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General introduction

AGING AND THE MANIFESTATION OF AGE-RELATED EYE DISEASES

Aging has been a worldwide phenomenon since the mid-twentieth century. Aging is
defined as the progressive accumulation of changes with time that are associated with
or responsible for an increasing susceptibility to disease.? The percentage of the elderly,
defined as age 60 and over, in the world population increased from 9.2% in 1990 to 11.7%
in 2013 and is expected to continue to grow, reaching 21% by 2050." Among the diseases
associated with aging, ocular changes are prevalent. The most well-known ocular condition
related to aging is cataract, but many other eye diseases may occur as a result of aging,
such as tumors and degenerative diseases such as age-related macular degeneration
and glaucoma. As the eyes age, they undergo a number of structural and functional
changes that are associated with degeneration including the loss of cells in the ganglion
cell layer, loss of retinal pigment epithelial (RPE) cells and photoreceptors, decreased retinal
thickness, changes in the optic nerve and the ocular vasculature.*® In parallel, age-related
alterations in visual function have been described, as retinal and cortical processing of
visual information is significantly different in healthy elderly individuals compared to young

adults®

Age-related Macular Degeneration

A classical example of an ocular condition that is typically found in the elderly is age-
related macular degeneration (AMD). Among those aged 50-54, there is a 0.4% prevalence
of advanced AMD, which increases dramatically to 11.8% in those over 80.1° AMD is the
leading cause of permanent, irreversible, central blindness in patients over the age of 50 in
Europe and North America."" Age-related changes in the RPE are a central element in the
pathogenesis of AMD. One of the most important functions of the RPE is the renewal of
photoreceptors through phagocytosis of metabolic waste products and cellular debris.’
As the number of RPE cells diminishes with age, phototoxic waste products and debris
accumulate in the RPE, which imposes an ever-increasing burden on the remaining RPE
cells. Further impairment with age causes the accumulation of debris in the cytosol of
these cells, and in individuals over 80, this debris can occupy one fifth of the total RPE
cell volume.®'?18 These byproducts damage DNA and cell membranes and cause chronic
inflammation and apoptosis of RPE cells, which is the first step in the pathogenesis of AMD.
According to these findings, the presence of inflammation is an essential component, with

a detrimental effect.




Chapter 1

Primary Open Angle Glaucoma

Another ocular age-related condition is primary open angle glaucoma (POAG). Similar to
the trend seen in AMD, there is a 0.7% prevalence of glaucoma in individuals 40-49 years
of age, which increases to 7.9% in individuals over 80." In 2020, an estimated 79.6 million
people worldwide will be affected by glaucoma, and of these, 74% will have POAG and 5.9
million patients with POAG will present with bilateral blindness.” Glaucoma, the second
leading cause of blindness in the world, is a group of ocular diseases characterized by
damage to the optic nerve and degeneration of retinal ganglion cells (RGCs), which leads
to progressive and permanent vision loss.'>'® Elevation of intraocular pressure (I0P) and
older age are considered major risk factors for the onset and development of POAG."® [t
has been reported that the mean reduction in retinal nerve fiber layer thickness is 3 pm per
decade, corresponding with a loss of approximately 60.000 RGCs." The significant loss
of neurons in the inner retina during normal aging might explain why age is a significant
factor for the development of visual defects associated with glaucomatous neuropathy.?°?!
For example, on average the number of RGCs in the retina of a 25-year old is twice that
of a 95-year old." This large neural reserve observed in young individuals could explain
why the aging population is more susceptible to glaucomatous damage. It is possible that
clinically significant visual field defects occur when the sum of pathologic (e.g. elevated I0OP,
ischemia, etc.) and non-pathologic (e.g. aging) neuronal losses reaches a critical level. Age-
related changes in neuronal susceptibility to damage have indeed been reported, in which
older animals show faster loss of RGCs following axonal damage compared to younger
animals.?? Other structural changes seen with aging are a decrease in the mechanical
compliance of the lamina cribrosa*?® and increased resistance in the trabecular outflow
tract?* which is in part due to alterations in the distribution and amount of connective
tissue and extracellular matrix components.?*?# In addition, vessel density and diameters
of the choriocapillaries and retinal arterioles and venules decrease with increasing age,
independent of other risk factors.?> These changes are consistent with a reduction in
ocular blood flow with advancing age in retrobulbar, choroidal and optic nerve vascular
beds, leading to impairment of oxygen supply and metabolic exchange, and ultimately to
ischemic conditions of the eye.”? Burgoyne and Downs?” have described that age-related
alterations in the biomechanics of the optic nerve head (ONH) underlie the susceptibility
of the aged ONH to glaucomatous damage. They suggest, that non-IOP related insults,

such as inflammation or reduced ocular blood flow, damage the connective tissue and
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General introduction

axons of the ONH, making the optic nerve vulnerable to secondary damage, e.g. through

elevated IOP."?7

Uveal Melanoma

Not only are neurodegenerative diseases more prevalent in the aging eye, but also ocular
malignancies demonstrate a strong correlation with the aging process. Uveal melanoma is
a tumor that can develop in the iris, the ciliary body, or the choroid and the most common
primary intraocular malignancy in adults with an estimated annual incidence of 6 to 10
cases per million per year in Caucasian populations, with a median age at diagnosis of 62
years.?83031 The incidence rate of uveal melanomas progressively increases from 3.9 cases
per million in males and 2.4 cases per million in females aged 40-44 years to a peak of 24.5
cases per million in males and 17.8 cases per million in females aged 70-74.26<°_ Up to 50%
of patients with uveal melanoma may die from metastatic disease, and metastasis may
still develop after 10-15 years, and even 35 years after diagnosis.®?2% Over the past decades,
patient survival has not improved, despite progress in the diagnosis of melanocytic lesions

and successful treatment of the intraocular melanoma. 283435

The term “inflammatory phenotype” has been proposed to describe a combination of
inflammatory markers in uveal melanoma with an poor prognosis, including high numbers
of tumor-associated macrophages and lymphocytes, and high levels of HLA class I and |l
expression. These tumors are further characterized by the presence of epithelioid cells and
a high vascular density, as well as an association with the loss of one copy of chromosome
3.33%¢ | oss of expression of a specific gene on chromosome 3, BAP1, is strongly correlated

with the influx of lymphocytes in primary uveal melanoma and metastasis. 374

THE IMMUNE SYSTEM: UNDERSTANDING THE M1/M2 - T 1/T 2
PARADIGM

M1 and M2 macrophages

Although specific pathogenic mechanisms are involved in the initiation and progression of
different types of age-related eye diseases, it is believed that inflammation is an important
component which contributes to the pathogenesis of many of these diseases.* However, to

fully understand and elucidate the altered inflammatory responses seen in aged individuals,
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itis important to first realize that there are functionally different types of macrophages and
immune effector cells. Mantovani described two subsets of macrophages, the classically-
activated (M1) and the alternatively-activated (M2) macrophage.*>** Bacterial products
such as lipopolysaccharide (LPS) and IFN-y produced by other immune cells polarize
macrophages toward the M1 phenotype, which gain immunostimulatory functions, anti-
bactericidal activity and release pro-inflammatory (e.g. IL-12, TNF-a) cytokines. These cells
have a higher expression of major histocompatibility (MHC) class Il and costimulatory
molecules, and function as antigen-presenting cells (APCs) to stimulate T and B cell-
adaptive immune responses against infectious agents.*>#® In contrast, M2 polarization
occurs when other immune cells produce IL-4 and IL-13.454¢ M2 macrophages are mainly
involved in the dampening of inflammation, the promotion of tissue remodeling and repair,

angiogenesis, tumor progression and immunoregulatory functions.*>4’

T,1and T, 2cells

Mirroring M1 and M2 polarization, CD4*T helper cells can also differentiate into one of
the two divergent pathways, resulting in functionally polarized T,/ 1 and T2 cells.#84 T 1
cells secrete I-2, IFN-y and lymphotoxin, which are potent pro-inflammatory cytokines
while T2 cells secrete IL-4, IL-5, -6, and IL-10.#44° In addition, there are T suppressor
(regulatory) cells (Treg), which can regulate other T cells, macrophages and APCs.“¢ M1
or M2- dominant macrophage responses can influence whetheran T 1 or T 2 response
occurs via their expression of certain cytokines and chemokines.® In response, T,1,
T,2 or Treg cells can integrate M1 and M2 macrophages in circuits of amplification and
regulation of polarized T-cell responses.***3 Vice versa, T cells can also control the type of
immune responses generated by the profile of cytokines they secrete. In particular, immune
responses induced by T 1 cell-derived IFN-ycause macrophage activation, whereas IL-4,

IL-5, and IL-10 produced by T, 2 cells inhibit macrophage activation.®
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Figure 1. A simplified view of the orchestration of macrophage-T cell activation and polarization.

INFLAMMATION IN THE AGING EYE

An immune-privileged site

Traditionally, the eye has been considered an immune-privileged site*®>', which assumedly

allows it to be protected from the potentially destructive effects of a local inflammatory

immune response. This protection is created by passive and active contributors.

Passive contributors include the blood-ocular barrier and the presence of specific

immunosuppressive cytokines, neuropeptides and growth factors in the ocular fluids.*®

Dysfunction of the blood-ocular barrier due to injury or disease can cause loss of immune

privilege which in turn results in destruction of neural tissue in the eye.>? Active contributors

to the ocular eye-induced immunosuppression have been identified through the study
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of ACAID (anterior chamber associated immune deviation). Uptake of an antigen in the
anterior chamber by an APC that was simultaneously incubated in immunosuppressive
cytokines such as TGF-B, and subsequent transport to the spleen leads to a systemic

downregulation of antigen-specific immune responses.*®

Currently, the retina is known to have an endogenous immune system that is coordinated
by immunocompetent cells, such as microglia and dendritic cells.®*%* In addition, the
pigment epithelial cells lining the iris, ciliary body, and retina exhibit immunomodulatory
functions through the production of cell-surface and soluble inhibitory molecules.®**¢ More
importantly, resident retinal microglia, RPE cells, and choroidal macrophages/dendritic cells
are major players in mounting the immune response which deals with stress or malfunction
of the retina in several pathologic conditions.*’ In fact, an immune response, when
controlled, is an adaptive response to restore tissue homeostasis and to monitor tissue
malfunction. However, when alterations occur secondary to aging, metabolic abnormalities,
altered vascular perfusion or degenerative conditions may initiate various inflammatory

cascades leading to a prolonged, deregulated and pathogenic immune response.®°

Para-inflammation

Medzhitov®? first introduced a concept called “para-inflammation,” later supported by
Forrester*. The physiological purpose of para-inflammation is to restore tissue functionality
and homeostasis. This type of inflammatory response is likely to be more common but of
lower magnitude than the classic inflammatory response induced by infection or injury.
Aging is one of the main factors that can lead to chronic para-inflammation and increased
tissue stress and malfunction.?¢! Retinal cells encounter progressive amounts of oxidative
and metabolic stress during the aging process. “The free radical theory of aging” described
by Harman? implicates that reactive free radicals are formed endogenously via normal
oxygen-utilizing metabolic processes and that tissue damage induced by free-radicals
is progressively accumulated during aging.>#'¢' As a result, the magnitude of this (low-
grade) para-inflammation may increase and evolve into a chronic (maladaptive) classical
inflammatory response which contributes to the initiation and progression of age-related

diseases.”
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Figure 2. The premise of inflammation in age-related diseases.

Aging and inflammation in animal models

Gene expression studies in animals have shown that retinal aging is accompanied by
activation of genes linked to immune responses and to tissue stress/injury responses,
which mainly involves the innate immune system.®? More interestingly, animal studies
indicate an age-related decline in the secretion of macrophage-derived pro-inflammatory
cytokines and chemokines.®¥% Renshaw et al.®® have shown that splenic and activated
peritoneal macrophages from aged mice express significantly lower levels of all Toll-like
receptors (TLRs). Moreover, macrophages from aged mice secrete significantly lower
levels of pro-inflammatory cytokines (IL-6 and TNF-a) and chemokines (MIP-Ta and CCL5)
when stimulated with known ligands for TLR2, TLR4, TLRS and TLR9 compared with those

from young mice.%®

In the normal aging retina and choroid of rats, the level of prostaglandin E2 (PGE2) is highly
increased accompanied by decreased protein levels of TNF-a.%* It appears that activated
macrophages from old mice produce more PGE2 than those from young mice.®” PGE2 has
several effects on the immune system and contributes to dysfunctional immune responses
in the elderly. It suppresses IL-12 secretion, decreases MHC class Il expression on APCs

and enhances IL-10 secretion, resulting in diminished activated T cell-function 4656

Aging also results in altered expression of growth factors, including increased expression

of vascular endothelial growth factor (VEGF, which mediates vascular remodeling),
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and decreased expression of pigment epithelium-derived factor (PEDF, an inhibitor of
angiogenesis) in the choroid of aged rats.®® The above findings of decreased secretion
of macrophage pro-inflammatory cytokines/chemokines (IL-6, IL-12, TNF-a, MIP-1q,
CCL5) and increased proangiogenic factors (VEGF) suggest an anti-inflammatory and a

proangiogenic profile, which contributes to dysfunctional immune responses in the elderly.

With regard to the different types of macrophage responses, the eyes of young and old
naive mice have been analyzed for a range of inflammation-associated markers.%° The
common macrophage marker F4/80 was expressed at a higher level in the eyes of old mice
compared to young mice: especially M2 markers (CD163, PPARG) were highly increased in
aged mice. Immunohistological analysis showed large amounts of M2 type macrophages
(F4/80* and CD163* cells) in the anterior eye of old mice, with fewer cells seen in eyes of
young mice.®® In addition, the proangiogenic genes VEGF and TIE-2, which are associated
with the angiogenic effector functions of M2 macrophages, were expressed at higher
levels in aged mice compared to young mice.®® These findings suggest that normal eyes
in old animals show an increased basal level of inflammation and repair processes that

will more easily give rise to angiogenesis and chronic inflammation.

Although the pathogenesis of AMD, uveal melanoma, and glaucoma differ and various
genetic and environmental factors are involved, low-grade chronic inflammation (para-
inflammation) is a common process which is involved in all three of these age-related eye

diseases in the elderly population.

INFLAMMATION IN AGE-RELATED EYE DISEASES

Age-related Macular Degeneration

With aging, oxidative stress in retinal and choroidal tissues may trigger a tissue-adaptive
response, in which cells of the innate immune system mount a low-grade inflammatory
response in order to restore tissue homeostasis.®'>4! In AMD, however the balance between
the stress-induced damage and para-inflammation-related tissue repair is disturbed due
to either sustained/increased injury (aging, smoking), or an altered/decreased repair
ability of the immune system (aging, genetic susceptibility).*' Injured RPE cells release

cytokines and chemokines that recruit and activate macrophages and dendritic cells, which
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in turn may amplify the inflammatory process via cell-to-cell contact, immune complex
formation, and complement activation, leading to additional RPE cell damage.”® Kelly et
al. have shown that the function of choroidal macrophages changes with age.”” Following
laser injury to the retina, IL-10 was upregulated and Fas ligand (FasL), IL-12, and TNF-a were
downregulated in ocular macrophages of old mice, suggesting an alternatively-activated
macrophage phenotype.**’" These IL-10 producing M2 type macrophages of old mice
alter the growth of abnormal blood vessels, and therefore the initiation and progression
of choroidal neovascularization (CNV), the major vision-threatening complication of
AMD.”" Others have also reported the role of macrophages in angiogenesis in models of
intraocular CNV.”273 After laser treatment of the retina in mice, CNV develops, which is
accompanied by massive infiltration of macrophages. More importantly, laser treatment in
young mice leads to limited neoangiogenesis, while in old mice, massive neovascularization
develops.”"”? Depletion of macrophages or inhibition of their effector functions diminishes
CNVin old mice.”® Thus, in AMD, M2 type macrophages play an essential role in regulating
angiogenesis at the site of tissue injury, thereby determining the outcome of disease

progression.

Uveal Melanoma

As discussed above, the development of uveal melanoma is also related to age. Important
clinical prognostic factors are tumor size and location of the tumor (e.g. involvement
of the ciliary body) in the eye, whereas others are related to the tumor characteristics
(cell type, antigen expression, and karyotype).®>% One of the most important factors
that correlates strongly with metastatic disease and survival in uveal melanoma is the
loss of one copy of chromosome 3 (i.e. monosomy 3), which occurs in more than 50%
of all uveal melanoma.®>7#7¢ Other important parameters associated with prognosis
include immunological determinants such as increased HLA class | and Il expression,
and infiltration of macrophages and lymphocytes into the tumor.’*#* Maat et al.*® have
shown that tumors with a poor prognosis do not only exhibit monosomy of chromosome
3, but also the inflammatory phenotype as well. In addition, others have also shown that
a high number of tumor-infiltrating CD68* macrophages are related to a poor prognosis
and are associated with an increased microvascular density.8> As mentioned before,
the role of macrophages in angiogenesis has been observed previously in models
of intraocular choroidal neovascularization after laser treatment of the retina. These

combined findings demonstrate that age influences blood vessel growth, which has
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considerable consequence for diseases, such as AMD and cancer, in which angiogenesis
plays an essential role.®® Tumor-associated macrophages can stimulate the formation of
new vessels, helping tumors to survive by supplementing nutrients and creating a route
for cancer cells to disseminate hematogenously.?%¢ This may clarify why an increased
presence of tumor-infiltrating macrophages in unfavorable uveal melanoma is associated
with a high microvascular density. Based on these findings, Ly et al.?® studied whether
macrophages are similarly involved in intraocular melanoma, as they are in laser-induced
neovascularization. As already mentioned above, eyes of old mice expressed higher levels
of macrophages and angiogenesis markers than eyes of young mice, corresponding to
the phenomenon known as para-inflammation in the elderly.*" Furthermore, in aged mice,
tumor progression depended on the presence of macrophages, as local depletion of these
cells prevented tumor outgrowth, indicating that macrophages in old mice have a strong
tumor-promoting role. Further analysis showed that these macrophages in tumors of aged
mice carried M2-type characteristics such as increased expression of CD163, PPARG, and
angiogenic genes (VEGF, TIE-2).%° Thus, naive as well as tumor-containing eyes of old mice
have more proangiogenic and tumor-promoting M2-type macrophages than comparable
eyes of young mice, which carry macrophages that are probably polarized toward an

immunostimulatory, tumor-suppressing M1-type macrophage.

In order to gain more profound insights into the interplay between the different subsets of
immune cells in uveal melanoma and their influence on the clinical outcome of disease, we
studied the presence of different functional phenotypes of tumor-infiltrating macrophages
and lymphocytes, and compared them with the tumor characteristics and genetic
background of 43 primary uveal melanomas (Chapter 2). Traditional treatment of uveal
melanoma was enucleation, however, a shift to more eye-saving approaches occurred as
the COMS study showed that outcomes were similar in small to medium-sized tumors
for both therapies.®® Local radiotherapy is often able to preserve eye and sight, and is
less mutilating than enucleation. In spite of that, secondary enucleation may be required
when tumor recurrence occurs. Because primarily-enucleated uveal melanoma that
have monosomy 3 contain more inflammatory cells, and tumor recurrence may perhaps
especially occur in tumors that have similarly lost one copy of chromosome 3, we also
analyzed the presence of inflammatory cells in tumors enucleated after prior irradiation
(Chapter 3).
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Glaucoma

As mentioned before, glaucoma is a highly prevalent ocular degenerative disease in
which age is one of the main risk factors.”® The current prevailing view is that glaucoma
pathogenesis is multifactorial with a complex interplay of I0P-induced events and genetic/
epigenetic/aging-related susceptibility factors which contribute to neurodegeneration.®
The increased age-related oxidative stress occurs especially at the level of the neuroretina
leading to para-inflammatory responses, which includes microglial activation and
chemokine/cytokine production.*! Microglial cells are specialized tissue macrophages
in the brain and retina, and are the main cells responsible for immune surveillance
involved in clearing and shielding of stressed or injured tissue.’’ Due to their extreme
plasticity, microglia can respond to tissue injury/stress in a short period of time without
causing immunological imbalance under normal aging conditions.*'*? Under normal
physiological circumstances, the immune-regulatory functions of microglia do not cause
immunological imbalance, and promote immune privilege rather than neurodegenerative
immune responses. However, in the presence of accumulating tissue stress/injury and
risk factors associated with aging, chronic microglial activation in the neuroretina may

result in dysfunction of their regulatory activity leading to innate and adaptive cytotoxicity.”

In addition to having innate immune activities, microglial cells also play a role in the initiation
of adaptive immune responses in glaucoma and other neurodegenerative diseases.**° For
example, Tezel et al.®® have shown that following exposure to reactive oxygen species/
oxidative stress, microglial cells, derived from the rat retina and ONH, upregulated MHC
class Il molecules, and became potent inducers of T cell activation, as assessed by T cell
proliferation and TNF-a secretion. An increasing number of studies have provided clinical
evidence of an abnormal activity of the adaptive immune system in glaucoma patients.?
For example, abnormal T-cell subsets and increased production of serum autoantibodies
against optic nerve and retinal antigens were observed in many glaucoma patients.?’ 03
Increased autoantibodies in the serum of glaucoma patients include heat shock proteins
(HSPs), such as HSP27 and HSP60'%4, which are highly expressed in the glaucomatous
retina and optic nerve head'. Furthermore, significant alterations of serum T,1and T2
cytokines are associated with glaucoma.'® It is possible that peripapillary chorioretinal
atrophy areas and splinter hemorrhages seen in glaucoma patients represent the areas

of breakdown of the blood ocular barrier, thereby providing contact with the systemic
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immune system, facilitating access of T cells and autoantibodies into the retina and optic

nerve head.'0”108

There is no doubt that the immune response is initially beneficial and necessary to maintain
neuronal homeostasis and promote tissue repair (para-inflammation) without causing an
autoimmune neurodegenerative disease. However, alterations in the immune response
due to accumulating risk factors (e.g. high IOP, ischemia, trauma) along with age-related
oxidative stress may impair the physiological equilibrium, and switch the protective

immunity to a neuroinflammatory degenerative process.*"%°

Beneficial Inmune Response
restoring tissue homeostasis

high IOP, ischemia, trauma | ———> ‘ tissue injury/stress | /

=1
1
1
1
1
1
1
-y
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I m————y

74
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Immunological Imbalance
due to increasing risk factors

Aging

Oxidative stress

Neurodegenerative Disease
Progression

Figure 3. Switching from protective immunity to neurodegenerative immunity

In Chapter 4, we summarize the current concepts and insights in the role of the host
immune response in glaucomatous neurodegeneration, proposing a unifying scheme of
cellular processes at the level of the neuroretina, integrating risk factors, antigenic stimuli,
glial activation responses, and T cell participation with the altered regulation of immune

responses in glaucoma.
Although there is increasing interest in the possibility that glaucoma may act as an

autoimmune disease or has an autoinflammatory component, the evidence supporting

this assumption is not conclusive. While it can be imagined that inflammation plays an
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important role in the damaging effects of high IOP or any type of tissue insult (e.g. ischemia,
traumatic optic nerve injury), the definite evidence to support a role for autoimmune
pathogenesis in glaucoma is currently lacking. Therefore, in Chapter 5 we describe a study
which examines the role of CD4+ T cell responses in inducible and genetic mouse models
of glaucoma in combination with immunodeficient or germ-free mice and adoptive T cell
transfer. Furthermore, in Chapter 6 we describe how immune responses play a role in
degenerative conditions, such as acutely elevated IOP leading to ischemia of the retina. We
focus especially on the role of the adaptive immune system after the initial tissue insult has
occurred. In addition, we studied the effect of suppressing CD4+T cell-mediated immune

response in ischemic eyes.

IN SHORT

Although the pathogenesis of macular degeneration, uveal melanoma and glaucoma differs
and various genetic and environmental factors are involved, it is believed that these three
ocular diseases share two unifying elements: 1) they are diseases of the aging population;
and 2) they involve low-grade chronic inflammation (para-inflammation) in the aging eye.
Therefore, the main focus of this thesis is to describe the role of the host immune system
in the initiation and progression of age-related eye disease, focusing on uveal melanoma

and glaucoma.
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