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Abstract

Age-related macular degeneration (AMD) is a major cause of central vision loss in persons over
55 years of age in developed countries. AMD is a complex disease in which genetic,
environmental and inflammatory factors influence its onset and progression. Elevation in serum
anti-retinal autoantibodies, plasma and local activation of complement proteins of the alternative
pathway, and increase in secretion of proinflammatory cytokines have been seen over the course of
disease. Genetic studies of AMD patients confirmed that genetic variants affecting the alternative
complement pathway have a major influence on AMD risk. Because the heterogeneity of this
disease there is no sufficient strategy to identify the disease onset and progression sole based eye
examination, thus identification of reliable serological biomarkers for diagnosis, prognosis and
response to treatment by sampling patient's blood. This review provides an outline of the current
knowledge on possible serological (autoantibodies, complement factors, cytokines, chemokines)
and related genetic biomarkers relevant to the pathology of AMD, and discusses their application
for prediction of disease activity and prognosis in AMD.
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1. Incidence and Etiology

In modern medicine biomarkers are important tools helping in diagnosis, drug discovery,
and clinical care of any disease, in particular, complex degenerative diseases such as age-
related macular degeneration (AMD) [1]. AMD is a major cause of legal blindness in
persons over 55 years of age in developed countries [2]. It is estimated that 6 to 10 million
Americans are blind from AMD and new cases are diagnosed in the U.S. each year [3]. It
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has been reported that annual incidence of advanced stage AMD (neovascular AMD and
geographic atrophy) in Caucasian Americans was 293, 000 new cases per year (3.5 per 1000
persons) and was 38% higher in women compared to men [4].

Macular degeneration is characterized by the disruption of the macula, the central part of
retina responsible for high acuity vision [5]. AMD is a complex disease in which genetic as
well as environmental risk factors, such as cigarette smoking, diet, and lifetime light
exposure influence its progression [6]. The thickening of the Bruch's membrane and
accumulation of debris (drusen) on the retinal pigment epithelium/Bruch's membrane are the
ocular signs of AMD (Figure 1) [7-9]. It starts with small numbers of drusen and then larger
numbers, in effect leading to end-stage AMD and loss of central vision [10, 11]. Although
the initial drusen deposits are not associated with macular blindness, those individuals with
drusen are considered at risk for developing more advanced forms of AMD and loss of
vision [12]. End-stage AMD occurs in one of two forms: geographic atrophy or choroidal
neovascularization. Approximately 90% of patients with AMD have the non-neovascular
“dry” form characterized by atrophy of the retinal pigment epithelium (RPE), and loss of
photoreceptor cells in the macula [2, 12].

Choroidal neovascularization, the “wet form” of AMD is characterized by the development
of new blood vessels, originating in the choroid, that break through Bruch's membrane and
the RPE and invade the subretinal space or sub-RPE space [12]. These new blood vessels
leak blood into the retina, causing distortion of vision and in consequence loss of central
vision. Also, these blood vessels can hemorrhage in the compartment between the foveal
photoreceptors and RPE, leading to immediate blindness [13]. The neovascular form affects
about 10% persons with the disease [12]. AMD stages were recently defined by the Age-
Related Eye Disease Study (AREDS) classification scheme, which was based on results,
obtained from examining retinal and fundus color photographs and is shown in Table 1 [11].

Pathology of AMD involves the disruption of many physiological pathways, but chronic
inflammation is thought to play a major role in AMD progression (Figure 2) [14]. Low-
grade inflammation is mediated by many factors and stimulated by a complement system of
an alternative pathway, which starts within Bruch's membrane, and then leads to early and
advanced, exudative AMD forms [15-17]. It is important to point out that the low-grade
inflammatory process exists also in the aging retina under physiologic conditions, however,
persistent inflammation may trigger early and then advanced forms of the disease [18, 19].
Yet, most individuals do not progress to end stage AMD. Even if inflammatory activities are
a cause of early AMD, it is not known whether therapeutic interventions that reduce
systemic inflammation will reduce the incidence of early AMD [20]. As a result, there is no
adequate strategy to identify the disease stage based only on the risk factors.

In recent years, biomarkers have become major indicators of personalized medicine, in
particular, molecular biomarkers that provide minimally invasive objective procedures that
help in diagnosis, prognosis and response to treatment [21, 22]. The aim of this review is to
provide an overview of the current knowledge on possible serological and genetic
biomarkers in relation to different stages of AMD, and discuss their application for
prediction of disease activity and prognosis in AMD.
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2. AMD and serological biomarkers

Serological biomarkers such as autoantibodies (AAbs), complement proteins and cytokines/
chemokines can be measured in the blood, using minimally invasive methods. In the study of
AMD, there are reports of the relationship between serum C-reactive protein (CRP),
complement proteins, tumor necrosis factor-a receptor 2, interleukin-6, and soluble vascular
cell adhesion molecule-1 independent of age, smoking status, and other factors [23]. Also,
serum anti-retinal AAbs were detected at a much higher incidence in individuals with early
AMD than in persons without AMD, suggesting their diagnostic value [24-26]. Below, we
discuss the association of inflammatory mediators, autoantibodies, and complement proteins
in early and advance AMD. Investigating markers associated with disease, one should
establish whether a given biomarker shows an increased or decreased presence in disease as
compared to healthy individuals.

2.1. Inflammatory mediators in AMD: Cytokines and chemokines

Inflammation has been proposed as a central mechanism in the pathogenesis of AMD [7,
27]. The presence of hematopoietic cells in the macular choroid and the analysis of drusen
from human retinal lesions clearly proved the presence of inflammatory mediators and
innate immune cells, such as macrophages and microglia that strongly supported their role in
disease [20, 28]. At all stages of AMD, macrophages are one of the main inflammatory cell
types that are correlated with choroidal neovascularization (CNV), drusen, geographic
atrophy, and ruptures of the Bruch's membrane [29, 30]. Moreover, T cells and M1
macrophages can be activated by oxidative damage in AMD pathogenesis [31]. The RPE
cells are also an important source of cytokines in the posterior segment of the eye [32, 33].
When activated, they can produce several cytokines, chemokines (MCP-1), and vascular
endothelial growth factor (VEGF) [34].

Patients with AMD have increased plasma levels of inflammatory cytokines such as IL-1a.,
IL-1B, IL-4, IL-5, IL-13, and IL-17 [35]. The strongest links with disease are related to the

pro-inflammatory cytokines I1L-1, IL-6, and TNF-a, which are released from the choroid of
patients with AMD and can immune-mediated retinal damage [17].

Interleukin 17 (IL-17) a proinflammatory cytokine secreted by the T helper 17 (Th17)
lymphocytes, seems to play a particularly important role in all forms of AMD [36, 37]. Also,
IL-17C and its receptor 1L-17RC have been found in diseased eyes and blood, suggesting
their pathogenic participation. [38] [17, 36, 39]. IL-17A can induce the destruction of
photoreceptor cells and the RPE layer, which is evident in the dry form of AMD [36]. IL-17
can stimulate retinal angiogenesis and choroidal neovascularization (CNV) during the
exudative form of AMD either directly, by enhancing the growth of endothelial cells in the
presence of angiogenic factors, and/or indirectly, by inducing the production of VEGF by
other cells types [36, 40]. In addition, complement C5a can induce a cytokine expression,
including IL-22 and IL-17 by human CD4* T lymphocytes, which were found to be
significantly elevated in AMD patients compared to patients without AMD (p<0.0001 and
p=0.0005, respectively) [41]. Based on these findings, potential therapeutic strategy for
AMD could focus on targeting 1L-17, IL-17RC, and cells producing IL-17 to stop retinal
degeneration [36]. Caution should be taken of adverse effects of individual therapeutic
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agents because genetic background and clinical manifestation of each patient disease may
influence the benefits of such a therapy. Nevertheless, IL-17 plays an important pro-
inflammatory role and its elevated serum presence could be considered as a biomarker of
advanced AMD along with other factors.

In addition to cytokines, recent clinical studies showed AMD association with increased
intraocular levels of certain chemokines, including CCL2 (MCP-1) [42, 43]. Chemokines are
chemotactic cytokines that drive the migration of leukocytes throughout the body under
physiological and pathological conditions [44]. In AMD, chemokines such as CCL2 and
CX3CL1 (C-X3-C Motif Chemokine Ligand 1) that control recruitment and migration of
specific monocytes, participate in subretinal accumulation of microglia and macrophage, and
in the development of retinal degeneration as well as choroidal neovascularization [29, 45].
Also, the dysfunction of chemokine CX3CL1 and its receptor CX3CR1 leads to the influx of
microglia and macrophages into subretinal space with damaging effects on the RPE and
photoreceptors [45]. Elevated levels of inflammation-related chemokines, including
CXCL10, CCL14, CXCL16, CXCL7, and CCL22, in the aqueous humor of AMD patients
may further suggest their pathogenic role for inflammation [46]. The mice deficient in CCL2
or CCR2 and later double-knockout mice (Ccl2-/-/Cx3crl-/-) have developed AMD-like
retinal lesions and they have been used to study the role chemokines in pathogenicity of
AMD [47-49]. Taken together, CCL2 and CX3CL1 appear to be essential in the
accumulation of subretinal microglia and macrophage, participation in pathophysiology of
retinal degeneration, and choroidal neovascularization [45]. Analyzing their specific role in
the early stages of AMD and their contribution to late stage AMD might help in the
development of more specific therapeutic approaches. It is also important to note that most
of these markers are universal for inflammation instead of being specific to pathophysiology
of AMD [50]. Nevertheless, both CCL2 and CX3CL1 could be considered as important
biomarkers for AMD.

2.2. Serum Autoantibodies in AMD

Adaptive immunity may also be involved in AMD pathogenesis because serum
autoantibodies (AADs) that bind retinal proteins on the western blot and on retinal tissue
section have been detected in many AMD patients in much higher frequencies than age
matched controls [17, 25, 51-53]. Although we do not know when such autoantibodies were
generated to be detected in the blood, it is likely they were made years before the destruction
of retinal cells that led to manifestation of visual symptoms [54]. It has been shown that
AADbs can develop on average 3—-15 years prior to the first clinical signs [55]. Many AAbs
have been associated with different stages of AMD, and those AAbs can bind to nuclei,
nucleoli, and nuclear membranes in the outer and inner nuclear layers of the retina [53].
However, the role of AAbs in the induction or acceleration of retinal deterioration is not well
defined.

In recent years, the growing number of serum AAbs with various specificities to retinal
proteins and in much higher than the age-matched controls, has been reported in association
with AMD, but which autoantibody could be used a marker of disease development was not
clear. The identified antigens were the components of drusen, RPE or Bruch's membrane.
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For example, AAbs to elastin, heparan sulfate, fibronectin, histone H2B, collagen I11, and
collagen 1V were significantly elevated in sera of AMD patients compared to normal
controls [56]. Another study identified more autoantigens, including ap-crystallin, a-
actinin, amyloid, C1q protein, chondroitin, collagen I, 11, and IV, elastin, histone H2A and
H2B, laminin, vimentin, vitronectin, aldolase C, and pyruvate kinase M2 [16]. AAbs against
cyclic nucleotide phosphodiesterase, phosphatidylserine (PS), and proliferating cell nuclear
antigen [56], glial fibrillary acidic protein (GFAP), and a.-enolase were also documented.
[26, 53, 57] Anti-PS IgGs were significantly increased in patients who had advanced AMD
with choroidal neovascularization, suggesting that such AAbs might contribute to the
angiogenesis associated with choroidal neovascularization [56]. They showed in an /in vitro
study that purified AAbs induced more tube formation on choroidal-retinal endothelial cells
compared to AAbs obtained from healthy donors [56].

Autoantibodies related to both neovascular and geographic atrophy AMD were found to be
against retinol-binding protein 3 (RBP3, 120-kDa) [58], retinol-binding protein 1 (RLBP1,
36-kDa) [58], aldolase C (39-kDa) [58], and glial fibrillary acidic protein (GFAP, 52-kDa)
[57]. Anti-GFAP AAbs occurred in 44% of the NV AMD patients’ population studied. Anti-
aldolase C (40-kDa) and RAB3 were targeted in wet AMD whereas pyruvate kinase M2
(60-62-kDa) was targeted in both wet and dry AMD [58]. In recent study another five
candidate antigens were found in sera collected from participants in the Age-Related
Maculopathy Ancillary (ARMA) Study relation to the early stages of AMD that included
heat shock protein members such as HSPA8, HSPA9, HSPB4 (also known as a. crystalline),
annexin A5, and S100 calcium-binding protein A9 (S100-A9, calgranulin B) [59]. These
antigenic proteins could be implicated in autophagy, immunomodulation, and protection
from oxidative stress as well as apoptosis, so they could be linked to AMD pathogenesis.
However, AAbs specific for aB-crystalline, which is the basic structural component of
multiple HSPs, are not only specific to AMD but they are also found in sera of patients with
uveitis [60], glaucoma [61], and multiple sclerosis [62]. Overall, the presence of serum
AADs confirms their autoimmune involvement in disease and the possibility that
autoimmunity disrupts the maintenance of self-tolerance within the retina of AMD patients
leading to disease [17].

One of the antigens that could be potentially used as a biomarker of AMD is a-enolase that
belongs to a family of glycolytic enzymes, but also has other cellular functions unrelated its
activity in glycolysis [63]. Our study using sera from well-defined participants in the Age-
related Eye Disease Study (AREDS) showed that AAbs against a-enolase were detected in
40% patients with large drusen and 46% with geographic atrophy (GA), but only 29% of
neovascular (NV) patients and controls [26]. Joachim et al found much larger frequency of
anti-enolase AAbs (67%) in the NV AMD patients [57]. In spite of this, a differential
expression of a-enolase in tissues and presence of anti-enolase AAbs have also been
associated with several other pathologies, such as cancer, Alzheimer's disease, autoimmune
diseases, and rheumatoid arthritis, among others [63]. Important to note, that AAbs against
a-enolase have been strongly associated with retinal degeneration, including cancer-
associated retinopathy (CAR) and autoimmune retinopathy [64, 65]. /n vitroand in vivo
investigations showed that anti-enolase AAbs from patients with CAR were able to induce
apoptotic cell death of retinal cells, and provided a potential mechanism for antibody-
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mediated retinal degeneration in humans [66]. Thus, chronic access of AAbs to the retina
results in the inhibition of enolase catalytic function, depletion of ATP, and elevation in
intracellular CaZ* leading to deregulation of glycolysis in retinal cells and their destruction
[67].

In addition, AAbs against carboxyethylpyrrole (CEP), a lipid peroxidation product that
accumulates in the retinas of dry AMD patients and is an oxidized component of drusen
were found [31, 52]. CEP is present in the photoreceptor rod outer segments and RPE in
mouse and human retinas [68, 69]. The study showed that the mean level of anti-CEP AAbs
in AMD human plasma was significantly higher than in age-matched controls, and had
higher immunoreactivity with retinal tissues (92%) than non-AMD controls [52]. These
results suggest that both, CEP immunoreactivities and autoantibody titers may have
diagnostic value in predicting AMD susceptibility. However, such protein modifications are
not strictly unique to the retina and found in other tissue [70]. It can be speculated that the
antigen does not need be derived from the retinal tissue to mount an immune response; anti-
CEP response can be initiated by similar proteins but induce an antibody-mediated immune
damage in the retina.

Anti-enolase AAbs alone may not be a sufficient disease marker. Based on the current data
from different laboratories not one antibody but autoantibody panels (“autoantibody
signatures™) might show a better correlation with intermediate and late stages of AMD with
higher sensitivity and specificity. In fact, anti-40-kDa and 42-kDa AAbs were associated
with intermediate AMD, while anti-30-kDa AAbs were primarily present in GA AMD.
Anti-32-kDa, 35-kDa, and 60-kDa AAbs were more frequent in NV AMD [26]. Causal
association of anti-retinal AAbs with AMD pathogenesis or progression will require a larger
group of subjects at early and late stages of disease in individual persons and in groups. This
might reveal distinct AAb signatures for early AMD, geographic GA and neovascular AMD
[26]. The application of AAbs as predictors of pre-AMD disease in not feasible at this time,
as the access to preclinical of sera is difficult. Serum samples collected from the same
person, before and after AMD development as well as all stages in between, are not
generally available, making it almost impossible to determine the exact moment when the
AAbs appear and have an impact on disease progression.

2.3. Complement Proteins in AMD

AMD is a disease that manifests in at the aging macula. There is an increased complement
protein deposition in the Bruch's membrane and in drusen [7]. Such local manifestation of
systemic pathophysiology occurs as effect of low grade chronic inflammation, which
damages the blood-retina-barrier, resulting in the breach of retinal-immune privilege and the
development of retinal lesions [71]. The RPE and the choroidal vasculature are a source of
the complement in drusen, which are composed of immunoglobulin (IgG), components of
the complement cascade, and complement regulatory proteins (such as the membrane co-
factor protein) [15, 72]. In fact, many potential activators of the complement cascade were
found in drusen below the basal surface of the RPE, including 1gG, nuclear fragments,
phospholipids, cholesterol, and micro-fibrillary [3, 73, 74].
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There is convincing evidence that complement is involved in the AMD disease process,
including the complement-related proteins C3a, C5a, C5, C5b-9, complement factor H
(CFH), CD35, and CD46 [15, 16, 75] [73]. The alternative pathway and has been implicated
in AMD because of alternations in regulatory proteins and deficiencies in complement
proteins [73,76, 77]. Complement disorders are autosomal recessive and genetic defects such
as single nucleotide polymorphism (SNP) can result in formation of defective protein or
gene deletion. Mutations in CFH, CFB, and C3 genes cause defects in the encoded proteins
[78, 79]. CFH regulates the activation of C3b in the alternative complement pathway, both in
serum and at host cell surfaces. In geographic and neovascular AMD, the Y402H gene
polymorphism removes the protective function of CFH, leading to chronic inflammation
mediated by C-reactive protein (CRP) [16]. CRP, an acute-phase protein and active regulator
of the innate immune system, has been identified in drusen and other subretinal pigmented
epithelium deposits [8]. Molins et al showed evidence that a monomeric form of CRP
(mCRP) upregulates proinflammatory cytokines IL-8 and CCL2 levels in RPE cells and
CFH binds mCRP to diminish its proinflammatory activity [76]. The increased levels of
CRP in eyes with early AMD may be an indication of local inflammation and cellular injury
in the RPE—choroid layer [75]. Elevated levels of C5a have been found in the serum of AMD
patients. [41]. Also, deposition of C5b-9 in the retina is important because C5a can bind to
its receptor, C5aR promoting an additional activation. Both complement components C3a
and C5a induced VEGF in RPE cells as shown in experiments of laser-induced CNV, an
accelerated model of neovascular AMD driven by VEGF and recruitment of leukocytes into
the choroid [80].

Complement activation can be measured in plasma of affected patients by assessing their
plasma levels and biosynthetic rates of the corresponding precursor proteins such as C3 and
CFB, CFD and CFH [81]. Irrespective of known genotype, C3a, Bb, and C5a were strongly
associated with an increased risk of advanced AMD [81]. C5a and SC5b-9 were markers of
terminal pathway of complement activation, which were generated downstream of C3 and
CFB [82]. Complement substrate and activator levels (CFB and CFD) and markers of
complement activation (Ba, C3d) were found to be increased in the advanced subtypes of
AMD, suggesting that systemic complement activation could be associated with progression
of AMD [83]. Important to note that the RPE is protected from the complement attack by
complement membrane regulatory proteins such as CD46 (membrane cofactor protein,
MCP), CD55 (decay accelerating factor, DAF) and CD59 (protectin) [84]. CD46 is a
regulator of the alternative pathway and CD59 inhibits the formation of the membrane attack
complex [85]. Decreased expression of these proteins leads to impair complement regulation
on RPE cells and in effect to the formation of lesions in the outer retina and Bruch's
membrane, thus contributes to the pathogenesis of AMD [86, 87].

In addition, the complement system can be a target for developing new therapies, preventing
progression from an early to the late form of AMD and treating the late stages of AMD. In
fact, several treatments acting on the complement pathway are currently in clinical trials [77,
88, 89]. Targeting the complement system, however, needs to balance its inhibition with
protection of the immune responses and tissue homeostasis.
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In addition to measurements of complement factors in plasma, genetic studies of AMD
patients further confirmed the relationship between disease and the complement system by
detecting multiple genetic related polymorphisms. In 2005, several groups concurrently
reported on an association of a non-synonymous variant in the CFH gene with AMD risk,
which showed that possession of the variant Y402H polymorphism significantly increases
the risk for AMD [78, 90], [91, 92]. Individuals caring the CFH Y402H polymorphism
progressed to a higher stage of AMD and about 6% developed late disease [79]. A large
number of independent genetic studies have consistently confirmed the association of AMD
with the risk or protective variants in genes encoding for complement proteins, including
CFH, CFH-related proteins 1 and 3, factor B/C2, C3 and factor | [88, 93, 94]. CFB and C2
have been implicated as major risk or protective factors for the development of AMD [95].

4. Biomarkers for AMD and Aging

AMD affects mostly elderly people and aging is the major contributing factor to the disease.
Thus, it is important to recognize how the body controls the regular age-related changes and
age-related pathology in AMD. The combination of environmental and genetic risk factors
target retinal homeostasis, which may lead to age-related pathology with advanced age [18].
The genes linked to immune responses and to tissue stress/injury responses are the most
likely to be modified by aging [96]. Furthermore, oxidized lipoproteins and free radicals
contribute to tissue stress and low grade inflammation in retina [97]. Retinal damage,
activation of local macrophages/microglia, and accumulation of byproducts in subretinal
space may induce a local inflammation, causing infiltration of blood macrophages, T
lymphocytes, and mast cells, and initiation of the drusen formation [20, 96, 98] The low
grade inflammation can persist for decades and increases with advancing age leading to
pathologic changes that destabilize ocular homeostasis, particularly microglia and the
complement system, and promote AMD [16]. Oxidative stress causes the RPE and, possibly,
choriocapillaris injury in aging and AMD [99]. Not only in the AMD retina but also in the
aging retina a large number of inflammatory genes, including genes involved in complement
activation and inflammatory cytokine/chemokine production was identified [96]. Although
findings of plasma proteins in drusen during an inflammatory response and complement
activation suggest their causal involvement in the formation of drusen in disease, we still do
not know whether inflammation is a causative or a secondary contributory event in AMD or
it is just part of aging process [47]. Disease association with serological biomarkers or
genetic biomarkers can be useful if we can distinguish the disease-associated biomarkers
from the naturally occurring events since not every elderly person will develop AMD.
Therefore, the search for biomarkers is important and helps not only with understanding the
relationship between aging physiology and age-related pathology, but it is also essential for
designing new therapeutic approaches for this devastating degenerative disease.
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Take-home messages

. Pathology of AMD involves the disruption of many physiological pathways,
but chronic inflammation plays a central role in AMD progression

. Complement proteins, autoantibodies, and cytokines/chemokines can be
measured in the blood and in diseased tissue

. IL17 is the major inflammatory mediator involved in AMD

. Anti-retinal autoantibodies persist in many AMD patients in much greater
frequencies than age-matched controls

. The complement-related proteins C3a, C5a, C5, C5b-9, complement factor H,
CD35, and CD46 are involved in pathogenic process of AMD
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Fig. 1.
Retina with subretinal debris (drusen) present beneath multiple layers of retinal pigment

epithelium (RPE) cells (arrow). ONL- outer nuclear layer, IS/OS — inner segments/outer
segments of photoreceptor cells; CC — choriocapillaris
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Fig. 2.
A diagram showing potential factors influencing early AMD.
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Table 1
AMD Clinical Classification

Classification of AMD Definitionl

No apparent aging changes  No drusen and No AMD pigmentary abnormalities

H *
Normal aging changes Only drupelets (small drusen <63um) and no AMD pigmentary abnormalities

*
Barly AMD Medium drusen >63 pm and <125pm and no AMD pigmentary abnormalities

1 *
Intermediate AMD Large drusen > 125 um and/or Any AMD pigmentary A abnormalities

Late AMD Neovascular AMD and/or Any geographic atrophy

AMD - age-related macular degeneration

lesions assessed within 2 disc diameters of fovea in either eye

*

AMD pigmentary abnormalities = any definite hyper- or hypopigmentary abnormalities associated with medium or large drusen but not associated
with known disease entities.
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