor cocktail (Roche)] and cell lysates
collected from each well, centrifuged for 10min at 4°C, and
aliquoted. Cell lysates were quantified with a BCA Assay (Pierce,
Thermo Fisher) for total protein concentrations and run on gels
under reducing conditions. Established blotting procedures were
followed to visualize the proteins of interest. A list of primary
and secondary antibodies, source and dilutions used in western
blot is shown in Table 1. Targeted proteins on membranes were
detected with Pierce™ ECL Western Blotting Substrate Kit
(Thermo Fisher). Protein band intensity was measured using
Image J (NIH). Vinculin, a high molecular weight (MW =
124 kDa) housekeeping gene, was used for quality control on
supernatant samples.

FITC-Dextran Permeability Assay

Primary RPE cells were grown to confluence in transwell
system inserts for 24-well plates for a functional assay of solute
flux through the monolayer. For dextran permeability assay,
the transwells were washed with PBS, and starved for 3h in
serum-free DMEM before GzmB stimulation. DMEM with 0 nM
(controls) or 100nM GzmB was placed in the upper insert of
the transwell systems at 37°C for 5h. After 5h, the culture
medium was removed without disturbing cells, and DMEM
culture medium with 1 mg/ml FITC-dextran (70 kDa, Sigma)
solution was added into all upper inserts for another 5h.
After 5h, all inserts were removed and fluorescence intensity
at 490 nm (excitation)/520 nm (emission) wavelengths was read
using the Hybrid Multi-Mode Reader (BioTek Synergy HI).
For trans-epithelial resistance measurements, transwells were
placed in electric cell substrate impedance sensing apparatus,
media changed to serum free and allowed to stabilize before
addition of 0nM (controls) or 50-100nM GzmB in to lower
or upper compartment. Averaged measurements of impedance,
capacitance are graphed for 0-24 h.

Statistical Analysis

Data are presented as mean £+ SEM. All experiments were
repeated in triplicate or quadruplicate. Statistical analysis was
performed using Prism Ver8 (GraphPad Software). To compare
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FIGURE 2 | GzmB Immunoreactivity in normal and diseased human outer retina. (A,B) Examples of GzmB immunoreactivity in an older normal eye. Strong labeling
with amino-ethyl carbazole chromogen (red) indicates GzmB+- cells in the choroid (black arrows). RPE cells in older normal eyes rarely displayed GzmB
immunoreactivity. (C,D) Examples of GzmB immunoreactivity in eyes with soft drusen, an early marker of AMD. Strong labeling with amino-ethyl carbazole chromogen
(red) indicates GzmB-+ cells in the choroid (black arrows), with a cloud of extracellular GzmB immunolabeling surrounding the choroidal mast cells (blue arrows). The
basal compartment of the RPE cell near soft drusen sites also contains GzmB immunoreactivity (black arrowheads). Note GzmB+ RPE appear of the “non-uniform”
phenotype (27). (E,F) Examples of GzmB immunoreactivity in a wet AMD eye. Strong labeling with amino-ethyl carbazole chromogen (red) indicates GzmB+ cells in
the choroid (black arrows). Extracellular GzmB immunolabeling is evident in the basal laminar deposit (blue arrows) of a wet AMD eye. In wet AMD eyes, fewer RPE
cells contained GzmB compared to eyes with soft drusen, however, one is shown in (E) near a drusen site (black arrowhead). (G) An example of GzmB
immunoreactivity in a younger normal eye demonstrating a single choroidal mast cell (arrow). RPE cells in younger normal eyes rarely displayed GzmB
immunoreactivity. (H) GzmB immunoreactivity in a GA eye. Note lack of red chromogen product in choroid and in RPE. Dash line indicates a change in the
morphology of the RPE monolayer, with “non-uniform” and “dissociated” RPE phenotypes to the right of the dashed line (27). Note thickened basal laminar deposit
(BLamD) and deterioration of the choriocapillaris. Additional images of a GA eye are shown in Supplementary Figure 6. (I) Analysis of GzmB immunoreactivity of
(Continued)
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test. ("p < 0.05). Scale bar: 20 um.

FIGURE 2 | choroidal cells in older (>65 years, N = 8) and younger (<55 years N = 8) normal donor eyes, wet AMD (N = 6), GA (N = 8), and soft drusen eyes (N =
9). The number of GzmB+ choroidal cells was significantly higher in wet AMD eyes compared to all other groups, while the number of GzmB+ choroidal cells in older
eyes was significantly higher than younger eyes. One-way ANOVA Test and Tukey’s multiple comparisons post-hoc test (*p < 0.05; **p < 0.01). (J) Analysis of GzmB
immunoreactivity of RPE cells in older (>65 years, N = 8) and younger (<55 years N = 8) normal donor eyes, wet AMD (N = 6), GA (N = 8), and soft drusen (N=9).
The number of GzmB+ RPE cells was significantly higher in soft drusen compared to all other groups, while the number of GzmB+ RPE cells in wet AMD eyes was
significantly higher than younger, older and GA eyes, but significantly lower than soft drusen eyes. One-way ANOVA Test and Tukey’s multiple comparisons post-hoc

two groups, independent sample T-test was used for western blot
and immunohistochemistry analysis of human tissue samples. To
compare more than two groups, a one-way ANOVA test with
Tukey’s multiple comparisons post-hoc test was used. Statistical
significance level was set at p < 0.05.

RESULTS

GzmB Immunohistochemistry in Human

Outer Retina

Our earlier work showed that GzmB accumulates in
cardiovascular, pulmonary and skin tissues with aging and/or
chronic inflammation (10, 11, 28). Here, we assessed GzmB
immunoreactivity in outer retina of postmortem eyes from
older (>65 years) and younger (<55 years) donors. We assessed
the GzmB+ cells in the choroidal stroma only and omitted
blood cells that were clearly in vasculature. The older donor
eyes had more GzmB+ labeling than younger eyes, consistent
with our earlier findings in the retina of aged mouse models
(7), (Figures2A,B,G,I). The majority of GzmB+ cells were
choroidal mast cells (identified by toluidine blue staining,
Supplementary Figure 1) in the choriocapillaris and Sattler’s
layer, however within the choroidal stromal layers, a small
number of macrophages (identified by CD68 immunoreactivity,
Supplementary Figure 4) were also GzmB+. RPE were
immunoreactive for GzmB, with slightly increased numbers
in older donors. However, unlike the choroidal mast cells, the
number of GzmB immunoreactive RPE in younger and older
healthy donors did not reach significance (Figures 2LJ).

Next, we assessed the distribution of GzmB+ choroidal cells in
donor eyes with geographic atrophy (GA from AMD), eyes with
the exudative (wet) form of AMD and eyes with soft drusen (SD,
an early precursor to AMD pathology). Wet AMD eyes contained
greater numbers of GzmB+ choroidal cells compared to GA
(Figures 2E,H, Supplementary Figure 6) or soft drusen eyes
(Figures 2C,D,I). Extracellular GzmB labeling was also evident
in the BM and basal laminar deposits in wet AMD eyes and in
GA eyes (Figure 2F, Supplementary Figures 5, 6). In the CNV
lesion of a wet AMD eye, extracellular GzmB immunoreactivity
was present in the CNV lesion near hypertrophied RPE
(Supplementary Figure 5).

The pattern of GzmB labeling in RPE cells amongst the
donor eye groups was different from that observed for GzmB+
choroidal cells (Figure 2J). Eyes with soft drusen had higher
numbers of RPE cells expressing GzmB than the CNV or GA
eyes (Figures 2C-FH). The RPE cells expressing GzmB were
often spatially located near soft drusen deposits (Figures 2C-E).
However, GzmB immunoreactivity was not located in RPE near

**P<0.01
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FIGURE 3 | Immunreactivity of GzmB in Bruch’s Membrane and RPE layer of
a young (3 month) and old (18 month) C57BI/6J mouse retina. (A) GzmB
immunoreactivity (green, 488 nm) is lower in mouse retina from 3 month old
mouse compared to (B) an 18 month old mouse. Boxed areas are shown at
higher power in (C) with GzmB punctate labeling () on Bruch’s membrane of 3
month old, and in (D) which demonstrates stronger immunofluorescence
intensity along BM and between RPE cell borders (some shown by white
arrowheads) of the older mouse retina. (E) Independent-sample T-test (n = 3)
between two groups shows the increased GzmB level in BM and RPE layers of
18M mice: mean + SEM; *p < 0.01. DAPI (405 nm) labeling of nuclei is shown
in blue. Scale bar = 20 pm.

hard drusen deposits (Supplementary Figure 5). Those RPE
cells, which were immunoreactive for GzmB, usually had labeling
in the basal cytoplasmic compartment of the RPE (Figures 2C-E)
and appeared to belong to the categories of “non-uniform” RPE
phenotypes (27).

In C57Bl/6] mice, GzmB immunoreactivity was present in
outer retina, specifically in the extracellular matrix of BM and
the intercellular spaces between RPE cells (Figures 3A-D). In the
mouse models, there was an age-dependent increase in GzmB
immunoreactivity (Figure 3E).

Extracellular GzmB Cleaves RPE Tight

Junctional and Cell Adhesion Proteins

In vitro studies were undertaken to assess the impact of
exogenous GzmB on RPE cell cultures. First we assessed the
effect of GzmB on cell viability using an MTT assay. ARPE-19
cells stimulated with exogenous GzmB for 24 h, at concentrations
from 10 to 100 nM, demonstrated no changes in cell viability
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compared to controls (GzmB at 0 nM) (Figure 4). Next, ARPE-
19 cells were grown and stimulated with GzmB at 1, 10, 50,
and 100 nM for 6h in chamber slides to assess the degradation
in tight junctional protein ZO-1. Significant degradation of
Z0O-1 was observed at 50 and 100nM GzmB as shown by
loss of immunofluorescence (Figures 5A-G). Exogenous GzmB
stimulation at 100 nM also cleaved and degraded JAM-A and
Occludin, two additional tight junctional proteins on ARPE-19,

120 -
100

% viability
F )]
8 38

N
o

Control 10nM 20nM 50nM 100nM

GzmB Concentration

FIGURE 4 | GzmB does not affect the viability of ARPE-19 cells. Cells were
treated with exogenous GzmB (10, 20, 50, 100 nM) for 24 h and compared to
controls (GzmB = 0nM). No significant changes were observed in viability at
any of the GzmB concentrations. Data were analyzed using one-way ANOVA
test and Tukey’s multiple comparisons post-hoc test (mean + SEM, N = 5 per
group).

as shown by loss of immunofluorescence (Figures 6A-G). These
data extend earlier work by demonstrating that tight junctional
proteins from an ocular source (e.g., RPE-derived) are substrates
of GzmB.

Extracellular GzmB Causes Increased
Dextran Flux in Confluent ARPE-19

Cultures

It is hypothesized that the functional significance of GzmB
cleavage of cell junctional proteins on RPE leads to the disruption
of the blood-eye barrier, an early event in the pathogenesis
of AMD (1, 17, 29-31). We tested the barrier function of
primary RPE cells grown on transwell inserts by measuring
fluorescence associated with movement of FITC-labeled dextrans
(70 kDa) across the RPE monolayer, an established method and
indicator of solute flux used routinely to test barrier function
of RPE (32-34). Fluorescent dextrans were placed in the upper
compartment and measured in the lower compartments after
exogenous GzmB (100 nM) stimulation for 5h (Figures 7B-E).
After 5h, fluorescent intensity was higher in lower wells of
primary RPE cells stimulated with GzmB compared to controls
(p < 0.01) (Figure 7B). Subsequent ZO-1 immunohistochemistry
on primary RPE cells attached to the membrane of the transwell
insert after GzmB stimulation demonstrated a loss of ZO-1
immunofluorescence intensity (Figures 7C-E), consistent with
an increased permeability, as indicated by the observed increase
in the FITC-dextran fluorescence in the lower compartment. We
also tested the trans-epithelial resistance of the RPE monolayer
grown on transwells for 10h after exogenous GzmB (100 nM)

Negative Control

FIGURE 5 | Reduced immunoreactivity of ZO-1 in ARPE-19 cells stimulated by exogenous GzmB. (A-E) Note immunoreactivity of ZO-1 tight junctional contacts
(green, 488 nm) between cells (some shown by white arrowheads) is reduced with increasing concentrations of GzmB (1, 10, 50, 100 nM) for 6 h. (F) Omission of
primary antibody demonstrates lack of green ZO-1 immunolabeling. (G) Significant differences were observed between controls and 50 and 100nM GzmB. A
one-way ANOVA and Tukey’s multiple comparisons post-hoc test (N = 6 per group) were used to compare control group with GzmB-treated groups: mean + SEM;
*p < 0.05; **p < 0.001. DAPI (405 nm) labeling of nuclei is shown in blue. Scale Bar = 20 pm.
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FIGURE 6 | Reduced immunoreactivity of JAM-A and Occludin in ARPE-19 cells stimulated by exogenous GzmB. (A) JAM-A immunoreactivity demonstrates tight
junctional contacts (green 488 nm, some shown by white arrowheads) on RPE in controls wells (GzmB = 0nM). (B) After 6 h with GzmB stimulation (100 nM), JAM-A
immunoreactivity is reduced on ARPE-19. (C) Occludin immunoreactivity between cells (some shown by white arrowheads) in control wells (GzmB = 0nM). (D) After
6h with GzmB stimulation (100 nM), Occludin immunoreactivity is reduced on ARPE-19. (E) Omission of primary antibody demonstrates no immunoreactivity.
Significant differences were observed for (F) JAM-A and (G) Occludin using an independent-sample T-Test (N = 6 per group) between control and GzmB-treated
group: mean + SEM; *p < 0.01. Images were taken from ARPE-19 cells and are representative of primary RPE experiments undertaken at the same time. DAPI

stimulation (Figure 7A). Note that the resistance is lowered
by exogenous GzmB (gray and yellow traces), while control
(unstimulated) RPE retained their resistance measurements at
~160 ohms (blue and orange traces).

Extracellular GzmB Degrades Primary
RPE-Derived ECM Proteins

Our earlier studies reported that GzmB cleaves ECM in
non-ocular systems, implicating extracellular GzmB activity
in pathological chronic inflammation, delayed wound healing,
skin injuries, and cardiopulmonary disease (8-10, 12, 22).
Age-related increases in GzmB (Figure 2), may promote the
remodeling of Bruch’s Membrane, an important ECM in outer
retina. We studied the effect of exogenous GzmB on RPE-
derived FN, LAM-5 (now known as LAM-332), COL-I and
COL-1V. Primary RPE cultures were grown to confluence and
stimulated with exogenous GzmB (0nM controls vs. 100 nM
GzmB) for 5h. Supernatant samples containing secreted ECM

proteins were probed with primary antibodies against FN,
LAM-5 and COL-IV by western blot, and revealed several
cleaved bands in those samples stimulated with 100 nM
GzmB compared to controls (0nM GzmB) (Figures 8A-C).
Densitometric analysis revealed that the cleaved bands for FN
and LAM-5 reached significance (p < 0.05), while that of
COL-1IV did not (p > 0.05) (Figures 8D-F). There were no
cleaved bands observed for COL-I (Supplementary Figure 2),
consistent with the earlier finding that COL-1 is not a substrate
of GzmB (15, 16).

DISCUSSION

GzmB contributes to the pathology of autoimmune and/or
chronic inflammatory conditions through the degradation of
extracellular proteins and tissue matrices (8-10, 12, 22). Here
we report GzmB expression in the healthy and diseased human
retina and in vitro studies demonstrating the effects of exogenous
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FIGURE 7 | Lowered trans-epithelial resistance and increased FITC-dextran flux after GzmB stimulation on primary RPE cells grown on transwell inserts. To test the
primary RPE barrier function, cells were grown on transwell inserts and stimulated with GzmB at 100 nM. (A) Trans-epithelial resistance measurements on resting cells
ranges from 160 to 180 ohms. After initiation of GzmB stimulation (time = 0), the resistance of RPE cultures decreases to 135-125 ohms (time = 10h) as shown by
yellow and gray traces. The control cells maintained resistance at 160-165 ohms (time = 10 h) as shown by the blue and orange traces. (B) FITC-dextran flux assay
demonstrated increased FITC-dextran fluorescence intensity measured in the lower compartment of GzmB stimulated wells compared to control wells. (C-E) After the
flux assay, the membranes on which cells were attached were cut out and subjected to immunocytochemistry. Strong ZO-1 immunolabeling on primary RPE cells on
transwell insert membrane in control wells (OnM GzmB) after 5 h shown in (C,D) in experimental wells (100 nM GzmB) after 5h of GzmB stimulation. (E) The ZO-1
immunoreactivity was quantified in controls and GzmB stimulated wells and an independent-sample T-Test (N = 6) between control and GzmB-treated group was
undertaken and graphed as mean + SEM; ****p < 0.0001; **p < 0.01. DAPI (405 nm) labeling of nuclei is shown in blue.

GzmB on RPE-derived tight junctional and ECM proteins.
Our premise is that extracellular GzmB contributes to the
onset and/or progression of AMD via the cleavage of key
extracellular proteins in BM resulting in RPE dysregulation
and barrier function abnormalities. Later stages of AMD
including RPE atrophy and remodeling of BM with the release
of sequestered angiogenic and pro-inflammatory factors, may
develop gradually, in part due to the unchecked activity of
extracellular GzmB.

GzmB Immunoreactivity in the Outer Retina
Aging is the major risk factor for AMD. The molecular
inflammation  (e.g.,  inflammaging,  para-inflammation)
hypothesis of aging suggests that by-products of low-grade
inflammatory processes may accumulate in tissues, and serve
as a bridge between normal aging and age-related pathological
processes (35, 36). The human outer retina demonstrated
a significant age-related increase in the number of GzmB-+
cells, specifically in the choroid. This was consistent with
our preliminary findings of an age-related increase in GzmB
immunoreactivity in mouse outer retina, specifically the BM
in mouse models (7) (Figure 3). In the mouse retina, GzmB
immunoreactivity is evident in the extracellular matrix of

BM and the intercellular spaces between RPE cells. This is in
contrast to the findings in human tissues presented here, where
the majority of immunoreactivity was intracellular, However,
sparse extracellular GzmB immunoreactivity was evident in
wet AMD eyes, in a CNV lesion in a wet AMD eye, and in
the choroids of a soft drusen eye and a GA eye (Figure 2C,
Supplementary Figure 5). Our human data allowed us to
identify the cells that produce GzmB. Choroidal mast cells
appear to be the major source of GzmB especially in CNV
eyes. RPE cells appear to be an important source of GzmB in
eyes with soft drusen and CNV. We hypothesize that GzmB’s
extracellular role in cleavage of the ECM causes the breakdown
of the oBRB, an early event in the development of AMD. This is
supported by our in vitro studies in which we demonstrated the
cleavage of tight junctional and cell adhesion molecules as well
as RPE-derived ECM proteins.

Interestingly, earlier reports of tryptase, another serine
protease produced by mast cells in the choroid, has also been
implicated in aging and the atrophic form of AMD leading to
the GA in its late stage (29, 37). While tryptase is associated
with GA, our work demonstrated that GzmB is rarely present
in GA eyes, but more significantly in CNV and soft drusen eyes
(Figures 2G,H, Supplementary Figure 6). Preliminary results
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FIGURE 8 | Western blots reveal cleavage of primary RPE-derived
extracellular matrix proteins by exogenous GzmB. Primary RPE cells were
stimulated with GzmB (100 nM, 5h), and both protein lysates and culture
supernatant were collected. Western blot of supernatant samples were
processed. (A) Western blot using antibody against fibronectin shows
cleavage bands due to GzmB stimulation of primary RPE with 0nM GzmB
(controls, lanes 2-4) or 100 nM exogenous GzmB (lanes 5-7). Note cleavage
bands at lower molecular weight, some identified by red arrows. The
densiometric analysis of the band with asterisk (*) is graphed in (D) and
demonstrates significant differences between control and 100 nM GzmB
groups. (B) Western blot using antibody against Laminin-5 (now known as
Laminin-332) shows supernatants from cultures of primary RPE with 0nM
(controls, lanes 2—4) or 100 nM exogenous GzmB (lanes 5-7). Note cleavage
band, identified by red arrow, in samples from GzmB stimulation group (lanes
5-7), but not control lanes (2-4). The densiometric analysis of the band with
asterisk (*) is graphed in (E) and demonstrates significant differences between
control and 100 nM GzmB groups. (C) Western blot using antibody against
Collagen IV shows supernatants from cultures of primary RPE with O nM
(controls, lanes 2-4) or 100 nM exogenous GzmB (lanes 5-7). Note cleavage
band, identified by red arrow, in samples from both GzmB stimulation group
and controls. The densiometric analysis of the band with asterisk (*) is graphed
in (F) and demonstrates no significance between control and 100 nM GzmB
groups. Vinculin (124 kDa, housekeeping gene) antibody was used for quality
control and demonstrates supernatant samples did not contain cell lysates.

suggest that different populations of mast cells are responsible for
their secretion (Supplementary Figure 3). It is of note that GzmB
is present in RPE cells (Figure 2), while tryptase is not produced
by RPE, and importantly, tryptase does not cleave tight junctional
proteins ZO-1 or JAM-A (38). Future studies will focus on the
dual effects of these mast cell mediators toward understanding
their separate or combined role in the development of AMD.

Next, we undertook in vitro cell studies to assess the role of
exogenous GzmB on RPE-derived proteins, as immunoreactivity
patterns can provide spatial localization within the outer
retina, but does not allow for functional analysis. Of note,
concentrations of exogenous GzmB, up to 100 nM, did not affect
RPE cell viability. As such, we focused on the effects of GzmB
cleavage on RPE cell-derived proteins.

GzmB Cleaves RPE Tight Junction and Cell

Adhesion Proteins

RPE-derived tight junctional and cell adhesion proteins, ZO-
1, JAM-A, and Occludin, were degraded by the application of
exogenous GzmB in vitro. These tight junctional and adhesion
proteins are essential components of the oBRB and ocular
substrates GzmB. Thus, it is likely that during the aging process,
tight junctional proteins may be subject to slow degradation due
to increased age-related accumulation of extracellular GzmB (30,
31, 39). Earlier in vivo studies using lentiviral vector knockdown
of ZO-1 in C57BL mice showed that loss of ZO-1 on RPE
caused abnormal retinal barrier function, RPE proliferation and
clumping, pyknosis, and eventual RPE death (30). In another
study, ZO-1 and JAM-A were shown to deteriorate on RPE
in a light-induced mouse model of AMD, which resulted
in RPE atrophy (40). These rodent studies strongly suggest
that disruption of the RPE cell-cell contacts leads to cytokine
overexpression, macrophage recruitment and RPE atrophy in
vivo. Future studies on GzmB-KO mouse models, as well as the
apolipoprotein-E KO mouse, a model of accelerated aging (11,
28), may allow us to identify the detailed timeline and mechanism
whereby the age-related increase in extracellular GzmB activity
leads to cleavage of tight junctional proteins, subsequent RPE
atrophy and loss of barrier function in vivo.

Consequences of GzmB Cleavage of ECM

and Basement Membranes in BM
RPE cells control the synthesis of all the structural elements
in BM (FN, COL I, HI-1V, and LAM) (1, 41, 42). Our
results showed that RPE-derived FN and LAM-5 were degraded
by the application of exogenous GzmB in vitro, therefore
validating that ocular FN and LAM-5 are substrates of GzmB.
GzmB cleavage of COL-IV was present, but did not reach
significance. It is possible that COL-IV is partially cleaved by
GzmB; however, earlier studies suggest it may be a substrate of
GzmA (39).

Preliminary work on human eye-cup preparations incubated
in exogenous GzmB demonstrated reduced numbers of adherent
RPE, suggesting that ECM degradation can also effect the
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outer basement membrane potentially leading to RPE anoikis
(data not shown) (1, 43). Similarly, extracellular GzmB may
cause degradation of the choroidal basement membrane, which
supports the endothelium and choriocapillaries, the principal
blood supply to the outer retina. The loss of the endothelial
cells can cause closure of capillaries and ghost vessels (44-46),
which in turn stops the nutrient and gas exchange to the outer
retina, altering RPE and photoreceptor function and, eventually,
their cell death in GA. Future studies will use an ex vivo
choroidal explant model to assess the role of exogenous GzmB
(and inhibitors of GzmB) on endothelial cell viability, release
of angiogenic factors such as VEGF from BM and subsequent
choroidal sprouting (47-52).

GzmB’s Putative Role in AMD

Our results demonstrating GzmB expression in both RPE and
choroidal mast cells suggests that this serine protease may play
multiple roles in the outer retina. Eyes with soft drusen (but
without AMD) were more likely to have GzmB+ RPE cells than
the other groups studied. These GzmB+ RPE cells appeared to
have the RPE phenotype of “non-uniform” described earlier (53).
Given that our sample of soft drusen eyes did not display AMD
features, the “non-uniform” RPE may represent age-related
changes in RPE. We do not yet know if soft drusen upregulates
GzmB in nearby RPE cells or whether the degradation of tight
junctional contacts between RPE (reported here in in vitro
studies) may be caused by RPE or mast-cell derived GzmB.
Future studies will identify whether soft drusen components
upregulate GzmB in RPE cells in vitro, and mouse models will
help us to clarify further the relationship between extracellular
GzmB and the cleavage of ECM and tight junctions in
outer retina.

Our results also show that CNV eyes had significantly more
GzmB+- cells in the choroid than any other groups tested. Our
group showed that GzmB cleaves FN and released VEGF from
endothelial cell derived ECM in vitro and increased vascular
permeability in skin in vivo using a Miles/Evan’s Blue assay
(54). These findings suggest that extracellular GzmB potentially
promotes abnormal CNV by: (1) releasing sequestered VEGF
from BM; and (2) promoting vascular leakage by disrupting
choroidal endothelial cell function. However, future work is
needed to understand GzmB’s overall role in angiogenesis,
as we also showed that GzmB cleavage of FN may also
dysregulate angiogenesis by impairing endothelial cell adhesion,
migration, and capillary formation resulting in vascular leakage
in vitro (55).

VEGF plays a key role in CNV and is the target of FDA-
approved anti-angiogenic drugs (e.g., Lucentis, Avastin, Eylea).
While these drugs are effective, recent studies show a decline
in long-term efficacy, which is believed to result from the
emergence of VEGF-independent mechanisms involved in
exacerbating the abnormal angiogenic milieu in the AMD eye.
Moreover, some patients on anti-VEGF drugs do not benefit
(e.g., non-responders) and their vision continues to diminish.
Insights into a mechanism underlying resistance observed
in some AMD non-responders come from a recent article
by Wroblewski et al. that showed increased levels of GzmB

from mast cells upon anti-VEGF treatment for cancer (tumor
angiogenesis) (56). In Wroblewski et al., activity of extracellular
GzmB was shown to liberate sequestered pro-angiogenic factors
(from the tumor ECM) outside the VEGF-VEGFR2 axis.
Increased GzmB also supported endothelial cell migration and
vessel formation, and promoted tumor angiogenesis, despite
anti-VEGF treatments. Inhibitors of mast cell degranulation
increased the efficacy of anti-VEGF therapy in this model,
providing supportive evidence that pharmacological inhibition
of extracellular GzmB may ameliorate neovascularization
in CNV.

Treating AMD is a multidimensional health care problem,
with a global cost of vision impairment estimated to be nearly
$343 billion worldwide. There is a need for early and prophylactic
therapies for AMD. Here we present a novel concept to treat
the earliest events in AMD, by targeting extracellular GzmB
in outer retina, in order to suppress remodeling of BM and
deterioration of the oBRB, two of the earliest events associated
with AMD pathogenesis.
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Experimental autoimmune uveoretinitis (EAU) is a mouse model of human autoimmune
uveitis. EAU spontaneously resolves and is marked by ocular autoantigen-specific
regulatory immunity in the spleen. Kallikrein binding protein (KBP) or kallistatin is a
serine proteinase inhibitor that inhibits angiogenesis and inflammation, but its role in
autoimmune uveitis has not been explored. We report that T cells activation is inhibited
and EAU is attenuated in human KBP (HKBP) mice with no significant difference in
the Treg population that we previously identified both before and after recovery from
EAU. Moreover, following EAU immunization HKBP mice have potent ocular autoantigen
specific regulatory immunity that is functionally suppressive.

Keywords: autoimmune disease, autoimmune uveitis, kallistatin, experimental autoimmune uveitis, T cells

INTRODUCTION

Uveitis is the third leading cause of blindness in Western countries, with an incidence between
25.6-122 cases per 100,000a year, and a prevalence of 69-623 cases per 100,000 (1-4). While
anterior uveitis is the most common form of uveitis, with 33% of these patients becoming
chronic (5), posterior uveitis as the second most common form of uveitis is far more devastating.
Approximately 17.6% of active uveitis patients experience transient or permanent vision loss (6),
so a proper diagnosis and treatment are crucial for maintaining vision. Corticosteroids are the first
line of treatment for uveitis patients, but due to the myriad of side-effects they are not a long-term
treatment option (7-9). Therefore, immunosuppressive medications are used to control uveitis,
with the goal of sustained remission (10-15). However, not all the immunosuppressive medications
are effective and some chronic uveitis patients fail multiple treatment regimens. As such, additional
immunosuppressive treatment options are necessary for the treatment of autoimmune uveitis.

Kallistatin (or kallikrein-binding protein) is a serine proteinase inhibitor that is encoded by
SERPINA4 (16, 17). Kallistatin was first identified as an inhibitor of tissue kallikrein (16, 18). Later,
kallistatin has been investigated extensively for its role in diabetes (17, 19, 20). Type 1 diabetic
patients have high serum levels of kallistatin (19), but the vitreous of diabetic retinopathy patients
have low levels of kallistatin (19, 21). It has also been demonstrated that kallistatin has potent anti-
inflammatory properties (22, 23). Therefore, it is of interest to determine if kallistatin could be a
therapeutic alternative for autoimmune uveitis.
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The most widely used model of human posterior autoimmune
uveitis is the mouse model, experimental autoimmune uveitis
(EAU). In the B10.RIII background, the disease is more severe
and resolves more quickly compared to the more chronic
C57BL/6] model. The onset of EAU is 12-14 days after
immunization and resolution spontaneously occurs without
relapse at 2-3 months after immunization (24-26). At resolution
of EAU (post-EAU), regulatory immunity emerges in the spleen
(27) and provides resistance to EAU during re-immunization and
when adoptively transferred to mice that are immunized for EAU
(27-30). Post-EAU regulatory immunity requires a regulatory T
cell (Treg) that has been identified as CD4*CD25"Nrp-1~PD-
1TPD-L1"Foxp3™ (29, 30).

A transgenic mouse that expresses human kallistatin under
a chicken 3-actin promoter (TG-HKBP) has been studied with
respect to angiogenesis related to diabetes (31). As such, in
this report we asked if kallistatin over-expression affects T
cell activation, provides resistance to EAU, and if regulatory
immunity that provides resistance to EAU emerges in the spleen
of post-EAU TG-HKBP mice. Our observations demonstrate that
kallistatin over-expression provides resistance to EAU and does
not affect the induction of regulatory immunity in the spleen of
post-EAU TG-HKBP mice.

MATERIALS AND METHODS

Mice

All mouse procedures described in this study were approved by
the University of Oklahoma Health Sciences Center Institutional
Animal Care and Use Committee (OUHSC IACUC) and all
mouse study methods were carried out in accordance with the
relevant guidelines approved by the OUHSC IACUC. C57BL/6]
mice were purchased from Jackson Laboratories. Transgenic
mice expressing human kallikrein binding protein under the
chicken B-actin promoter (TG-HKBP or HKBP) were generated
in the Jian-Xing Ma Lab on a C57BL/6] background (31, 32).
All TG-HKBP mice were genotyped to verify transmission of the
transgene before inclusion in this study. Serum was previously
collected from TG-HKBP mice to verify elevated expression
(31). All mice were housed in the Dean McGee Eye Institute
vivarium under specific-pathogen-free conditions in a 12-h light
cycle with access to food and water ad libitum. When mice
were purchased from Jackson Laboratories they were allowed
2 weeks to acclimate under conventional housing conditions
before inclusion in experimental procedures. The methods of
euthanasia of all mice were approved by OUHSC IACUC and
are consistent with the IACUC policies and the 2013 AVMA
Guidelines on Euthanasia. Euthanasia of all mice for this study
was done with carbon dioxide or cervical dislocation followed by
a secondary method such as decapitation, bilateral thoracotomy,
exsanguination, or vital organ removal. Mice were randomly
chosen for experimental groups.

Experimental Autoimmune Uveoretinitis
(EAU)

EAU was induced in 6 to 10-week-old mice using the previously
described immunization procedure (30). Complete Freund’s

adjuvant (CFA) with 5 mg/mL desiccated M. tuberculosis
(Difco Laboratories, Detroit, MI) was emulsified with 2 mg/ml
interphotoreceptor retinoid binding protein (peptides 1-20)
(IRBP) (Genscript, Piscataway, NJ) to immunize mice for EAU.
In order to minimize suffering mice were anesthetized with a
ketamine/xylazine (100 mg/10 mg per kg) before immunization.
The emulsion was injected subcutaneously at a volume of 200
ML total into two sites in the lower back followed by an
intraperitoneal injection of 0.3 pg pertussis toxin. The course
of EAU was evaluated every 3-4 days by fundus examination
with a slit lamp microscope. Prior to examination of the retina,
the iris was dilated with 1% tropicamide, and the cornea was
flattened with a glass coverslip. We utilize a clinical scoring
system that is validated by at least two members of the lab rather
than histological examination because we have an interest in the
resolution phase of EAU, so collecting mice over the course of
disease for histological evaluation would significantly reduce the
power of the study. As previously described, the clinical signs of
observable infiltration and vasculitis in the retina were scored
on a 5-point scale (33). Because the immunization procedure
can elicit a score of 1, when the EAU score is 1 or lower, the
disease is considered background or resolved. Both eyes were
scored and the higher score was used to represent that mouse for
that day, because the more severe score suggests that the systemic
immune response is severe enough to elicit the greater score. The
average score for the group of mice was then calculated. The
highest score for each mouse over the entire course of disease
was also determined and plotted for each group. Another masked
member of the lab with experience evaluating EAU confirmed the
clinical scores.

In vitro Stimulation

A single cell suspension that was depleted of red blood cells
using RBC lysis buffer (Sigma, St Louis, MO) was made from
the spleens collected into 5% FBS in RPMI supplemented with
10 pg/ml Gentamycin (Sigma), 10 mM HEPES (GE Healthcare),
I mM Sodium Pyruvate (BioWhittaker), Nonessential Amino
Acids 0.2% (BioWhittaker). Serum free media (SFM) consisting
of RPMI-1640 with 1% ITS+1 solution (Sigma) and 0.1% BSA
(Sigma) was used to resuspend the spleen cells with IRBP
(50 Lg/mL) or a-CD3 (clone 2C11, Biolegend). The spleen cells
were then incubated for 48 h at 37°C and 5% CO; to reactivate
antigen specific T cells. After the reactivation cells were collected
for flow cytometry analysis or adoptive transfer (1 x 10°) into
recipient mice.

Intraocular Injection

Mice were anesthetized using isoflurane. CD4™ splenocytes (1
x 10%/)LL) were injected into the left and right eye of each
mouse with a sterile borosilicate glass micropipette (Kimble
Glass Inc., Vineland, NJ, USA) beveled to an approximate bore
size of 10-20 pm (BV-10 KT Brown Type micropipette beveller,
Sutter Instrument Co., Novato, CA, USA). The micropipettes
were inserted just posterior to the superior limbus under
stereomicroscopic visualization, and 1-pwL volume was injected
directly into the vitreous. Injection rates and volumes were
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monitored using a programmable cell microinjector (Microdata
Instruments, Plainfield, NJ, USA).

Flow Cytometry

Mouse spleen cells were washed with PBS with 1% BSA (staining
buffer), blocked with mouse IgG in staining buffer, then stained
with conjugated antibodies. Antibodies used were anti-CD4
(clone RM4-5, Biolegend, San Diego, CA), anti-CD25 (clone
PC61, Biolegend), anti-PD-1 (clone 29F.1A12, Biolegend), anti-
PD-L1 (clone 10F.9G2 Biolegend), anti-Nrp-1 (Cat FAB5994N,
R&D Systems, Minneapolis, MN), anti-FoxP3 (clone FJK-16s,
eBiosciences), anti-CD44 (clone IM7, Biolegend), anti-CD62L
(clone MEL-14, Biolegend), anti-CD45.1 (clone A20, Biolegend),
and anti-CD45.2 (clone 104, Biolegend).

Stained cells were analyzed in the Oklahoma Medical Research
Facility (OMRF) Flow Cytometry Core Facility on a BD LSRII
(BD Biosciences) data was analyzed using Flow]Jo Software (Tree
Star, Inc., Ashland, OR).

Statistics

Statistical significance between maximum EAU scores and flow
cytometry results was determined using non-parametric Mann-
Whitney two-tailed test. Two-way ANOVA was also used to
assess significant changes in the tempo of disease between
the groups of treated EAU mice with post-test Bonferroni

comparison analysis. Statistical significance was designated when
P < 0.05 and analyzed using Prism 6 (GraphPad Software, Inc.,
LaJolla, CA).

RESULTS

Kallistatin Attenuates EAU

We first asked if there is a defect in the T cell response in
TG-HKBP mice. Naive and memory T cells were evaluated
in splenic T cells that were non-specifically activated through
CD3. As expected, wild-type T cells showed a significant
elevation in memory T cells (CD44+4) and significant
reduction in naive T cells (CD62L+) (Figures 1A,B,EF).
In contrast TG-HKBP T cells showed no significant change in
memory or naive T cell populations following CD3 activation
(Figures 1C-F). This inhibition of T cell activation and
the anti-inflammatory properties of kallistatin (kallikrein-
binding protein) (23) prompted us to ask if it suppresses
experimental autoimmune uveitis (EAU). TG-HKBP mice have
been previously characterized in studies related to diabetic
retinopathy, and serum kallistatin in these mice is over four-fold
higher than the endogenous mouse kallistatin (31, 32). When
TG-HKBP mice were immunized for EAU, a significant decrease
in the severity and acceleration of resolution was observed in
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FIGURE 1 | T cell activation in T cells from TG-HKBP mice. Wild-type and TG-HKBP splenocytes were cultured + «-CD3 for 2 days, stained for CD4, CD44, and
CD62L, and analyzed by flow cytometry. Representative dot plots are shown for wild-type (n = 5) (A,B) and TG-HKBP (n = 7) (C,D), and bar graphs show the mean
+ SEM for the indicated group (E,F). One to three mice were used for each experiment, and each experiment was repeated three times. Statistical significance (P <
0.05) is designated by *, n.s. indicates no significance.
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TG-HKBP mice compared to wild-type mice immunized for  of circulating CD41 T cells (32). Regulatory T cells (Tregs)
EAU (Figure 2A). Because the tempo of disease can vary from  are necessary for the resolution of EAU (34) and for
mouse to mouse over the course of EAU, we also compared  providing resistance to relapse (30, 35). Because we observed
the maximum severity of each mouse over the entire course  attenuated EAU in TG-HKBP mice, we asked if there is
of disease by plotting the maximum score of each mouse a change in the Treg compartment. Because the Tregs
(Figure 2B). The maximum EAU score also showed that TG-  that provide resistance to relapse have been identified as
HKBP mice experienced significantly less severe EAU compared ~ CD4"CD25%Nrp-1~PD-1"PD-L1*Foxp3™ (30), we asked if
to wild-type mice (Figure2B). Because the immunization = TG-HKBP mice had an alteration in the number of these
procedure can elicit a score of 1, when the EAU score is 1 or  Tregs. The blood and bone marrow showed a trend toward an
lower, the disease is considered resolved. These observations increase in PD-1¥PD-L1*Foxp3*Nrp-1~CD257CD4™ Tregs,
demonstrate that kallistatin attenuates EAU and accelerates the ~ but not a statistically significant increase (Figures 3A-D).
resolution of EAU. Our clinical scores were also confirmed with ~ These observations suggest suppression of EAU by TG-
fundus photos (Figure 2C). These observations demonstrate that ~ TTKBP mice may be due to supprf:ssion of an inﬂa.mmatory
kallistatin inhibits T cell activation resulting in the attenuation =~ F€SPonse but not necessarily an increase in the induction
of EAU. of Tregs.

Kallistatin Does Not Significantly Change Post-EAU Treg Cells Emerge in the Spleen

the Treg Compartment of HKBP Mice

We next sought to ask if the TG-HKBP mice have alterations  The post-EAU regulatory immunity that emerges in the spleen
in the Treg compartment. TG-HKBP mice have significantly = of mice at resolution of EAU provides resistance to relapse
less circulating B cells and a significantly greater percentage (29, 30, 34, 35), so that may be a mechanism to provide
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FIGURE 2 | EAU course of disease and maximum scores in TG-HKBP mice immunized for EAU. Wild-type and TG-HKBP mice were immunized for EAU and the
clinical EAU score was assessed by slit lamp examination of the retina every 3—4 days. The highest score for each mouse on the indicated day was averaged with all
the mice on that day and graphed with the SEM for WT (black squares, n = 11) and HKBP mice (red circle, n = 14) (A). The highest EAU score for each mouse over
the course of EAU was also determined (black squares, n = 11) and HKBP mice (red circle, n = 14) (B). Representative images at the indicated time points are shown
(C). Statistical significance (P < 0.05) is designated by ***.
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sustained remission for uveitis patients in the clinical setting.
A requirement of post-EAU regulatory immunity is resolution
of EAU (27). Because the clinical EAU scores of TG-HKBP
mice were significantly lower compared to wild-type mice,
we therefore asked if the post-EAU TG-HKBP mice also had
CD41tCD25"Nrp-17PD-1"PD-L1" Foxp3™ Tregs in the spleen
at resolution of EAU. The spleens from post-EAU TG-HKBP
mice were collected and reactivated in vitro as has been
done before (29, 30, 35). There was no significant difference
between post-EAU wild-type and post-EAU TG-HKBP Treg
cell populations in the spleen (Figures4A-D). However, the
percentage of PD-1 and PD-LI expressing CD4TCD25% T cells
(Figures 4C,D) was increased compared to the unimmunized
unstimulated T cells (Figures 3C,D). Because there is no
significant difference between the post-EAU wild-type mice
and TG-HKBP mice, these observations demonstrate that this
post-EAU Treg population is present in the spleen of TG-
HKBP mice.

Kallistatin Does Not Affect the Emergence

of Post-EAU Regulatory Immunity

We next asked if the post-EAU regulatory immunity in TG-
HKBP mice is functionally suppressive. The spleen of post-EAU
TG-HKBP mice was collected and reactivated in vitro as has been
done before (29, 30, 35). The reactivated splenocytes were then
adoptively transferred to recipient mice immunized for EAU. As
expected, mice that received splenocytes from post-EAU wild-
type mice showed a significant suppression of EAU (29, 30,
33) compared to EAU mice that did not receive an adoptive
transfer (Figures 5A,B). The mice that received post-EAU TG-
HKPB splenocytes also showed a significant suppression of
EAU (Figure 5D) and significantly lower maximum EAU scores
compared to controls (Figure5E). A representative fundus
photo is shown at day 67 to confirm the clinical observations
(Figures 5C,F). These observations demonstrate that kallistatin
does not affect the emergence of post-EAU regulatory immunity
in the spleen.
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FIGURE 4 | Flow cytometry analysis of post-EAU TG-HKBP mice for Treg cells. Spleen, blood, and bone marrow T cells from WT and TG-HKBP mice were stained
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Kallistatin Promotes Tregs in an Intrinsic

Manner

In order to determine if kallistatin mediated Treg induction is
intrinsic or extrinsic, we transferred CD4™ HKBP cells into wild-
type mice to determine if FoxP3 expression is mediated through
intrinsic T cell expression of kallistatin. Recipient mice were
congenic (CD45.1) to identify the CD45.2 HKBP transferred
cells. We found a significant elevation of FoxP3 expression in
the transferred cells when HKBP cells were transferred to wild-
type mice compared to wild-type cells transferred to the eyes
of HKBP mice (Figures 6A,C). These observations show that
kallistatin functions intrinsically in T cells. We next asked if
this was an ocular specific effect by transferring congenic cells
intravenously and assaying the spleen for FoxP3 expression
in the transferred T cells. A similar pattern of expression
with ocular injected cells was observed with a significant
increase in FoxP3 expression in HKBP cells transferred to
wild-type mice compared with wild-type cells transferred to
HKBP mice (Figures 6B,C). These observations demonstrate

that kallistatin functions intrinsically on T cells to maintain or
induce Treg cells.

DISCUSSION

It has been previously demonstrated that a relationship
between kallistatin and inflammation exists. This further
illustrates a relationship between angiogenesis and inflammation.
Previous reports demonstrate that TG-HKBP mice exhibit
a reduction in B cells and a greater percentage of CD4™
T cells (32). It has also been previously shown that TG-
HKBP mice also have an impairment of wound healing due
to defects in angiogenesis (17). In this report, we asked if
kallistatin is capable of suppressing autoimmune uveitis. Our
observations demonstrate that EAU is attenuated in TG-HKBP
mice and display a reduction in severity and acceleration
of resolution. This indicates the anti-inflammatory and anti-
angiogenic properties of kallistatin are sufficient to suppress
autoimmune uveitis and should be further investigated to
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develop novel treatments for autoimmune uveitis. However,
the anti-angiogenic properties associated with elevated systemic
kallistatin will need to be carefully considered if this is
translated into a uveitis treatment. Another caveat to consider
is that the overexpression of kallistatin is not equivalent to
administration of the protein systemically because kallistatin
likely has different properties in the eye compared to systemic
kallistatin (17, 19, 21). Therefore, it may be the case that
kallistatin given locally into the eye may be a suitable alternative
to systemic administration.

It has been demonstrated that kallistatin is a Wnt/B-catenin
inhibitor. This accounts for the reduction of lymphocytes because

of the reduction of hematopoietic stem cells (32,36-38). A
reduction in T cells supports the hypothesis that EAU is
suppressed because of a lack of effector T cells that can mediate
inflammation. This may still be the case, but because we observe
Treg cells that emerge at the resolution of EAU in TG-HKBP
mice, it is likely that there are still pathogenic effector T
cells being generated. However, given the anti-inflammatory
properties and antagonism of TNF-a (23, 39) kallistatin has the
capacity to limit the extent to which these effector T cells can
mediate disease. Support for a kallistatin-mediated limitation of
T cell activation is provided with the significant reduction of
CD44+ TG-HKBP T cells following CD3 activation. As such,
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further studies are necessary to determine the exact mechanism
whereby, kallistatin suppresses EAU.

Since mice that recover from EAU have regulatory immunity
that provides resistance to EAU, it was of interest to determine
if the post-EAU TG-HKBP mice also generate this regulatory
immunity (29, 30, 35). Our observations demonstrate that not
only is EAU attenuated in TG-HKBP mice, but they also
generate regulatory immunity that is capable of providing
resistance to relapse. The importance of this discovery is
that if a uveitis patient is treated with kallistatin, there is
still a generation of regulatory immunity that could provide
sustained remission. However, overexpression of kallistatin is
not equivalent to the administration of the protein as a
therapeutic, but it has been demonstrated to confer greater
survival in a sepsis model (40). Therefore, additional study
assessing the efficacy of recombinant kallistatin is needed. We
further show that the Tregs that emerge in the spleen of TG-
HKBP mice share similar markers as the typical Tregs that
normally emerge during EAU, so the Tregs likely emerge through
similar mechanisms.

Because the TG-HKBP mice express serum levels similar to
diabetic patients with vascular complications (17, 19), it may
be the case that diabetic patients could be resistant to the
development of autoimmune uveitis. However, because there are
many mechanisms that promote autoimmune uveitis, this may
only represent one such mechanism that provides resistance. As
such, it has been observed that patients with diabetic retinopathy
experience exacerbated uveitis (41, 42). This discrepancy is
likely due to the status of ocular immune privilege, as is
observed in diabetic retinopathy patients with lower kallistatin
concentration in the vitreous (19, 21), and if systemic regulatory
immunity has been established or not. In the case that ocular

immune privilege has established regulatory immunity to protect
against ocular inflammation, the patient would be protected
against uveitis.

These observations demonstrate for the first time to our
knowledge that kallistatin is effective in decreasing the severity
of EAU and in accelerating the resolution of EAU. This
suppression is likely due to multiple mechanisms that may
include an inhibition of T cell activation and an intrinsic
predisposition to regulatory activity in T cells. Importantly, in
mice that overexpress kallistatin and have recovered from EAU,
a functionally suppressive regulatory immunity is found in the
spleen. This regulatory immunity in the spleen has a similar
abundance of post-EAU Tregs that naturally emerge at resolution
of EAU. Therefore, kallistatin suppresses autoimmune uveitis
while also allowing for the emergence of systemic regulatory
immunity that provides resistance to EAU.
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In the twentieth century, a conspicuous lack of effective treatment strategies existed for
managing several retinal disorders, including age-related macular degeneration; diabetic
retinopathy (DR); retinopathy of prematurity (ROP); retinitis pigmentosa (RP); uveitis,
including Behget's disease; and vitreoretinal lymphoma (VRL). However, in the first
decade of this century, advances in biomedicine have provided new treatment strategies
in the field of ophthalmology, particularly biologics that target vascular endothelial growth
factor or tumor necrosis factor (TNF)-a. Furthermore, clinical trials on gene therapy
specifically for patients with autosomal recessive or X-linked RP have commenced. The
overall survival rates of patients with VRL have improved, owing to earlier diagnoses and
better treatment strategies. However, some unresolved problems remain such as primary
or secondary non-response to biologics or chemotherapy, and the lack of adequate
strategies for treating most RP patients. In this review, we provide an overview of the
immunological mechanisms of the eye under normal conditions and in several retinal
disorders, including uveitis, DR, ROP, RP, and VRL. In addition, we discuss recent studies
that describe the inflammatory responses that occur during the course of these retinal
disorders to provide new insights into their diagnosis and treatment.

Keywords: immune privilege, non-infectious uveitis, diabetic retinopathy, retinopathy of prematurity, retinitis
pigmentosa, vitreoretinal lymphoma

INTRODUCTION

In the last 2 decades, advances in the interdisciplinary collaboration of the fields of molecular
biology, biochemistry, genetics, and biomedicine have resulted in tremendous breakthroughs in
the treatment of refractory ocular disorders. Infliximab (IFX), a chimeric antibody of the tumor
necrosis factor (TNF)-a, is a biologics that is used for treating ocular symptoms of Behget’s
disease that have not been adequately controlled (1). Anti-vascular endothelial factor (VEGF)
agents such as ranibizumab and aflibercept are used as the first-line therapy in the management
of intractable retinal disorders such as neovascular age-related macular degeneration and diabetic
macular edema (DME). These agents can also maintain remission in such cases (2, 3). For a
long time, laser photocoagulation alone has been used for the primary treatment of etinopathy
of prematurity (ROP). However, in 2018, ranibizumab was also validated for the treatment of
ROP in Japan. Gene therapy clinical trials targeting the treatment of autosomal recessive or X-
linked retinitis pigmentosa (RP), which is an incurable genetic retinal disorder, have been initiated
(4). Furthermore, the overall survival of patients with vitreoretinal lymphoma (VRL), which is
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a fetal retinal malignancy, has increased because of improved
treatment strategies that involve intense systemic chemotherapy
and/or radiotherapy (5-7). However, unmet needs remain in the
management of these retinal disorders because of primary and
secondary treatment failure or non-response to the biologics, or
most cases of RP untargeted by gene therapy.

The eye, just like the brain and the testes, is an immune-
privilege site (8). Ocular immune privilege is an active process
in which the regulatory molecules and cells of the eye
modulate the induction and the expression of inflammation
(8-10). As long as the ocular immune-privilege system is
working, a harmful immune response and degenerative eye
diseases can be prevented. By limiting intraocular inflammation,
immune privilege preserves the integrity of the visual axis
and thereby prevents blindness (11). However, the mechanism
of immune privilege can be compromised genetically and/or
by environmental stimuli such as damage-associated molecular
patterns, infection, and a chronic immune response, and thereby
give rise to various retinal disorders (11).

Immunological responses to various environmental stimuli
have been associated with the pathogenesis of uveitis and retinal
vascular diseases such as diabetic retinopathy (DR) and ROP
(11-13). Retinitis pigmentosa is a genetic disorder, although
inflammatory responses to microenvironmental changes, such as
rod cell death, which occur after the primary onset of the disease,
may cause subsequent loss of cone cells (11). In VRL, oncogenic
mutations of VRL cells and the evasion of immune surveillance
because of the immunosuppressive ocular microenvironment
may contribute to tumor growth.

In this review, we focus on the roles of immunological
responses in a normal conditions and in several major retinal
disorders including non-infectious uveitis (NIU), DR, ROP, RP,
and VRL. In addition, we contemplate new approaches for the
diagnosis and treatment of these intractable retinal disorders
from an immunological point of view.

THE NORMAL IMMUNOLOGICAL
CONDITION IN THE EYE

A properly elicited and regulated immune response by the
human body is necessary for eliminating threats due to
infectious microbes and tissue trauma to avoid irreversible tissue
damage (11). Acute inflammation should be self-limiting and
normally attenuated after the elimination of deleterious stimuli
to enable physiological recovery. Chronic inflammation causes
degenerative diseases with consequent loss of organ function.
Ocular immune privilege is believed to elicit self-limiting
immune responses (14). Several soluble and cell-bound
inhibitory factors are involved in the mechanism of ocular
immune privilege to create an intraocular immunosuppressive
microenvironment, which prevents excessive immune
activation and subsequent tissue damage. These factors
include transforming growth factor-beta (TGF-B)2 (15),
retinoic acid (16), and multiple immunosuppressive factors
in ocular fluids (17), and the constitutive expression of the
Fas ligand (18), programmed death-ligand 1 (PD-L1) (19),

galectins (20), membrane glycoprotein CD200 receptor 1 (21),
cytotoxic T lymphocyte-associated protein (CTLA)-2a (22),
B7 (23, 24) on the surface of ocular cells. For the maintenance
of retinal homeostasis, these immunosuppressive molecules in
the eye actively regulate the induction and the expression of
inflammation to prevent excessive activation and subsequent
tissue damage.

In addition to the abovementioned local immunosuppression,
ocular immune privilege is associated with the development of
a type of an antigen-specific systemic immune regulation, called
“anterior chamber-associated immune deviation” (“ACAID”) (8,
25). ACAID is induced by intrinsic intraocular bone marrow-
derived antigen-presenting cells (APCs) that trap an antigen
within the anterior chamber and migrates to the spleen via
circulating blood (8, 26). Antigens from the anterior chamber
can be transported to the regional lymph nodes (27). Tolerogenic
CD11c" dendritic cells (DCs) also transport antigens to the
thymus (27). APCs bearing the eye-derived antigen can elicit
the development regulatory T (Treg) cells in these lymphoid
organs. In the eye, innate immune cells such as microglial cells,
neutrophils, monocyte-macrophages, natural killer (NK) cells,
natural killer T (NKT) cells, and y8T cells can exhibit a broad
range of antigen recognition and confer a widely distributed form
of immunity, which constitutes the first line of defense against
various invading pathogens (28).

The anterior chamber and the vitreous cavity or the posterior
chamber of the eye have the capacity to induce systemic immune
deviation (29). This phenomenon is called “vitreous cavity-
associated systemic immune deviation” (“VCAID”). Research
demonstrates that F4/80" hyalocytes are distributed over the
retinal surface (30) and that murine hyalocytes are bone marrow-
derived and turned over in 4 months (31). Hyalocytes have strong
scavenger activity (30); therefore, we postulated that ocular
hyalocytes capture an antigen on the retinal surface and carry
it via the blood to the spleen, which induces antigen-specific
Tregs (30).

NON-INFECTIOUS UVEITIS (NIU)

Human Non-infectious Uveitis

Non-infectious uveitis (NIU) is a sight-threatening disorder
associated with systemic autoimmune diseases such as Behcet’s
disease, sarcoidosis, and Vogt-Koyanagi-Harada disease (32).
NIU is often recurrent and causes tissue destruction and
scarring, especially in the retina and uvea, which results
in permanent loss of vision. Early studies showed that T-
helper (Th) 1 and Th17 cells are the major effector cells and
are crucial for development of uveitis (33). In many cases,
the administration of several immunosuppressive drugs for
an extended period is necessary to control inflammation in
eyes with uveitis (34). These agents include corticosteroids,
tacrolimus, and cyclosporine, which have a strong T cell-
suppressive effect and have serious side effects, such as diabetes,
hypertension, and nephrotoxicity (35, 36). A new generation
of biological compounds that inhibit T cell activation such
as monoclonal antibodies and recombinant forms of natural
inhibitory molecules have emerged (36, 37). For example, IFX
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is validated for the treatment of refractory ocular Behgets
disease (1, 38, 39). Adalimumab (ADA), which is a recombinant
human immunoglobulin G1 monoclonal antibody to TNF-a,
has also been validated for the treatment of patients with
NIU in the United States and in Japan. ADA has been
proven as an effective corticosteroid-sparing agent that reduces
adverse effects associated with long-term usage of corticosteroids
(34). Immunosuppressive therapeutic agents for treating non-
infections uveitis (based on the guidelines of an international
expert steering committee consisting of uveitis specialists
are summarized in Table 1) (40). However, several studies
report that IFX can cause the development of autoimmune
diseases, primarily cutaneous vasculitis, lupus-like syndrome,
and malignant lymphoma (41). In recent reports, some patients
had a decreased response to IFX or ADA during the course of
the treatment, owing to the development of antidrug antibodies
against IFX or ADA (42-44). Therefore, new effective therapeutic
targets for uveitis with less severe adverse effects need to
be identified.

Experimental Autoimmune Uveitis
Experimental autoimmune uveitis (EAU) is an animal
disease model of a T cell-mediated autoimmune disease

that mimics many of the pathological features of human
uveitis (45, 46). EAU is induced by injecting animals
with purified retinal antigens such as S-Ag, a fragment
(residues 1-20, GPTHLFQPSLVLDMAKVLLD) of the
human interphotoreceptor retinoid-binding protein (hIRBP);
rhodopsin (or opsin); phosducin, or recoverin. The disease
is mediated by Thl and Th17 cells (47, 48), which are
generated from naive T cells in response to their exposure
to proinflammatory cytokines and to the foreign antigens
presented by APCs—including DCs, macrophages, NK
cells, and B lymphocytes—in secondary lymphoid organs.
Infiltration of inflammatory cells such as granulocytes and
macrophages and other non-specific lymphocytes that can
destroy ocular tissue also contributes to the development
of EAU (48, 49). In the next section, we will discuss recent
studies of EAU model mice and review studies on microglia,
NK cells, NKT cells, DCs, the P2X7 receptor, Notch signaling,
and the transcription factor Foxp3 (forkhead box P3), which
have been identified as targets for translational medicine.
Such research has provided insight into the mechanisms
underlying disease pathogenesis and the basis for the
development of new preventive or therapeutic approaches
to human uveitis.

TABLE 1 | Systemic corticosteroid and immunomodulatory therapeutic agents for non-infectious uveitis.

Drugs Drug administration route and dosage

Evidence level
(No. of
publications)

Disease entities or cause

Corticosteroid NIU
Orally prednisolone, 20-60 mg/day
Intravenously methylprednisolone, 1,000 mg/day
Tapering to low-dose oral prednisone and addition of a
corticosteroid sparing agent
Mycophenolate preparations Oral, 500-3,000 mg/day NIU 2Bf
BCR 2B/3
VKH disease 2B/3
Azathioprine® Started at 1 mg/kg/day and increased to 2-3 mg/kg/day NIU 2B
in steps of 50 mg every 2 weeks BD 2B
VKH disease 4
Methotrexate Adult: oral, 6-25 mg/week NIU 2B 2B/3
Child: oral, 4-10 mg/week VKH disease
Cyclophosphamide Oral, 20-100 mg/day Intravenos, 750-1,000 mg/m? of NIU 4
body surface area monthly infusions
Tacrolimus Oral, 0.12-0.3 mg/kg NIU 2B
Cyclosporine Oral, 3-56 mg/kg NIU 2B
Infliximab Intravenous, 5 mg/kg at weeks 0, 2, and 6, and every 8 BD, BCR, sarcoidosis, idiopathic 2B (2),3B(1),4 4)
weeks thereafter vasculitis, VKH disease
Pediatric NIU (uveitis entities include JIA, 2B (1),4(2),5(1)
BD, sarcoidosis, VKH disease)
Adalimumab Initial dose of 80 mg, followed by 40 mg administered NIU (including different uveitis entities: BD, 1B (4), 2B (4), 4

every other week starting 1 week after the initial dose

idiopathic uveitis, sarcoidosis, BRC, TINU,
VKH disease, pars planitis; other:
HLA-B27, JIA)

NIU, non-infectious uveitis; BCR, birdshot chorioretinopathy; VKH, Vogt-Koyanagi-Harada disease; BD, Behcet'’s disease; JIA, juvenile idiopathic arthritis; TINU, tubulointerstitial nephritis

and uveitis.
TEvidence level 4 and grade C recommendation for mycophenolate sodium.
Sincludes one studly with methotrexate and mycophenolate mofetil as comparators.
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Advances in the Treatment of EAU

The important role of microglia in the regulation of
inflammatory cell infiltration into the retina associated with
the initiation of retinal autoimmune uveitis has recently been
demonstrated (50). During the early phase of EAU (days 7-10),
microglia have a direct effect on the increase in the number of
various adherent vascular leukocytes, including T cells, major
histocompatibility complex (MHC) class II* cells, and CD11b*
cells. This effect was specific to microglia, given that it was not
reproduced by other immune cell types such as monocytes-
macrophages. Therefore, immunomodulatory therapies targeted
at microglia are a primary focus in the development of new
treatments for patients with uveitis.

We previously explained that NKT cells suppress the
induction of Th17 cells and the ocular infiltration of hIRBP-
specific T cells in EAU. However, in contrast to the ameliorating
effects of NKT cell activation that is apparent during the initiation
phase of EAU, the activation during the effector phase exacerbates
disease pathology. This finding suggests that NKT cells have a
dual role in EAU, depending on the phase of the disease (51).

CD83TCCR7" NK cells induced by interleukin (IL)-18
released from DCs promote EAU (52). NK cells are negatively
regulated by a soluble form of CD83 in EAU (53). In addition,
DC-NK cell interactions that underlie the regulation of Thl
responses modulate the adaptive Th17 response and limit tissue-
specific autoimmunity through the innate interferon (IFN)-y-IL-
27 axis in this model (54).

Treg cells are necessary for the resolution of EAU and the
prevention of relapse (55, 56). A recent study demonstrated that
PD-17CD25TCD4" Treg cells require programmed cell death 1
(PD-1) stimulation through a melanocortin-adenosine pathway
to suppress EAU. These Treg cells did not induce suppressor
activity in APCs through the PD-1 pathway (57).

Many studies have demonstrated that monocytes-
macrophages have a role in the development of EAU (58).
Activated bone marrow-derived macrophages are required
during the effector phase of EAU (45). However, in addition to
their proinflammatory function, macrophages have suppressive
effects on ocular inflammation, especially in the chronic phase.
Suppressor of cytokine signaling 3 (SOCS3) in macrophages
was recently found to be important in the suppressing the
inflammation caused by these cells in EAU (59).

Extracellular adenosine triphosphate (ATP) is a key
chemotactic signal for the recruitment of innate immune
cells to sites of brain injury (60). ATP is actively released via
exocytosis or transporters during the early phase of apoptotic cell
death, whereas it is passively released from necrotic cells after
the rupture of the plasma membrane. Extracellular ATP acts at
P2X and P2Y purinergic receptors and induces the formation
of inflammasomes, which are large intracellular multiprotein
complexes that are key players in host defense during the
innate immune response (61). The P2X receptor family consists
of ligand-gated cation channels that open in response to the
binding of extracellular ATP. Among the seven mammalian P2X
receptors, P2RX7 shows the highest affinity for ATP and is highly
expressed in immune cells such as monocytes and T lymphocytes
(62, 63). Research has demonstrated that the genetic ablation

of P2RX7 or the administration of the P2RX7 antagonist BBG
in mice suppresses EAU clinically and histopathologically by
attenuating hIRBP-dependent induction of interferon (IFN)-y
and IL-17 (64).

Dendritic Cells in the Eye

DCs are highly efficient APCs and have the unique ability to
prime and activate naive T lymphocytes (65, 66). They are divided
into three types, based on their function: immature DCs, mature
DCs, and regulatory DCs. Under physiological conditions, DCs
are widely distributed among tissues and organs (67) where they
are in an immature state and contribute to immune surveillance.
In the eyes of mice and rats, these cells are at the peripheral
margin and in juxtapapillary areas of the retina (68, 69). The
functions of DCs in the quiescent retina include promoting the
generation of Foxp3™ Treg cells and inhibiting the activation of
naive T cells induced by splenic DCs and antigens (69).

Dendritic Cells in EAU

DCs have an essential role in innate immunity. They also
link the innate and adaptive immune systems and are key for
the induction of late immune responses. Cell-based therapy
involving the ex vivo manipulation of mature or regulatory DCs
has been adopted as a means to induce tolerance in autoimmune
disease (70-72). Studies of the mechanisms of DC function in
uveitis are thus warranted to identify new therapeutic targets
for this condition. Mature DCs pulsed with uveitogenic antigens
induce the development of EAU (69). Treatment with fixed
immature DCs, but not with fixed mature DCs, has also been
demonstrated to ameliorate the progression of EAU by inhibiting
uveitogenic CD4™ T cell activation and differentiation (73). In
addition, impairment DC maturation with drugs prevents the
generation of antigen-specific Thl and Th17 cells and thereby
attenuates EAU (74). Moreover, regulatory DCs induced in vitro
suppress the development of EAU (75). These various data
altogether indicate that the regulation of DC status is potentially
beneficial for the treatment of uveitis.

In a previous study, conducted by the authors of the
present review, we found that mouse spleen-derived DCs
mediate the anti-inflammatory action of dietary w-3 long-chain
polyunsaturated fatty acids (LCPUFAs) in EAU (76). Histological
analysis at 17 days after disease induction revealed retinal folds
and immune cell infiltration in the eyes of EAU mice that received
DCs from w-6 LCPUFA-fed mice, and showed that such changes
were markedly suppressed in EAU mice that received DCs from
-3 LCPUFA-fed mice (Figure 1A) (77). Furthermore, DCs
exposed to w-3 LCPUFAs in vivo or in vitro suppressed T cell
proliferation. This finding suggested that w-3 LCPUFA-treated
DCs attenuate inflammation mediated by T cells (Figure 1B).
Cytokines released by activated DCs are essential for T cell
differentiation, with IL-12 p70 promoting Th1 cell differentiation
and with IL-6 and TGF-f promoting Th17 cell differentiation
(78, 79). We also found that dietary w-3 LCPUFAs acting via
adoptively transferred DCs markedly inhibited IL-12 p70 and
IL-6 production by T cells from EAU mice. This finding is
consistent with the notion that w-3 LCPUFAs suppress Thl
and Th17 cytokine production by CD4™ T cells, through the
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FIGURE 1 | The effects of »-3 long chain polyunsaturated fatty acids in experimental autoimmune uveitis model mice. (A) Hematoxylin-eosin staining of retinal
sections at 17 days after disease induction in experimental autoimmune uveitis (EAU) mice maintained on a diet enriched with -3 or w-6 long-chain polyunsaturated
fatty acids (LCPUFAs). A red arrowhead indicate inflammatory cells in the retina. A yellow arrow indicates a retinal fold. GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. Scale bars, 200 um. (B-D) The proliferation of T cells, as assessed by the measurement of [*H]thymidine incorporation (B), and by the
production of interferon-y (C), and interleukin-17 (D) in co-cultures of CD4™ T cells from EAU mice and the indicated antigen presenting cell fractions from mice fed
with -3 or w-6 LCPUFAs. Data are expressed as the means + the standard error of the mean (SEM). *P < 0.05, ***P < 0.001; NS, not significant vs. the
corresponding value for the w-6 LCPUFA diet (i.e., Sidak’s multiple comparison test). The figure is reproduced from (77) with permission.
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mediation of DCs (Figures 1C,D). Moreover, we also found that
-3 LCPUFAs, acting via DCs, suppressed the production of
proinflammatory cytokines and the anti-inflammatory cytokine
IL-10. However, the DC-dependent anti-inflammatory effects of
-3 LCPUFAs appear to outweigh their proinflammatory effects,
at least in EAU.

DIABETIC RETINOPATHY

The global prevalence of diabetes mellitus (DM) tends to increase
yearly, and the number of DM patients is estimated to reach
592 million within 20 years (80). Diabetic retinopathy (DR)
is a representative microvascular complication of DM that
causes visual impairment in working-age adults (81). Leasher
et al. reported that blindness and moderate to severe visual
impairment due to DR increased in 20 years (1990-2010)
from 2.1 to 2.6% and from 1.3 to 1.9%, respectively (82).
Vascular abnormalities such as hemorrhage, microaneurysm,
capillary non-perfusion, and exudates are frequently observed

in DR. Therefore, DR has been perceived as a disease that
originates from vascular abnormalities. However, several lines
of evidence indicate an association between inflammation and
the pathophysiology of DR (12). The principal causes of visual
impairment in DR are proliferative DR (PDR) and DME.
In the next section, we will discuss the relationship between
inflammation and PDR or DME formation.

Inflammation in PDR

PDR is characterized by the development of preretinal
neovascularization and epiretinal fibrovascular membranes
(FVMs) (81). Prolonged hyperglycemia, accumulation of
advanced glycation end products, and oxidative stress under
diabetic condition induce VEGF expression in the retina through
protein kinase C activation. VEGF promotes leukostasis by
increasing the expression of intercellular adhesion molecule-1
(ICAM-1) in retinal vascular endothelial cells (83). Low-grade
inflammation initiated by leukocytes (e.g., monocytes and
granulocytes) that adhere to endothelial cells via ICAM-1
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induces vascular endothelial cell damage and cell death and
promotes capillary loss and infiltration of leukocytes into the
retina (84). Expanding inflammation and ischemia induces the
further expression of VEGF and other angiogenic cytokines such
as TNFa, IL-1P, IL-6, and IL-8. This negative cycle gradually
advances DR (85). Van Hecke et al. showed that the prevalence
of DR is positively associated with the serum levels of C-reactive
protein (CRP) and soluble ICAM-1 (sICAM-1), which suggests
that early vascular damage is actually caused by inflammation
(86). Preventing the onset of DR is important to avoid DR-
induced visual impairment. Therefore, the serum levels of CRP
or sICAM-1 that indicate the level of the inflammatory activity
may become useful biomarkers for predicting the onset of DR.

In a previous study with an experimental animal model,
we previously reported that intravitreal injection of an anti-
VEGF agent can attenuate the infiltration of leukocytes,
especially macrophages, into the retina and can suppress
preretinal neovascularization (87). Esser et al. demonstrated
that inflammatory phase macrophages are localized in FVMs
in PDR (88). This finding implied that macrophage-induced
inflammation is associated with FVM formation. However,
macrophages have diverse populations, and the role of each
population differs (89). With regard to various populations of
macrophages, Zhou et al. found that M2-like macrophages (i.e.,
CD163-positive macrophages) promote pre-retinal angiogenesis
in DR (90). Kobayashi et al. also reported that some M2-
like macrophages localized in the FVMs produce periostin
(91). Periostin is a matricellular protein that is essential for
FVM formation in PDR (92). Thus, we believe that M2-like
macrophages may potentially become a new therapeutic target
in treatment of PDR. The process from the onset of DR to the
occurrence of PDR is summarized in Figure 2.

Inflammation in DME

Blood vessels in the central nervous system (CNS), including
the retina have a vascular barrier function and maintain a
proper neural microenvironment through strict control of
vascular permeability (93). Retinal neural tissue is separated
from the blood stream by the inner blood-retinal barrier
(94). The collapse of the inner blood-retinal barrier under
diabetic conditions results in DME, and persistent DME causes
irreversible neural damage (94). Experimental investigations
have proven that low-grade inflammation after leukostasis
can disrupt the vascular barrier (83), and VEGF and some
cytokines/chemokines that can increase vascular permeability
are secreted from infiltrated leukocytes (94). Moreover,
several clinical studies have demonstrated the upregulation of
inflammatory cytokines/chemokines in the vitreous fluid of eyes
with DME, which suggests a relationship between inflammation
and the pathogenesis of DME (95).

VEGF is the most studied molecule that can increase vascular
permeability (96). Regular intravitreal injections of anti-VEGF
agents (i.e., anti-VEGF therapy) can improve vision and reduce
the accumulation of macular fluid in DME. This therapy is
the primary treatment modality for DME (3). However, clinical
trials have demonstrated that ~40% of patients are anti-
VEGF resistant (97). Several studies were conducted to detect

additional therapeutic targets for the treatment of DME. Sfikakis
et al. demonstrated the therapeutic efficacy of the intravenous
injection of IFX, an anti-TNFa antibody (98). Anti-inflammatory
treatment for DME produces worthwhile results; however some
concerns exist regarding the adverse effects of the therapy
because of the need to administer high concentrations of IFX
(5 mg/kg) multiple times to patients (98). Gale et al. conducted
a clinical trial to evaluate the efficacy of an oral chemokine
receptor (CCR) type 2 and type 5 (CCR2/CCR5) dual antagonist
for treating DME because CCR2 and CCR5 signaling pathways
are associated with vascular leakage, monocyte/macrophage
infiltration, and increased VEGF expression in the retina of
experimental DR models (99). However, its therapeutic efficacy is
inferior to that of monthly intravitreal injections of an anti-VEGF
agent (99). No molecule beyond VEGF has been found, although
the development of a novel treatment for anti-VEGF-resistant
DME is urgently needed.

To identify a new target molecule or a novel biomarker
for predicting anti-VEGF resistance, many researchers have
examined the relationship between the response to anti-VEGF
treatment and the concentration of intraocular inflammatory
cytokines/chemokines. Hillier et al. showed that an increase
in baseline aqueous ICAM-1 is associated with a favorable
anatomic response, whereas an increase in baseline aqueous
VEGF is associated with an unfavorable anatomic response
(100). Shimura et al. concluded that a favorable response was
obtained in patients with increased baseline aqueous VEGE
soluble VEGF receptor-1, monocyte chemoattractant protein-1
(MCP-1), ICAM-1, IL-6, and IP-10 (101). Felfeli et al. compared
aqueous cytokine concentrations at baseline and 2 months after
anti-VEGF therapy; they reported that the aqueous levels of
ICAM-1, MCP-1, placenta growth factor, and TGF-B2 decreased
significantly in patients with a favorable response (102).

The results of animal experiments have revealed that VEGF
induces endothelial ICAM-1 expression in the early stage of DR
(83), and that ICAM-1 expression decreases in endothelial cells
in the chronic stage of DR (103). Therefore, DME in the “early”
stage with mild vascular injury (which does not indicate a short
medical history of DR) may respond well to anti-VEGF therapy.
Inflammatory cytokines and VEGF decreased in patients with a
favorable response to the anti-VEGF therapy, which suggests that
VEGEF-dependent inflammation may have primarily contributed
to DME formation in these patients. The detailed mechanisms of
the association between inflammation and anti-VEGF resistance
are not completely understood; however, the change in the
quality of inflammation may cause treatment resistance. DME
animal models such as Akimba mouse models (104), will provide
new insights into the involvement of inflammation in the
pathogenesis of DME in future research (Figure 2).

RETINOPATHY OF PREMATURITY

Retinopathy of prematurity (ROP) is a retinal vasoproliferative
disorder that can lead to childhood blindness (105). Blencowe
et al. reported that ROP occurs in 184,700 infants annually
worldwide. Among these infants, ~20,000 cases progress to
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FIGURE 2 | Summary of our hypothesis on the formation of proliferative diabetic retinopathy and antivascular endothelial growth factor resistant diabetic macular
edema. Diabetic macular edema (DME) animal models such as Akimba mouse models have been developed. The details of the involvement of inflammation in the
pathogenesis of DME are expected to be identified in the future.
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a stage that requires treatment (105). The incidence of ROP
onset cases has been declining because neonatal management is
improving every year (106) and because of a tendency toward a
declining birthrate, especially in developed countries. However,
a decrease in the number of cases does not necessarily mean
a decrease in the number of treatments. Improved neonatal
management indicates an increase in the survival rate of preterm
infants. The gestational age (GA) and birth weight (BW) of
infants enrolled in major large trials are steadily decreasing
(107). Low GA and low BW are common risk factors for
ROP progression (108). The risk of an increase in the relative
proportion of severe ROP cases that require treatment may occur
in the future.

Current primary treatments for ROP are retinal
photocoagulation and anti-VEGF therapy. Large clinical trials
such as the Early Treatment for Retinopathy Of Prematurity
study and the Bevacizumab Eliminates the Angiogenic Threat of
Retinopahty of Prematurity (BEAT-ROP) study have proven that
both methods are effective (109, 110). However, severe ROP is
sometimes accompanied by poor mydriasis and vitreous opacity.
In such cases, performing laser photocoagulation in infants
with ROP is difficult. Anti-VEGF therapy can be considered
the first-line therapy for these patients. The BEAT-ROP study
revealed that anti-VEGF therapy (i.e., the administration of
bevacizumab) is associated with significantly less recurrence
than laser photocoagulation in zone I ROP cases (110). To
date, bevacizumab is generally used as an off-label drug in
some limited facilities. The efficacy of intravitreal injection of
ranibizumab (IVR) was recently proven (111). On account that
ROP has been approved as one indication for ranibizumab,
more infants with ROP are expected to benefit from anti-VEGF
treatment in the future.

Inflammation in ROP

The recurrence rate of ROP after IVR monotherapy is ~30%
(111). The provision of optimal treatment at a proper time is
essential to prevent the impairment of visual development in
infants with ROP; therefore, the identification of a biomarker
of ROP progression is very important. VEGF and many other
molecules such as insulin-like growth factor-1, hypoxia-inducible
factor-1, and reactive oxygen species, may be involved in the
onset of ROP (108); however, Sato et al. reported that the
vitreous concentrations of inflammatory cytokines/chemokines
are increased in patients with ROP (13), which suggests an
association between inflammation and ROP pathogenesis. Lyu
et al. showed that high levels of aqueous VEGF and macrophage
inflammatory protein (MIP)-1f at baseline were associated with
the recurrence rate of ROP after IVR therapy (112). In a previous
study, we reported that MIP-1f expression significantly increased
in the retina of an ROP animal model (113). MIP-1B, also
known as chemokine CC motif ligand 4, is a member of the CC
chemokine family. Members of the CC chemokine family are
characterized by their ability to direct the migration of leukocytes
into the inflamed tissues. MIP-1P is upregulated very quickly
after hypoxic stimulation in mouse retina (113). Therefore, its
expression level may become a very sensitive sensor of retinal
ischemia. The administration of a neutralizing antibody against

MIP-1p inhibits physiological angiogenesis (113); therefore, we
believe that MIP-1P has the potential to be a useful inflammatory
biomarker of ROP progression or recurrence rather than a
therapeutic target molecule. Moreover, Matsuda et al. reported
that mast cell tryptase (MCT) released from mast cells is involved
in angiogenesis in ROP (114). They demonstrated that MCT
promotes angiogenesis by inducing the production of MCP-1
and other angiogenic factors from endothelial cells (114). On
account that the serum MCT level is elevated in infants with
ROP, MCT also has the potential to be a useful biomarker of
ROP progression.

RETINITIS PIGMENTOSA

Gene Mutations and Microenvironment

Alterations in Retinitis Pigmentosa

Retinitis pigmentosa refers to a subgroup of inherited
retinal degenerations (IRDs) that cause progressive rod-
cone degeneration (115). More than 90 causal genes have been
identified for typical RP, and these genes are frequently related
to the function, structure, and homeostasis of rod photoreceptor
cells. Night blindness due to rod dysfunction and death is an
early symptom of RP, followed by visual field constriction and
loss of central vision due to secondary cone cell death. RP is
a major cause of adult blindness in over one million patients
globally; no effective treatment substantially delays the disease
progression or restores the vision lost to RP (115).

Recent advances in gene therapy have shed light on the
treatment of IRDs. Supplementation of the retinal pigment
epithelium-specific 65 kDa protein (RPE65) gene in patients
with Leber congenital amaurosis due to RPE65 mutations
improves their light sensitivity and performance in the multi-
luminance mobility test (116). This therapy has been approved
in the United States and in Europe. Gene therapy for RP,
which targets autosomal recessive or X-liked mutations (e.g.,
phosphodiesterase 6B, retinaldehyde-binding protein 1, retinitis
pigmentosa GTPase regulator, MER proto-oncogene tyrosine
kinase) has been assessed in clinical trials (4). However, a
significant number of RP patients may not be indicated for gene
therapy because of the following reasons: (1) adeno-associated
viral vectors cannot accommodate large genes such as the eyes
shut homolog, (2) gene correction or editing of autosomal
dominant mutation in vivo is still challenging, and (3) many
patients are first diagnosed in the mid- to late-stages of the disease
when the rod cells are mostly lost. Therefore, the elucidation
of the biological mechanisms that underlie retinal degeneration,
especially in the secondary cone cell death phase, will be critical in
developing novel treatments for RP, in addition to individualized
gene therapy.

In RP, rods are expected to be injured because of gene
mutations that are exclusively expressed or critically function
in rod cells. However, why and how cones also die subsequent
to rod cell death is puzzling. Accumulating evidence suggest
that microenvironmental changes associated with rod cell death
such as loss of trophic factors (117), metabolic alterations
(118), oxidation (119), collapse of outer nuclear layer (120),
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and inflammation (121), which are associated with rod cell
death, may contribute to the secondary cone cell death. These
factors mutually influence each other. For example, cytokines or
chemokines released from a collapsed retina evoke inflammatory
cell activation and migration, activated microglia or macrophages
produce reactive oxygen species (ROS) to enhance oxidative
stress, and, alternatively, oxidative stress triggers, or augments
inflammatory response. The roles of oxidative stress and
metabolic dysfunction in cone cell death in RP have been
summarized in a previous review (119, 120). The present review
focuses on inflammation and immunobiology as potential factors
that mediate and modulate cone degeneration in RP. Assessing
immune involvement in RP/IRDs from a broader perspective,
including RP cases in the rod degeneration phase, is beyond the
scope of this review and have been described in our previous
recent review (11).

Clinical Findings of the Inflammatory
Response and Its Relationship With Cone

Degeneration in RP
Cell death and inflammation have a tight interaction with each
other. Dying or dead cells stimulate phagocytes to mediate their
clearance and maintain tissue homeostasis, whereas excessive
activation of inflammatory cells can exert cytotoxicity and
exacerbate the disease (122).

Without exception to this scenario, inflammatory cell
infiltration is usually observed in the vitreous of RP patients.
Using vitreous samples from post-mortem RP patients, Newsome
et al. demonstrated that this cell infiltration consists of a
mixed component of inflammatory cells including monocytes,
NK cells, lymphocytes, and others cells (123). In a previous
study, the authors of the present review graded the severity
of inflammation in the anterior vitreous using vivo in slit-
lamp biomicroscopy, and found that RP patients with a higher
number of inflammatory cells had worse visual acuity and lower
central retinal sensitivity (121). We also evaluated aqueous flare,
a marker of blood-ocular barrier breakdown and inflammation.
Our study data showed that aqueous flare values are increased
in the eyes of RP patients, compared to these values in
healthy individuals, and that aqueous flare values are negatively
correlated with central visual function in RP patients (124).
Consistent with our observation, independent groups have
reported that aqueous flare values have a negative association
with visual field area (125) and a positive correlation with inner
retinal thickening, which occurs during retinal degeneration and
remodeling, in RP patients (126). Daylight vision in the central
and peripheral area is provided by cone cells; therefore, these
findings suggest that inflammation may be implicated in retinal
degeneration, especially in secondary cone cell death that occurs
in RP. However, these studies were cross-sectional clinical studies
and have the limitation that a cause-effect relationship could not
be elucidated.

Cytokines and chemokines have critical roles in evoking
the differentiation, activation, migration, and suppression of
immune cells. A comprehensive measurement of inflammatory
cytokines and chemokines in the aqueous humor and vitreous

of the eyes of RP patients using multiplex enzyme-linked
immunosorbent assay showed that IL-6, IL-8, and MCP-1 are
elevated in the aqueous humor of RP patients, and that a greater
variety of molecules (e.g., IL-1, IL2, IL-4, IL-6, IL-8, IL-10, IFN-
¥, MCP-1) are increased in the vitreous with more significant
fold changes (121). Lu et al. also conducted multiple cytokine
analyses and observed increased IL-6, IL-8, and MCP-1 levels
and increased extracellular matrix-related proteins such as matrix
metalloproteinases (127).

The inflammatory cytokines/chemokines elevated in RP are
related to innate and acquired immunity. IL-1B, IL-8, and
MCP-1 are pivotal molecules for activating and recruiting
monocytes/macrophages and neutrophils to the inflammatory
loci. IFN-y, IL-2, IL-4, and IL-10 are produced primarily or
partly by T lymphocytes, and they mediate the differentiation
and polarization of Th cells and macrophages. These profiles of
inflammatory cytokines/chemokines in RP are consistent with
the infiltration of a variety of inflammatory cells into the vitreous,
as described above (123). To develop an anti-inflammatory
therapy for RP, further studies are needed to elucidate the key
inflammatory cytokines/chemokines that critically contribute to
the disease progression.

High sensitivity CRP (hs-CRP) is a serum inflammatory
marker, and an increased hs-CRP is associated with age-
related macular degeneration, DR, and uveitis (128, 129). The
measurement of serum hs-CRP levels in RP patients without
systemic disorders revealed that hs-CRP levels are ~2 times
higher in RP patients than in control subjects (130). In
addition, a higher hs-CRP level is associated with a faster
deterioration in central retinal sensitivity in RP patients (130).
Taken together, these findings suggest that peripheral immune
cells and ocular resident immune cells may be implicated in the
disease progression of RP.

Functional Roles of Inflammatory

Response in Cone Cell Death in RP

The findings outlined previously suggest that innate and acquired
immunity are activated and involved in the pathology of RP.
However, the function of each inflammatory cells (e.g., microglia,
macrophages, and lymphocytes) and its regulatory mechanisms
remains unclear and is a topic of interest.

Microglia, a resident macrophage in the CNS that derived
from the embryonic yolk sac progenitors, are the most prominent
immune cells in the retina (131). Microglia are long-lived
cells that persist throughout the entire lifetime of mice, and
can proliferate and repopulate after experimental depletion or
during retinal degeneration (132). Monocytes in the peripheral
blood do not invade the CNS in healthy conditions, although
they can infiltrate and differentiate into macrophages in an
aging or diseased retina with a dysfunctional blood-retinal
barrier (133). These monocyte-derived macrophages resemble
microglia in their morphology and their long life span, but
have different functional features such as lower expression of
colony-stimulating factor 1 receptor and higher expression of
proinflammatory molecules such as MHC-II, IL-1f, and TNF-
a (134). These two myeloid cells (i.e., tissue-resident microglia
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and monocyte-derived macrophages) have been extensively
investigated as pivotal innate immune cells that contribute to the
health and disease of the retina.

Several reports have demonstrated the detrimental
function of microglia/macrophages in retinal degeneration
in experimental RP. In a previous study, suppression of activated
microglia/macrophages with minocycline or toxin-induced
depletion of CX3CRI1-positive microglia/macrophages protected
rod cells against cell death in retinal degeneration (rd) 10 mice
(135, 136). However, attenuation of the homeostatic function of
microglia by disrupting the CX3C chemokine ligand 1-CX3C
chemokine receptor 1 axis or the complement component
3-complement receptor 3 axis accelerates rod degeneration,
along with proinflammatory microenvironmental changes
such as increased TNF-a and IL-6 levels (137, 138). Therefore,
microglia/macrophages have a bidirectional function in RP, as
expected from the basic understanding of the interaction between
cell death and inflammation. Dissection of the protective and
detrimental populations among microglia/macrophages and
precise understanding of the differential function of microglia
and macrophages in RP warrant further studies. In addition,
clinical studies suggest a link between inflammatory markers and
cone function; therefore, the effect of microglia/macrophages on
cone cell death also requires further study.

Oxidative stress significantly contributes to cone cell death
in RP. Campochiaro et al. postulated that rod cell loss in RP
substantially reduces oxygen consumption in the retina, and the
remaining cone cells are exposed to a high-level of oxygen and
resultant ROS (119). They showed that oxidized proteins, lipids,
and nucleic acids are accumulated in the outer retina (139), and
that pharmacological or genetic suppression of oxidative stress
leads to significant rescue of cone cells in animal models of
RP (140).

Oxidative stress may have a direct harmful effect on cone
cells, but it also affects microglial/macrophage activation
in RP. In a previous study, we showed that treatment
with  anti-oxidant N-acetylcystein  (NAC)  substantially
suppresses microglia/macrophage activation with reduced
MCP-1, IL-18, RANTES, and TNF-a expression (141).
The anti-inflammatory effects of anti-oxidants are also
observed in eyes with experimental retinal detachment that
are treated with a free radical scavenger, edaravone (142).
Our study further demonstrated that oxidative activation of
microglia/macrophages is a key step in the augmentation of
retinal inflammation and degeneration (including cone cell
death) in rd10 mice. This activation is partly mediated by an
oxidative DNA repair enzyme, MUTYH; an excessive activation
of which leads to the formation of single strand breaks and
increased expression of TNF-a in microglia/macrophages
(143). The concept that oxidative stress alters homeostasis
vs. neurotoxic balance of microglia and modulates cone
cell survival and neuroinflammation in RP is shown
in Figure 3.

Lymphocytes and lymphocyte-related cytokines are increased
in the eyes of RP patients. In addition, several studies suggest the
possible involvement of an autoimmune response and antiretinal
autoantibodies in the progression of RP (144). However, the roles

of acquired immunity in RP have been less investigated than the
role of innate immunity.

Rohrer et al. crossed rd1 mice with Scid or Ragl~/~ mice,
both of which lack functional T and B lymphocytes, and showed
that the deficiency of lymphocytes did not change rod cell death
(145). In another study, Mishra et al. demonstrated that rod
degeneration was mildly attenuated in rd1 Nod.Scid mice, which
are deficient in T, B, and NK cells (146). These findings suggest
that NK cells may play a minor role in rod cell death in RP,
whereas lymphocytes may not have a significant function, at least
solely by themselves. However, lymphocytes and their related
molecules/factors are clinically observed in the mid- to late stage
of RP. Thus, studying the roles of acquired immunity in cone cell
death will be important in future research.

VITREORETINAL LYMPHOMA

Most primary vitreoretinal lymphomas (PVRL), which were
previously termed as intraocular lymphomas, are related to high-
grade non-Hodgkin’s lymphoma, which is a subset of primary
central nervous system lymphomas (PCNSL) (147). In Japan,
21 per 100,000 patients with ocular disorders have PVRL (148).
PVRL comprises 1% of non-Hodgkin’s lymphoma and <1% of
intraocular tumors (149). Most cases of VRL are primary or
secondary to CNS disease or may present simultaneously with
it; however, it can also rarely be derived from systemic metastatic
lymphoma (150). PVRL usually occurs in adults from the fifth to
the sixth decades of life (151). No sex or racial predilection to the
disease apparently exists, although some reports proposed that
PVRL occurs more frequently in females than males (152).

Clinical Features of Vitreoretinal
Lymphoma

The clinical ocular features of VRL, termed “masquerade
syndrome,” are often similar to those of chronic uveitis; therefore,
a misdiagnosis of VRL sometimes leads to the administration
of anti-inflammatory agents such as corticosteroids and thereby
cause a delay in reaching a definitive diagnosis. The interval
between the onset of the ocular or neurological findings and
a definitive diagnosis is variable, and ranges from 4 to 40
months (152). The involvement of the CNS arises in 16-34%
of patients with PVRL at presentation and develops in 42-92%
of patients within a mean interval 8-29 months (151). Ocular
involvement occurs in 15-20% of patients with PCNSL (151).
Most patients with VRL have bilateral ocular involvement, but
they often present with unilateral involvement at the initial
visit owing to the uneven distribution of the disease. PVRL
usually develops in the retina, the vitreous chamber, and/or the
optic nerve, but can sometimes involve the anterior segment
of the eye (153). Vitritis is the most common sign in VRL,
and the findings has an “aurora borealis’-like appearance. In
VRL, responses to corticosteroid therapy is initially observed
but treatment resistance subsequently occurs. Multifocal whitish
to yellow subretinal infiltrates are often observed. Coalescence
of the lesions with “leopard skin”-like pigmentation, which is
characteristic of VRL, is sometimes observed.
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microglia/macrophage in RP is unclear.
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FIGURE 3 | Oxidative stress modulates cone cell survival and neuroinflammation in retinitis pigmentosa. The remaining cones in retinitis pigmentosa (RP) are exposed
to a high level of oxygen and the resultant reactive oxygen species (ROS). ROS have a direct harmful effect on cone cells and affects the activation of microglia and
monocyte-derived macrophages. Activated microglia/macrophage have a bidirectional function to protect or promote cone cell death. Which environmental factors
(e.g., ROS, molecules released from dead cells) and cellular factors (e.g., microglia vs. macrophage) are critical to determine the homeostatic vs. neurotoxic function of
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The overall survival of VRL patients has improved over
the decades because of earlier diagnosis of the disease,
which is a result of advances in molecular biological or
genetic techniques. In addition, intense systemic chemotherapy
and/or radiotherapy have also increased the overall survival
rate. Several prospective studies have recently demonstrated
that high-dose methotrexate (HD-MTX)-based chemotherapy

with intravitreral MTX injections, subsequent whole brain
radiotherapy (WBRT), and/or consolidation chemotherapy
could improve overall survival and prevent CNS progression (5—-
7). Kaburaki et al. showed that a combination treatment protocol
of intravitreral MTX injections, MTX-based systemic induction
chemotherapy and consolidation high-dose cytarabine, and
subsequent reduced-dose WBRT for the treatment of PVRL

Frontiers in Immunology | www.frontiersin.org 157

July 2020 | Volume 11 | Article 1431


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Takeda et al.

Immunotherapy for Retinal Diseases

accomplished a 4-year progression-free survival of 72.7% and a
4-year overall survival of 88.9% (7), which suggests that these
intensive systemic therapeutic modalities should be introduced
for CNS prophylaxis. Some cases are resistant to these regimens,
although no standard regimens exist for the treatment of
refractory and relapsed PCNSL. Retreatment with HD-MTX-
based chemotherapy has been administered in some patients.
WBRT or high-dose chemotherapy and autologous stem cell
transplantation in younger patients who have not undergone
these treatments as part of the first-line therapy are used as
a salvage therapy instead (154). However, introducing these
treatments to elderly patients and patients with a poor general
condition is often difficult to prevent CNS progression and to
treat PCNSL because of the possible occurrence of treatment-
induced adverse events such as neurotoxicity and nephrotoxicity
(155, 156). In the next section, we review the association of
pathogenesis, especially the genetic or immunological aspects,
with B-cell VRL to exhibit new diagnostic and/or therapeutic
targets for the treatment of VRL.

Gene Mutations in Vitreoretinal Lymphoma
Most cases of PVRL can be classified as diffuse large B-cell
lymphoma (DLBCL), whereas very few cases are classified as
a T cell lymphoma or NK cell origin PVRL (152). Based
on gene expression profiles, DLBCL is divided into three
major subgroups: germinal center B-cell-like, activated B-cell-like
(ABC)/non-germinal center, and primary mediastinal DLBCLs
(157). The immunophenotype of most PCNSLs resembles ABC-
DLBCLs, which are more aggressive and have poor prognostic
outcomes, compared to the others (158).

High frequency of myeloid differentiation primary response
gene 88 (MyD88) and CD79B mutations have been characterized
in PCNSL (159). A single leucine-to-proline substitution at
amino acid position 265 of Myd88 (MYD88 L265P), is the most
common mutation and accounts for more than 60% of VRLs
(160). MYDS88 is the adapter protein that mediates intracellular
signaling pathways downstream of the toll-like receptor and the
IL-1 receptor families. The CD79B mutation occurs in 35% of
patients with PVRL, and is associated with the CNS progression
of PVRL (161). The B-cell receptor (BCR) complex-associated
protein P chain, CD79B, forms a complex with BCR and
generates after recognition of an antigen to activate chronic BCR
signaling. MYD88 L265P and/or CD79B mutation contribute to
the constitutive activation of NF-kB or BCR signaling, thereby
promoting tumor growth.

Furthermore, in cases of PCNSL, because of the HLA locus
mutation (chromosome 6q21.32), a shortage in HLA class I and
IT expression on tumor cells leads to escape from T or NK cell-
mediated immune surveillance against tumor cells (162), which
suggests that the lack of immune recognition of foreign antigens
is one of the mechanisms that B-cell VRL cells preferentially
retains in the eye.

PD-1, which is expressed on activated T-cells such as cytotoxic
T lymphocytes (CTLs), interacts with its ligands (PD-L1 and
PD-L2). These ligands are commonly expressed on tumor
cells and upregulated in the tumor microenvironment (TME),
thereby promoting inhibitory signaling of T cell receptors

(TCRs) in CTL and subsequent tumor growth (163, 164).
In PCNSL, investigations of copy number variations have
revealed that frequent copy number gains at chromosome 9q24.1,
which contains the PD-L1/PD-L2 locus (159). Chromosomal
translocation involving the PD-L1/PD-L2 locus were also
discovered in PCNSL, which indicates that immune evasion may
be associated with the development of PCNSLs, including PVRL.

Diagnosis of Vitreoretinal Lymphoma
Cytological examination of the intraocular fluid or tissue is
the gold standard for a definitive diagnosis of VRL. However,
cytology alone can have a low diagnostic yield (40-60%) because
of the limited amount of specimen that can be obtained, necrosis,
and the fragility of VRL cells (165, 166). The vitrectomy cell block
technique can improve diagnostic yield and can be utilized for
immunohistochemistry of pan B-cell markers, including CD20
and CD79a, to establish a definitive diagnosis of lymphoma (167~
169).

Several supplementary diagnostic methods can improve the
definitive diagnosis of VRL. They include cytokine analysis to
determine the ratio of IL-10 to IL-6 (i.e., the IL-10/ IL-6 ratio)
(170), molecular analysis of the immunoglobulin heavy (IgH)/
TCR chain gene to confirm monoclonality, and flow cytometric
identification of cell surface markers (171, 172). However, clonal
expansions of lymphocytes have not been circumscribed in VRL.
Therefore, molecular analysis with polymerase chain reaction
and flow cytometric identification can sometimes yield false-
positive results (173, 174).

Furthermore, MYD88 L265P can be screened with new genetic
techniques, including allele-specific polymerase chain reaction
and next generation sequencing (NGS) using an oncogene gene
panels, which allows for lower cellularity or a smaller volume of
samples to confirm the definitive diagnosis of VRL (175, 176).

Etiopathogenesis in Vitreoretinal
Lymphoma

As an exogenous factor, infection with the Epstein-Barr
(EBV) is associated with PCNSL, specifically in
immunocompromised patients such as individuals with
acquired immune deficiency syndrome (AIDS) (177). EBYV,
which is a ubiquitous human herpes virus, affects most of the
human population. EBV infects humans mostly in childhood
and early adulthood, and subsequently spreads to B-lymphocytes
and exists in a latent state. In patients with impaired cell-
mediated immunity, such as patients with immune suppression
and the elderly with immunosenescence, latent EBV may
proliferate indiscriminately and drive neoplastic transformation
to lymphoid malignancy (178). EBV, Toxoplasma gondii, and
human herpes virus 8 are speculated as a cause of PVRL due to
the detection of their gene expression in the intraocular fluids of
some patients with PVRL (179).

On account that PVRL has selective tropism to CNS
lesions, a theory has been proposed that chemokines and
their receptors encourage the attraction and maintenance
of VRL cells in intraocular tissues. In patients with B-cell
chemokines, CXCL12, and CXCL13 are specifically expressed
in retinal pigment epithelial cells and/or in the vitreous cavity

virus
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of patients with VRL. As a consequence, B-lymphoma cells
[which express CXCR4 and CXCRS5 (i.e., receptors for CXCL12
and CXCL13)] are recruited into intraocular tissues such as
the retina, vitreous body, and subretina (180). CXCL13 levels
are also increased in the vitreous humor of patients with VRL
(181). CCL19 derived from astrocytes was recently reported
to promote the retention of lymphoma cells, which express
CCR?7, and subsequent tumor growth in chronic gliosis lesions
in mice (182).

Immune Evasion in Vitreoretinal Lymphoma
VRL cells can evade attacks by CTLs and NK cells because
the eye is an immune-privileged site that possesses an
immunosuppressive ocular microenvironment composed of
soluble and cell surface inhibitory molecules. TGF-p is abundant
in the vitreous humor to maintain an anti-inflammatory state
in the eye (8). IL-10, which is widely regarded and has been
analyzed as an immunosuppressive cytokine, has a pivotal
role in the induction of immune tolerance in the eye (183).
In cancer, regulatory cytokines in the TME such as IL-10 and
TGE-B support tumor development by suppressing antitumor
immunity in cancer (184, 185). Treg cells, which are a highly
suppressive subset of T cells, increase regulatory cytokines
secretion for the maintenance of self-tolerance and inhibition of
autoimmunity, which result in tumor development (186, 187).
In B-cell malignancies, including systemic DLBCL, the TME,
which is formed with the reactive T-cells, macrophages, stromal
cells, blood vessels, and extracellular matrix, regulates tumor
cell survival or proliferation, and immune evasion for treatment
resistance, associated with worse prognosis (188). Vitreous
samples of B-cell VRL contain a large number of benign T
cells and macrophages as well as tumor cells (174), which
suggests that the infiltrating immune cells form the TME
and support the suppression of anti-tumor immunity in the
vitreous body.

Advances in the Treatment for Vitreoretinal
Lymphoma

Based on the outcome of the genetic studies described previously,
several new agents are currently being investigated as a
salvage therapy in clinical trials assessing in patients with
refractory or relapsed PCNSL and PVRL. In a prospective
French multicenter phase II trial, monotherapy with ibrutinib,
which targets Bruton’s tyrosine kinase downstream of BCR,
was effective and had objective response rates (ORRs) of up to
70% (189). Among 14 PVRL patients, the median progression-
free survival (PFS) was 22.7 months. The median overall
survival was not estimated because more than one-half of
the PVRL patients were alive (Table 2). Immunomodulatory
agent monotherapy with lenalidomide, which inhibits the NF-
kB and PI3K/AKT pathways, achieved ORRs of up to 64% (192).
However, in a prospective clinical study (191), lenalidomide
in combination with intravenous rituximab for refractory or
relapsed PCNSL and PVRL maintained an ORR of 35.6% owing
to the short response to the therapy. Among 11 PVRL patients,
the median PFS was 9.2 months. Nivolumab, an anti-PD-1 agent,
has been reported to have responses and maintain complete

TABLE 2 | Salvage treatment regimen for PVRL in prospective clinical trials.

Agent Number of Median PFS Median OS

patients (mo.) (mo.)
CYVE + ASCT (190) 5 8 19.2
Ibrutinib (189) 14 22.7 Not estimated
Lenalidomide + rituximab 11 9.2 Not reported
(191)

PVRL, primary vitreoretinal lymphoma; PFS, progression free survival; OS, overall survival;
CYVE, high-dose cytarabine and etoposide; ASCT, autologous stem cell transplantation.

remission in patients with relapsed/refractory PCNSL (193).
In the future, the combination of these agents with MTX-
based chemotherapy should be assessed as the first-line therapy
for PVRL.

Furthermore, increased expression of proinflammatory
cytokines related to CTLs, such as IFN-y, granzyme A, and
IP-10 occurs in the aqueous humor and/or vitreous of VRL
patients (181), which suggests that CTLs are associated with
the pathogenesis of VRL. In a previous study, we revealed that
subretinal infiltration of VRL cells elicits the infiltration of
T-cells into the vitreous cavity (194). However, we were unable to
elucidate the association of the T cells with the prognosis of the
VRL patients. Little data exist that elucidate the roles of reactive
T cells in DLBCL-VRL. In the future, further detailed studies
on the infiltration of T cells into the eyes of VRL patients may
provide new insights into the pathogenesis of the disease and
deliver new therapeutic targets such as augmentation of CTL
and/or NK cells function.

CONCLUSION AND FUTURE DIRECTIONS

A profound understanding of the intricacies of immune
responses will raise innovations for the management and
treatment of these intractable retinal disorders. The generation
of biologics, including IFX or ADA, has dramatically changed
the treatment of NIU in the past few decades. However, during
long-term treatment of NIU patients, a decreased response or
adverse events to the biologics has emerged because of the
development of antidrug antibodies or paradoxical effects. The
development of selective small-molecule therapies is expected
to resolve these problems. From the results of our analysis of
EAU, the induction of regulatory DCs may be useful for the
treatment of NIU.

In retinal vascular diseases, low-grade inflammation can
destroy vascular integrity by the action of VEGF and some
cytokines/chemokines from infiltrated leukocytes. Resistance to
anti-VEGF therapy is sometimes observed in DR (including
DME); therefore, developing a new therapy associated with low-
grade inflammation as a “beyond VEGF” therapy for retinal
vascular diseases, including DR and ROP, may be useful.

Immunological responses also affect the pathogenesis of
RP, despite differences in genetic backgrounds. Targeting
cytokines/chemokines associated with immunological responses
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against RP may be an attractive target for the treatment of RP, in
addition to gene therapy.

The recent introduction of molecular profiling technologies,
including NGS, can exhibit the molecular characterization of
several cancers to provide information on tumor diagnosis and
specific targeted therapy. Several agents, which were selected on
the basis of the molecular characterization, have been assessed
in clinical trials of cases of refractory/relapsed PCNSL; however,
the utility of these molecular profiling technologies has not
been established. Considering the rarity of VRL, large-scale
collaborative registries, tumor molecular profiling programs, and
clinical trials in institutions across the world are necessary to
enhance diagnosis, prognostication, and treatment outcomes in
the future.
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