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Abstract

Purpose: Age related macular degeneration (AMD) is the leading cause of irreversible vision
loss in industrialised nations. Based on genetics, as well as proteome analysis of drusen, the
role the innate-immune system in the development and/or progression of the disease is well
established, Mononuclear phagocytes, such as microglia and monocytes, play critical roles in
innate immumity. Here, the role of retinal microglia in mediating normal retinal function, and
how these cells change with age is discussed, so as to understand their role in the

development and progression of AMD.

Recent findings:\It is now known that microglia dynamically survey the neural environment,
responding rapidly to even the most subtle neural injury. The dynamic and phagocytic roles
of microglia can change with age contributing to alteration in the response of these cells to
damage with age..Accumulation of innate immune cells in the subretinal space is a hallmark
feature of the development of AMD, reflecting either an increase in migration of monocytes
into the retinagora failure of immune cell elimination from the retina. Furthermore, changes
in phagocytic ability of immune cells could contribute to the accumulation of drusen deposits

in the posterioreye.

Summary:gAn overview of how retinal microglia maintain retinal homeostasis under normal
conditions 1s_provided, and then how they contribute to each stage of AMD. In addition,
circulating . monocytes are altered in those with AMD, contributing to the overall
inflammatorysstate. Understanding the role of cells of the innate immune system in AMD
may uncover,novel therapeutic targets with which to reduce either the development or

progression of'disease.

1. Introduction

Age related macular degeneration (AMD) is the leading cause of irreversible vision loss in
industrialised nations!. The early stages of this disease affect approximately one in seven

people of European descent over 50 years of age and are characterised by the formation of
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deposits called drusen, within the posterior eye 2. Of those with signs of early stage disease,
approximately one in seven develop advanced, vision threatening disease. The majority of
people with advanced disease develop geographic atrophy - characterised by the loss of
retinal pigment epithelial cells (RPE) and photoreceptors. In contrast, approximately 10% of
people dévelop'nieovascular AMD, characterised by pathological growth of blood vessels at
the maculals?. In'view of the long period of time between when drusen are first observed and
the development of advanced disease there is significant opportunity to intervene to prevent
progressiom of the disease. Understanding the underlying causes of the development of
disease and_the,mechanisms involved in progression are critical for development of new

therapies.

The innate immune system has been implicated in the development of advanced AMD? 4, 1t
is the part of the body’s immune system that is non-specific that can respond rapidly to the
presence of any antigen. In the retina, innate immune functions are mediated by mononuclear
phagocytes, such as microglia, monocytes and macrophages, as well as a range of chemical
mediators @f immune cell function such as complement, chemokines and cytokines °. The
importaneemofwinnate immunity in the development of AMD is exemplified by the
accumulation of ' eomplement components within drusen deposits® 7 and also the widespread
inheritancewof *mutations in genes affecting the complement system including single
nucleotide polymorphisms in Complement Factors H, B and I as well as other components
such as C3%8pMore recently, the cellular mediators of the innate immune system, especially
mononuclear phagocytes, have been implicated in the development of AMD °. Although they
play critical roles in maintaining normal retinal function, they can change with age, genetics
or disease’. It is generally viewed that the accumulation of mononuclear phagocytes within
the normally immune privileged subretinal space with age leads to deleterious inflammatory
changes in..the. posterior eye affecting the integrity of RPE and photoreceptors®.
Understanding_ how mononuclear phagocytes contribute to the different stages of disease is
therefore impertant for not only understanding disease mechanisms, but also for identifying

new therapeutic targets for AMD.

This article provides an overview of the role of two types of mononuclear phagocytes, retinal

microglia and peripheral blood monocytes, in the development and progression of AMD.
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First, the focus is on how retinal microglia maintain normal retinal integrity, how they change
with age and genetics, and what their potential role is in the development and progression of
AMD. Next, a consideration of how peripheral blood monocytes contribute to disease
development and progression is made, and finally, it is suggested that activated immune cells
can be deteeted by Optical Coherence Tomography (OCT), highlighting the potential for

using OCT/to identify immune cell changes in AMD in vivo.

2. Resident microglia as guardians of the retina
The principal resident immune cells and contributors to innate immunity within the central
nervous systemware microglia . It is now known that these cells constantly survey the retinal
environmentsand respond rapidly to injury and disease '!. They remove inactive synapses
during development !'! and in the retina are important for mediating maturation of cones 2.
Importantly, deficits in microglial function are thought to be an important factor in the
development of early AMD °. This review outlines the role of microglia in maintaining

normal retinal funetion and how they may be important in the development of disease.

For most:retinalseccentricities, retinal microglia are localised to the two plexiform layers of
the retina and extend their ramified processes to contact neural synapses as well as blood
vessels (Figurew1'3). This anatomical arrangement of microglia applies to all retinal
eccentricities with the exception of the fovea, where there are very few microglia. This
“microglial=free=zone” corresponds to the centre of the foveal avascular zone!4. Traditionally,
microglia have been viewed as quiescent cells that only respond when the neural environment
is compromised'’. However, dynamic changes in microglia behaviour have been observed in
both the retina and brain that suggest that these cells play important roles in maintaining
normal retinal function'>!7. Using ex vivo preparations, slow and sustained extension and
retraction of retinal microglial processes can be observed!® '8 19 This dynamic behaviour
suggests that microglia continuously survey the neural environment, responding to signals
released fromemeurons. Indeed, dynamic behaviour can be attenuated by application of
agonists or‘antagonists to neurotransmitter receptors?’, or the vascular modulator, angiotensin
II'°. More recently, the function of microglia in the inner and outer retina has been probed in
more detail using single cell RNAseq demonstrating an unexpected heterogeneity in the two

populations 2!. In contrast to microglia of the outer plexiform layer, maintenance of microglia
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in the inner retina was dependent on IL34. In addition, inner microglia were important for

maintaining inner retinal function 2!.

An additional but important mediator of neuron-microglial communication is the chemokine,
fractalkine (also called cx3cll)?2. Fractalkine is expressed by neurons including those of the
retina'® 23 and mediates functional changes in microglia by binding to its receptor, cx3crl that
is solely expressed by microglia. Our results and that of others demonstrates that fractalkine-
cx3crl signalling is important for maintaining neural integrity !> 22 24, Notably, when cx3crl
is genetically ablated in mouse models of neurodegeneration, the extent of neural loss is
greater thanywhen cx3crl is present??. Similarly, when fractalkine-cx3crl signalling is absent
in the retina; such as in cx3crl-null mice there is loss of cone photoreceptor integrity during
visual maturation’® and loss of cone mediated function in adult mice**. At more advanced
ages, loss of rod photoreceptors also occurs in these mice'® 2. These results highlight that
neuron-microglial communication via fractalkine-cx3crl is important for regulating neural

integrity, especially photoreceptors in the retina.

In order tosunderstand the effect that microglia have on cone maturation and integrity,
structural, function and transcriptomic analysis has been undertaken in cx3crlnull mice from
an early age!2-Our results show that lack of cx3crl signalling is associated with a failure of
photoreceptor outer segment maturation, followed by cone death!?. The photoreceptor outer
segment is that part of the cell that contains photopigments such as rhodopsin or cone-opsin.
Following eye-opening in rodents, the outer-segment increases in length to accommodate the
maturing visual system. This aspect of maturation is absent when signalling between neurons
and microglia_is_impaired'3. In order to understand the mechanism by which microglial-
dependent photoreceptor maturation occurs, transcriptome analysis was performed in young
cx3crlnull mice. The results indicate that there is reduced expression in genes important for
the function™ofithe photoreceptor connecting cilium, an important structure that carries
proteins frometheir site of synthesis in the photoreceptor inner segment to the outer segment
13, These results suggest that signalling from photoreceptors to microglia is important for
mediating the"maturation of cones, especially the cone outer segment following eye opening.

The nature of the signalling between microglia and neurons, however, remains unknown.

A key result of microglial surveillance of the neural environment is pruning or removal of

inactive synapses?® 27. Refinement of neural connections via microglial phagocytosis occurs
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in both the retina and other parts of the visual system occurs during maturation is response to
neural activity?* 2% 2%, In particular, synapses that are inactive are phagocytosed by microglia

in a process that involves activation of the complement system 2°.

Microglia®phagoeytosis of neuronal synapses may also be important as a response to subtle
forms of neural damage. It is well known that microglia migrate to areas of neural damage in
order to rapidly remove debris. However, recent studies suggest that microglial phagocytosis
of living, but stressed, neurons may also occur3® 3!, in a process that may involve fractalkine-
cx3crl signalling®®. This is exemplified in a study of phagocytic behaviour of microglia in the
rd10 mouse, model of inherited retinal degeneration®'. These mice carry a mutation in
phosphodiesterase 6 that leads to death of rod photoreceptors that peaks at postnatal day 21.
Although microglial phagocytosis was observed in rdl0 retinae, it rarely involved the
removal of dead) photoreceptors (i.e. TUNEL positive photoreceptors). Rather, dying or
stressed photoreceptors were the object of phagocytosis, in a manner mediated by
complement, component 3 (C3) and its receptor CR332. Moreover, inhibition of microglia

phagocytosisswas‘associated with preservation of rod photoreceptors3!.

In summary, over the last 15 years, there has been a dramatic increase in our knowledge of
the role of mieroglia in regulating normal health of the nervous system including the retina.
Importantly, microglia are dynamic, constantly surveying the neural environment so as to
rapidly respond to even the most subtle of injuries. They are critical for cone maturation and
synaptic refinement during development. In this way, microglia play key roles in preserving

the normal retina.

[Figure 1 about here]

3. The role of microglia in ageing and disease
Microglia respond to injury, ageing and disease by increasing in number, changing
morphologysureleasing a range of inflammatory mediators and also by phagocytosing and
removing cellular debris that accumulates with disease. With age there is a steady increase in
microglia number in both synaptic layers of the retina that is accompanied by a change in
morphology involving an increase in soma size and decrease in process length, hallmark

signs of microglial activation 33. Dynamic behaviour of microglia remains intact and
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unaffected by advancing age suggesting that the surveillance function of microglia remains
largely intact even at an advanced age’’. However, the response of microglia to the major
cellular damage signal, extracellular ATP, is reduced in aged mouse retinae, and when a focal
injury is induced in the retina by a laser, the speed by which microglia respond to that injury
is reduced® “Gene expression in isolated microglia also shows changes with age, with genes
associated (with \the complement system, including complement component 3 and
complement factor B, upregulated in old mice**. These are important findings that suggest
that microglia are altered with age and show reduced capacity to respond to injury. In age-
related diseasesy,such as AMD, it is possible that these normal ageing changes are further

exaggerated,leading to potentiation of cellular damage and pathology.

Increase in microglial density and a change in morphology is a well-known event that occurs
in response to retinal injury or disease and assessment of microglial number and/or their
morphology can be a useful tool for quantifying the subtlest of retinal stresses. For example,
application of subthreshold laser injury using a nanosecond laser induces selective loss of an
area of RPEsthat'is associated with extension of microglial processes into the injured area
within onethour, in the absence of a change in microglial density or inflammation?>.
Similarly, the effect thermal injury on retinal integrity has been quantified by evaluating
changes in mieroglial morphology (e.g. soma size and process length), providing a means for

establishing the thermal limits over which an electronic implant can be apply current?.

A change in microglial density correlates with the extent of injury or pathology in mouse
models of retinal disease or in human retinae with retinal degeneration3!. For example, mouse
models of AMD show an accumulation of innate immune cells in the subretinal space 2% 37-40,
and immune cells accumulate in and around lesions of AMD including drusen and
geographiclatrophy % 4. The large influx of immune cells into the retina in response to
photoreceptor™death in inherited retinal degeneration is associated with changes in
inflammation=that is thought to exacerbate neural loss. Indeed, blockade of microglial
behaviour erfinflammation has been reported to reduce photoreceptor loss 4?. Microglial
density can alse,be used to measure more subtle changes in retinal pathology as seen, for
example, in the mouse model of oxygen induced retinopathy 4*. Oxygen induced retinopathy
is a model of inner retinal angiogenesis that is associated with changes in glia and neurons
that varies from central to peripheral retina*-4, A change in microglial number can be used

to identify those regions of the retina associated with greater levels of neural stress; there is a
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correlation between increasing number of microglia in the retina and changes in outer retinal

blood vessels 43.

4. Changes in mononuclear phagocytes in age related macular degeneration
One of the more prominent features that occurs in retinae with age is the accumulation of
cells of thefinnate\immune system within the subretinal space?> 40 47- 48 As shown in Figure
2, immune" cells accumulate around some of the lesions associated with AMD, especially
reticular pseudodrusen, and have also been reported in association with atrophic areas in

retinae with_geographic atrophy and or choroidal neovascularisation 4!,

The subretinal Space is the region of the posterior eye between the RPE and outer segments of
photoreceptors. "Under normal circumstances the subretinal space is immune privileged,
owing to the expression and release of immunosuppressive factors by the RPE such as TGFf3
4. With age, or.in response to a range of chemotactic factors, cells of the innate immune
system accumulate within the subretinal space®> 47 48, Many of these cells express
complement=eomponents such as C3 or C5, suggesting they contribute to the pro-

inflammatory environment of the posterior eye that develops with advancing age37- 4%-47,

The origin ofsthe cells in the subretinal space remains a source of debate. These cells may
reflect migration of monocytes and macrophages from the underlying vasculature into the
subretinal space, or alternatively, distal migration of resident immune cells, microglia, from
the synaptic layers into the subretinal space. Distinguishing blood monocytes from retinal
microglia is challenging because the markers used to identify each cell population can change
once cells migrate into the retina. Using single cell RNAseq, Ronin ef al (2019) recently
showed that.the immune cells that accumulate within the retina following the onset of retinal
degenerationmtepresent microglia, activated microglia, monocytes and monocyte-derived
macrophages3®“These results highlight that migration of immune cells from the peripheral
circulation *form" a critical component of the response to retinal degeneration. Further
evidence for‘a contribution of leucocytes to retinal pathology comes from a transcriptomic
study of CD45+ retinal leucocytes at different stages following light induced retinal
degeneration. Importantly, there were major shifts in genes associated with leucocyte
activation, the complement cascade and chemokine signalling highlighting that migration of

leucocytes from the blood into the retina could play a major role in the subsequent retinal
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inflammation that occur’'. What was not clear in either of these studies was whether there
were differences in the origins of the immune populations that accumulate within the
subretinal space compared to inner retina®®. Notably, one study evaluating the expression of
Ccr2, a marker of monocytes, showed that following light induced retinal damage there were
Ccr2 positivereells as well as microglial cells in the subretinal space’?. In contrast, O’Koren et
al’' showed that retinal microglia populate the subretinal space in the light induced model of
retinal degeneration and monocyte migration was restricted to populating the inner retinal

layers during retinal degeneration.

The ability'\for immune cells to accumulate in the subretinal space may depend on the
expression ©Of @ range of chemotactic factors, such as chemokines that mediate chemotaxis
into the subretinal space. Chemokines are small molecules released by cells that induce
chemotaxis. A number of chemokines have been investigated for their potential for attracting
immune cells to the subretinal space. Chemokine ligand 2 (Ccl2) is important for recruitment
of monocytes, memory T cells and dendritic cells to sites of inflammation. It is highly
expressed instheatina during disease, especially in immune cells that accumulate within the
subretinal space.as well as in Miiller cells during retinal degeneration 3. When Ccl2 is
genetically deleted in transgenic mouse models with features of AMD (e.g., Cx3crl/Ccl2
double knockeut or ApoEe2/Ccl2 transgenic), the number of immune cells within the
subretinal space 1s significantly reduced, emphasising the importance of this chemokine in
migration of immune cells into the subretinal space3® 32. However, Ccl2 is unlikely to be the
sole mediator of immune cell migration into the subretinal space, because in normal, non-
diseased, aged C¢l2null mice, there is significant accumulation of immune cells within the
subretinal space.More work is needed to elucidate which chemokines attract immune cells to

the subretinal space.

Complement factor H may have a role in regulating the inflammatory environment of the
subretinal space. Complement factor H is known to be released by immune cells and
normally_inhibits complement activation by binding to cell surface glycosaminoglycans.
However, recently, an additional role for complement Factor H was identified, whereby it
regulates the turnover of immune cells in the subretinal space’*. Immune cells continuously
turnover in the subretinal space. They migrate into the subretinal space and are then

eliminated by a process that involves activation of the thrombospondin receptor, CD47.
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However, in the context of retinal inflammation induced by exposure to excessive light,
complement Factor H inhibited the elimination of immune cells by binding to CD47 and

preventing the normal interaction with thrombospondin’*.

Regardless of'the underlying mechanism(s) for their accumulation, the presence of immune
cells in the subretinal space has a range of deleterious effects on neighbouring structures,
including the RPE and photoreceptors. Mouse models of AMD including Cx3crlnull and
ApoEeg2 mice show loss of photoreceptors in association with the accumulation of subretinal
immune cells, and a reduction in these cells correlates with preservation of photoreceptors®®
32, 34 Macrophages release inflammatory mediators, including IL1B, IL6 and CCI, all of
which influen¢e photoreceptor and RPE integrity*!. In addition, activated monocytes can
downregulate the transcription factor, OTX2 within the RPE, leading to attenuation of a

range of functions including retinoid recycling™.

In summarys,it. is possible that with advancing age and/or inheritance of genetic risk factors,
mononuclearphagocytes accumulate into the subretinal space, where they release a range of

inflammatory mediators that influence photoreceptor and RPE integrity.

|[Figure 2]

S. Peripheral blood monocytes and age related macular degeneration
Having established that the accumulation of immune cells within the subretinal space is a
critical step in the development of early AMD, it is important to consider whether abnormal
monocyte funetion could underpin the inflammatory state that develops with age and during

AMD.

In order for Teucocytes (including monocytes) to migrate across physiological barriers such as
the blood retinal barrier, changes in the expression of adhesion molecules, such as CD11p, is
requiredgConsistent with this, the proportion of monocytes expressing CD11f is increased in
subjects with neovascular AMD>¢. CD200 is another surface glycoprotein expressed by many
cell types including monocytes that is thought to attenuate inflammation, via activation of its

receptor CD200R. Notably, the expression of CD200 on monocytes in those with rapidly
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progressing geographic atrophy was shown to increase in comparison to those with slowly

progressing geographic atrophy or healthy age matched controls 7.

In order to understand whether specific leucocyte types are modified during AMD, studies in
cell specific'populations have been undertaken. Peripheral blood monocytes are traditionally
identified by their surface markers, CD14 and CD16: classical monocytes are CD14+ and
show low levels of CD16, whereas non-classical monocytes have high surface expression of
CD16 and low levels of CD14. Intermediate monocytes show both CD14 and CD16 surface
expression. These three classes of monocytes are found in different proportions within
peripheral bloodsand have different functional responses to stimuli. Classical monocytes are
found in thé" gfeatest abundance and are potent producers of pro-inflammatory cytokines in
response to bacteria, whilst non-classical monocytes are found in the smallest abundance and
likely to respond to stimuli related to immunoglobulin. Non-classic monocytes have
increased complement gene expression (e.g., C1Q, C2 and C3) as well as genes associated
with phagoeytosis 8. Lastly, intermediate monocytes are thought to be associated with
antigen presentation. Some studies have suggested that the proportion of the three monocyte
classes is unchanged in advanced AMD %, although an increase in monocytes has been
reported” during the first month following the onset of neovascular AMD . However,
changes genesexpression (transcriptome) in monocytes isolated from subjects with
neovascular AMD highlight that alterations occur in peripheral blood monocytes during
disease. In particular, the proportion of non-classic monocytes that express markers such as
CCR2+ is increased in neovascular AMD and there is an increase in expression of a range of
inflammatory mediators and scavenger receptors®! %2, In addition, the expression level of the
chemokine receptors, CCR1+ or CCR3+, is increased in those that fail to respond to anti-
VEGF therapy, suggesting that systemic immunological factors may have a role in treatment
outcome 3. Consistent with these findings, cytokine expression and release from peripheral
blood monoeytes isolated from subjects with various types of AMD has also been

demonstrated®4:6¢;

The mechanisms, by which monocyte changes occur during AMD, and importantly whether
the changes contribute to disease progression is not known. One factor that may influence the
development of systemic inflammation during AMD are microRNAs. MicroRNAs are small
non-coding RNAs approximately 20 nucleotides in length that are potent regulators of gene

expression. They are highly expressed in the blood (as well as other body fluids). Recently, A
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detailed study of microRNAs isolated from cells of the peripheral blood was correlated with
the expression of inflammatory mediators in plasma 6, highlighting that complex genetic

regulation of inflammatory pathways within the peripheral blood may occur during AMD.

Overall, these'studies suggest that even though AMD is an ocular disease, there are systemic
changes i1 peripheral blood monocytes that may be important contributors to the
inflammatory environment implicated in AMD. Importantly, systemic immunological
changes haye been reported during different stages of AMD and with these changes in mind,
migration of, menocytes into the subretinal space is likely to lead to an accumulation of

aberrant immune<cells and potentially contribute to disease progression.

6. The role of scavenger receptors in the development of early AMD
An important function of immune cells (both microglia and monocytes) is the ability to
remove or phagocytose cellular waste to reduce disease progression. The formation of drusen
deposits within the posterior eye implies that the processes that normally remove waste
products maygbe‘impaired in those with AMD. The mechanism(s) by which immune cells
phagocytoseydebris involves the binding of scavenger receptors to the surface of dead or
dying cells. There are a range of scavenger receptors expressed by mononuclear phagocytes,
and abnormalities in some of these scavenger receptors have been implicated in other age-
related diseases of the CNS including Alzheimer’s disease and Parkinson’s disease 7-%°. One
receptor that has received some attention for its role in removal of debris is the P2X;
receptor. P2X; receptors expressed on mononuclear phagocytes including retinal microglia

and have been implicated in the development of advanced AMD.

P2X; is a ligand gated ion channel that performs a dual role depending on the level of
extracellulat ATP in the environment’” 7!, In the presence of extracellular ATP, P2X,
receptors open“so as to allow the passage of cations into cells, leading to a change in
membrane potential. Such as scenario is common in many neural subtypes within the retina’>
74 as well.as'other cell types in the enteric and central nervous system’> 76, In contrast, in the
absence of ATP; the extracellular part of the P2X; receptor can bind to the surface of dead

and dying cells to mediate phagocytosis’’-7°.

Based on mutagenesis experiments there are two regions of the extracellular domain that

have been identified that interact with the phosphatidylserine moieties found on cellular
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debris to mediate phagocytosis’®. Moreover, an analysis of single nucleotide polymorphisms
(SNPs) of the P2X; receptor??, suggest that not only are some of these SNPs associated with
increased risk of disease, but also associated with variation in phagocytosis. Notably,
inheritance of one SNP in P2X- in combination with P2X4 has been shown to increase risk of
advanced”AMD by four fold®'. The combination of inheritance of these two SNPs is found in
only a small percentage of people — 0.57% in the health population and 2.28% in the
population ‘with advanced AMD. However, of greater significance was the observation that
the combination of these two SNPs reduced phagocytosis in vitro, and in vivo®!. Further
evidence for,a potential role of P2X; in the development of early AMD comes from an
evaluation ‘of the ocular pathology in P2X;-null mice®’. Ageing P2X; null mice show an
increase in/Bruch’s membrane thickness compared to age matched control mice, as well as a
gradual reduction in monocyte phagocytosis with age®’. In addition, aged P2X; null mice
develop other signs of early AMD including an accumulation of innate immune cells within
the subretinal space that are immunoreactive for component components C3 and CS5, as well
as changes i the RPE such as an increase in lipofuscin. Overall, these findings are important
as they implieate”poor phagocytic ability in monocytes with the development of signs of
AMD. More work is needed now to identify pharmacological agents that might alter

phagocytosis as a potential way for reducing retinal pathology.

7. Isit possible to visualise mononuclear phagocytes in the retina using OCT?

Having ascribed an important role for immune cells in the development and/or progression of
AMD, it wouldsbe useful if in vivo imaging with Optical Coherence tomography (OCT) was
capable of ‘detecting changes in these cells in the posterior eye. With the advent of high
resolution OCT it is now possible to image the human retina with resolution that has
similaritiesto"what is observed histologically. Moreover, a range of discrete hyperreflective
lesions have been documented at various stage of AMD. Hyperreflective foci are visible on
OCT imaging in those with AMD, and are considered a sign of advancing disease > #. They
are discrete hyperreflective spots located above large drusen and have generally been viewed
as beingfassociated with the proximal migration of RPE cells. However, as shown in Figure
3, a collection of activated immune cells can also be associated with a hyperreflective lesion
with OCT imaging. Figure 3 shows a region of retina that has been treated with a pulsed laser
and imaged with OCT as well as histology. There are a collection of immune cells at the

outer limiting membrane in the region corresponding to the lasered lesion. In particular small
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hyperreflective spots are visible in the corresponding OCT (indicated by the white arrowhead
in Figure 3B) and at higher magnification in Figure 3C. The green Ibal immunolabelled
immune cells in Figure 3D are located in the same region at the hyperreflective spots in
Figures 3B and 3C, suggesting that accumulation of microglia and recruited monocytes in the
retina in ¥ésponse to injury can be visualised with the OCT. Hyperreflective spots may also
reflect migration of pigmented cells migrating into the retina. Whilst imaging of immune
cells may be possible with an OCT, it will be necessary to develop tools that allow one to

distinguishammune cells from pigment cells.

Imaging ofammune cells with in vivo imaging modalities is also now possible in rodent
models of disease®*. For example, accumulation of microglia within the retina and changes in

morphology of microglia during disease is now possible in rodents using adaptive optics

100 um
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scanning laser ophthalmoloscopy®. With these new tools, it will be possible to gain greater

insights into the changes in immune cells that occur during disease.

8. Conclusion
In conclusipn, a‘tange of cellular changes occur during different stages of AMD that can be
influenced ibymthesfunction of cells of the innate immune system. Importantly, with age,
immune cells increase in number, respond differently to neural damage and release
inflammatory mediators that can, in turn, influence photoreceptor and RPE function. Immune
cells accumulate ‘'within the normally immune privileged subretinal space, in response to
changes in ehemekines. These cells release inflammatory mediators such as IL6, IL1p and
Ccl2 to influence photoreceptor and RPE function. In addition, the ability of immune cells to
remove debris (via phagocytosis) may be important for the development of AMD. Indeed,
inheritance of loss of function P2X; and P2X, single nucleotide polymorphisms are
associated with increased risk of advanced AMD, as well as the development of early signs in
a mouse model with features of AMD. Overall, understanding how immune cells contribute
to the various forms of AMD may offer new therapeutic targets that could reduce the

developmentiorprogression of disease.
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Figure legends

Figure 1. Retinal microglia in the human retina. (A). A vertical section of the human retina at the
fovea (fv) immunolabelled for the microglial label, ionized calcium-binding adapter molecule 1 (Ibal;
green). Microglia are located in the outer and inner plexiform layers across most eccentricities with
the exception of the fovea. At the fovea there is a paucity of microglia in both plexiform layers. (B)
Vertical section through a human retina labelled for Ibal, the neuronal marker, calbindin (Calb), and
cone marker, peanut agglutinin (PNA). An Iba-1 labelled microglia is shown in contact with both a
blood vessel (by) and photoreceptor synapse (C) Vertical section through the human nerve fibre layer.
A microglia is shown in contact with both a blood vessel (bv) and bipolar cell synapse that had been
immunolabelled for the vesicular glutamate transporter 1 (vGlut; red). Abbreviations: OPL -outer

plexiform layer; [PL-inner plexiform layer; ONL — outer nuclear layer; vitro-vitronectin.
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Figure 2. Immune cells and deposits in a human retina with early stage AMD. (A) Flatmount of the
RPE showing vitronectin labelled reticular pseudodrusen deposits and adherent Ibal labelled immune
cells. Immune cells were associated with some deposits. (B) high magnification of a reticular
pseudodrusen deposit with associated Iba-1 immunolabelled immune cells. (C) Vertical section of the
human retina labelled for microglia (Iba-1; green) and vitronectin (red). A small vitronectin labelled
drusen is presentsThere are few if any immune cells associated with the drusen. Abbreviations: RPE —
retinal pigment epithelium; ONL — outer nuclear layer; INL-inner nuclear layer; OLM-outer limiting
membrane; vitre-vitronectin; Phall — phalloidin an F-actin label that indicates the cell membrane of

RPE cells.

Figure 3. Cotrelation of an Optical Coherence Tomography with human retinal section labelled for
the immune cell marker IBA-1. (A) Red free fundus image of a human retina showing the location of
a nanosecond lasered region (arrow). (B) corresponding OCT with the lasered lesion induced by the
arrow. (C) "high™ magnification of the OCT image through the lasered lesion. A series of
hyperreflective dots can be seen at the level of the outer limiting membrane (arrows). (D)
Corresponding histological section at the same laser lesioned area. Hypereflective spots are evident in
both OCT images that correspond to the presence of Iba-1 immunolabelled immune cells (white

arrows). Abbreviations: INL — inner nuclear layer; ONL-outer nuclear layer.
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