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Abstract Age-related macular degeneration (AMD) repre-
sents a leading cause of blindness worldwide. While the
clinical and histopathological aspects of AMD are well
characterized, its etiology and pathogenesis remain unclear.
Recent findings suggest a role for immunologic processes in
AMD pathogenesis, including the age-related generation of
extracellular deposits inside the Brusch membrane and
beneath the retinal pigment epithelium, recruitment of
macrophages for clearance of these deposits, complement
activation, recruitment of tissue-destructive macrophages,
microglial activation and accumulation, and proinflammatory
effects of chronic inflammation by Chlamydia pneumoniae.
This review discusses the evidence for the role of inflam-
mation in human AMD and in animal models of AMD.
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Introduction

Immune-mediated processes have long been associated
with a variety of ocular diseases—most characteristically,
uveitis. While age-related macular degeneration (AMD) is
not a classical inflammatory disease per se, a growing body
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of evidence suggests that inflammatory and immunologic
events might play a role in AMD. In this review, we discuss
AMD and the current evidence for the immunological basis
of its pathogenesis.

Worldwide, AMD is a leading cause of blindness for
individuals aged 55 and over [1]. In the US alone, at least
1.75 million individuals suffer from AMD, and this number
promises to climb with the overall aging of the population.
According to some estimates, in fact, by the year 2020,
AMD will affect up to 2.95 million people in the US [2].

AMD is characterized by degenerative changes in the
macula, the central region of the retina bearing the highest
concentration of photoreceptors (primarily, cone cells) and
therefore facilitating central vision and visual acuity.
Accordingly, this degeneration of the macula leads to
central vision loss, as well as impairment in the ability to
read fine print or recognize faces. The earliest clinical
manifestation and pathological feature of AMD is the
development of drusen, extracellular deposits of glycopro-
teins, lipids, and cellular debris located inside Bruch’s
membrane and beneath the retinal pigment epithelium
(RPE). A few small drusen can be found in healthy
individuals over age 50, but the presence of large or
numerous drusen confers significant risk for AMD [3, 4].

Clinically and histologically, AMD is generally classi-
fied into two major subtypes: dry AMD and wet AMD. Dry
AMD progresses more slowly and manifests with drusen,
geographic atrophy of RPE, and photoreceptor dysfunction
and degeneration. Wet AMD, on the other hand, is more
debilitating and often presents after dry AMD. The key
feature of wet AMD is choroidal neovascularization
(CNV), the growth of new blood vessels from the choroid
into the region underlying the RPE or extending past the
RPE into the subretinal space and retina. This choroidal
neovascularization can lead to leakage of blood into the
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subretinal space, which, along with RPE atrophy and
photoreceptor degeneration, leads to vision loss.

Risk factors for AMD include smoking, body mass
index, diet, and light exposure and studies have linked
genetics, oxidative stress, RPE senescence, hypoxia, and
many other factors to AMD. Still, the exact etiology and
pathogenesis of the disease remain largely unclear [5-9].
An ever-growing collection of evidence suggests that
immunologic events play a key role in the pathogenesis of
AMD.

Unlike uveitis, which manifests mainly with infiltrates of
inflammatory cells, edema from inflammatory vascular
damage, and inflammatory tissue damage, the inflammatory
cells in the AMD lesions are much less prominent and often
neglected, despite the fact that macrophages including giant
cells and activated microglia have been described in both
dry and wet AMD (Fig. 1) [10-13]. Here, we discuss the
inflammatory aspects of AMD in humans—including the
intersections between human AMD and the complement
system, macrophages, microglia, and other related immune

Human

components—as well as the animal models of AMD that
have arisen from and contributed to our understanding of
the immunopathology of human AMD.

Complement system in AMD

The complement system is a component of the innate
immune system comprising over 30 soluble and membrane-
bound proteins [14, 15]. The complement system is divided
into three main pathways: classical, lecithin, and alterna-
tive. Briefly, the classical pathway is activated largely by
immune complexes (antibody bound to antigen); the
mannose-binding lectin pathway is activated primarily by
mannose and N-acetyl glucosamine residues that are
particularly abundant on bacterial cell surfaces, and the
alternative pathway is initiated by a variety of activating
substances including microbial surfaces and polysaccha-
rides. Overall, activation of these pathways results in a
proinflammatory response including generation of mem-
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Fig. 1 Fundoscopic and histologic representations of AMD and

uveitis. a Fundoscopy of a human eye with AMD. Many drusen
(arrow) and regions of RPE atrophy (asterisk) are visible by
fundoscopy in a patient with dry AMD. b Photomicrograph of a
human retina with wet AMD. Photoreceptor cells and most RPE
(arrowhead) are replaced by a thick layer of fibrovascular tissue
(asterisk) including small neovascular lumens (arrows). Ganglion cell
layer, GC; photoreceptor layer, PR; RPE layer, RPE; and Bruch
membrane, BM. (H & E, original magnification x100). ¢ Photomicro-
graph of a Cx3crl " /Ccl2”” mouse retina, a model for AMD.
Choroidal neovascularization (arrows) and photoreceptor lesions
(asterisk) are observed. Ganglion cell layer, GC; inner plexiform
layer, /PL; inner nuclear layer, /NL; outer plexiform layer, OPL; outer
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nuclear layer, ONL; photoreceptor layer, PR; and RPE layer, RPE. (H
& E, original magnification x200). d Fundoscopy of a human uveitic
eye. Multiple large subretinal infiltrates (arrows) are visible by
fundoscopy in a patient with Vogt—Koyanagi—Harada syndrome. e
Photomicrograph of a human retina with uveitis. Massive inflamma-
tory cellular infiltration (arrows) is seen in the edematous retina (R)
and a thickened choroid (C) of a patient with sympathetic ophthalmia.
(H & E, original magnification x100). / Photomicrograph of a BI0A
mouse retina with experimental autoimmune uveitis. Focal retinal
outer layer destruction (asterisk), retinal folds (arrow), and retinal and
choroidal inflammatory cells are visible. (H & E, original magnifica-
tion x200)
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brane attack complexes (MAC) which mediate cell lysis,
release of chemokines to attract inflammatory cells to the
site of damage, and enhancement of capillary permeability
[14, 15].

The complement system is continuously activated at low
levels in the normal eye and intraocular complement
regulatory proteins tightly regulate this spontaneous com-
plement activation to maintain complement activity at a
level that promotes elimination of potential pathogens
without damaging healthy tissue. Complement dysregula-
tion leading to overactive complement activity can there-
fore cause immune-mediated ocular damage. Complement
dysregulation has in fact been well characterized in
autoimmune anterior uveitis, in which ocular specimens
contain deposits of immune complexes such as immuno-
globulin G (IgG) and complement component 3 (C3), as
well as tumor necrosis factor (TNF)-« and interleukin (IL)-1
[16]. Recent studies suggest that the dysregulation of
complement activity might be similarly implicated in AMD
pathogenesis [17].

Complement components and complement regulatory
proteins in human AMD

Complement components in human AMD

Studies in human eyes with AMD have suggested a role for
the complement system in AMD. Mullins et al. [18]
identified the presence of the complement component 5
(C5) and the MAC consisting of complement components
5b-9 (C5b-9) in drusen from human eyes, including AMD
eyes. Similarly, C3a and C5a have been localized to drusen,
RPE cells, and Bruch membrane in human AMD [19]. A
variety of other studies have similarly demonstrated the
presence of immune complexes, complement, and/or
complement regulatory proteins in drusen and in nearby
RPE [20-23]. More recently, genetic analyses for single-
nucleotide polymorphisms (SNP) spanning the complement
genes C3 and C5 has linked the arginine to guanine at
amino acid 80 (R80G) SNP in the C3 gene to AMD (OR=
1.7 for individuals bearing one copy of the R80G SNP and
OR=2.6 for those bearing two copies of the SNP) [24].

Complement factor H in human AMD

Complement factor H (CFH) is a negative regulator of the
complement system. More specifically, it impairs activation
of the alternative pathway by inhibiting several steps of this
pathway and by promoting degradation of activated
complement components [25]. CFH binds heparin on cell
surfaces to prevent complement-mediated damage to
heparin and the cells bearing them. It also binds C-reactive
protein (CRP) to inhibit CRP-mediated activation of the

alternate pathway in response to damaged tissue [26, 27].
CFH is expressed in a variety of human ocular tissues,
including sclera, RPE, retina, and choroids and studies in
mice demonstrate that the ocular expression of CFH
increases with age [28]. Thus, CFH might accumulate with
age to inhibit alternate pathway activation and, accordingly,
impairments in CFH function might create a procomple-
ment, i.e., proinflammatory, environment leading to AMD.

Indeed, a host of recent genetic analyses in human AMD
patients have generated significant interest in the role of
CFH in AMD. The chromosome 1q32 region has long been
considered to possess a susceptibility locus for AMD [29].
Edwards, Haines, Klein, Hageman and their colleagues
[30-33] recently reported in four independent studies that
the tyrosine to histidine at position 402 (Y402H) SNP in
the CFH gene in the 1q32 region increases the risk of
AMD. A subsequent meta-analysis by Thakkinstian et al.
[34] supported the role of the Y402H CFH in AMD,
suggesting that up to 50% of all AMD is associated with
this polymorphism. We and others have also confirmed the
association between CFH and AMD in different popula-
tions of the world [35-37]. Histological studies have
demonstrated that CFH Y402H and its alternative splice
product, factor-H-like protein 1 (FHL-1), which includes
residue 402, are present in drusen-like deposits in human
eyes [38, 39].

Recent studies by Skerka and Laine and their colleagues
have demonstrated the functional significance of the AMD-
associated Y402H CFH variant. Skerka et al. [38] demon-
strated that the risk variants of CFH (from YH402 and
HH402 patients) and of FHL-1 (recombinant H402 FHL-1)
exhibit reduced affinity for heparin and CRP. Laine et al., in
contrast, found no difference in binding to heparin but
confirmed impaired binding to CRP by the risk-conferring
variants of CFH. Similar results were obtained using
recombinant abbreviated fragments of CFH containing the
Y402 or H402 residues [39], further supporting the critical
role of position 402 in mediating CRP binding. Overall,
these findings suggest that the risk of AMD in patients
bearing the Y402H CFH SNP might be attributed to
decreased inhibition of CRP-mediated complement activa-
tion and possibly, decreased protection of heparin-bearing
self-cells from complement effects. CFH and FHL-1 also
possess decreased binding affinity for RPE and endothelial
cells, and this reduction in binding correlates to reduced
complement regulation [38]. Therefore, the studies above
highlight the potential role of impaired CFH-mediated
inhibition of the alternative complement pathway in AMD
pathogenesis.

The link between CFH and AMD has been further
strengthened by a variety of in vitro studies. For example,
oxidative stress has long been associated with AMD, and
long-term treatment of RPE cells with oxidized photo-
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receptors, but not nonoxidized photoreceptors, impairs CFH
secretion. Presence of proinflammatory cytokines such as
IL-6 also decreases CFH secretion by RPE cells [40]. Thus,
it is possible that not only genetic variation in CFH but also
AMD-associated processes such as oxidative stress that
impair CFH synthesis and/or secretion might lead to
overactivation of the alternative pathway and, ultimately,
AMD pathology. Interestingly, deficiency or impaired
function of complement factor H is also associated with
membranoproliferative glomerulonephritis type II, a renal
condition which is associated with dense deposits that
might result from a similar inflammatory process as that
which produces drusen seen in AMD [41].

Other important complement regulatory proteins in human
AMD

Other complement regulatory components have also been
linked to AMD, albeit with a smaller arsenal of evidence
than that available for CFH. Vitronectin and clusterin, for
example, are two negative regulators of the complement
cascade that are present in drusen, including drusen in
patients with AMD [21, 22]. Moreover, RPE cells near
drusen show increased levels of cytoplasmic vitronectin,
perhaps a compensatory response to complement attack
[22]. Another complement inhibitor, cluster of differentia-
tion 46 (CD46; also known as membrane cofactor protein),
is similarly present in drusen and expressed at high levels in
RPE cells adjacent to drusen [22, 38]. RPE cells in the
Cx3crl™ /Ccl2™" double-knockout murine model of AMD
(see “Microglia in AMD”) also exhibit increased CD46
staining by immunohistochemistry [42].

Complement activating substances have also been
associated with AMD. Recent epidemiological studies have
demonstrated an association between complement activat-
ing molecules factor B (BF) in human AMD. Gold et al.
screened BF' and complement component 2 (C2) genes in
two independent cohorts of patients with or without AMD
and found that two haplotypes—L9H BF/E318D C2 and
R32Q BF/a variant in intron 10 of C2—were protective for
AMD. Given that most evidence regarding complement in
AMD involves the alternative, rather than classical com-
plement pathway, Gold and his colleagues hypothesized
that the functional significance of these haplotypes arises
from the BF variants and that the association with the C2
variants was due simply to the strong linkage disequilibri-
um between the two. These findings, coupled with prior
studies documenting that at least one of these variants,
R32Q BF, leads to impaired complement activation activity,
suggest that these protective variants might exert their
beneficial effect by modulating complement activation [43].

Analysis of CRP, an alternative complement pathway
activator, in participants in the Age Related Eye Diseases
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Study demonstrated that the multivariate-adjusted odds
ratio for AMD was 2.03 in patients with CRP levels more
than 2 standard deviations above the mean [44]. Similarly,
participants of the Rotterdam Study with elevated serum
levels of CRP possessed increased risk of developing both
early and late AMD [45].

Various constituents of the AMD lesion have also been
linked to complement pathway activation. Accumulation of
lipofuscin and A2E, the bis-retinoid component of lipo-
fuscin, are early pathologic features of AMD, and in vitro
photooxidation of A2E in RPE cells leads to complement
activation [46]. Amyloid beta, an aggregate found in
drusen, is also found in the brains of patients with
Alzheimer’s disease, where it has been demonstrated in
vitro to activate complement [47]. Colocalization of
amyloid beta with C3 activation products in human AMD
eyes suggests that amyloid beta in AMD lesions might
similarly activate complement [48].

Complement components and complement regulatory
proteins in animal models of AMD

Complement components in animal models of CNV

Though animal models of AMD generated by directly
altering complement components are lacking, several
investigators have studied the effect of complement
component deficiency in murine models of laser-induced
CNV. Based on prior findings in humans that phototherapy
for ocular conditions increases the risk of neovasculariza-
tion, laser injury has commonly served as a model of
experimental CNV. Like human CNV, animal models of
laser-induced CNV are associated with leakage of fluores-
cein dye on fluorescein angiography. Histologically, this is
marked by disruption of Brusch membrane, ingrowth of
neovasculature into the subretinal space, and degeneration
of photoreceptors near the lesion [49]. Given these
similarities to CNV lesions in wet AMD, the laser-induced
model has been used widely in studies evaluating the role
of complement in these lesions.

Studies in animal models of laser-induced CNV demon-
strate that CNV complexes accumulate C3 and the C5b—-9
MAC and that these components are capable of upregulat-
ing the proangiogenic cytokine vascular endothelial growth
factor (VEGF) [19, 50]. Murine models of genetic C3
deficiency, genetic C3a receptor deficiency, genetic C5
deficiency, genetic CSa receptor deficiency, or complement
6 (C6) deficiency by anti-C6 antibodies exhibit decreased
complement and MAC levels at CNV sites, as well as
decreased severity of laser-induced CNV [19, 50, 51]. C3a
inhibition by neutralizing antibodies, inhibition of C3a
receptors, C5a inhibition by neutralizing antibodies, and
inhibition of C5a receptor similarly reduces laser-induced
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CNV in mice, suggesting a role for complement in laser-
induced CNV and, thus, possibly AMD-associated CNV
[19].

The targets described thus far—C3, C5, etc—are
implicated in alternative complement pathway, as well as
in the terminal complement pathway shared by all three
complement pathways. This raises the important question
of whether the classical or lectin pathways are also
important in CNV. Bora et al. addressed this question by
studying the impact of deficiency or inhibition of C4 and
Clq, mediators of the classical and lectin complement
pathways, respectively, in laser-induced CNV. The group
found that inhibition of C4 and Clq had no effect on the
murine model of laser-induced CNV, further supporting the
role of the alternate pathway laser-induced CNV and AMD
[51]. Moreover, the case for the alternative pathway is
further strengthened by human and animal model studies of
other alternative pathway components described in this
review, including CFH and BF [30-33, 43].

Complement factor H in animal models of AMD

Based upon the epidemiological findings suggesting a role
for impaired CFH function in human AMD, Coffey et al.
developed complement factor H (cfh) knockout (cfh’)
murine model of AMD. Compared to age-matched wild-
type mice, cfh '~ exhibit an age-related decrease in visual
acuity and impaired photoreceptor function. Moreover,
retina of ¢fh’~ mice exhibit C3 deposition and signs of
stress injury, as well as ultrastructural changes including
disorganization of photoreceptor outer segments. Interest-
ingly, ¢fh”"~ mice had less basal membrane thickening and
less sub-RPE electron dense drusen-like material than age-
matched wild-type controls. These findings suggest that
impaired or deficient complement factor H might mediate
vision loss and retinal damage by overactivation of
complement but that this same complement-mediated
inflammatory cell recruitment might also serve to more
effectively clear deposits. Alternatively, Coffey et al.
proposed that cfh might itself be a major component or
activator of drusen biogenesis and, thus, its absence might
impair drusen biogenesis [52].

Other important complement regulatory proteins in animal
models of CNV

Although animal models of AMD involving manipulation
of complement regulatory proteins other than complement
factor H are presently lacking, two studies have looked at
the impact of these regulatory proteins in laser-induced
CNV.

As discussed above, SNPs in the complement activating
protein, BF, have been shown to be protective against

human AMD [43]. At least one of these SNPs exhibits
decreased complement activation ability, and thus it is
possible that decreased BF-mediated complement activation
may be protective against AMD in these individuals. Indeed,
murine ablation of BF using small interfering RNA against
BF followed by laser injury leads to reduced assembly of the
C5b-9 MAC, decreased retinal expression of VEGF, and
markedly reduced laser-induced CNV (8% incidence,
versus 82-92% incidence in controls) [51]. Conversely,
mice deficient in CD59 (cd59 ), a negative regulator of
complement, exhibit increased deposition of the C5a-9
MAC complex in CNV lesions, as well as more severe
laser-induced CNV. Intraperitoneal or intravitreal adminis-
tration of recombinant CD59 protein reverses this affect,
leading to decreased MAC deposition, reduced expression
of angiogenic factors, and dramatically decreased CNV
development in the ¢d59 mice (13% incidence of CNV
versus 94% in controls) [53]. These data in murine models
of laser-induced CNV support studies in human AMD that
overactivity of the complement system, at least in part,
mediates AMD pathogenesis, including CNV.

Macrophages in AMD

Although classical ocular inflammatory diseases such as
uveitis are mediated largely by T cells, macrophages also play
an important role. Macrophages are the main components in
granulomatous uveitis such as that associated with sarcoido-
sis, sympathetic ophthalmia, and Vogt—Koyanagi—Harada
disease [54]. Macrophages are also one of the predominant
inflammatory cells in anterior uveitis and experimental
anterior uveitis [55, 56]. Moreover, many proinflammatory
cytokines (IL-1, IL-6, TNF-) and chemokines (chemokine
(C-C motif) ligand 2 (CCL2), CCL3, CCL4, CCLS5, IL-8,
CX3CL1) that are produced by macrophages have been
detected in various types of uveitic eyes [57].

Macrophages and the related giant cells have similarly
been demonstrated in histologic specimens from patients
with AMD, especially in regions of RPE atrophy, break-
down of Bruch’s membrane, and choroidal neovasculariza-
tion [10, 11, 13, 58]. Moreover, as with uveitis, chemokines
that mediate macrophage recruitment to the retina have also
been associated with AMD. Here, we discuss the role of the
CCL2 chemokine and macrophages in human AMD and in
animal models of AMD.

CCL2-CCR2 macrophage chemokinesis in human AMD
Chemokines expressed in the eye bind to chemokine
receptors on inflammatory cells such as macrophages to

promote the mobilization of these cells out of nearby
vasculature and into ocular tissue, as well as between
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various ocular regions. It is thought that alterations or
deficiencies in these chemokines or their receptors lead to
impaired chemokine-mediated migration of inflammatory
cells and, ultimately, AMD [59]. One chemokine that has
generated particular interest is CCL2 and its receptor
CCR2.

CCR2 is a chemokine receptor found on macrophages
which binds the CCL2 (also known as monocyte chemo-
attractant protein-1) chemokine. Deficiencies in CCR2 lead
to decreased leukocyte adhesion to microvasculature, as
well as decreased extravasation of monocyte from the
circulatory system into surrounding tissues. Moreover,
deficiencies in either CCL2 or CCR2 impair macrophage
accumulation induced by proinflammatory stimuli without
affecting baseline levels of macrophage recruitment to the
same tissues [60, 61].

To date, there are no direct studies of CCL2 or CCR2 in
human AMD. However, altered expression of CCR2 has
been implicated in studies of apolipoprotein E (ApoE)
polymorphism in human AMD. Through an independent
study and a meta-analysis of previously published studies,
Bojanowski et al. demonstrated that the ApoE-112R variant
(also known as E4) is associated with decreased risk of
AMD and that the ApoFE4 variant correlates with decreased
expression of CCL2 in RPE cells. Based upon this finding,
the group surmised that the ApoE4 variant lowers AMD
risk by decreasing CCL2-mediated macrophage recruitment
to the retina [62]. This suggests that macrophages play a
pathologic, rather than restorative or adaptive, role in
AMD.

CCL2-CCR2 macrophage chemokinesis in animal models
of AMD

A study of Ccl2 and Ccr2 knockout in mice, however,
suggests the opposite—that macrophages serve a beneficial
role in the retina. Ambati et al. found that Cc/2- and Ccr2-
deficient mice (Ccl2”~ and Cer2™, respectively) develop
funduscopically visible AMD-like lesions starting around
9 months of age. Ccl2”~ and Cer2”” mice also exhibit
histological signs of AMD including lipofuscin granules
and Brusch membrane thickening and ultrastructural signs
of AMD such as increased melanosomes and lipofuscin
granules. By 16 and 18 months of age, respectively, these
mice also develop geographic RPE atrophy and choroidal
neovascularization, respectively. In addition, retina from
Cel2”™ and Cer2”” mice have increased A2E accumula-
tion, a biochemical sign of AMD [63].

Ambati et al. also demonstrated that drusen components
such as C5, IgG, and advanced glycosylation products
which accumulate in the eyes of Ccl2”~ and Cer2”™ mice
upregulate Ccr2 expression by RPE cells and choroidal
endothelial cells. The group surmised that increased Ccr2
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expression due to these deposits promotes macrophage
infiltration to clear the deposits. Indeed, they demonstrated,
in vitro, that macrophages adhere to IgG and CS5and
facilitate their clearance. This was supported by findings
of an age-dependent increase in Ccl2 expression in RPE of
wild-type mice, as well as a similar age-related increase in
macrophage infiltration in wild-type mice. Cc/2- and Ccr2-
deficient mice showed less age-related macrophage accumu-
lation. As such, the group surmised that impaired Ccl2 and
Cer2-mediated macrophage accumulation in the Cc/2” " and
Cer2”” mice leads to impaired clearance of accumulated
deposits of IgG, C5, advanced glycosylation products, and
other drusen components and, ultimately, AMD pathology
[63].

Thus, it appears that while it is generally accepted that
macrophages accumulate in AMD lesions, it is still quite
unclear whether these macrophages serve a maladaptive
pro-AMD role, or whether they accumulate as an adaptive
response to pathological deposits and tissue injury associ-
ated with AMD. The study of Ambati et al. in Ccr2- and
Ccl2-deficient mice might suggest the latter role, at least
during the early stage of AMD development, though
correlative findings in human AMD are still necessary. In
fact, the limited data we presently have regarding CCL2 in
human AMD suggest an opposite function for macrophages
than that which arises from the Ccr2- and Ccl2-deficient
murine models. Indeed, the case of CCL2 and CCR2 is a
harbinger of the perplexing, seemingly contradictory nature
of other studies on the role of macrophages in human CNV
and in animal models of CNV described below.

Macrophages are associated with CNV in human AMD

Macrophages have long been localized to sites of CNV in
patients with human AMD [10, 13]. Examination of
subfoveal neovascular membranes from patients with
AMD by Lopez et al. revealed the presence of chronic
inflammatory cells including macrophages [58]. Similarly, a
prominent inflammatory component involving CD68+
macrophages was detected in rapidly progressive fibrovas-
cular AMD membranes [64].

Grossniklaus et al. evaluated 20 specimens of human CNV,
14 of which were from AMD patients, and derived a possible
mechanism by which macrophages might promote CNV
development. In the study, Grossniklaus showed that macro-
phages express the proangiogenic factor VEGF and that they
might therefore directly promote CNV. They also demonstrat-
ed that macrophages in these CNV samples express tissue
factor, which may serve as a scaffold for vascularization [11].

Kamei et al. analyzed CNV membranes from patients
with AMD and suggested another plausible function of the
macrophages that accumulate at CNV lesions. They
demonstrated that CNV membranes contain oxidized lipo-
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proteins and that these same membranes stain positive for
macrophages bearing scavenger receptors for oxidized
proteins, including lectin-like oxidized low-density lipopro-
tein receptor-1 (LOX-1) and scavenger receptor that binds
phosphatidylserine and oxidized lipoprotein. This study, as
well as prior studies showing increased oxidized lipoprotein
levels with age in normal eyes and AMD eyes, suggests
that the macrophages seen in AMD and in CNV lesions
might serve to ingest oxidized low-density lipoprotein that
accumulates with age [65, 66]. The study did not, itself,
demonstrate whether these macrophages serve maladaptive
functions leading to CNV development or adaptive responses
to the accumulation of oxidized protein and/or other
pathological processes associated with age and AMD.
However, Kamei et al. emphasized similarities between
AMD and atherosclerosis, including their new finding that
AMD choroidal neovascularization lesions, like those in
atherosclerosis, house macrophages which uptake oxidized
lipoproteins. In light of these similarities and the well-
accepted pathologic role of macrophages in producing
atherosclerotic lesions, they surmised that macrophage accu-
mulation might also serve a pathological role in AMD [65].

Overall, though these studies bring to light several
plausible mechanisms by which macrophages may have a
pathogenic role for CNV in human AMD, none are able to
clearly demonstrate whether macrophages accumulate near
CNV because they play a causative role in CNV or because
they serve as an adaptive response against CNV-associated
pathology. This is, of course, due to the largely observational
nature of human studies: we can analyze human AMD
samples, but we cannot manipulate macrophage levels in
living humans to determine whether they increase or decrease
the risk of CNV. Consequently, researchers have turned
largely to animal models to manipulate macrophage levels
and assess the impact of macrophage alterations on experi-
mentally induced CNV models.

Manipulating macrophages in animal models of CNV

Two groups—Espinosa-Heidmann and Sakurai and their
colleagues—simultaneously reported independent studies
demonstrating a harmful role of macrophages in CNV. Both
groups investigated the role of macrophage depletion by
dichloromethylene diphosphonate (Cl,MD)-containing lipo-
somes on laser-induced CNV. When these liposomes are
ingested by macrophages, the CLLMD enzyme is released and
its accumulation within lysosomes presumably induces
apoptosis. Espinosa-Heidmann et al. administered ClL,MD
liposomes to mice and documented its ability to deplete
circulating monocytes and choroidal macrophages. Macro-
phage depletion by Cl,MD-liposome treatment ameliorated
laser-induced CNV, as determined histologically and by
fluorescein angiography [67].

Sakurai et al. used a similar strategy of macrophage
depletion with Cl,MD liposomes. Their study showed that
treatment of mice with Cl,MD liposomes prior to or
immediately after laser injury led to decreased macrophage
recruitment and decreased CNV volume, as well as
decreased CNV as visualized by fluorescein angiography.
Moreover, macrophage depletion was also correlated to
decreased VEGF protein at the laser lesion [68].

In stark contrast to these findings by Espinosa-Heidman
and Sakurai, Apte and his colleagues reported that macro-
phages have the opposite effect on laser-induced CNV: they
inhibit laser-induced CNV. In their study, Apte and his
associates induced laser injury in IL-10-deficient mice (/L-
1077). IL-10"" mice exhibit increased macrophage recruit-
ment and reduced severity of laser-induced CNV. Moreover,
inhibition of macrophage entry by anti-CD11b or anti-F4/80
treatment or by IL-10 treatment reverses this /L-10" -related
amelioration of laser-induced CNV. Conversely, IL-10-
overexpressing transgenic mice exhibit decreased macro-
phage infiltration into the retina and, in turn, a substantial
increase in susceptibility to laser-induced CNV. Based on
prior studies that laser-induced CNV is mediated through
interactions of CD95L with CD95 on choroidal blood
vessels, the group the showed that macrophages are capable
of killing CD95+ cells on necrotic retina and that that
macrophages from mice deficient in CD95L lost their ability
to inhibit laser-induced CNV. Thus, Apte et al. hypothesized
that RPE injury from laser treatment upregulates CD95L
expression in macrophages and that these CD95L-bearing
macrophages decrease CNV by killing CD95-positive neo-
vascular endothelium cells [69].

Studies of macrophage depletion have therefore pro-
duced differing findings: Espinosa-Heidmann and Sakurai
and their associates demonstrate that Cl,MD-liposome-
induced macrophage depletion decreases laser-induced
CNV, presumably by decreased macrophage-mediated
VEGF secretion. In contrast, Apte et al. suggest that
choroidal neovascular cell killing by macrophages
decreases risk of laser-induced CNV. In response to the
discordance between their findings and those previously
reported by Espinosa-Heidmann and Sukarai, Apte et al.
demonstrated that liposomes enter budding CNV endothe-
lial cells and, thus, release of the CI,MD enzyme in these
endothelial cells might kill the CNV endothelium. They
therefore hypothesized that the improvement after CIl,MD-
liposome treatment might be due not from macrophage
depletion but from direct injury to CNV endothelium [69].

The chemokine CCL2 and its receptors CCR2 described
above have also been employed in the study of CNV in
mice. Tsutsumi et al. utilized Ccr2 knockout mice (Cer2 )
to suggest that macrophages play an angiogenic, pro-CNV
role in CNV. Cer2”" mice exhibit decreased infiltration of
macrophages into the retina after laser injury, and this

@ Springer



104

Semin Immunopathol (2008) 30:97-110

decrease in macrophages is associated with a reduction in
laser-induced CNV. Moreover, macrophages isolated from
eyes after laser injury express angiogenic factors and
exhibit angiogenic activity in vitro [70]. Similarly, Yamada
et al. [71] showed that treatment of mice with atorvastatin
decreases Ccl2 levels, thereby reducing ocular infiltration
of macrophages and decreasing laser-induced CNV vol-
ume. Both of these studies showing decreased laser-induced
CNV in the absence of Ccr2 or Ccr2 are in stark contrast
with the previously described study by Ambati et al. in
which deficiencies of these chemokines led to AMD
features, including CNV, in senescent mice [63, 70, 71].
Indeed, these contradictory findings in Ccr2- or Ccl2-
deficient mice with laser-induced CNV versus CNV
associated with senescence highlights the potentially dissim-
ilar mechanisms underlying laser-induced CNV and CNV
associated with age-related maculopathy. It is possible, for
example, that laser-induced CNV, as a response to acute
injury, is mediated by an overactive inflammatory response.
As such, quelling inflammatory cell recruitment by Ccr2 or
Ccl2 deficiency might decrease CNV induced by laser injury.
In contrast, in the absence of laser injury, Ccr2 or Ccl2
deficiency might lead to impaired macrophage-mediated
clearance of drusen deposits, creating a nidus for low-grade
inflammation. This inflammation, over time, might recruit
other inflammatory cells, including macrophages and
nonmacrophages, which potentiate tissue damage and pro-
mote CNV development. For example, complement activa-
tion has, as described above, been shown to promote VEGF
secretion by retinal cells and, thus, worsened CNV in
senescent Ccr2” or Cerl”” mice might be due, in part, to
increased complement-mediated VEGF secretion due to
impaired drusen clearance.

Macrophages in AMD—friend or foe?

Overall, these studies of human AMD and animal models
of AMD present conflicting evidence regarding the role of
macrophages. Some studies suggest a beneficial role of
macrophages, whereas others suggest that macrophage
accumulation in AMD lesions is a pathological event. One
possible explanation for these conflicting findings is a dual
role of macrophages: anti-inflammatory macrophages
which are recruited to clear drusen and other deposits seen
with age, as well as proinflammatory macrophages which
result from the low-grade inflammation of AMD lesions
and which directly induce tissue damage [59, 72]. If so, a
deficiency of the former result and/or an excess of the latter
result might lead to AMD pathogenesis. In other words,
before AMD develops, macrophages function as house-
keepers in maintaining balance of waste deposit. After AMD
develops, especially wet AMD, macrophages function as
inflammatory stimulators thereby exacerbating the lesion.
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Indeed, macrophages are a diverse group of cells
inhabiting a broad spectrum of phenotypes and activities.
At polar ends of this spectrum are M1 and M2 macro-
phages, two distinct subsets of macrophages [73]. A recent
review by Mantovani et al. describes how these polarized
M1 and M2 macrophages differ with regard to receptor
expression, cytokine expression, and effector function. M1
macrophages possess considerable proinflammatory abili-
ties, including tissue-damage activities, release of proin-
flammatory cytokines, and production of reactive oxygen
and nitrogen species. In contrast, M2 macrophages are less
inflammatory, serving to promote scavenging, immunoreg-
ulation, and/or tissue remodeling, including angiogenesis
[73]. It is possible, then, that M2 macrophages serve a
beneficial purpose by scavenging deposits such as drusen
and that M1 macrophages might be harmful through their
proinflammatory actions and ability to induce tissue
damage. In addition, a subset of M2 macrophages at a later
state of AMD pathogenesis or through acute injury via laser
treatment might promote angiogenesis. If so, these diverse
subsets of macrophages might explain the seemingly
conflicting data regarding the role of macrophages in AMD.

As an example, consider how this theory might intersect
with the role of CCR2-CCL2-mediated recruitment of
macrophages in AMD. M2 macrophages which express
scavenger receptors also express CCR2 receptor [73]. Thus,
inhibition of CCR2, as in the Cer2”"” murine model of AMD
by Ambati et al, might impair recruitment and/or activity of
M2 macrophages essential for scavenging debris. Inefficient
scavenging of debris by M2 macrophages might trigger a
cascade of events which eventually leads to AMD pathology,
including CNV [63]. In contrast, these same M2 macro-
phages that express CCR2 also exhibit proangiogenic
activity [73]. Thus, as Tsutsumi et al. describe, Cer2” mice
might actually exhibit decreased laser-induced CNV, which
as we discussed above, presumably occurs via a different
mechanism that CNV following development of AMD-like
lesions [70]. Overall, our growing understanding of macro-
phage heterogeneity raises an important question regarding
the role of macrophages in AMD, especially in light of
conflicting theories regarding the beneficial and harmful
roles of macrophages in AMD pathogenesis. Further studies
in the M1 and M2 subsets of macrophages as well as the
differential role of these macrophages in AMD are necessary
to parse out the various functions of macrophages in
preventing and/or inducing AMD pathology.

Microglia in AMD

The retina possesses two populations of myeloid-derived
cells which have been given various terms such as
perivascular macrophages and parenchymal microglia
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[74]. The perivascular macrophages of the retinal microglia
are resident immune cells that entered the inner retina
alongside blood vessels during embryological development
[75]. Quiescent stellate-shaped retina microglia can be
activated by retinal injury, leading to their conversion to
enlarged ameboid microglia that migrate from the inner
retina to photoreceptor-bearing outer retina. There, they
facilitate phagocytosis of cellular debris and secrete
cytokines, chemokines, and neurotoxins.

Microglia have been implicated in classical ocular inflam-
matory disease such as uveitis. In early experimental
autoimmune uveitis (EAU), microglial migration to and
activation at photoreceptor leads to the generation of TNF-&
and peroxynitrite prior to infiltration of macrophages, sug-
gesting that microglia might initiate EAU pathogenesis [76].
Whether microglia initiate the recruitment of cells and cause
amplification of inflammation is unclear. Another notion is
that migration to sites of injury represents regulation and
containment without evoking inflammatory damage.

Microglia in human AMD

Recent studies in humans and animal models suggest a role
for microglia in AMD. Indeed, chronic microglia activation
is associated with various neurodegenerative diseases.
Endogenous triggers alert microglia cells rapidly in the
degenerating retina, leading to local proliferation, migra-
tion, enhanced phagocytosis, and secretion of cytokines,
chemokines, and neurotoxins. This amplified immunolog-
ical cascade and the loss of limiting control mechanisms
may contribute significantly to retinal tissue damage and
proapoptotic events [77]. Activated microglia have been
identified in areas the outer retina and subretinal regions of
human AMD eyes [12]. In vitro studies involving treatment
of healthy photoreceptors with activated microglia suggest
that activated microglia can induce injury to normal
photoreceptor cells [78]. Thus, it is possible that microglia
found in outer retina of AMD eyes might be pathogenic.
Given the documented presence of activated microglia in
outer retina of human AMD eyes and the potential of these
activated microglia to cause photoreceptor injury, a variety
of investigators have studied the microglia chemokine
receptor CX3CR1 in human AMD and in animal models
of AMD. CX3CRI is a G-protein coupled receptor found
on inflammatory cells, including microglia, macrophages,
astrocytes, and T cells. Its natural ligand, CX3CL1, also
known as fractalkine—neurotactin, is a chemokine that binds
to CX3CRI1 receptors on leukocytes to promote the
mobilization of these leukocytes to sites of inflammation
as well as their subsequent activation [79]. CX3CRI1 is
expressed constitutively in the retina and other ocular
tissues, where it may mediate influx of microglia and
macrophages to clear accumulated deposits [80].

Two common SNPs of the CX3CRI gene, V2491 and
T280M, have been implicated in a variety of diseases,
including age-related diseases [81, 85]. We have demon-
strated previously that these V2491 and T280M CX3CRI
SNPs are associated with an increased risk of AMD [81].
The T280M CX3CRI SNP is associated with decreased
expression of CX3CRI1 and lower CX3CR1 expression in
the macula compared to perimacular retinal regions. In
contrast, there were no significant differences in CX3CRI1
expression between the macula and periphery in normal
eyes [81, 82].

Functional studies suggest that inflammatory cells
bearing the risk-conferring CX3CR/ variants might exhibit
altered chemotaxis. McDermott et al. [83], for example,
demonstrated that the T280M CX3CRI SNP results in
decreased CX3CL1-induced chemotaxis of leukocytes and
Moatti et al. [84] showed that peripheral blood mononu-
clear cells expressing the V2491 CX3CRI SNP exhibited
decreased binding sites for CX3CL1 ligand. Cells express-
ing both SNPs exhibit decreased CCL2-induced chemotaxis
in the presence of CX3CL1 [85]. It is therefore hypothe-
sized that decreased CX3CR1-mediated microglial migra-
tion, either by decreased expression as noted by Tuo et al.
or by impaired chemotaxis due to these risk-conferring
CX3CR1 SNPs, might mediate AMD pathogenesis.

Microglia in animal models of AMD

In light of these studies suggesting a link between impaired
CX3CRI1 function and human AMD and the previously
described Ccl2”” murine model of AMD, Tuo et al.
determined whether a combined approach of Cc/2 deficiency
and Cx3crl deficiency might produce a more consistent,
more early-onset murine model of AMD [42]. The Ccl2”/
Cx3crl™" double-knockout murine model of AMD showed
fundoscopic findings of AMD at 6-9 weeks of age, as well
as classical histological signs of AMD including focal
thickening of the Bruch membrane, drusen, local RPE
hypopigmentation and vacuolation, photoreceptor outer
segment disorganization, and photoreceptor atrophy. The
double-knockout mice also developed ultrastructural signs of
AMD, as well as biochemical signs such as A2E accumu-
lation. Interestingly, Tuo and his colleagues [42] also noted
that retinal lesions in the Ccl2/Cx3crl™ mice showed
signs of microglial infiltration. This study by Tuo et al.
[42] suggests that Ccl2 and/or Cx3crl depletion might play a
role in microglial accumulation and, thus, AMD pathogen-
esis [12].

Indeed, Combadiere et al. recently demonstrated a direct
link between CX3CR1 and microglial accumulation in
AMD. Combadiere and his associates demonstrated that
CX3CRI1-positive cells in the outer retina and subretina
space of human AMD eyes, as well in drusen and near
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choroidal neovascularization, are microglial cells. They
demonstrated that Cx3cr/™ mice exhibit signs of retinal
degeneration. In Cx3crI™~ mice, Cx3crl deficiency did not
affect homing of microglia to the inner retina but increased
accumulation of the microglia in the subretinal space near
RPE cells [85]. These bloated accumulated microglia
formed drusen-like deposits between the outer segment
and RPE, and similar CX3CR1-positive bloated subretinal
microglia were identified in human AMD eyes [85]. More
recently, Xu et al. reported that aging C57BL/6 mice show
increasing fundus autofluorescence by confocal scanning
laser ophthalmoloscopy, a technique commonly employed
to diagnose and monitor retinal lesions. By confocal
microscopy, Xu and colleagues [86] showed that these
fundus autofluorescence signals consisted of perivascular
and subretinal microglia which increased with age and
contained lipofuscin granules. These findings further
support the notion that AMD lesions such as drusen are
derived, at least in part, through accumulated subretinal
microglia.

In summary, this interplay between human and animal
studies of microglia in AMD suggests that photoreceptor
injury in AMD is associated with migration of microglia
from inner retina to outer retina where it is possible that
they induce damage to nearby healthy photoreceptors.
Moreover, altered chemotaxis of microglia due to decreased
CX3CRI1 expression or impaired CX3CR1 function is
associated with human AMD. An animal model of Cx3crl
deficiency suggests that impaired Cx3crl-mediated microglial
chemotaxis may prevent egress of microglia from the outer
retina, facilitating their accumulation there and leading to
drusen-like deposits and, possibly, further photoreceptor

injury.

Chlamydia pneumoniae infection and AMD

Some evidence for the role of inflammation in AMD also
arises from links between past infections and AMD.
Specifically, several investigators have correlated prior
Chlamydia pneumoniae, an intracellular pathogen that has
been associated with inflammatory diseases such as
atherosclerosis, with AMD. Two studies by Kalayoglu and
Robman and their colleagues [87, 88] demonstrated that
serum antibodies for C. preumoniae proteins are associated
with increased risk of AMD development and progression.
A later study by Kalayoglu et al. reported that CNV
specimens from AMD patients are significantly more likely
to show evidence of C. pneumoniae by immunohistochem-
istry, when compared to non-AMD CNV and non-AMD
eyes. Through in vitro studies, Kalayoglu and his associates
demonstrated that macrophages produce VEGF after infec-
tion with C. pneumoniae [89]. In contrast to these findings,
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two recent studies by Robman and Kessler and their
colleagues [90, 91] failed to show an association between
C. pneumoniae and AMD or AMD CNYV, respectively.
Indeed, these negative findings, as well as the fact that
many of the earlier positive studies possessed relatively
small sample sizes, highlight the need for further studies to
confirm or reject the association between C. pneumoniae
and AMD.

C. pneumoniae is an obligate intracellular pathogen,
which can exist as a persistent asymptomatic infection,
resulting in chronic inflammation [92]. As described above,
inflammation is a key facet of AMD pathogenesis and thus,
with regard to studies demonstrating the presence of C.
pneumoniae in retina of AMD CNV, the question arises
whether these C. pneumoniae play a role in pathogenesis or
whether they are coincidentally carried to the lesions by
macrophages responding to or mediating other pathologic
events. If, indeed, there is a relationship between AMD
lesions and C. pneumoniae, the important question of the
role of the pathogen, if any, in AMD pathogenesis.

C. pneumoniae exhibits a variety of proinflammatory
behaviors, some of which are also implicated in AMD. As a
microbe, Chlamydia can also activate the alternative
pathway of complement, which as discussed above, is
strongly implicated in AMD pathogenesis. Indeed, chronic
inflammation from C. pneumoniae might be the trigger that
activates the alternative complement pathway and ulti-
mately leads to complement overactivity in patients with
the Y402H risk variant of CFH, which as we have
discussed above leads to impaired complement inhibitory
function by CFH. Macrophage accumulation has also been
associated with AMD, and prior studies have shown that C.
pneumoniae infection promotes differentiation of mono-
cytes to macrophages, as well as migration of monocytes to
target tissues [93, 94]. In fact, monocytes infected by C.
pneumoniae upregulate various adhesion molecules and
exhibit enhanced migration through the blood-brain barrier
[94]. This raises the question of whether Chlamydia can
similarly enhance monocyte entry through the blood retinal
barrier, as well as subsequent macrophage accumulation
associated with AMD. Moreover, C.-pneumoniae-infected
macrophages secrete proinflammatory and proangiogenic
cytokines, perhaps increasing the risk of AMD and CNV,
respectively. Oxidized lipids and proteins have long been
associated with AMD lesions and, as described above,
studies in human AMD eyes have demonstrated that
macrophages, which accumulate in AMD eyes, express
oxidized protein receptors such as LOX-1. C. pneumoniae
has been shown in vitro to enhance LOX-1 expression in
cells and, by this mechanism, might similarly increase
macrophage accumulation in AMD eyes [95].

Overall, however, despite these potential links between
C. pneumoniae and AMD, further studies are necessary to



Semin Immunopathol (2008) 30:97-110

107

strengthen the evidence of a role of Chlamydial infection
in AMD. Firstly, additional studies on human AMD—
either seroepidemiological investigations or studies of C.
pneumoniae presence in AMD eyes—are necessary, espe-
cially given the conflicting evidence available to date.
Secondly, further studies are necessary to elucidate the
potential pathophysiological impact of C. pneumoniae
infection on AMD development. Lastly, animal models of
C. pneumoniae, which already exist for the study of other
diseases such as atherosclerosis, should be employed
toward the study of AMD to determine whether there is a
relationship and to further elucidate the possible underlying
mechanisms.

Summary

Though there is considerable evidence from studies in both
humans and animals demonstrating a role for inflammatory
and immunological events in AMD pathogenesis, the time
course and specific molecular mechanisms by which these
processes lead to AMD are unclear. Thus far, the evidence
suggests that the inflammatory underpinnings of AMD
pathology are numerous and that an abnormality at any one
of many processes might lead to AMD pathogenesis.

The current evidence suggests that the cumulative effect
of insults to the retina, including oxidative stress, endo-
plasmic reticulum stress, and accumulation of RPE byprod-
ucts might lead to deposition of glycoproteins, lipids, and
cellular debris inside Bruch’s membrane and beneath the
RPE. In a healthy eye, these small drusen deposits activate
macrophage chemotactic ligands, leading to deposit clear-
ance by M2 macrophages. Indeed, macrophages have been
demonstrated to clear at least some drusen components and
to express scavenger receptors [63, 65]. An overwhelming
burden of deposits or impaired macrophage-mediated
clearance of deposits, perhaps by Ccl2 deficiency [63],
might lead to accumulation of these deposits which are
proinflammatory, leading to recruitment of tissue-destructive
M1 macrophages, as well as complement activation. More-
over, these accumulated deposits might interfere with the
transport of macromolecules, including oxygen, between the
choroidal vessels and the retina, thereby injuring RPE and
photoreceptor cells and creating yet another nidus for
inflammation.

Complement activity is tightly regulated and, thus, any
genetic polymorphism or environmental stressor which
activates complement (for example, increased C-reactive
protein levels or A2E photooxidation) or impaired comple-
ment regulation (for example, the Y402H CFH polymor-
phism) leads to overactivity of the complement system,
resulting in inflammatory damage to the retina [30-33, 38,
39, 45, 46]. Moreover, complement activation also leads to

VEGF upregulation, promoting CNV [19, 50]. Influx of
tissue-destructive M1 macrophages also potentiates ocular
inflammation, leading to further tissue damage. At this
point, M2 macrophages involved in tissue remodeling
might also serve proangiogenic functions [73].

Photoreceptor injury from these processes or from age-
related retinal insults such as oxidative injury promotes
migration of microglia from the inner retina to the outer
retina, where the microglia secrete cytokines, chemokines,
and neurotoxins [12, 75, 77]. As such, microglia in the
outer retina might potentiate inflammation and, as has been
demonstrated in vitro, these activated microglia might
directly cause photoreceptor injury [78]. Genetic variants
or deficiencies in the CX3CR/ gene might prevent egress of
microglia from the outer retina, allowing them to accumu-
late there, where they become components of drusen-like
deposits and cause further retinal damage [12, 42, 81-85].

Though further studies are needed, recent evidence
suggests that prior C. pneumoniae infection might also be
implicated in AMD pathogenesis [8§7-91]. Though further
studies are warranted, prior studies suggest showing that C.
pneumoniae infection activates the alternative complement
pathway and promotes macrophage activation and recruit-
ment suggest that the role of C. pneumoniae, if any, in
AMD might intersect with one or more of the immunologic
processes described here [94, 95].

In sum, the evidence for the role of immunologic
processes in the pathogenesis of AMD is compelling both
in humans and in animal models. Further studies are
necessary to clarify the precise mechanisms and time
course underlying AMD development and, in turn, develop
novel therapies for the prevention and/or treatment of
AMD.
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