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Abstract
Disorders of lipid metabolism are strongly associated with cardiovascular disease. Recently, there
has been significant focus on how tissues process lipid deposits. Impaired cholesterol efflux has
been shown to be critical in mediating lipid deposition in atherosclerosis. The inability of
macrophages to effectively efflux cholesterol from tissues initiates inflammation, plaque
neovascularization and subsequent rupture. Recent studies suggest that inability to effectively
efflux cholesterol from tissues may have global implications far beyond atherosclerosis, extending
to the pathophysiology of unrelated diseases. We examine the unifying mechanisms by which
impaired cholesterol efflux facilitates tissue-specific inflammation and disease progression in age-
related macular degeneration, a blinding eye disease and atherosclerosis, a disease associated with
significant cardiovascular morbidity.
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Age-related macular degeneration (AMD)lipid deposition and innate
immunity

AMD (see glossary) is the leading cause of blindness in individuals over 50 years of age in
the industrialized world [1]. Accumulation of lipid rich deposits called drusen underneath
the retina is a hallmark of AMD and disease progression is often initially characterized by an
increase in drusen number and size. Advanced AMD is characterized by photoreceptor loss
associated with either atrophic changes in the macula or development of new blood vessels
underneath the retina called choroidal neovascularization (CNV) (Figure 1) [1]. Majority of
blindness in AMD is secondary to CNV. Although AMD is a multifactorial disease and
aging is the major risk factor, inflammation is central to the pathological process [2, 3].
Numerous genetic analyses including several genome wide association studies (GWAS)
have strongly linked innate immunity and several complement pathway components to
susceptibility to both the development and severity of AMD [4]. There is emerging evidence
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showing progressive accumulation of macrophages underneath the retina of AMD patients
that correlates with the clinical stage of the disease [5, 6], supporting an important role for
macrophages in disease pathogenesis in AMD. GWAS studies have also linked lipid
metabolism to the pathogenesis of AMD [7, 8]. Indeed, accumulation of intracellular
cholesterol in macrophages underneath the retina might be critical for disease pathogenesis,
as decreased expression of macrophage cholesterol transporter proteins that result in
impaired cholesterol efflux also promote CNV.

Here we critically assess new findings that mechanistically connect impaired cholesterol
efflux and tissue-specific inflammation, both hallmarks of atherosclerosis, to age-related
macular degeneration. We suggest that pharmacotherapeutic, genetic or RNA interference
approaches to modify cholesterol metabolic pathways warrant future investigation as
potential beneficial therapies for both AMD and atherosclerosis.

Macrophage-mediated inflammation: the mechanistic link
Extensive characterization of existing mouse models that exhibit some of the clinical
features of AMD has revealed that defective chemotaxis of macrophages in the eye resulted
in accelerated accumulation of drusen-like deposits under the retina [9, 10]. Furthermore, in
support of the central role of macrophages in the disease process, studies using murine
models of injury-induced CNV that accurately demonstrate pathophysiologic characteristics
of neovascular AMD seen in human patients, have clearly established the determinant role
of macrophages in the progression of pathological angiogenesis [11–13]. However, their
precise contribution to the AMD phenotype was initially unclear; in early studies, there was
conflicting evidence regarding whether macrophages were involved in promoting or
repressing CNV in murine models of AMD. It is now apparent that these results could be
attributed to macrophage heterogeneity and the status of their activation and polarization.
Indeed, in response to microenvironmental signals, macrophages have been shown to exhibit
classic (M1) or alternative (M2) activation characterized by differential cytokine production,
receptor expression, and effector function [14, 15]. A variety of specific markers have been
identified for the different populations of activated macrophages. Pro-inflammatory M1
macrophages express high levels of TNF-α, IL-12, iNOS, IL-6, IL-1β, PTGS2, CCL2, and
MMP9. Conversely, pro-angiogenic M2 macrophages mediate wound healing and are
characterized by low M1 signature markers but increased expression of IL-10, CD163, and
TGF-β. Previous studies in murine models of AMD demonstrated that the switch of
macrophage polarization from M1 to M2, also seen during normal aging, is a key event in
CNV progression [11, 16]. In contrast, macrophages recruited under the retina at the initial
stage of disease, exhibit a pro-inflammatory M1 phenotype [17]. An analysis of the
histopathological features of human AMD with subsequent phenotypic profiling of
infiltrated macrophages also revealed that in early stages of AMD, macrophages are
polarized to M1 whereas in later stages they are alternatively M2 activated [5, 6] (Figure 2).

The efficacy of macrophages to efflux and remove intracellular cholesterol engulfed from
lipid rich drusen underneath the retina might also be critical for their ability to regulate
pathological angiogenesis. Along these lines, an age-associated decrease in the expression of
the cholesterol transporter ABCA1 resulted in impaired cholesterol efflux in macrophages
and promoted CNV [18]. Moreover, cholesterol buildup in senescent macrophages polarizes
them to a pro-angiogenic and disease promoting phenotype [18]. Dysregulation of
macrophage cholesterol metabolism play a determinant role in AMD pathogenesis.

Atherosclerosis
Atherosclerosis is the underlying pathological process in ischemic cardiovascular disease,
the leading cause of death in many parts of the world [19]. Progressive alteration of the
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laminar flow and vascular remodeling at specific sites creates a nidus for cellular and lipid
accumulation in the sub-endothelial space that initiates atherosclerotic lesions. The
development and progression of atherosclerotic plaques can result in complications such as
neovascularization and plaque rupture associated with higher risk of occlusive luminal
thrombi [20, 21]. It is now well accepted that inflammatory processes are major pathogenic
factors underlying the disease [22]. Disturbance of the vessel wall at sites of predilection,
infiltration of modified low-density lipoproteins (LDL) and subsequent activation of
endothelial cells is the first crucial pathogenic event that modulates the expression of several
adhesion molecules and secretion of chemoattractants like CCL2, by altered endothelial
cells [20].

Macrophage polarization and atherosclerotic lesions
In early stages of atherosclerosis, most of the recruited monocytes at lesion sites
differentiate into macrophages. This maturation process is critical for the clearance of
atherogenic lipoprotein particles by macrophages and further resolution of lesions [23].
Recent identification of proliferative lesional macrophages provided new insights into the
interplay between monocytes and macrophage for atherosclerosis progression and
highlighted a novel sequential event that led to local macrophage buildup. This study
demonstrated that the accumulation of macrophages observed in atherosclerotic lesions was
due to macrophage proliferation rather than a continuous recruitment of circulating
monocytes that differentiated into macrophages [24]. In addition, this process is strongly
dependent on the local tissue microenvironment as lesional macrophage proliferation is
reduced during early atherosclerosis [24]. In the context of massive lipoprotein deposition
and cytokine expression, macrophages are activated and polarized to either the pro-
inflammatory M1 or atheroprotective M2 phenotype that potentially correlates with their
contribution to the evolution of the disease. However, it is still unclear whether the
heterogeneity and polarization of macrophages in the context of atherosclerotic lesions is
causative or simply reflects disease progression [25, 26]. There is substantial evidence
showing the continuous presence of both M1 and M2 macrophages during atherosclerotic
plaque development and progression. Recent mouse and human studies revealed that the
functional implication of macrophages of different phenotype is directly correlated with
their spatial distribution and microenvironment [27, 28]. Although macrophages of both
phenotypes accumulate similarly in the fibrous cap region, M1 macrophages are
predominantly located in the plaque rupture-prone site whereas M2 macrophages are in
vascular adventitia underlying advanced plaques. These findings suggest that excessive
production of tissue proteases and inflammatory cytokines by M1 macrophages lead to
weakening of plaque shoulders that may become susceptible to rupture. In contrast,
profibrotic M2 macrophages located in more stable areas of the plaque promote adventitia
neovascularization and possibly increasing monocyte infiltration [28]. These specific
distributions within distinct morphological locations in atherosclerotic lesion further
implicate M1 and M2 macrophages in atherosclerosis complications [29].

Drusen and atherosclerotic plaques: lipid-laden time bombs
In both AMD and atherosclerosis, inflammation associated with accumulation of lipid-rich
deposits is a crucial pathogenic event in the development and progression of these diseases.
In multiple studies using different approaches, analysis of the molecular composition of
drusen and atherosclerotic plaques revealed similar constituents including lipids,
lipoproteins and components of the complement pathway (Figure 3) [30–34]. However, the
sources of deposited components such as apoB lipoproteins differ between drusen and
atherosclerotic plaques. Although some proteins and lipids originating in the plasma are
found in drusen other constituents have an exclusive intraocular origin. Indeed, analysis of
retinal pigment epithelium expression profile combined with protein trafficking studies
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revealed that most of drusen components are synthetized locally and suggest an active role
for local cells in drusen biogenesis [31, 35].

HDL biogenesis and cellular cholesterol efflux
HDL genetics and risk modulation

In many complex diseases, GWAS have been used to identify variants that correlate with the
disease and potential complications. For instance, several polymorphisms in complement
pathway genes could explain about half of the excess risk of AMD to siblings of affected
individuals [36]. Association studies can also unravel new pathways essential to the
understanding of the etiology of a disease [37].

Recent GWAS revealed new genetic variants that are strongly associated with increased risk
for AMD. Analysis of the underlying biological pathways associated with the genes
identified involved high-density lipoprotein (HDL) cholesterol metabolism [7, 8].
Polymorphisms in enzymes critical for the synthesis and degradation of HDL, such as
hepatic lipase (LIPC) and cholesterylester transfer protein (CETP) significantly contributed
to increased risk for advanced AMD. Previous studies have also shown the contribution of
these AMD associated polymorphisms at LIPC and CETP loci to plasma HDL-cholesterol
concentration and risk of coronary artery disease [38]. Modulation of LIPC activity or
expression has a direct effect on LDL-cholesterol and HDL-cholesterol plasma levels [39].
CETP promotes the transfer of cholesteryl ester from HDL to LDL particles. Human and
animal studies consistently demonstrated that overexpression of CETP elevates LDL-
cholesterol concentration [40]. On the other hand, deficiency in CETP increases plasma
HDL-cholesterol, a significant observation because plasma HDL-cholesterol level is
inversely related to atherosclerosis [41, 42], owing to its ability to promote reverse
cholesterol transport, endothelial cell repair and its anti-inflammatory and antithrombotic
properties. Thus, HDL-cholesterol levels are considered highly predictive for cardiovascular
events and attempts that increased HDL-cholesterol level in humans and animal models of
atherosclerosis resulted in significant reduction of cardiovascular risk [43]. Findings in
recent studies suggested that combined changes in LIPC and CETP enzyme activity or
expression modulated HDL-cholesterol levels that further influenced the risk of carotid
atherosclerosis [44]. Currently, HDL-raising strategies are being explored for their
therapeutic potential [41, 42].

Despite numerous genetic studies showing a risk association of AMD with genes involved in
lipoproteins biology, the role of HDL in AMD pathogenesis remains unclear. Unlike
atherosclerosis, association of these lipid pathway genes with AMD seems independent of
plasma HDL-cholesterol levels [7, 8]. Furthermore, conflicting reports exist concerning the
impact of elevated HDL-cholesterol in AMD development and progression [45–49]. Some
recent studies showed that elevated serum HDL-cholesterol could be associated with lower
risk of advanced AMD characterized by geographic atrophy or neovascularization, and
therefore be an indicator of AMD complications [47]. Together, these findings demonstrate
that although serum lipids are important in AMD pathogenesis, the exact mechanism by
which they modulate the disease process is complex. Furthermore, the discrepancy in the
beneficial effect of elevated serum HDL-cholesterol level among various studies supports
the distinct possibility of an additional layer of local regulation of lipid metabolism that
impacts AMD development and progression.

Cellular Cholesterol efflux
The promotion of reverse cholesterol transport by HDL, allows for the transport of
cholesterol from extrahepatic cells and tissues to the liver for removal from the body.
Macrophages and in particular foam macrophages, play a determinant role in transferring
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excess cholesterol to serum lipoproteins [50, 51]. Both HDL and its major structural protein
component ApoA1 have been shown to stimulate macrophage cholesterol efflux and reduce
foam cell formation. In macrophages, cholesterol efflux is mediated by the ATP binding
cassette transporters A1 (ABCA1) and G1 (ABCG1). A combined deletion of both
transporters resulted in strong reduction of cellular cholesterol efflux from macrophage to
ApoA1 and HDL, decreased reverse cholesterol transport and lipid accumulation in tissues
[52–55]. This impairment in macrophage cholesterol transport induced chemokine and
inflammation gene expression and promoted atherosclerosis. A similar phenotype was also
observed in selective ABCA1 deficiency but not with ABCG1 deficiency [52, 54].

Interestingly, several studies have shown that variations at the ABCA1 locus were
associated with increased risk of AMD, although they did not achieve genome-wide
significance [7, 8]. However, multivariate analysis revealed that ABCA1 alleles were related
to intermediate AMD characterized by lipid rich drusen as well as advanced AMD [56].
Recent studies showed that deletion of CYP27A1, a ubiquitous enzyme that catalyzes the
hydroxylation of cholesterol and other sterols at position C27, and subsequent dysregulation
of cholesterol metabolism, resulted in retinal lesions [57]. Deficiency in CYP27A1 induces
cholesterol deposition underneath the retina and is associated with pathological
neovascularization, a hallmark of advanced AMD [57]. Aging is the main risk factor in
AMD and previous studies have consistently demonstrated that aged macrophages promote
pathological neovascularization [16]. Comprehensive analysis of macrophage cholesterol
metabolism showed that senescence impaired the ability of macrophages to effectively
efflux cholesterol. Macrophages isolated from mice over 18 months of age, exhibited
reduced ABCA1 and ABCG1 expression, when compared to macrophages from young, less
than 3 months of age, mice [18]. Reduced expression of these transporters in old mice
translated into accumulation of cholesterol and oxysterols that in turn promoted CNV.
Interestingly, gene deletion of ABCA1, but not ABCG1 in young macrophages accelerated
their aging process and transformed them into disease promoting macrophages [18]. These
finding suggested that single targeted gene inactivation of either of these transporters has
different impact on AMD complications.

The dissimilar functional outcomes of ABCA1 deficiency or ABCG1 deficiency have also
been reported in mouse models of atherosclerosis. LDL receptor (LDLr) deficient mice
transplanted with bone marrow of Abca1−/− mice exhibited an increase of atherosclerotic
lesions whereas moderate or no changes were found in recipients of Abcg1−/− marrow [52,
58]. In contrast, other studies reported atheroprotection with ABCG1 deficiency [59, 60].
The unexpected protective effect of ABCG1 deletion could be due to the concomitant
overexpression of ABCA1 and increased apoptosis of macrophages lacking ABCG1.
Furthermore, bone marrow lacking both ABCA1 and ABCG1 induced a strong increase of
atherosclerotic lesions when transplanted to LDLr deficient mice [61]. Interestingly, analysis
of ABCA1/G1 expression in peripheral blood mononuclear cells (PBMC) of patients
diagnosed with AMD revealed that only ABCA1 gene expression and protein levels were
decreased, suggesting a predominant role of ABCA1 in AMD pathogenesis [18].

Regulation of cholesterol efflux mediated by ABCA1/G1
LXR pathway

The ability of ABCA1 and ABCG1 to efflux cholesterol from macrophages to ApoA1 and
functional HDL particles combined with subsequent anti-inflammatory properties
emphasizes the therapeutic potential of cellular cholesterol modulation by targeting these
transporters. In presence of excess cholesterol loading, macrophages can coordinately
regulate genes involved in cholesterol metabolism by activating the Liver X Receptor (LXR)
pathway [62]. The nuclear hormone receptor LXR is a crucial regulator of lipid and
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cholesterol metabolism, and LXR activity has been linked to the pathogenesis of
atherosclerosis. The two LXR isoforms LXRα and LXRβ, are activated by oxysterols to
induce the expression of several genes including Abca1 and Abcg1 [63–65]. A variety of
synthetic ligands have been identified for these nuclear receptors and their ability to increase
cellular cholesterol efflux and reverse cholesterol transport has been analyzed in multiple
studies. It is now well established that treatment with LXR agonists significantly decreases
atherosclerotic lesion development and progression in different mouse models of
atherosclerosis [66]. Interestingly, treatment of old mice with synthetic LXR agonists also
resulted in a strong reduction of injury-induced CNV suggesting that increasing cellular
cholesterol efflux and subsequent reverse cholesterol transport could be a valuable strategy
in preventing AMD complications [18]. Although targeting LXR signaling pathways using
synthetic ligands is attractive for the potential resolution of atherosclerosis and AMD
complications, systemic treatment with LXR agonists is also associated with many adverse
effects including induction of lipogenesis, hypertriglyceridemia and hepatic steatosis [67,
68]. The overall effect on lipid metabolism is driven by the induction of the LXR target
genes sterol regulatory element binding protein 1 (SREBP-1), and carbohydrate response-
element binding protein (ChREBP) [67, 69]. However, atheroprotective LXR agonists with
a novel profile have now been identified, with negligible effects on inducing hepatic and
plasma triglyceride levels [70, 71]. In a mouse model of neovascular AMD, local
administration was sufficient to circumvent the undesirable effects of systemic treatment
with an LXR agonist. Indeed, treatment of old mice with a synthetic LXR agonist in eyedrop
formulation restored their tissue specific cellular cholesterol efflux capacities and strongly
reduced CNV [18].

Silencing miR-33
The above reports highlight the need to develop approaches to selectively target cellular
pathways without affecting overall lipid metabolism. Therefore, specifically targeting
ABCA1/G1 or cellular cholesterol efflux pathways may represent a beneficial strategy for
the prevention or treatment of atherosclerosis and AMD. It is now well established that
microRNAs (miRs) are key players in the regulation of a variety of signaling pathways by
modulating the levels of their target mRNAs. Recent studies have identified miR-33a/b,
located in intronic regions of SREBP-2 and 1 respectively. Both miRs regulate the
expression of genes involved in cellular cholesterol metabolism including ABCA1 and
ABCG1 [72–76]. MiR-33a is highly conserved among animal species while miR-33b is
absent in rodents, and both miRs are co-transcribed with their host genes [72–76]. Several
studies have demonstrated that treatment with anti-miR-33 and inhibition of miR-33 resulted
in increased expression of Abca1, increased plasma HDL-cholesterol levels and promoted
reverse cholesterol transport, in mice [72, 73, 76]. Moreover, similar results were noted in
miR-33 knockout mice [75]. These preliminary results confirmed the therapeutic potential of
miR-33 silencing for enhancing cellular cholesterol efflux, reverse cholesterol transport and
HDL biogenesis. Using different mouse models of atherosclerosis, recent studies showed
that either genetic miR-33 deficiency or in vivo antagonism of miR-33 induced a significant
decrease in the development and severity of atherosclerotic lesions [77–79]. By contrast, in
another study, long-term silencing of miR-33 had no effect on the development and
progression of atherosclerosis suggesting that prolonged inhibition of miR-33 can impact the
efficacy of this therapeutic approach [80]. As mentioned above, the expression of ABCA1/
G1 in macrophages isolated from old mice is strongly reduced. Further analysis of miR-33
biology showed that aging significantly increased the expression of miR-33, possibly
explaining the repression of ABCA1. In vivo antagonism of miR-33 in old mice restored the
expression level of ABCA1 in macrophages and several tissues including the eye [18]. As
expected, silencing of miR-33 improved the ability of macrophages to inhibit pathological
vessel growth as anti-miR-33 treated mice developed less CNV when compared to control
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treated mice [18]. These studies demonstrated that an miR-33 silencing approach could be
effective and therapeutically relevant for the treatment of atherosclerosis and AMD. Future
investigations will determine the impact of anti miR-33 treatment duration in its efficacy/
safety and provide more insights in the effect of long-term silencing on the overall lipid
metabolism.

Concluding remarks and future perspectives
Upon cursory examination AMD and atherosclerosis seem to be complex, unrelated
diseases. AMD affects the eye and causes blindness in people over 50 years of age while
atherosclerosis affects large vessels and is the leading cause of cardiovascular morbidity and
mortality. A more careful evaluation of disease pathogenesis in these conditions provides
some very interesting and valuable insights (Figure 3). Both disorders are characterized by
extracellular lipid deposition, impaired cholesterol efflux and reverse cholesterol transport,
macrophages unable to effectively handle intracellular lipid transport and efflux, ultimately
leading to tissue inflammation and pathologic neovascularization. Although there are some
subtle differences in macrophage polarization and activation depending on tissue context,
the phenotypic and genotypic similarities are quite uncanny. In vitro and in vivo data clearly
suggest that lipid pathway modification by pharmacotherapeutic, genetic or RNA
interference approaches may influence pathogenic inflammation and angiogenesis in both
AMD and atherosclerosis, and merit further translational investigation.

There is a great deal that can also be learned from the minefields of lipid modification
therapies designed for atherosclerosis and cardiovascular disease. Many agents such as
CETP inhibitors have not lived up to the initial promise mostly due to toxicity secondary to
off-target effects associated with systemic delivery, and on occasion, an incomplete
understanding of disease pathogenesis. As the important role of lipids within drusen in
AMD pathogenesis is just beginning to be elucidated, similarities in how dysfunction in
lipid metabolism plays a key role in AMD progression and atherosclerosis start to emerge.
Thus, existing agents that have been shown to improve reverse cholesterol transport and
cholesterol efflux may potentially be re-formulated for local use in the treatment of AMD.
Since the eye is suitable for local drug delivery, some of the undesirable adverse effects of
systemic delivery of these therapeutic agents can be circumvented while maintaining
therapeutic efficacy. The eye may also provide a novel opportunity to investigate additional
compounds that affect lipid deposition, cholesterol efflux and inflammation in diseases such
as AMD, potentially opening novel therapeutic vistas in atherosclerosis therapy.
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GLOSSARY

Age-related macular
degeneration (AMD)

a medical condition and major cause of blindness and visual
impairment in older adults. It results in a loss of vision due to
damage to the retina. AMD may occur in “dry” and “wet”
forms. Dry AMD is characterized by accumulation of drusen
between the retina and the choroid. The more sever wet form, is

Sene and Apte Page 7

Trends Endocrinol Metab. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



characterized by abnormal blood vessel growth (choroidal
neovascularization)

ATP binding cassette
transporters

are members of a superfamily of transmembrane proteins that
utilize ATP hydrolysis to transport a wide variety of substrates
such as lipids, sterols, and drugs, across membranes. ABCA1
and ABCG1 are involved in macrophage cholesterol and
phospholipids transport, and may regulate cellular lipid
homeostasis in other cell types as well

Cholesterylester
transfer protein
(CETP)

is a plasma protein that helps transport of cholesteryl esters and
triglycerides between lipoprotein molecules

Choroidal
neovascularization
(CNV)

refers to the creation of new blood vessels in the choroid layer
of the eye often seen in AMD

Drusen are tiny yellow or white deposits made up of lipids in a layer of
the retina called Bruchs membrane. They are considered an
early sign of age-related macular degeneration

Hepatic lipase (LIPC) LIPC is a lipolytic enzyme that promotes the hydrolysis of
triglycerides and phospholipids in lipoproteins. This enzyme
has a dual function since its binding to lipoproteins also
facilitates their uptake and metabolism through cell surface
receptors

Liver X Receptor
(LXR)

is a member of the nuclear receptor superfamily of transcription
factor that regulates cholesterol, fatty acid, and glucose
homeostasis. LXR exists in two isoforms, LXRα and LXRβ,
both of which to and are activated by endogenous oxysterol
ligands
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Highlights

• Drusen and atherosclerotic plaques share similar components

• Altered macrophage cholesterol efflux is a determinant pathogenic event in
AMD and atherosclerosis

• Targeting macrophage mediated inflammation is a relevant therapeutic approach
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Emerging Questions and Trends

Questions

• What is the molecular basis for altered cholesterol sensing capacities in aged
macrophages?

• Is the age-associated accumulation of macrophages in the subretinal space
driven by defective chemotaxis or local macrophage proliferation?

• What are the precise implications of M1/M2 macrophages in AMD development
and progression?

• Does systemic dysregulation of cholesterol metabolism result in drusen
biogenesis?

• What is the effect of cholesterol lowering drugs on drusen development?

• What are the molecular mechanisms by which aging regulates lipid metabolism
in the eye

Trends

• Regulation of ocular cholesterol metabolism

• Modulation of age-associated cholesterol buildup in macrophage and subsequent
inflammation

• Determine the contribution of plasma HDL/LDL cholesterol in AMD
pathogenesis
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Figure 1. Clinical features of AMD
(a) Fundus photograph of the retina of a patient with dry AMD demonstrates large lipid
laden drusen (arrowhead) underneath the retina. (b) Corresponding optical coherent
tomography (OCT) of the central retina (macula) confirmed the presence of multiple drusen
(arrowheads) underneath the retinal pigment epithelium layer (RPE-arrow). (c) Fundus
photograph of a patient with the wet form of AMD illustrate subretinal hemorrhage and fluid
(arrowhead) secondary to choroidal neovascularization (CNV, dotted circle). A fluorescein
angiogram demonstrates leakage of dye from the CNV (arrow).
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Figure 2. The central role of macrophage-mediated immunity in disease pathogenesis of AMD
Under baseline conditions, non-polarized macrophages (M0) traffic through the
choriocapillaris underneath the retina sampling the tissue microenvironment. Aging and
complex genetic factors impair macrophage function including reverse cholesterol transport
(RCT) and lead to the deposition of lipid rich drusen underneath the retina and RPE in non-
neovascular (dry) AMD. In dry AMD, dysfunctional classically activated macrophages (M1)
can also induce inflammation driven cell death that leads to advanced stages of dry AMD
characterized by loss of RPE cells, called geographic atrophy (GA) and subsequent loss of
rod and cone photoreceptor neurons (PR). In the more aggressive form of disease, impaired
macrophage RCT in the drusen rich sub-retinal micromilieu polarizes these cells to an
alternatively activated (M2) phenotype. Alternatively activated macrophages are disease
promoting and pro-angiogenic and facilitate the development of CNV. The sine qua non of
wet AMD is the development of CNV, characterized by the growth of new blood vessels
from the choroid into the sub-retinal space. These neovascular complexes are leaky and lead
to exudation and hemorrhage with disruption of the retinal architecture, interference with the
central visual axis, loss of PR and ultimately, irreversible vision loss.
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Figure 3. Drusen composition and similarities with atherosclerotic plaques
Analysis of the composition of lipid-rich deposits (yellow) in drusen underneath the retina
(left upper panel), or within atherosclerotic plaques (right upper panel) demonstrates similar
constituents. Many complement proteins have been identified in drusen and atherosclerotic
plaque suggesting an activation of the complement pathway within the deposits. Vitronectin,
amyloid component, fibrinogen, clusterin and tissue inhibitor of metalloproteinase 3
(TIMP-3) are molecular constituents of both drusen and atherosclerotic plaques. In contrast,
serum albumin and crystallins proteins are exclusive drusen components. ApoB lipoproteins
are major constituents of drusen and atherosclerotic plaques. In addition to the plasma, the
apoB deposited in drusen also have an intraocular source. Lipid profiling of drusen and
atherosclerotic plaques revealed that they both contain esterified and unesterified
cholesterol, fatty acids and phosphatidylcholine.
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