Send Orders for Reprints to reprints@benthamscience.ae

942
REVIEW ARTICLE

Current Neuropharmacology, 2018, 16, 942-958

Modulation of the Immune System for the Treatment of Glaucoma

Katharina Bell, Nadine von Thun und Hohenstein-Blaul, Julia Teister and Franz Grus

Experimental and Translational Ophthalmology Mainz, Department of Ophthalmology, Medical Center of the Johannes
Gutenberg University Mainz, Langenbeckstrasse 1, 55101 Mainz, Germany

ARTICLE HISTORY

Received: April 04,2017
Revised: May 17,2017
Accepted: July 18,2017

DOI:
10.2174/1570159X15666170720094529

Abstract: Background: At present intraocular pressure (IOP) lowering therapies are the only
approach to treat glaucoma. Neuroprotective strategies to protect the retinal ganglion cells (RGC)
from apoptosis are lacking to date. Substantial amount of research concerning the role of the
immune system in glaucoma has been performed in the recent years. This review aims to analyse
changes found in the peripheral immune system, as well as selected local changes of retina immune
cells in the glaucomatous retina.

Methods: By dividing the immune system into the innate and the adaptive immune system, a sys-
tematic literature research was performed to find recent approaches concerning the modulation of
the immune system in the context of glaucoma. Also ClinicalTrials.gov was assessed to identify
studies with a translational context.

Results: We found that some aspects of the immune system, such as changes in antibody levels,
changes in toll like receptor signalling, T cells and retinal microglial cells, experience more research
activity than other areas such as changes in dendritic cells or macrophages. Briefly, results from
clinical studies revealed altered immunoreactivities against retinal and optic nerve antigens in sera
and aqueous humor of glaucoma patients and point toward an autoimmune involvement in glauco-
matous neurodegeneration and RGC death. IgG accumulations along with plasma cells
were found localised in human glaucomatous retinae in a pro-inflammatory environment possibly
maintained by microglia. Animal studies show that antibodies (e.g. anti- heat shock protein 60 and
anti-myelin basic protein) elevated in glaucoma patients provoke autoaggressive RGC loss and are
associated with IgG depositions and increased microglial cells. Also, studies addressing changes in
T lymphocytes, macrophages but also local immune responses in the retina have been performed
and also hold promising results.

Conclusions: This recapitulation of recent literature demonstrates that the immune system
definitely plays a role in the pathogenesis of glaucoma. Multiple changes in the peripheral innate as
well as adaptive immune system have been detected and give room for further research concerning
valuable therapeutic targets. We conclude that there still is a great need to bring together the results
derived from basic research analysing different aspects of the immune system in glaucoma to un-
derstand the immune context of the disease. Furthermore local immune changes in the retina of
glaucoma patients still leave room for further therapeutic targets.
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1. INTRODUCTION

Glaucoma is a group of multifactorial, neurodegenerative
diseases and one of the leading causes for blindness world-
wide. Approximately 111.8 million people will be affected
by the disease in the year 2040 [1]. The main risk factor for
developing glaucoma is an elevated intraocular pressure
(IOP), followed by advanced age [2]. Although other factors

*Address correspondence to this author at the Experimental and Transla-
tional Ophthalmology Mainz, Department of Ophthalmology, Medical Cen-
ter of the Johannes Gutenberg University Mainz; Langenbeckstrasse 1,
55101 Mainz, Germany; E-mail: grus@eye-research.org

1570-159X/18 $58.00+.00

such as mitochondrial dysfunction [3], endoplasmic reticu-
lum stress [4] and oxidative stress [5] are involved in glau-
comatous apoptosis of retinal ganglion cells (RGC), the ele-
vated IOP up to date is the only target that can be addressed
therapeutically, either through IOP lowering eye drops or
with a surgical approach. Substantial amount of research
concerning the role of the immune system in glaucoma has
been performed in the recent years. This review aims to ana-
lyse changes found in the peripheral immune system, as well
as selected local changes of retina immune cells in the glau-
comatous retina. Very briefly, the immune system can be
divided into the innate and the adaptive immune system. One
of the main functions the innate immune system inherits is to
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prevent infections and diseases induced by potential patho-
genic agents. In comparison to the adaptive immune system
which is antigen specific, the innate immune system reacts to
none-specific antigens. The innate immune system includes
anatomical barriers such as the skin or mucosal surfaces
which ensure a physical barrier against viruses, bacteria,
parasites as well as and other foreign particles. The innate
immune system furthermore includes antibacterial proteins
and several phagocytic cells that recognize conserved fea-
tures of pathogens and can be activated within hours. Cells
belonging to the innate immune system include granulocytes,
monocytes and macrophages, dendritic cells as well as innate
lymphoid cells. Cells such as eosinophils, neutrophils or
mast cells belong to the group of the granulocytes. Next to
being responsible for pathogen defence, the innate immune
system also initiates and directs the adaptive immune re-
sponse [6, 7]. Antigen-specific lymphocytes are the main
cellular component of the adaptive immune system. In com-
parison to the innate immune system, the adaptive immune
system requires up to 7 days to be activated. In this review,
we will focus on the main cellular components of the innate
as well as adaptive immune system in context with possible
modulations for glaucoma therapy.

1.1. Macrophages

Macrophages belong to the innate immune system. One
of their main functions is the phagocytosis of microorgan-
isms and the subsequent induction of T cell mediated im-
mune responses. They are also important for tissue repair
under non-infectious inflammatory situations and can dis-
criminate self from non-self [8]. Classically activated
macrophages produce pro-inflammatory cytokines such as
interleukin (IL)-1pB, tumor necrosis factor (TNF), IL-12, and
IL-18 and have microbicide functions. In contrast,
alternatively activated macrophages secrete IL-10 and IL-12
and are involved in tissue remodeling and allergic diseases
and also play a role in modulating tumor environments [9].
Furthermore, macrophage derived IL-6 as well as IL-12 can
induce antibody production and activate CD4 T cells.
Additionally macrophages characterised by the cluster of
differentiation (CD) marker 169 are involved in maintaining
immunological tolerance [8]. Macrophage research concern-
ing glaucoma is fairly sparse. Mostly macrophages from the
classically activated type (M1 type (CD68+, CD163-)) as
well as dendritic cells can be found in the healthy human
scleral stroma and episcleral tissue [10]. Retinal macro-
phages are involved in different pathologies such as laser
induced anterior ischemic optic neuropathy (AION) [11] and
are also increased in human retinae of patients with age re-
lated macular degeneration (AMD), where they play a role in
angiogenesis [12]. Studies analysing the trabecular mesh-
work of patients with POAG as well as primary acute angle
closure glaucoma found macrophages in this tissue by means
of scanning electron microscopy [13]. Furthermore, using an
optic nerve crush model in rats and applying Zymosan in-
travitreally RGC axonal regeneration could be provoked.
Zymosan is a macrophage activator. The idea for using Zy-
mosan was fed by the fact that lens injury is capable of in-
ducing RGC regeneration by macrophage infiltration.
Macrophages are thought to possess parts of their neurore-
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generative effects via Growth Associated Protein 43. Zymo-
san can induce inflammatory signals in macrophages through
the Toll-like receptors TLR2 and TLR6 [14]. Still the
authors state that a finer definition of the protective active
factors of the macrophages is needed in order to bring for-
ward a therapeutic approach [15].

1.2. Dendritic Cells in Glaucoma

Dendritic cells (DCs) are antigen-presenting cells that
play pivotal roles in the initiation of the adaptive immune
response [16]. Regarding glaucoma there are few studies
showing an involvement of this cell type in glaucoma. Den-
dritic cells can be characterised by several cluster of differ-
entiation (CD) markers such as CD141, CD8a, CD103 or
CD11b+ as well as by the chemokine receptor Xcrl [17]. As
described in detail by Vu Manh et al. in 2015, cell surface as
well as functional analyses should be performed to define
DCs [18]. Lehmann et al. found DCs in the quiescent retina
of a transgenic CDI11c-DTR (diphtheria toxin receptor)
mouse line. CD1l1c is a frequent marker used for murine
DCs. The cells were detected in the peripapillary region but
also the peripheral as well as the far peripheral retina. An
increase of DCs was detected after performing an optic nerve
crush. Furthermore, the CDI1 positive dendritic cells
showed an upregulation of MHC Class II as a result of den-
dritic cell activation. Moreover, an increase in DC was de-
tected in the contralateral eye [19]. Other studies working
with DBA/2J (D2) mice showed an involvement of bone
marrow derived immune cells in pigmentary glaucoma.
DBA/J2 mice develop a form of pigmentary glaucoma which
is caused by mutations of the Gpnmb and Tyrpl genes.
Gpnmb (Transmembrane glycoprotein NMB) is also ex-
pressed in some types of dendritic cells. The authors hy-
pothesised that dendritic cells with a Gpnmb mutation and
therefore lacking Gpnmb, cannot prevent pigment dispersion
triggered by bone marrow derived cells. They assume that
this possibly is due to the fact that the DC with the mutation
can alter ocular immune tolerance [20]. To the best of our
knowledge, clinical trials using dendritic cells as therapeutic
approach have not been performed for glaucoma so far but
an interesting phase 1B, single group assignment, open label
treatment study applying tolerogenic dendritic cells loaded
with myelin peptides in patients suffering from optic myelitis
in multiple sclerosis is being performed (ClinicalTrials.gov
Identifier: NCT02283671). Tolerogenic DCs e.g. have the
capability of inducing regulatory T cells as well as influenc-
ing autoimmunity [21].

1.3. Toll-like Receptor Signalling in Glaucoma

Toll-like receptors (TLR) are part of the innate immune
system and belong to the pattern recognition receptors. They
recognise different structures such as saccharides, pepti-
doglycans, nucleic acids and lipoproteins. In response an
adaptive immune response can be triggered which is medi-
ated by proinflammatory cytokines. TLR can be detected on
several immune cells such as T cells, B cells, macrophages
or dendritic cells. There they can be found not only on the
cell surface (TLR2, TLR2, TLR4, TLRS and TLR6) but also
in the endosomes (TLR3, TLR7, TLR8 and TLR9). Next to
recognising bacterial lipopolysaccharides or viral double- or
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single-stranded RNA, TLR activation can be involved in
autoimmunity by activation through self-components. One
ligand that is non-pathogenic and can be recognised by TLRs
are the heat shock proteins (HSP) [22]. A study performed
by Luo et al. analysed the occurrence of TLRs in human
glaucoma donor eyes and furthermore was able to detect that
HSPs and oxidative stress can stimulate immune activity
through glial TLR signaling in rat retinal microglia and
astrocytes in vitro. Massspectrometric analysis showed an
increase of TLR2, TLR4 isoform A, TLR7, TLRS8 isoform
1 and TLR10 precursor in the retinaec of glaucoma donor
eyes. Immunohistochemical analysis of rat retinal microglia
and astrocytes in vitro demonstrated that TLR2, TLR3 and
TLR4 were detected on both cell types, although TLR3 was
predominantly found on astrocytes whereas TLR2 and TLR4
were predominantly detected in microglial cells. Incubating
the cells with HSP60, -70 and subsequent H,O, stress pro-
voked an increase in TLR expression of the cells. This was
accompanied by an upregulation of TNF-a secretion [23]. A
study aiming to unravel the potential role of TLR4, the in-
flammasome as well as IL-1B in IOP induced RGC death
was performed using animal models of acute glaucoma. By
increasing IOP up to levels of 110mmHg, retinal ischaemia
was induced. TLR4 was specifically chosen for this study as
previous studies had been able to demonstrate that TLR4
deficient mice were protected against ischaemic brain dam-
age. The authors were able to detect TLR4 involvement in
IOP induced RGC death. TLR4 mRNA was significantly
increased, as well as TLR4 protein levels. Using TLR4
knockout mice RGC death was significantly decreased. Fur-
thermore upregulation of caspase 8 was demonstrated. By
inhibiting caspase 8 through intravitreal injections of an in-
hibitor, RGC death was reduced, as well as microglial acti-
vation. Caspase 8 was not increased after IOP elevation in
TLR4 knockout mice. The authors conclude that suppression
of the TLR4/caspase 8 and IL-1B axis could be a potential
therapeutic treatment strategy for glaucoma [24]. A study
looking at the oral microbiome of glaucoma patients found
increased oral bacterial loads in glaucoma patients. There-
fore the effect of bacterial lipopolysaccharide (LPS) on glau-
coma pathology was studied in 2 different glaucoma animal
models. Using DBA/2J and a microbead-induced IOP glau-
coma model more optic nerve damage was detected in mice
with additional subcutaneous LPS injections. Myd88 gene
upregulation was detected in the animals. Myd88 is a down-
stream target of TLR4, which itself is the main receptor for
LPS. Furthermore higher levels of complement factor Clq
were detected in eyes with larger optic nerve damage. By
partially inhibiting TLR4 with Naloxone RGC damage could
be reduced in DBA2/J mice. Additionally the authors could
detect increased numbers of CD11b" cells in the optic nerve
prelaminar region of LPS treated animals indication acti-
vated microglial cells. The authors conclude that bacterial
activity could contribute in glaucoma pathophysiology by
TLR4 as well as microglial activation [25]. A study of blood
derived leukocytes from Japanese glaucoma patients also
could reveal that TLR4 polymorphisms were correlated to
NTG as well as POAG or pseudoexfoliation glaucoma [26].
Contrary results were demonstrated for TLR4 polymor-
phisms in South Korean NTG patients [27]. This also was
true for Saudi Arabian POAG patients [28].
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1.4. T Lymphocytes

Although changes in T lymphocytes have been detected
frequently for other neurodegenerative diseases with an im-
mune component, such as Parkinson’s disease (PD) as well
as Alzheimer’s disease (AD), there are only few studies ana-
lysing T lymphocytes in the serum of glaucoma patients.
One study performed by Yang et al. looked at the changes of
different T lymphocyte groups in glaucoma patients. They
detected a non-significant increase in CD3+/CD4+ T-
lymphocytes in POAG patients as well as a significant in-
crease in CD3+/CD8+ T-lymphocytes in POAG and normal
tension glaucoma (NTG) patients. An increase of the soluble
interleukin-2 (IL-2) receptor which is a marker for T lym-
phocyte activation was found in POAG and NTG patients.
The soluble IL-2 receptor plays an important role in infec-
tious, autoimmune diseases as well as metastatic solid tu-
mours [29, 30]. Using an experimental autoimmune glau-
coma (EAG) model, Kuehn et al. conclude that possibly pe-
ripheral changes in lymphocytes of animal glaucoma models
could be epiphenomenal rather than causative for RGC loss.
Lewis rats were immunized either with bovine optic nerve
homogenate (ONA) or purified S100 applied intraperito-
neally in order to induce RGC loss. The authors were able to
detect a small increase of CD3+ T lymphocytes in the inner
retinal layers of animals immunized with ONA. Staining
against CD4 was performed but only could reveal very mar-
ginal amounts of CD3+/CD4+ T Helper cells. Therefore the
type of T cells infiltrating the retinal ganglion cell layer in
the ONA immunised animals remains elusive. None of the
experimental groups showed T cell infiltration of the optic
nerve. Additionally a slight, but significant reduction of the
T cell population of the spleen in ONA animals was demon-
strated. Analysing the results the authors conclude that sys-
temic changes of T cell populations in glaucoma especially
in this model are most likely a secondary, epiphenomenal
effect. This conclusion is in conformity to other published
results in glaucoma animal models showing delayed changes
of spleen lymphocytes in comparison to the early microglial
changes in the retina of the animals [31].

In contrast a study published by Gramlich et al. showed
that T lymphocytes could play a crucial role in glaucomatous
RGC loss. Using an adoptive lymphocyte transfer approach,
splenocytes from two hereditary glaucoma models
(B6.Sh3pxd2bnee and B6SJL;Tg-MYOCY437H mice) were
transferred to either C57BL/6J or B6:SJL mice. Specifically
either CD3+ or CD19+ cells were transferred. CD3+ cells
represented T lymphocytes whereas CD 19+ cells repre-
sented B lymphocytes. RGC and optic nerve analysis was
performed. 4 months after cell transfer a significant reduc-
tion of RGCs could be observed in mice receiving spleno-
cytes from either of the glaucoma donor mice. Further analy-
sis showed that the transferred T lymphocytes had a larger
impact on RGC loss than the transferred B lymphocytes.
Analysing the recipient’s retina, small amounts of T and B
lymphocytes were detected in all animals regardless of re-
ceiving healthy or glaucoma splenocytes. The optic nerve
did not show any lymphocyte infiltration. Although it is pos-
sible to draw some tentative comparisons to findings in the
retinae of human glaucoma samples, the authors cannot rule
out, that the detected changes rather are provoked by the
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genetic modification of the used models. Furthermore, other
questions such as the mechanism of RGC loss in this model
are speculated on but in the end remain unanswered. The
authors cannot conclude but also cannot completely rule out
that the detected RGC damage is caused directly by T lym-
phocytes infiltrating the retina [32]. T lymphocytes can mi-
grate through the intact blood retina barrier in a non-
inflamed site [33]. Furthermore, increased amount of acti-
vated T cell trafficking due to physiological breakdown of
the blood retina barrier during ageing has been demonstrated
[34].

A study published by Wax et al. aimed to analyse the
role of Fas-ligand (FasL) in the interactions between acti-
vated T cells and RGC. Previous studies had been able to
show the involvement of FasL which belongs to the TNF
family in the apoptotic elimination of T cells in the brain and
the eye. Lewis rats were immunised with recombinant heat
shock proteins (HSPs) and RGC decrease could be detected.
By labelling against T cell receptor aff (TCRaf) T cell infil-
tration into the retina was demonstrated for a transient
amount of time. Subsequently the authors analysed whether
CD3+ T cells isolated from rats after HSP60 or HSP27 im-
munization where capable of inducing RGC apoptosis in
vitro. This was true for the conditioned medium gathered
from HSP60 immunised T cells. The analysis of the medium
was able to reveal higher levels of sFasL [35].

Studies looking at specific T cell subgroups in glaucoma,
such as T-Helper cells or regulatory T cells have also been
performed.

1.5. T-Helper Cells and their Relevant Cytokines

Depending on their cytokine secretion CD 4 + T cells can
be divided into 2 sets of T Helper cells, namely T-Helper 1
(Th1) and T-Helper 2 (Th2) cells. Thl cells are predomi-
nantly important for pathogens control and macrophage acti-
vation, whereas Th2 cells are known to stimulate antibody
production through B cells [36]. Furthermore Th2 cells seem
to be beneficial in the context of CNS lesions. Studies using
a glaucoma rat model hypothesized that Th1/Th2 cytokine
imbalance plays a role in glaucomatous neurodegeneration.
Th1 cells secret cytokines such as interferon- gamma (IFN-
v), IL-2, IL-12, and tumour necrosis factor (TNF)-o whereas
Th2 cells secret cytokines necessary for B cell activation
such as IL-4, IL-5, IL-6, IL-10 and IL-13. Wong et al. ana-
lysed iris material from POAG as well as chronic angle clo-
sure glaucoma (CACG) patients undergoing trabeculectomy
as well as iris material from non-glaucomatous donor eyes.
Th1 cell cytokines, Th2 cell cytokines as well as the Th3 cell
cytokine transforming growth factor beta (TGF-B) were ex-
amined in the iris material. The Thl cell cytokine IL-2 as
well as the Th3 cytokine TGF-B were significantly increased
in both glaucomatous materials whereas the Th2 cell cyto-
kine IL-6 was significantly decreased in the iris of POAG
patients. IFN-y was significantly increased in the iris mate-
rial of CACG patients whereas other cytokines were either
not detectable or did not show significant changes between
the groups. The authors hypothesize that this cytokine im-
balance leads to changes in the immune microenvironment
and plays an important role in glaucomatous optic nerve
damage [37]. Another study immunohistochemically analys-
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ing the trabecular meshwork of a small number of glaucoma
patients in comparison to non-glaucoma donors, shows in-
creased expression levels of the pro-inflammatory cytokines
IL-6, IL-1B, TNF-o as well as TGF-B1 in the trabecular
meshwork of POAG patients. Using an electron microscopic
approach, the authors found TGF-B1 in the extracellular re-
gion of the cribriform trabecular meshwork. TGF- B1 can
induce fibrosis which then can lead to remodelling of the
extracellular matrix and elevated IOP. Furthermore TGF- 1
can increase trabecular meshwork rigidity by promoting dif-
ferentiation of fibroblasts to myoblasts. TGF- Bl also in-
duces the expression of pro-inflammatory IL-6. Therefore the
authors conclude that topical and systemic anti-inflammatory
treatment should be administered in addition to IOP reducing
therapy. By dampening the pro-inflammatory cytokine pro-
duction a slow increase in IOP due to fibrotic and inflamma-
tory changes of the trabecular meshwork could be reduced
[38]. A recent meta-analysis performed by Agarwal et al.
detected elevated levels of TGF-B2 in the aqueous humour of
POAG patients. TGF-B2 is supposed to be the predominant
TGF-B form in the eye and acts as an immunosuppressant.
Furthermore it is involved in the synthesis of extracellular
matrix components and therefore possibly responsible for
IOP increase [39]. Recently a phase I clinical trial using an
antisense nucleotide targeting TGF-B2 called ISTH0036 is
being performed (Isarna Therapeutics, Phase 1 Dose
Escalation Study to Investigate the Safety of ISTH0036 in
Subjects With Glaucoma Undergoing Trabeculectomy,
https://clinicaltrials.gov/ct2/show/NCT02406833). Antisense
nucleotides cleave or disable mRNA by selectively binding
cognate mRNA sequences. The agent used in this study aims
to reduce scaring after trabeculectomy. Furthermore it is
supposed to reduce trabecular meshwork transformation. A
first interims analysis of the nine treated patients did not
show any safety concerns, further data analyses are still out-
standing (https://www.isarna-therapeutics.com/news-events/
press-releases/2016/). Furthermore a randomized, double-
masked, multi-centre, placebo-controlled trial Phase III
Study aiming to prevent scaring after trabeculectomy has
been performed. Within this study the human, monoclonal
immunoglobulin G4 antibody CAT-152 (lerdelimumab) tar-
geted against TGF-B2 was injected subconjunctivaly shortly
before as well as after trabeculectomy. Treatment success
was determined as primary outcome measure and was de-
fined by an unmedicated IOP <17mmHg 6 and 12 months
after surgery. Unfortunately the results failed to show a dif-
ference in the rate of success in patients receiving CAT-152,
nevertheless there were no safety concerns [40].

Another neuroprotective therapeutic option with the trade
name Copaxone® and the active ingredient Glatiramer (GA)
targets T cell responses and has been tested in animal glau-
coma models. GA is a synthetic mixture of four amino acid
copolymers (L-alanine, L-lysine, L-glutamic acid and L-
tyrosine). It was discovered during studies actually aiming to
induce experimental autoimmune encephalomyelitis (EAE).
These amino acids were chosen analogue to the autoantigen
myelin basic protein (MPB) in multiple sclerosis (MS). In-
stead of inducing EAE the amino acid composition showed
protection against EAE [41]. This finding eventually resulted
in an approved therapy against MS under the name Copax-
one® which is still widely used [42]. The mode of action of
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GA is not fully understood. Next to the widely accepted shift
of the T cell response from a pro-inflammatory to a non-
inflammatory response induced by Copaxone® other modes
of action have been reviewed in detail recently [41]. Using
an optic nerve crush model Kipnis et al. were able to demon-
strate that neuroprotection could be triggered either by adju-
vant active immunisation with Copaxone (Cop-1) or through
the adoptive transfer of Cop-1 reactive T- cells. The rats
were injected with Cop-1 reactive T cells on the day of the
injury or alternatively immunised with Cop-1 immediately
after the optic nerve crush and subsequently fed with Cop-1
for 5 days. Both groups showed protective effects on the
nerve fibres of the optic nerve. The authors conclude that
both treatment options lead to post-traumatic neuroprotection
by boosting the autoimmune T cell response which is in-
duced by the optic nerve crush without inducing any other
side effects [43]. Protective autoimmunity is a mechanism
found in non-pathogen derived CNS damage and has the
function to induce a protective, rather than a destructive self-
immune response. Optic nerve crush models show T cell
infiltration at the site of lesion. As stated in her review dis-
cussing the possibility of a vaccination for glaucoma, M.
Schwartz concludes that vaccination with specific antigens
only addresses one part of the problem and does not involve
other important factors contributing to glaucoma. Further-
more this treatment option cannot prevent the disease but
rather is meant to halt its progression [44]. Further studies
also showed the neuroprotective effect of Cop-1 immunisa-
tion on retinal ganglion cells in various other animal glau-
coma models such as an IOP elevation model through photo-
coagulation of the scleral veins [45, 46]. A clinical random-
ized, double blind phase III trial aiming to analyse the neu-
roprotective effect of Cop-1 in acute primary angle closure
glaucoma patients with the Singapore Eye Research Institute
as lead sponsor was registered at clinical trials in 2013
(ClinicalTrials.gov Identifier: NCT01936129). The aim was
to analyse the effect of 20mg Cop-1 administered subcutane-
ously no later than 7 days after the attack and 24 h after pres-
entation at the hospital in addition to standard therapy. Fur-
thermore another injection was to follow one week later. The
study aimed to assess the neuroprotective effect of Cop-1 in
reducing functional and structural damage after acute
primary angle closure (APAC). The primary outcome meas-
ure was the point-wise linear regression in the visual fields
and the aim had been to include 196 patients in this trial. To
the best of our knowledge, no results have been published
concerning this study so far.

1.6. Regulatory T Cells in Glaucoma

Not many studies analysing the changes in T cells and
especially regulatory T cells (Tregs) have been performed in
glaucoma research. Tregs belong to the subset of CD4+ T
cells and maintain self-tolerance by suppressing autoimmu-
nity. They play a major role in maintaining immune homeo-
stasis. Changes in levels of regulatory T cell levels have
been detected for several autoimmune diseases such as sys-
temic lupus erythematosus (SLE), and MS although studies
show contrary results concerning the levels of regulatory T
cells in these diseases. A recent study showed that the level
of regulatory T cells was unchanged in SLE patients but ele-
vated levels of activated effector T phenotypes (CD4+/
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CD25+/++/FOXP3+, CD4+/CD25+/CD45RA-/CD45R0O+)
were recorded [47]. Other groups in contrast conclude that
changes of regulatory T cell levels (CD4+/CD25+/Foxp3+)
could be a good indicator for the activity of SLE and showed
reduced numbers in active SLE patients [48]. Reduced levels
of CD4+/CD25+ activated T lymphocytes were also detected
in patients with Parkinson’s disease [49].

Regulatory T cells were originally characterized on the
basis of constitutive CD4 and CD25 surface expression. The
transcription factor forkheadbox P3 (FoxP3) was then de-
tected to be linage specific for regulatory T cells and more
recently CD127 is used as specific regulatory T lymphocyte
marker [50]. We performed a study analysing the levels of
CD4+/CD25+ T lymphocytes in glaucoma patients. CD4+
cells were also evaluated in both groups. Using peripheral
blood samples we found that POAG patients and healthy
controls had the same amount of CD4+ peripheral T lym-
phocytes but that POAG patients showed a significant higher
percentage of CD4+/CD25+ regulatory T cells (8.45% in
POAG patients in comparison to 5.49% in healthy controls;
p<0.01) [51]. A previous study also analysing this T cell
population in glaucoma patients in contrast could not find
any differences in this cell population, which could be due to
the fact that very small cell numbers were analysed [29].

1.7. Cytotoxic T Cells in Glaucoma

The analysis of conjunctival biopsies from POAG pa-
tients in comparison to non-glaucoma patients lead to the
assumption that T cells are involved in post-operative failure
of deep-sclerectomy. POAG patients showed higher amounts
of plasma cells, T Helper cells as well as CD8+ cytotoxic T
cells [52]. The pre-operative treatment of the patients is not
stated in the study. All patients had received IOP lowering
topical medication containing topical benzalkonium chloride
(BAK) but it is unclear whether the patients received addi-
tional Dexamethasone eye drops before surgery. Pre-
operative Dexamethasone eye drops, which can be used be-
fore surgery could possibly have a positive effect of the
number of cytotoxic T cells [53, 54]. Furthermore Yang et
al. detected higher concentrations of CD8+ cytotoxic T cells
in NTG patients [29]. Cytotoxic T cells have importance
functions in host defence against cytosolic pathogens, are
capable of eliminating other cells by inducing apoptosis and
are antigen specific [55]. They also release cytokines, espe-
cially IFN-y, TNF-0, and TNF-B. As far as we can judge,
these cells have so far not been specifically addressed in
clinical or animal studies concerning glaucoma.

1.8. B Lymphocytes and Antibodies

Changes of antibody levels in the serum of glaucoma
patients have been demonstrated showing not only enhanced,
but also decreased antibody levels. Using western blot analy-
sis complex autoantibodies were detected not only in the
serum of POAG but also of NTG patients [56]. Other neu-
rodegenerative diseases such as Alzheimer’s disease, Parkin-
son’s disease and Myasthenia gravis also show changes in
autoantibody levels [57]. Autoantibody changes such as ele-
vated levels of antibodies against alpha-fodrin, glutathione-
S-transferase, spectrin [58-60] and Hsp70 [61] and decreased
levels of antibodies against aB Crystalline and Vimentin
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[61] were detected in the serum of glaucoma patients.
Equivalent changes in the autoantibody levels could also be
detected in the aqueous humour of the patients. Using a mi-
croarray approach elevated level of antibodies against
HSP70, a-fodrin as well as lower levels of GFAP, ubiquitin
or -1 Crystalline could be detected not only in the serum but
also the aqueous humour of POAG patients. The intra-
individual analysis showed that most of the detected antibod-
ies (70%) were found with corresponding changes in the
serum as well as the aqueous humour. Only a few of the ana-
lysed antibodies showed oppositional levels in the serum in
comparison to the aqueous humour. Antibodies only elevated
in the aqueous humour were targeted against e.g. fibronectin
(in POAG and control patients) and y-Crystalline in POAG
patients. Further information concerning possible functions
of autoantibodies differently regulated in the aqueous hu-
mour of patients as well as healthy subjects still has to be
obtained [62]. Although changes in the levels of autoanti-
bodies have been detected in several studies it still is not
clear whether these are epiphenomenal or causative. A study
analysing autoantibody reactivities in the serum of patients
after an acute angle-closure glaucoma with IOPs > 40mmHg
showed that antibodies against HSP27, tubulin-tyrosine li-
gase-like protein 12 and neuron-specific enolase (NSE)
showed an increasing linear trend over time (up to week 12)
(p<0.05). The authors conclude that the antibody changes
detected in this study are due to IOP elevation and the effect
on the retinal ganglion cells. Nevertheless this still cannot
answer the question whether the antibodies themselves lead
to a glaucomatous damage in humans. This only has been
demonstrated in animal models without previous IOP eleva-
tion [63].

The effect of several antibodies differently regulated in
glaucoma patients on retinal ganglion cells has been ana-
lysed. Tezel et al. found that HSP27 antibodies induced
apoptosis in human retinal ganglion cells in vitro. Further-
more, they were able to show that apoptosis of the cells was
accompanied by the internalization of the antibodies. The
authors concluded that the antibody internalisation was
HSP27 specific rather than driven via an Fc receptor or a
TNF receptor. The authors could show that HSP27 antibod-
ies led to degradation of actin in the cells in a caspase de-
pendent manner. Cell loss was mostly found in the retinal
ganglion cell layer [64].

We analysed the effect of the serum of glaucoma patients
as well as the effect of several antibodies on retinal ganglion
cells. We found that the antibodies in the serum of glaucoma
patients rather than an applied elevated hydrostatic pressure
showed a larger effect on the protein expression profiles of
neuroretinal cells [65]. In our subsequent studies we aimed
to take a closer look at the effects of specific antibodies
found in lower concentrations in glaucoma patients. These
autoantibodies belong to the natural autoimmune system.
Natural autoantibodies are self-reactive antibodies also de-
tected in healthy humans without causing diseases. They are
considered as regulatory factors [66, 67]. Up-regulated
autoantibodies can be auto-aggressive and therefore lead to
pathogenic conditions [68]. Lower autoantibody concentra-
tions can also be detected in other neurodegenerative dis-
eases such as in Alzheimer’s disease [69]. We hypothesise
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that lower antibody levels lead to changes in their regulatory
function, and therefore lead to a higher vulnerability of reti-
nal ganglion cells in in glaucoma patients.

The effect of y-Synuclein, 14-3-3 and GFAP antibodies,
which are all detected in lower concentrations in glaucoma
patients, on neuroretinal cells as well as on RGCs of an adult
retinal organ culture was analysed. y-Synuclein is involved
in neurodegenerative and ocular diseases, is highly expressed
in RGCs. Changes in localisation of the protein can be de-
tected in the optic nerve head and retina of glaucoma patients
in comparison to healthy controls [70, 71]. Using the neu-
roretinal cell line RGC5 we found that y-Synuclein antibod-
ies have protective effects on cells stressed with glutamate as
well as H,0,. We were aware of the fact that RGCS5 cells are
subject of discussion and do not represent a pure RGC line.
A review on this cell line nevertheless stated that the
majority of the published articles characterising this cell line
showed Brn3 and Thy 1 staining. Additionally nestin
expression was detected in RGC5 cells showing their
neuronal origin. Therefore the authors concluded that RGC5
cells can act as retinal cell line of neuronal origin and can be
used in order to follow up initial hypotheses [72]. Significant
increased cell viability of up to 15% (p<0.05) when preincu-
bating the cells with 0.05 - 5 pg/ml y-Synuclein antibodies
and additional stressing with H,O, in comparison to the con-
trol cells only treated with H,O, were detected. Furthermore
significantly decreased ROS-level of up to —12% (p=0.010)
were demonstrated. The antibodies also had a protective ef-
fect on cells stressed with glutamate (viability increase of up
to 14%). The mass-spectrometric analysis showed changes
of the intrinsic apoptotic pathway, such as a significant
down-regulation of BAX, VDAC 1/2/3 and S100A4 and an
up-regulation of BIRC6. These proteins all are involved in
the regulation of the mitochondrial apoptosis pathways and
were regulated in an anti-apoptotic manner [73]. We could
also detect protective effects of the 14-3-3 as well as the
GFAP antibodies on neuroretinal cells. 14-3-3 antibodies
provoked an increased in cell viability of 22 % (p < 0.01) in
a concentration of 10 pg/ml and additional stress with H202
as well as a significantly decreased ROS-production of 31 %
(p < 0.01). An involvement of the intrinsic apoptotic
pathway such as significant down-regulation of BAX,
PRFA1, VDAC 1/2/3 and S100A4 as well as significant up-
regulation of BIRC6 and ERK1 were demonstrated [74]. The
GFAP antibodies showed protective effects on H,0, stressed
cells (increased viability and lower ROS-levels of up to 9%).
Due to the mass-spectrometric results we assume that the
effect is due to changes provoked in the actin cytoskeletal
signalling pathway. This pathway also is involved in apop-
totic processes [75]. Furthermore we could detect an inter-
nalization of 14-3-3 antibodies and y-Synuclein antibodies,
the GFAP antibody was not internalised but rather showed a
cross reactivity with and binding to ERP57 on the cell mem-
brane of the cells.

In a recent study we analysed the effect of these antibod-
ies on primary RGCs in a porcine adult retinal explant organ
culture. We could detect a significant increase in survival of
RGC/mm in y-Synuclein antibody (21.0 RGC/mm) as well
as GFAP antibody (17.9 RGC/mm) treated retinal explants
in comparison to the untreated controls (13.8 RGC/mm), see
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Fig. (1). The mass-spectrometric analysis of the retinae incu-
bated with the protective antibodies showed an involvement
of the ER stress pathway. Calreticulin, calnexin, glucose-
related protein 94 (Grp94), HSP 70 kDa 2, binding immuno-
globulin protein (BiP), HSP 60 kDa 1 and reticulon 1 were
down-regulated in GFAP incubated cells. Higher levels of
Cdc42 as well as a down-regulation of reticulon 4 were de-
tected in y-Synuclein antibody treated cells. Both groups
showed an elevated expression of glutamine synthetase. This
was detected in the mass-spectrometric analysis and con-
firmed by immunohistochemical staining. In addition we
found a shift of the glutamine synthetase within the Miiller
cells towards the retinal ganglion cell layer of the antibody
treated explants. We therefore conclude that the antibodies
not only have direct effects on RGC but also possess their
protective functions on RGC indirectly via the Miiller cells
[76]. Animal models found a correlation between systemic
IgG autoantibody reactivities and the axonal optic nerve
damage. Intermittent IOP elevations in Long Evans rats imi-
tating IOP fluctuations observed in glaucoma patients were
performed as well as measurements of autoantibody levels
and optic nerve damage [77]. Depending on the grade of
axonal damage in the animals changes in the immunoreactiv-
ity against glutathione-S-transferase, spectrin, and transferrin
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were detected. Additionally the effect of Belimumab, an in-
hibitor of the B lymphocytes activating component of the
tumor necrosis factor family (BAFF), was investigated in
this model. Belimumab leads to decreased B lymphocyte
survival or even to complete B lymphocyte depletion and
therefore results in decreased antibody production. In hu-
mans it is especially successful in treatment of systemic lu-
pus erythematosus. Although total IgG serum concentration
was lowered by 29% this had very little effect on axon or
RGC survival. It furthermore could not provoke microglia
deactivation or a reduction of IgG depositions in the retina.
The authors show a reduction of IgG in the animals treated
with Belimumab and therefore claim to show the bioavail-
ability of the drug in rats. Therefore the authors conclude
that autoantibodies only have a minor impact on the induc-
tion of neurodegenerative processes, at least in this experi-
mental animal glaucoma model [77, 78].

Nevertheless these results do not interfere with the as-
sumption that antibodies are involved in the pathogenesis of
glaucoma. An analysis of retinae derived from post-mortem
glaucoma patients in comparison to non-glaucoma controls
showed significant changes in the amounts of retinal IgG
deposits as well as the occurrence of plasma cells in the reti-
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Fig. (1). Effect of abs on the number of RGCs. Retinal explants were cultivated with control medium without additional abs (control retinae)
or with medium with additional 0.5 pg/mL y-Synuclein abs or 1 pg/mL glial fibrillary acidic protein (GFAP) abs for 24 h. Furthermore, reti-
nal explants were also incubated with medium with added anti-myoglobin abs serving as an isotype-matched control ab (0.5 ug/mL anti-
myoglobin abs). The retinae were fixed, embedded and then prepared for immunohistological staining. The cells were counted manually and
quantified using ImageJ and subsequent statistics were performed. *p < 0.05 (error bars are standard deviation). (A) Quantification of
RGC/mm: We were able to detect significantly increased RGC numbers in both the retinae incubated with GFAP abs as well as retinae incu-
bated with y-Synuclein abs. The RGC number in GFAP ab-treated retinal explants was 20.1 RGC/mm. The RGC number in y-Synuclein ab-
treated retinal explants: 20.8 RGC/mm. The control retinae counted up to 13.8 RGC/mm and the retinae incubated with the control antibody
(anti-myoglobin antibody) showed 14.15 RGC/mm. (B) Example image of retinal explant incubated with y-Synuclein abs for 24 h. Immuno-
histological staining was performed in which the nuclei are shown in blue (DAPI staining), the RGC in red (Brn3a staining) and apoptotic
cells in green (TUNEL staining) (modified after: [76], published in Bell, K.; Wilding, C.; et al. Neuroprotective effects of antibodies on
retinal ganglion cells in an adolescent retina organ culture. J Neurochem, 2016, 139(2), 256-269./permission number: 4081430398238).
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nae of glaucoma patients. IgG deposits were determined
immunohistochemically using a fluorescein isothiocyanate
labeled anti-rat IgG antibody. Using 5 glaucoma retinae and
5 control retinae IgG accumulations were detected in the
RGC layer. In comparison to non-glaucoma eyes IgG depos-
its in the RGC layer were twice as high in glaucoma tissue
(9.4+1.9 IgG deposits per 100 cells vs. 5.0+0.5 IgG deposits
per 100 cells). Furthermore CD27+ cells were detected in the
glaucomatous retinae. Some of these cells could be identified
as plasma cells (CD27+/IgG+). CD3+ T cells could also be
detected in some of the glaucomatous tissues and activated
microglial cells were found to cluster nearby larger IgG de-
posits in glaucoma tissue. In comparison microglia cell had a
ramified, quiescent appearance in the non-glaucoma tissue
[79]. Furthermore non-glaucoma retinae did not display any
CD3+ or CD 27+ cells [80].

1.9. Immunisation Induced Glaucoma Animal Models

Studies exploring the autoimmune aspects of glaucoma-
tous neurodegeneration aimed to analyse whether elevated
antibody reactions can induce autoaggressive RGC loss. An
experimental autoimmune glaucoma animal (EAG) model
was developed in which Lewis rats were immunised with
proteins known to be elevated in glaucoma patients. The rats
developed antibodies against the applied antigens such as
heat shock protein 27 (HSP27) [81], HSP60 [81, 82] or mye-
lin basic protein (MBP) [83] which resulted in glaucomatous
damage and distinct RGC loss.

Subsequent EAG studies focused on the pathomechanism
of RGC loss induced by immunisation with retinal and optic
nerve associated antigens. RGC loss in the EAG model de-
pended on the specificity of the antigen and was IOP-
independent [84, 85]. Immunisation with non-neuronal anti-
gens such as the non-glaucoma associated antigen keratin
resulted in immunologic response against keratin but failed
to show RGC loss [84]. In contrast rats immunised with reti-
nal ganglion cell layer homogenate or homogenates of optic
nerve associated antigens showed a significant reduction of
RGCs as well as IgG deposits in the ganglion cell layer (Fig.
2A-C) [86-88]. Additionally complex autoantibody altera-
tions were detected in the immunised animals [81, 82]. Us-
ing the serum from different time points the occurrence of
autoreactive IgG antibodies against retina or optic nerve an-
tigens in the EAG model were analysed. Long-term altera-
tions of these autoreactive antibody patterns with a time-
dependent increasing severity were detected [81, 82, 84, 85].
Moreover a significant demyelination of the optic nerve and
a strong microglial involvement was detected after immuni-
sation. These were often accompanied by IgG accumulations
or appeared in co-localization with IgG-deposition (Fig. 2D)
[84, 86].

Apoptosis is the predominant form of RGC death in the
normotensive EAG model. Significantly higher numbers of
TUNEL-(terminal deoxynucleotidyltransferase-mediated
deoxyuridine triphosphate nick end labeling technique)-
positive cells were observed in retinal cross sections from
day 14 to day 22 after immunisation (Fig. 3A+B) [87]. Addi-
tionally caspase 3 immunoreactivity in EAG retinae was
significantly increased (Fig. 3C+D). Caspase 3 is a key me-
diator of apoptosis and activates caspase-activated DNase
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which cleaves DNA in fragments typical for apoptotic cells
[89]. Interestingly IgG deposits were often found in close
vicinity of apoptotic cells in the ganglion cell layer [87].

1.10. Caspases as Potential Therapeutic Targets in the
Treatment of Glaucoma

Cysteine aspartyl-specific proteases (Caspases) are a
family of endoproteases involved in extrinsic and intrinsic
apoptotic pathways. They are key mediators of apoptosis and
inflammation. Activation of pro-apoptotic caspases which
include caspases 2, 3 and 6-10 [90] results in the generation
of a signalling cascade permitting controlled cell death [91,
92]. Intrinsic apoptosis is also known as mitochondrial apop-
tosis as it depends on factors released from mitochondria and
is activated by a wide range of cellular stress factors. Cyto-
chrome C released by the mitochondria due to DNA damage
or reactive oxygen species activates caspase 9, resulting in
initiation of apoptosis by cleaving and thereby activating
executioner caspases 3, 6, and 7. In contrast extrinsic apop-
tosis is triggered by extracellular stimuli delivered in form of
ligands binding to death receptors. Members of the TNF su-
perfamily, like TNF receptor-1 (TNFR1), CD95 (also called
Fas and APO-1), death receptor 3 (DR3), TNF-related apop-
tosis-inducing ligand receptor-1 (TRAIL-R1; also called
DR4), and TRAIL-R2 (also called DR5 in humans) belong to
the death receptors. Ligand binding activates caspase 8
which also leads to executioner caspase signalling and cell
death [91, 92].

Evidence from humans [93, 94] as well as animal glau-
coma models [24, 87, 88, 95-97] supports the hypothesis that
caspase activation could be responsible for progressive glau-
comatous neurodegeneration. This includes TUNEL -
positive cells in the ganglion cell layer in post-mortem hu-
man cases with glaucoma [93, 94] and enhanced immunobhis-
tochemical staining of Fas receptor and caspase 3 in optic
nerve axons of post-mortem glaucoma patients [98] Fas re-
ceptors are Endogenous apoptosis inhibitor proteins (IAPs)
and were found in higher concentrations after IOP elevation
in experimental glaucoma and provide neuroprotective po-
tential. Some IAPs furthermore are known to inhibit specific
caspases [99]. Unfortunately increased expression of TAPs
returned to baseline at an earlier time point than the concur-
rently expressed proapoptotic genes, leading to cell death
[100]. This raises the question whether targeted caspase in-
hibition could be a potential therapeutic target for glaucoma
management. Caspase 7 knock-out in mice significantly pro-
tected against optic nerve crush induced RGC loss indicating
that blocking specific caspases may be neuroprotective. This
was demonstrated by a significantly reduced RGC loss in the
caspase 7 knock-out mice after optic nerve crush [101].
Other studies providing intravitreal injections of siRNA to
knockdown caspase-2 after optic nerve crush in adult rats
also showed enhanced RGC survival [102] but failed to
demonstrate RGC axon regeneration [103].

Caspases also are discussed as potential therapeutic tar-
gets for several neurodegenerative disorders like Alz-
heimer’s Disease (AD) [104], Parkinson’s disease (PD),
Huntington’s disease (HD) and amyotrophic lateral sclerosis
(ALS) [105]. Ona et al. demonstrated delayed disease pro-
gression and mortality in a mouse model of HD through
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Fig. (2). IgG deposits and microglia in retina of EAG animals six weeks after immunization with RGC layer homogenate (RGA). A) IgG
deposits were observed in retina cross-sections (n = 10 eyes/group) of RGA animals immunized with RGA layer homogenate in an equal
volume of incomplete Freund’s adjuvant plus pertussis toxin (circled). B) counts revealed a significantly higher number of these deposits in
the RGA group in relation to control animals injected with NaCl in Freund’s adjuvant and pertussis toxin. (p = 0.02). C) DAPI, IgG, and IgG1
staining in a representative retina cross-section of a RGA immunized animal. Co-localization of IgG and IgGl1 is evident in the merged right-
most picture. The majority of the detected deposits were of the IgG1 subtype. D) Confocal image of the retina of an RGA animal. A colocali-
sation of the IgG deposit and an Ibal+ microglia can be seen. Values are mean+/-SE. Abbreviations: GCL = ganglion cell layer, IPL = inner
plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear layer, PRL = photoreceptor layer. (*, p<0.05;
scale bars in A and C: 10 mm and in D:7.5 mm) (published by S. C. Joachim et al; PLoS One. 2012; 7(7): ¢40616. doi:10.1371/
journal.pone.0040616) [86] Concerning the copy right license: Copyright notice : This is an open-access article distributed under the terms of
the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the origi-
nal author and source are credited).
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Fig. (3). Apoptotic cells and caspase 3 activity in EAG model. A) Exemplary TUNEL stained retina cross-sections of control (CO) and ani-
mals injected with optic nerve antigen homogenate (ONA) in Freund’s adjuvant and pertussis toxin, 14 and 22 days after immunization (n=4—
5 eyes/group). The control group (CO) received 1 ml sodium chloride instead of the homogenate. More TUNEL+ cells were observed on
ONA retinas. B) No difference was noted in the number of TUNEL+ cells/section at 8 days (p =0.09). At 14 (p =0.0002) and 22 days (p
=0.0002) significantly more TUNEL+ cells were present in the ONA group. C) Caspase 3 immunoreactivity of retinas of control (CO) and
ONA immunized animals at 14 and 22 days (n =5 eyes/group). D) Distribution of the caspase score assigned to CO and ONA animals 8§, 14,
and 22 days after immunization. Similar scores were seen in both groups at 8 days (p =0.23). The caspase 3 rate significantly increased in the
ONA group at 14 (p =0.004) and 22 days (p =0.0007). GCL ganglion cell layer. Scale bar 10 um; ns not significant; **p <0.01; ***p <0.001.
(modified after [87]; Published in Joachim, S.C., Mondon, C., Gramlich, O.W. ef al. ] Mol Neurosci (2014) 52: 216. doi:10.1007/s12031-

013-0125-2/permission number 4081271209841).

intracerebroventricular administration of a caspase inhibitor
[106]. A similar approach performed by Li et al. with an
animal model of familial ALS examined the effect of a broad
caspase inhibition in transgenic mice expressing mutant hu-
man copper/zinc superoxide dismutase 1 (SOD1). The ad-
ministration of pan-caspase inhibitor N-benzyloxycarbonyl-
Val-Ala-Asp fluoromethyl-ketone (Z-VADfmk) delayed
disease onset and mortality [107]. Other promising neuro-
protective results were achieved using a newer caspase
inhibitor named Quinolyl-valyl-O-methylaspartyl-(-2, 6-
difluorophenoxy)-methyl ketone (Q-VD-OPh) in PD, HD
and stroke animal models [108, 109]. Numerous novel ap-
proaches inhibiting caspase activity are being evaluated and
several therapeutics have progressed to clinical testing [110].
However, a recently published study from Ni et al. raises
concerns about the safety of currently ongoing clinical trials
using caspase inhibitors [111]. They found that blocking
apoptosis can trigger alternative necrotic cell death. The

authors detected that although in vitro-induced apoptosis was
completely blocked by caspase inhibitor ZVAD-fmk at 24
hours the hepatocytes still died by necrosis at 48 hours.
These in vitro findings could be confirmed in vivo using an
endotoxin-induced liver injury animal model. Inhibition of
caspases also protected mice against apoptosis at an early
time point but this protection was lost after prolonged treat-
ment through a switch from apoptosis to necrosis [111].

1.11. Microglia as Therapeutic Target in Glaucoma

As briefly stated above the EAG model neuronal loss is
paralleled by an early microglial response [88]. Findings
from Rutar et al. provide evidence that microglia are respon-
sible for the local propagation of complement in the retina
[112]. Using a light-induced model of progressive retinal
degeneration the study showed that microglia/macrophages
synthesise C3 after retinal damage and implicates their re-
cruitment during the local activation of complement in the
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retina [112]. Further data demonstrates that recruited micro-
glia/monocytes contribute to activation of complement
through local expression of C3 mRNA also in the aging ret-
ina [113].

Microglia are key players in neuroinflammation which is
an immune response involving diverse mechanisms of dif-
ferent immune-related cells upon an insult as ischemia, in-
fection, loss of tissue homeostasis, trauma or other events
unpoising CNS homeostasis and also is a key process in
glaucoma [114]. Microglial activation, also called microglio-
sis, is a frequent feature of glaucoma animal models, indicat-
ing the induction of neuroinflammation in neural tissue [77,
86, 115]. Microgliosis can be detected in humans as well as
in animal models of glaucoma, however it remains unclear
whether microglia activation is damaging or beneficial for
the diseases progress. While the phenotype M1 microglia
secretes many pro-inflammatory cytokines as Tumour necro-
sis factor-o. (TNF-a), IL-23, IL-1pB, IL-6, IL-18 and IL-12
leading to neurotoxic neuronal death, the phenotype M2
microglia secretes Transforming growth factor-f, IL-4,
IL-10 and IL-13, inducing neuroprotective neuronal survival
[116].

The microglial response within the visual pathway in
experimental glaucoma in a model of translimbal laser pho-
tocoagulation of the trabecular meshwork in Sprague
Dawley rats has been described in detail by Ebneter et al.
Activated microglia, characterised by an amoeboid pheno-
type and increased in expression, were identified in the ret-
ina, the optic nerve and the optic tract. Microglial activation
remained stable even after decrease of IOP to baseline levels.
Major histocompatibility complex I and II (MHC I/II) sur-
face proteins were localized to microglia and persistently
upregulated in optic nerves. It is interesting to note that acti-
vated microglia were not only found in the ipsilateral optic
nerve, but also contralaterally, probably due to 5-10 % of
RGC axons projecting to the ipsilateral half of the brain in-
stead of crossing the optic chiasm [117]. The phenomenon of
the actually not involved partner eye showing similar differ-
ences as the involved eye has also been shown in other stud-
ies [118, 119] and can also be demonstrated for human uni-
lateral glaucoma, in which also the fellow eye has shown to
be challenged by significant loss of retinal nerve fibre layer
thickness over time. This can be detected by spectral-domain
optical coherence tomography [120].

Several experimental therapeutic options have been able
to show significant “side-effects”/additive effects on micro-
glial response without actually aiming to target these cells.
Sprague Dawley rats with ocular hypertension induced by
laser photocoagulation were additionally administered with
caffeine, an antagonist of adenosine receptors (A,4R), which
was added to the drinking water. Caffeine is supposed to
inherit anti-inflammatory qualities in the CNS by dampening
microglial neuroinflammation. This treatment was able to
lower IOP and prevent retinal microglia-mediated neuroin-
flammatory responses. It additionally decreased RGCs loss
[121]. Another rat glaucoma model with induced high IOP
through episcleral vein occlusion showed increased survival
of central RGCs as well as reduced activation of microglia.
This was achieved through intravitreal injections of an an-
tagonist to the A, receptor named ZM241385, a modulator
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of microglial proliferation, cyclooxygenase-2 and inflamma-
tory mediator synthesis and release. The authors state that
the amount of proinflammatory cytokines released by micro-
glia was dramatically lowered after application of A4 recep-
tor antagonist [122]. Other studies using a BAX” mouse
transgenic optic nerve crush model showed a dramatic reduc-
tion of RGC death accompanied with reduced microglia ac-
tivation. Bcl-2-associated X (BAX) protein mediates intrin-
sic apoptosis by opening of mitochondrial voltage-dependent
anion channels to release cytochrome c, finally leading to
neurodegeneration. In this setting the authors tested in-
travitreal injections of NMDA to induce RGC loss and found
elevated expression of microglia markers. This shows that
microglial activation was not dependent on BAX proteins
[123]. In another rat glaucoma model with IOP increase via
angle laser photocoagulation the animals were treated with a
daily intraperitoneal injection of triptolide, an active ingredi-
ent of Celastraceae Tripterygium known for its anti-
inflammatory and immunosuppressive properties. This
treatment led to increased RGC survival accompanied by
decreased amounts of microglia in the retina [124]. The
above described studies show neuroprotective agents, which
do not actively aim for microglial cells but possess increased
RGC survival and also show effects on microglia. It still
remains unknown whether RGC survival remains higher due
to reduced microglial activation and subsequent possible
release of anti-inflammatory cytokines or if resting microglia
lower their release of pro-inflammatory cytokines which then
could lead to a decrease of the overall level of apoptotic RGCs.

Studies directly targeting microglial cells have also been
performed. Activated microglia are known to upregulate
major histocompatibility complex (MHC) class II RT1B
chain expression which is important for the immune re-
sponse against infections and can be found on professional
antigen-presenting cells after optic nerve degeneration. Thus, a
group of Sprague-Dawley rats expressing only low amounts
of MHC II RT1B showed lower axonal degeneration, RGC
loss and microgliosis after IOP induction by trabecular
meshwork laser treatment [125]. In another study aiming to
target the microglial cells, high-dose irradiation of the head
in DBA/2J mouse, a genetic glaucoma model, was per-
formed from 5 to 8 weeks of age as this is still a time point
prior to microglial activation in this model. The irradiation
led to a reduced proliferation and activation of microglia and
also resulted in reduced optic nerve damage with improved
structural integrity and anterograde transport function as well
as lower extent of retinal neurodegeneration. Nevertheless, it
is well known that radiation retinopathy along with adverse
effects on retinal vessels can result as a complication of irra-
diating the retina [126]. A major focus has been set on re-
search based on minocycline, a semisynthetic tetracycline
derivative with anti-inflammatory properties, which inhibits
microglia activation. A description of research in animal
models is summarized in [127]. Evidence shows that deacti-
vation of retinal microglia by minocycline results in reduced
neurodegeneration at early stages of the disease. This is
probably performed by addressing two targets: attenuating
the innate and adaptive immunity and blocking of apoptotic
processes. Clinical studies are being performed to detect a
therapeutic benefit of oral minocycline as a microglia inhibi-
tor in the treatment of branch retinal vein occlusions or cen-



Immunomodulation Glaucoma

tral retinal vein occlusions (ClinicalTrials.gov Identifier:
NCTO01468831 and ClinicalTrials.gov Identifier:
NCTO01468844). But so far, no studies are being conducted
looking at this therapeutic target in humans with glaucoma.
In conclusion there are a variety of glaucoma animal models
based on different techniques inducing a glaucomatous-like
injury which show that reduction of the extent of neurode-
generation also resulted in reduction of microglia activation
and/or vice versa. Only a limited number of studies targeting
microglia itself as therapeutic target have been published in
the last years. The most promising agent seems to be mino-
cycline, which was not only successfully applied in glau-
coma research, but also in PD, AD, MS and ALS [128].
Considering the close relationship of microgliosis, neuroin-
flammation and neurodegeneration, it is essential to pursue
this therapeutic approach in the future to investigate the full
potential of microglia in glaucoma animal models on one
side, but also to target them in clinical glaucoma to finally
bridge the gap between animal research and improved pa-
tient therapy.

1.12. Complement System as Therapeutic Target in
Glaucoma

Next to showing changes in the microglial activation,
studies in animal models of ocular hypertension observed a
comparable upregulation of complement components Clq,
C3 and membrane-attack complex (MAC) in the retina fol-
lowing the development of ocular hypertension (OHT) [129,
130]. In general the complement system plays an important
role in immune responses and inflammatory processes and is
a cascade of three separate pathways: 1) the classical path-
way, which is triggered by direct binding of complement
component Clq to the pathogen surface, can also be acti-
vated during an adaptive immune response by the binding of
Clq to antibody:antigen complexes and is thus linking the
effector mechanisms of innate and adaptive immunity [131].
Additionally to activation by immune complexes, Clq also
may be activated by apoptotic and necrotic cells and by acute
phase proteins such as C-reactive protein [132]. 2) The man-
nan-binding lectin pathway (MB-lectin pathway) which is
triggered by mannan-binding lectin, a serum protein that can
bind mannose-containing carbohydrates on bacteria and vi-
ruses; and 3) the alternative pathway, which is triggered di-
rectly by binding to the surface of a pathogen [131]. All
three pathways of complement activation involve a series of
cleavage reactions that generate the protease C3 convertase.
The latter cleaves the C3 protein into active fragments C3a
and C3b. C3a is a peptide mediator of proinflammatory sig-
nalling, while C3b can induce the cleavage of the C5 protein
to C5a and C5b. C5a is a small peptide that acts as mediator
of inflammation, while the large C5b fragment initiates for-
mation of a MAC, which induces cell lysis by forming a hy-
drophilic pore in the cell membrane. Other complement fac-
tors in the MAC are C6, C7, C8 and C9 [131]. Complement
activation plays a complex role in neurodegenerative disor-
ders in the CNS such as AD, PD, dementia with Lewy bod-
ies, Huntington's and prion diseases [133].

Accordingly, Jha et al., 2011 demonstrated that comple-
ment mediated apoptosis lead to the loss of RGCs in chronic
ocular hypertension model of glaucoma and that a depletion
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of the complement system reduced the loss of RGC accom-
panied by decreased expression of GFAP, active caspase-8,
active caspase-9 and reduced MAC deposition [134]. These
results provide evidence that complement mediated apopto-
sis plays a pivotal role in the loss of RGCs in chronic ocular
hypertension model of glaucoma [134]. This also could be
demonstrated by altered levels of C3 in other studies of ele-
vated IOP rat retinal glaucoma models [134, 135]. Comple-
ment activation has also been demonstrated independently
from IOP in the EAG model. A significant increase of com-
plement protein C3, MAC and lectin pathway-associated
mannose-serine-protease-2 (MASP2) was observed in the
retinas and the optic nerves of an EAG model 7 days after
immunization with bovine optic nerve homogenate antigen
[136]. MASP2 is believed to be the principal serine protease
involved in the activation of the complement cascade. Like
Cls in the classical pathway, MASP2 cleaves the comple-
ment components C4 and C2 to form the C3 convertase
C4b2a, a common step in the activation of both the lectin
and classical pathway [137]. These results let assume that
immunization led to an activation of the complement system
via the lectin pathway in retinas and optic nerves independ-
ent from elevated IOP [137]. Kiihn et al compared human
eyes with elevated intraocular pressure (IOP) and healthy
retinal tissue as well as retinal tissue from a rat model of
OHT induced by laser cauterisation of the trabecular mesh-
work and episcleral veins. They reported elevated transcript
levels for Clq and C3 in retinae subjected to OHT, both in
the animal model as well as in human eyes [129]. Stevens et
al. also reported that in a mouse model of glaucoma, Clq
becomes upregulated and synaptically relocalised in the adult
retina early in the disease and may be involved in synapse
elimination during neurodegeneration [138]. Concordantly,
another study found an upregulation of C1q mRNA and Clq
protein in the retina of two commonly used glaucoma mod-
els (in the DBA/2 mouse and the monkey) and in some hu-
man glaucomatous eyes [139]. Furthermore, proteomic
analysis of human retinal samples obtained from donor eyes
with or without glaucoma detected upregulation of various
complement components and down-regulation of comple-
ment inhibitors in glaucoma retinae [140]. However, analys-
ing human glaucomatous donor eyes via microarray ap-
proach we found that the cumulative level of complement
proteins in the retina did not differ between glaucoma and
healthy subjects in our analysis. Our results also give hint to
the alternative pathway in complement activation due to the
increased level of C3 in glaucoma. Looking at individual
patients data the complement proteins tended to be slightly
increased in single glaucoma samples and we assume a pos-
sible activation of the complement system in individual
glaucoma cases, rather than in every glaucoma patient [79].

Anyway, disruption of the complement cascade in C3
deficient mice delayed RGC death following retinal ische-
mia-reperfusion [141]. Furthermore, DBA/2J mice deficient
in Clga were protected from glaucomatous RGC loss [142]
and also deficiency of complement component C5 amelio-
rated glaucoma in DBA/2J mice compared with C5-
sufficient DBA/2J mice [143]. As also stated above, Jha et
al. reported that drug mediated complement depletion in
chronic OHT model of glaucoma reduced the loss of RGC
and the deposition of MAC (C5b-9) [134]. Taken together,
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these results suggest that complement based therapies could
be very promising. Although huge effort is being done re-
garding the role of the complement cascade in glaucoma,
many challenges remain with regard to the development of
therapies targeting complement. Interventions in this com-
plex cascade have not only to consider the role of comple-
ment in immune surveillance, but also its contribution to
other biological functions like for example cell homeostasis,
tissue development and repair, or the resolution of inflamma-
tion by promoting safe clearance of apoptotic cells and im-
mune complexes [144]. Currently, there are a number of
complement-targeting compounds in clinical and pre-clinical
trials for retinal diseases, predominately for the management
of AMD [145]. Additionally, a variety of ongoing clinical
trials currently evaluate different classes of complement in-
hibitors in numerous diseases and will provide information
about the safety and efficacy of distinct strategies for com-
plement targeting, [145] potentially opening new opportuni-
ties for glaucoma therapy.

CONCLUSION

This recapitulation of recent literature demonstrates that
the immune system definitely plays a role in the pathogene-
sis of glaucoma. Multiple changes not only in the peripheral
innate immune system, but also in the peripheral adaptive
immune system have been detected and give room for fur-
ther research concerning valuable therapeutic targets. Some
clinical trials targeting specific cytokines or mechanisms
detected through more basic research are already being per-
formed. Nevertheless, there is still a great need to bring to-
gether the results derived from the studies analysing different
aspects of the immune system in glaucoma to understand the
immune context of the disease. Furthermore, local immune
changes in the retina of glaucoma patients still leave room
for further therapeutic options and clinical studies e.g. target-
ing microglial cells in other ophthalmologic diseases such as
CRVO could help bringing forward this need.
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