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I U N

Abstract: Age-related macular degeneration, a leading cause of visual loss and dysfunction in the developed
world, is a disease initiated by genetic polymorphisms that impairs negative regulation of complement.
Proteomic investigation points to altered glycosylation and loss of SIGLEC mediated glyco-immune checkpoint
parainflammatory homeostasis as a main determinant for the vision impairing complications of macular
degeneration. The effect of altered glycosylation on microglial maintained retinal para-inflammatory
homeostasis and eventual recruitment and polarization of peripheral blood monocyte derived macrophages
(PBMDM) into the retina can explain the phenotypic variability seen in this clinically heterogenous disease.
Restoring glyco-immune checkpoint control with a sialic acid mimetic nanoparticle targeting
microglial/macrophage SIGLECs to regain retinal para inflammatory homeostasis is a promising therapeutic
that could halt the progression of and improve visual function in all stages of macular degeneration.
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1. Age Related Macular Degeneration

1.1. Background

The prevalence of age-related macular degeneration in the US is approximately 18 million. [1]
This prevalence represents three times the number of patients with Alzheimer’s disease and equal to
all patients with a cancer diagnosis excluding melanoma. [2,3] By 2040, this disease that progressively
causes central visual loss, is estimated to affect 288 million people worldwide.[4] Currently macular
degeneration represents the third worldwide cause of vision loss secondary to ocular pathology. [5]

1.2. Clinical Stages

The disease of macular degeneration is a disease of stages that can be divided into early,
intermediate, and late stage.[6] The hallmark of the early stage is the initial development of macular
drusen and pigmentary change. When these changes worsen and reach a certain density, the stage is
classified as intermediate. The late stage is reached when geographic atrophy or neovascularization
develop. [6] While drusen and RPE changes constitute a common initiating point of clinically
detectable disease, the late-stage complications bifurcate into either the development of geographic
atrophy, exudative macular degeneration, or both.

1.3. Clinical evidence of inflammation

Clinically these stages affect visual function variably. Early and intermediate stages of macular
degeneration are characterized by measurable photoreceptor dysfunction as reflected in age related
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abnormalities in dark adaptation, visual field, photo stress and electro-retinographic changes.[7-10]
These disease correlated changes in visual function point to inflammation as the underlying
pathology behind even the early stages of macular degeneration. Dark adaptation which is a measure
of the efficiency of the visual cycle is impaired and indicates development of early stage of macular
degeneration.[11,12] Patients with early AMD had qualitative visual changes and symptoms of
distortion that could be detected and quantified by visual field analysis. These deficits of form
recognition and sensitivity were found in areas of RPE atrophy not defined as geographic atrophy
within this patient population.[8] Photo stress recovery time which is a measure of visual pigment
recycling time, was inversely correlated with visual acuity and prolongation of recovery time was
directly correlated with presence or absence of geographic atrophy and advancing age.[10] In late
AMD slowing of implicit time and amplitude reduction on electroretinograms of patients with
geographic atrophy were seen in areas bordering fundus autofluorescence defined geographic
atrophy.[13] Foveal ERG performed in fellow eyes of patients with wet AMD who did not have severe
visual acuity changes demonstrated implicit time prolongation. [9]

1.4. A disease of inflammaging and dysfunctional parainflammation

These electrophysiological and psychophysical studies implicate retinal inflammation as an
underlying factor affecting visual function in patients at all stages of AMD. [14] These studies also
support the concept that macular degeneration is a disease of inflamaging. During the period these
studies were performed the understanding of microglial parainflammatory homeostatic control was
still yet to be postulated or described. Medzhitov in 2008 postulated a parainflammatory state that
lay between basal homeostatic conditions and true inflammation. [15] This para inflammatory state
is considered an adaptive immune response to low level tissue stress such as the age-related
accumulation of oxidative byproducts. This acquired dysfunctional para inflammation that occurs
with aging, has been termed inflamaging. [16]

1.5. Early Stage AMD dysfunctional para inflammation

The abnormalities in these electroretinographic and psychophysical tests demonstrate that there
are differing parainflammatory dysfunctions that occur during the different stages of the disease.
The early/intermediate stage is the accumulation of oxidized, metabolic, inflammatory debris that
appear as yellow sub retinal deposits called drusen. The pigmentary clumping seen in AMD,
represent pigment ladened microglial or macrophage migration towards the retina.[17] The inability
to clear pigment or debris in the retinal and subretinal space represents the main pathology of this
early/intermediate stage of AMD. (Figure 1) This impaired clearance can only be explained as a
dysfunction of the phagocytic housekeeping function of microglia.
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Figure 1. Early/Intermediate Stage AMD. Constant photooxidative blue light release produces
oxidative byproducts (MDA, CEP) and reactive oxygen species, which activate microglial cells to
secrete cytokines. These activated macrophages are hindered from becoming phagocytic due to the
upregulation ST6 that produces sTN on the surface of retinal cells and agonizes Siglecs to control
phagocytosis. Reactive oxygen species also causes photoreceptors to secrete CX3CL1 which promotes
migration of microglia and macrophages to the retina. Oxidized phospholipids stimulate RPE cells
to produce MCP —1 which recruits peripheral blood monocytes along with upregulation of FUT5 on
PBMCs that localize it to areas that are secreting chemokines such as CX3CL1.

1.6. Late stage AMD Owert inflammation

Unlike the early/ intermediate stage which represents an inhibition of phagocytosis with
resultant accumulation of debris, geographic atrophy represents an enhancement of phagocytic
activity resulting in elimination (atrophy) of retinal cells initially of the outer retina then progressing
to the inner retina. (Figure 2) Exudative AMD represents the overproduction of angiogenic and
neuroprotective vascular endothelial growth factor which when overexpressed results in the
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development of neovascularization. The only process that can explain these constellations of
pathologic features are microglial cells or macrophages.
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Figure 2. Geographic Atrophy: Oxidative byproducts (CEP, MDA) and complement chronically
activate microglia which secrete neuraminidase and desialylate photoreceptors and RPE cells. This
loss of sialylation prevents restoration of homeostasis. Chronically overactivated phagocytosis and
inflammation recruits peripheral blood macrophages by upregulation of the fucosyltransferase FUT5
that produces Lewis X glycosylation on monocytes to bind E-selectin and localize monocytes to sites
of inflammation. These monocytes polarize to M1 macrophages when they enter the retina and are
not able to clear substances like lipofuscin and other undegradeable substances. The macrophages
form multinucleated giants cells because they phagocytose structures that are undegradable. Since
there is reduced sialic acid and altered sialic acid on the chronically inflamed retina, the macrophages
are unchecked and result in elimination first of the RPE cells than the photoreceptors. The unchecked

macrophages are the main determinant of growth of geographic atrophy.

2. Pathogenesis of Age-Related Macular Degeneration
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2.1. Genomic-Complement Pathway Polymorphisms

Macular degeneration is considered a genetic disease and the development of disease is strongly
correlated with multiple polymorphisms that impair the negative regulation of the complement
pathway.[18] While complement associated polymorphisms are associated with development of
AMD, these polymorphisms are not as strongly correlated with development of late stage vision
threatening geographic atrophy or CNV.[19]

2.2. Proteomic- Abberant glycosylation

A large proteomic analysis of serum proteins in patients with macular degeneration was
correlated to the early or late stage of disease and identified several proteins that were elevated
differentially in early and late AMD. In this analysis elevated serum protein levels of Alpha-N-
acetylgalactosaminide alpha-2,6-sialyltransferase 1 (ST6GALNAC1/ST6) and Alpha-(1,3)-
fucosyltransferase(FUT5) were highly correlated to patients with early stage AMD.[20] In late-stage
AMD patients only FUT5 was correlated. The expression of FUT5 in both late and early AMD and
the expression of ST6 in only early AMD point to alterations of sialic acid glycan expression as a
major determinant in the progression to late-stage AMD. It also implicates microglial/macrophage
checkpoint regulation via their Siglec immune resolving checkpoint receptors as a critical
determinant of late-stage AMD progression.

2.2.1. ST6GALNAC1/ST6- Early/Intermediate AMD

The glycan produced by ST6 is only expressed in early dry AMD patients, and is a tumor
associated sTn glycan which is involved in the development of tumor associated macrophages (a
non-activated macrophage that cloak and allow tumors to evade immune detection). The expression
of sSTN diminish phagocytic activity by microglial cells resulting in an accumulation of inflammatory
debris. Combined with the impaired negative regulation of complement, which will produce more
complement mediated cell damage, and complement pathway derived proteins this inability to clear
debris from the retina will produce drusen and pigmentary clumping.

2.2.2. FUT5 - Late AMD

During the lates stage of AMD ST6 is no longer upregulated instead FUT5 becomes the
predominant sialyltransferase. FUT5 is a critical glycotransferase that produces Lewis x
(3Galp1,4dFucal,3]GIcNAc-), sialyl Lewis x (sLex1 NeuAca?2, 3Galf1,4[Fucal,3]GlcNAc-), Lewis a
(Le?, 3Galf1,3[Fucal,4]GlcNAc), sialyl Lewis a (sLe?, NeuAca2, 3Galf1,3[Fucal,4]GIcNAc-), and
Lewis b (Leb, Fuc a1,2Galf1,3[Fucal,4]GlcNAc-). These glycans are the main binding determinants
for Selectins in particularly e-selectin which is responsible for localizing monocytes to areas of active
inflammation. (Figure 1) Without sTN checkpoint restraint of microglia and recruited macrophages,
inflammatory activation will convert to overproduction of cytokines such as VEGF and unbridled
phagocytic activity resulting in accelerated atrophy. (Figure 2)

2.2.3. Loss of Glycoimmune Checkpoint control

Clinical and proteomic findings in all stages of macular degeneration point to microglia and
macrophages glyco-immune checkpoint dysfunction as the main post translation determinant of
development of early/intermediate stage AMD and progression to late-stage geographic atrophy or
CNV. Genomics point to oxidation and complement overactivation, as a lifelong stimulator of disease
but not the direct determinant of disease development or progression. The major determinant to the
development of early intermediate stage AMD is the aberrant glycosylation with sTn which
inactivates microglial homeostatic phagocytosis resulting in accumulation of drusen and pigment.
The major determinant of conversion to late-stage AMD 1is the loss of sialic acid
microglial/macrophage checkpoint control and the initiation of true inflammation and recruitment of
peripheral blood monocytes and macrophages. If checkpoint control could be regained and
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homeostatic microglial function restored, then the potential of halting late-stage disease and even
regaining visual function could be obtained.

2.3. Microglia- Central Role in AMD pathogenesis

2.3.1. Background

Microglia are considered the main immune cell and resident macrophage of the CNS and retina.
Their existence was first described and delineated over 100 years ago by Pio del Rio Ortega who
described their macrophage like, phagocytic, plastic and heterogenous nature. [21] Microglia
constitute between 5-12 % of the CNS and are cells that are mesenchymal in origin. These cells while
not bone marrow derived are analogous to macrophages, in that they carry out three critical roles,
surveillance, phagocytosis and production-release of soluble factors. [22] Microglia contribute to the
key biologic functions of myelination, inflammation, vasculogenesis, neurogenesis, synapse
remodeling, neuronal function, and blood brain barrier permeability.

2.3.2. Function

Transcriptomic analysis reveal 3 major function of microglia: 1) sensing, 2) housekeeping and 3)
protection against injurious self and non-self-stimuli. [23] Microglia produce nearly 100 gene
products that can sense microenvironment change combined with thin processes that scan the area
around their cell body every few hours. These gene products such as P2yr12, AXL and MER and
tentacles represent the sensome which can rapidly migrate towards focal injury.

The sensome allows microglia to perform its second function of housekeeping such as synaptic
remodeling,[25-27] migration towards and phagocytoses of dying cells or the debris of dead
cells,[28,29] myelin homeostasis,[30] astrocyte interaction,[31] and production of multiple gene
products to carry out these functions.[32] Genes expressed by microglia that are involved in
housekeeping include genes that encode chemokines, chemoattractant receptors, phagocytic
receptors (Scavenger receptors, TREM2) and synaptic pruning and remodeling proteins ( Clg,
CxC3R1).[24]

The third microglial function of protection against injurious self and non-self-stimuli, give
microglia properties like macrophages and other inflammatory cells. Like macrophages, microglia
express Fc receptors, Toll-like receptor (TLRs), viral receptors, and antimicrobial peptides[24] which
allow it to provide immune defense against infectious agents, toxic substances like amyloid B, or
oxidized superoxide dismutase. These stimuli can elicit a secretory response similar to activated
peripheral blood derived macrophages such as secretion of TNF, IL-1 cytokine production[33,34]
and CcL2 chemokine production which allows for recruitment of other microglial cells without
necessarily recruiting peripheral leukocytes if proper checkpoint modulation is in place.[35]

2.3.3. Role in Retina

Because of the central role of microglia in neuronal homeostasis, microglial overactivation
represents a common patho-mechanism in a variety of retinal degenerative diseases and is often
overactivated prior to the onset of overt retinal cell death. [36] In the retina, microglia’s dynamic
motility allow comprehensive surveillance coverage of the entire retina in a short time period.[37]
This motility allows microglia to interact with retinal neurons, macroglia and play a central role in
retinal homeostatic maintenance and clearance of cellular and metabolic debris.[38]

Activated microglia in the retina have been implicated in many retinal pathologies. In SD-OCTs
hyperreflective spots are visualized in AMD and diabetic retinopathy which represent large
amoeboid microglial cells, the activated microglial appearance, as opposed to the resting ramified
microglial configuration.[39,40]

Phagocytic cells presumably microglia/macrophages are bloated with engulfed membranous
material near areas of drusen suggesting that drusen and its components attract and stimulate
microglia to migrate but not phagocytose drusen and the surrounding retina.[41,42] The presence of
activated microglia near drusen indicate the inability of microglia alone to remove the drusen
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deposits. (Figure 1a) While microglia can maintain retinal homeostasis during the first 5 to 6 decades
of life, the onset of drusen and pigmentary changes signal the migration of microglia and the
recruitment of peripheral blood monocytes to the Bruch’s membrane. [43] This sequence of events
indicates the requirement of peripheral blood monocyte recruitment in the progression of the drusen
stage to the late stages of AMD.

2.4. Peripheral Blood Derived Macrophages (PBMC)- Central Role in AMD pathogenesis

The major role of peripheral blood monocyte derived macrophages in the progression of early
drusen stage to late-stage geographic atrophy and exudative AMD is evidenced by the increase in
number of activated macrophages in the choroid and Bruch’s membrane as AMD progresses. The
observation that the highest number of activated macrophages are found in eyes with choroidal
neovascularization further supports this central role. [43] .

2.4.1. PBMC retinal recruitment

Patho-mechanistically, recruitment of peripheral blood monocytes in clinically evident macular
degeneration is mediated my microglial chemokine signaling. Microglial chemokine signaling is
responsible for recruitment of monocytes to the choroid and the retina. The chemokine receptors
CCR2 and CX3CR1 and their respective ligands CCL2 (monocyte chemotactic protein-1, MCP-1) and
CX3CL1 (fractalkine) mediate this recruitment.[22,35,44] This monocyte/macrophage recruitment to
the Bruch’s membrane and the increase in peripheral blood derived macrophages in the retina
correlate and determines severity of geographic atrophy [45] and exudative AMD.[46] (Figure 3)
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Figure 3. Microglial Regulation: Microglia remove toxic metabolites, apoptotic cells and oxidative
debris while maintaining the health of photoreceptors and retinal cells in a process called para
inflammation. Parainflammation is initated through activation receptors such as TLR, TREM2,
CX3CR1, NLRP3 and CD36 which sense and bind these substances. Once activated they secrete
proinflammatory cytokines and migrate to the areas of stressed RPE cells and photoreceptors. Upon
activation, neuropilin-2-PSA and E-selectin ligand 1-PSA are secreted by these activated microglia.
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The PSA on these glycoproteins binds Siglec’s on activated microglial cells to polarize them to the
M2C healing state which releases, growth factors to protect and regenerate the stressed
photoreceptors and RPE cells. This homeostatic maintenance function of microglial para
inflammation if not adequately modulated with sialic acid checkpoint regulation will result in
recruitment of peripheral blood monocytes and AMD disease progression.

2.4.2. Macrophages central role in Geographic Atrophy

The central role of macrophages in the pathogenesis of neovascular wet AMD is widely
accepted,[46-49] but the activated macrophage’s critical role in the pathogenesis of geographic
atrophy has been widely overlooked due to the focus on the complement pathway.[50] Prior to the
genomic association between complement factors and AMD, histopathologic evidence pointed to
macrophage/ mononuclear phagocyte/multinucleated giant cells as the central causative factor in the
pathogenesis of dry AMD and the main phagocytic cause of retinal cellular clearance that manifests
as RPE and photoreceptor loss in geographic atrophy.[42,45]

One of the earliest demonstrations of this central role was a on electron microscopic/
histopathologic studies of postmortem retinal specimens of 7 patients with geographic atrophy. In
this study the association of mononuclear phagocyte series (MPS) cells situated between the
basement membrane of the RPE and inner collagenous layer of Bruch’s membrane was found in all
patient macular specimens.[51] (Figure 1) Another finding in these specimens, was the presence of
multinucleated giant cells within the area of geographic atrophy. These giant cells arise from
macrophage fusion caused by the presence of poorly degradable substances such as constituents of
Bruch’s membrane or undegraded RPE pigment and show no RPE cell involvement. (Figure 2) This
hallmark study implicated microglia, macrophages as the main phagocytic cell in the pathology of
geographic atrophy as opposed to RPE cells the only other phagocytic cell in the retina. Clinico-
pathologic correlation demonstrated that both MPS and giant cells containing pigment are found
typically in the outer edge of the geographic atrophy lesion or in areas of coarse pigmentary mottling
which is clinically predictive of the development of geographic atrophy. [52,53] (Figure2) The close
apposition of these macrophage derived cells to the leading edge and to areas that will develop GA,
indicate that it is monocyte derived macrophages that phagocytose retinal cells that cause the
development and growth of geographic atrophy in AMD.[42]

2.5. Sialic acid loss initiates PBMC recruitment

The recruitment of peripheral blood derived macrophages is a major function of retinal
microglial cells when injury or toxic material overwhelm the microglia’s ability to phagocytose toxic
oxidative byproducts, injured cells, or apoptotic cells.[54] To maintain macular health the microglia
must phagocytose oxidative byproducts (oxidized phospholipids, malondialdehyde, carboxyethyl
pyrrole), apoptotic cells, complement proteins, abnormal proteins (Amyloid B) and toxic metabolites
(A2E). (Figure 2) If microglia do not encounter appropriate checkpoint ligands in the form of sialic
acid, then chemokine signaling will recruit peripheral blood monocyte macrophages.[55]

Photooxidative stress which is focused and concentrated onto the macula by the ocular lens
system[56] produce oxidized phospholipids which stimulate the RPE to upregulate, MCP-1 which
serves as a major chemoattractant to macrophages.[57] After photooxidative stress, fractalkine
upregulation from photoreceptor segment and outer nuclear layer mediates the cross talk between
photoreceptors and microglia which exclusively express the CX3CR1 receptor for fractalkines. This
release of fractalkine serves to attract and activate microglia towards the injured photoreceptors but
also appears to exert a neuroprotective role.[44] This dual role of Fractalkine/CX3CR1 interaction, on
microglial proinflammatory activation and neuroprotective properties demonstrate the necessity of
tight regulation of microglial cells. (Figure 1)

Without appropriate checkpoint regulation of microglial cells, the inflammatory activation state
of microglia will promote more photoreceptor degeneration rather than rescue photoreceptors. While
fractalkine -CX3CR1 signaling is definitively proinflammatory, it is also critical for progesterone
mediated neuroprotection of the retina.[58] If the proinflammatory properties of fractalkine-CX3CR1


https://doi.org/10.20944/preprints202310.1159.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 doi:10.20944/preprints202310.1159.v1

activated microglia and macrophages could be checked, but maintain its neuroprotective properties,
then polarizing macrophages to the resolution state would eliminate the inflammation while
providing neuroprotection.

2.6. Macrophages Polarization Directs AMD pathology.

2.6.1. Macrophage polarization states

The prototypical description of macrophage polarization states as M1 and M2 has been based
on biomarker expression and cytokine production but does not reflect the true character of these
subtypes. Describing these macrophages based on function better characterizes their role in
pathology.[59,60] The M1 polarization state is characterized as the pro-inflammatory phagocytic
state. The M2 state can be subdivided into 4 M2 subtypes. The M2 a, b subtype are the anti-
inflammatory pro-fibrotic type, the M2d is the pro angiogenic phenotype, the M2c is the anti-
inflammatory and neuroprotective type.[60,61] The M2c is also considered the resolution state and
can reconvert myofibroblasts into fibroblasts so is considered anti-fibrotic. [62]

2.6.2. Macrophage polarization in CNS

In Vitro, M1 macrophages have been demonstrated to be neurotoxic and only modest axon
growth promoting effect in contrast to the m2 macrophages which are not neurotoxic and promote
long distance axon growth. [63] While few studies on macrophage polarization have been done in
the retina, many studies using traumatic brain injury or spinal cord injury have characterized the
polarization properties and the time course of macrophage polarization after injury. From these
studies M1-like macrophage versus the M2-like macrophage can be qualitatively described.

M1-like macrophages release oxidative metabolites and proteases that can kill neurons and glial
cells.[63]In contrast M2-like cells facilitate tissue repair.[64] In spinal cord injury models, increased
m2c (acquired deactivation) microglia expressed in the first week after injury correlated to better
neurological outcome indicating a healing neuroprotective function of M2c microglia /macrophages.
[65] The time course study comparing M1 versus M2 levels in this model show that M1 expression is
upregulated for at least a month while M2 levels diminish drastically after 1 week post injury. The
level of M2a and M2c upregulation within the first week correlated well with neurological recovery.
The neurological recovery resulted from the neuroprotective properties of microglia polarized to the
M2c or M2a state. These properties were the secretion of trophic factors such as TGF-b, BDNF, and
GDNF and the ability to perform controlled phagocytosis that prevents necrosis of surrounding
tissue. [66] (Figure 3)

2.6.3. Macrophage polarization in AMD

While macular degeneration may not appear to be a disease of acute CNS injury, the macrophage
microglial behavior in the retina is consistent with what is seen in injury models of the CNS. Eyes
with advanced AMD, had a higher ratio of M1 to M2 macrophages than age matched normal
autopsied eyes. [67] This enhanced chronic expression of neurotoxic phagocytic m1 macrophages
with the reduction of M2c neuroprotective macrophages will result in the unchecked photoreceptor,
RPE cell degeneration and phagocytosis of these degenerating cells (geographic atrophy) [67] The
abundance of m1 polarized macrophages combined with the abundance of adenosine, will produce
m2D  VEGF producing macrophages resulting in the development of subretinal
neovascularization.[68] Like CNS injury, the failure to polarize M1 macrophages towards the M2 ¢
state will result in pathology.

2.6.4. Sialic Acid Determines Macrophage Homeostasis

How is this imbalance between the healing macrophage polarization state of M2c and the
neurotoxic, hyper phagocytic M1 and the M1 derived angiogenic VEGF producing M2d develop. The
answer lies in the alteration of the glycocalyx “the sugar coat” of retinal cells which in healthy young
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retinas are decorated with sialic acid caps that serve as self-associated molecular pattern receptor
ligands to the global immunosuppressive checkpoint receptors called Siglecs. These sialic acid caps
also serve as an activator of CFH whose role is to degrade the complement amplification complex C3
convertase. This overlooked sugar coating that determines immune self-versus non-self, are the
master regulators of immune cells and immune function both harmful and protective.[69]

The resident macrophage microglia have multiple functions. In a non-inflammatory
environment, microglia are like physicians their job is to detect illness and maintain health of the cells
that surround them. This sensome function permits detection of stressed, damaged, sick or
apoptosing cells which activate the microglia to M1 like state to eliminate the toxins, and sick cells,
but is followed temporally by repolarizing these M1 microglia to the M2a,c like phenotype which
produces neuroprotective cytokines such as BDNF or CTGFE.[60] In the setting of the cellular
environment, normalcy is defined by sensing through their checkpoint receptors the presence of
normal sialic acid patterns on the cells that they are tasked to maintain health.

2.6.5. Retinal Stress Chronically Activates Macrophages

Photoreceptors are cells that are constantly being bombarded with oxidative, metabolic, and
toxic metabolite induced stress. The retina is constantly exposed to blue/violet light which is
photooxidative and with overexposure can cause S-cone retinal degeneration and apoptosis.[56]. The
visual cycle is very metabolic and the regeneration of visual pigment following light exposure
requires many biochemical reactions that consume energy and create toxic biochemical waste. In the
retina a fluorophore called lipofuscin which has been identified as Bis-retinoid N-retinyl-N-
retinylidene ethanolamine (A2E) represents an auto fluorescent toxic visual cycle metabolite that has
been implicated in the progression of geographic atrophy.[70] A2E cannot be enzymatically degraded
and so accumulates in the RPE cells and in healthy youthful eyes are cleared by microglia or
macrophages cells.[71] (Figure 2)

The retinal environment is unique amongst all other CNS compartments in that it undergoes
constant damaging stress, and the microglia are constantly activated in a parainflammatory state.[72]
To maintain this homeostatic retinal parainflammation, the regulators of microglial function have
to be tightly controlled to determine the species of microglia that predominate. The different
microglial states can be MO sentinel and resting, M1 pro-inflammatory and phagocytic, M2d anti-
inflammatory and proangiogenic, M2a, b anti-inflammatory and profibrotic and M2c anti-
inflammatory, neuroprotective and healing. If the balance between these polarization states tilts
towards any of these states besides M2c, pathology will ensue. If MO predominates then
housekeeping function of microglia will be impaired and the accumulation of cellular debris will
develop producing pigment clumping and drusen. M1 predominates than neurotoxic cytokines will
be produced inciting rpe/photoreceptor apoptosis and phagocytic clearance of these injured cells. If
m2d predominates then VEGF will be produced resulting in choroidal neovascularization or
exudative AMD. If M2a, b predominates then fibrotic scarring will be the hallmark of the pathology
which is synonymous with disciform scarring of the macula. (Figure 4)


https://doi.org/10.20944/preprints202310.1159.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 do0i:10.20944/preprints202310.1159.v1

11

Microglial/Macrophage Polarization Determine AMD Phenotype
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Figure 4. Macrophage polarization determines AMD phenotype. The plasticity and different
polarization states correlate with the clinical picture seen in late-stage macular degeneration. IN
geographic atrophy RPE cells and photoreceptors are phagocytosed a function of the M1 polarized
phagocytic macrophage. Exudative AMD is neovascularization produced by overexpression of VEGF
the main cytokine of the M2D polarization state. The sequelae of exudative AMD untreated with anti-
VEGF therapies is a disciform fibrotic scar in the control of pro-fibrotic M2 A, B state. With
appropriate sialic acid signaling such as PSA, all polarization states can transform into the healing
M2C state.

2.6.6. Age related loss of sialic acid caused unchecked retinal inflammation.

The clinical manifestation of macular degeneration is determined by macrophage polarization,
but the loss of cell surface sialic acid and its glycoimmune checkpoint regulation that allows the
disease to progress. Overtime, overactivated complement and cumulative oxidative damage, erodes
the complex sialylated glycan structures of the cellular glycome of the retina, particularly in the fovea
and macula, the glyco-immune checkpoint restraint on microglial cells is released and the microglia
transform into their more pro-inflammatory state. This subsequently recruits peripheral blood
macrophages by the upregulation of FUT5 that produces lewis x glycan moieties that attract
peripheral blood monocytes by binding e-selectin on vascular endothelium of inflamed areas. The
recruitment of predominantly M1 polarized macrophages to the retina in the absence of appropriate
sialic acid results in unchecked inflammation and clinical progression of macular degeneration.

3. Targeting Microglial/Macrophage SIGLECs to Treat AMD

3.1. M2c polarization a promising therapeutic strategy for AMD

As in spinal cord injury, elevating M2c results in better neuronal recovery. A potential
therapeutic strategy that could not only halt all forms of macular degeneration but restore visual


https://doi.org/10.20944/preprints202310.1159.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023

12

function and retinal homeostatic health would be to reintroduce sialic acid control of microglia and
macrophages. This strategy would increase M2c and decrease M1, M2d, M2a microglia
/macrophages, by repolarizing them to M2c. If this repolarization strategy were to be possible, then
not only would stopping progression of the disease be possible, but potentially restoration of visual
function and retinal health would also be obtainable.

3.2. Sialic acid can repolarize macrophages to M2c

Tumor’s ability to evade immune attack provides the blue print on how to repolarize microglia
and macrophages to the healing M2c state. Many tumors hyper express sialic acid by upregulating
Golgi resident sialyltransferases.[73] These sialyltransferases produce sialylation patterns on tumors
that allow them to evade immune surveillance.[74] One well characterized tumor derived sialic acid
pattern that dictates monocyte/macrophage differentiation is the sialic acid ligands that are
produced by pancreatic ductal carcinoma that bind Siglec 7 and 9 and reduce inflammatory signaling,
increase PD-L1 a T-cell checkpoint ligand and increases IL-10. This pancreatic cancer produced sialic
acid pattern agonizes Siglec-7 and 9 which deactivates monocyte derived macrophages to their
quiescent state M2c state which cloaks tumors from both the innate and adaptive immune system
and permits tumors to grow unchecked.[75]

Another demonstration of the ability for sialic acid to determine inflammatory state was
demonstrated in a glycoprotein called serum amyloid protein a well characterized anti-fibrotic and
anti-inflammatory that targets fibrotic and inflammatory macrophages.[76] The innate immune
antifibrotic properties of SAP are mediated by the 0(2,6)- linked terminally sialylated glycan found
on the N32 position of SAP. If the sialic acid is removed from this glycan, it no longer has the anti-
fibrotic properties. [77] C-reactive protein which has similar sequence homology to SAP but is a pro-
inflammatory molecule can be made to behave like sialylated SAP by mutating CRP at position 32
from an alanine to an asparagine. This mutation resulted in an N-linked glycosylation added to the
surface of CRP which functionally made Sialylated CRP A32N behave like sialylated SAP. This
enabled CRP A32N to inhibit fibrocyte differentiation in human peripheral blood monocytes. [77]

3.3. Protein sialic acid mimetics not feasible pharmaceutical

This promise of developing immune modulating therapeutic proteins with altered glycosylation
is reduced by the difficulty and unpredictability of altering glycosylation by mutating amino acid
sequences. When CRP A32N was mutated, only 40% of the recombinant CRP A32N was sialylated.
[77] This absence of sialylation prevented the anti-fibrotic gain of function that sialylated CRP A32N
produced. This failure can be explained by the post translational nature of cellular glycosylation.

Protein glycosylation is based on O or N-linked glycosylation. O-glycosylation is defined by a
sugar attachment to the oxygen atom on amino acids serine or threonine. N-linked glycosylation is
defined by a sugar attachment to the nitrogen atom of an asparagine. To create a recombinant
glycoprotein with the correct glycan expression pattern the correct sialyltransferases must be
upregulated to produce a particular glycan pattern. Since most recombinant proteins are produced
in non-human cell lines, the cells do not express the correct glycosyltransferases. Because of these
technological hurdles these protein glyco-mimetic immune modulating therapeutics are not
druggable.

3.4. Naked PolySialic Acid not feasible pharmaceutical

3.4.1. PSA in Laser CNV model

The concept of just using sialic acid glycans by themselves has been investigated. In a laser
induced CNV model of exudative macular degeneration, «(2,8) linked polysialic acid was able to
reduce microglial/macrophage activation and recruitment indicating its ability in the eye to agonize
appropriate Siglecs which in the wild type mouse is Siglec-E the mouse ortholog of Siglec 7 and 9.
The intravitreal injection of this polysialic acid was also able to inhibit terminal complement complex
formation and reduce the size and leakage of the neovascular lesions significantly.[78]

doi:10.20944/preprints202310.1159.v1
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3.4.2. PSA in Parkinson’s model

Polysia was also shown to ameliorate inflammatory dopaminergic neurodegeneration in a
lipopolysaccharide induced Siglec 11 transgenic mouse model of Parkinson’s disease. Intraperitoneal
injection of LPS was followed by either injection of polysia or control and brains were then examined
for complement 4(C4) integrin alpha M (Itgam) a subunit of complement receptor 3 and C3. The
brains were also probed for oxidative burst pathway enzymes such as nitric oxide synthase 2 (NOS2)
and cytochrome b245 alpha and beta chain (Cyba/Cybb) . The polysia only reduced C4 expression
but not Itgam or C3 expression in the LPS challenged mice. Polysia could not reduce Nos2 or Cyba.
[79] It is unclear why PSA could not suppress these factors in vivo but none the less does not support
the use of PSA not presented on a NCAM like protein as a therapeutic.

3.4.3. PSA in Multiple Sclerosis model

In a model of multiple sclerosis, polysia dp-24-30 reduced nitric oxide, and recruited arginase-1
positive microglia to enhance remyelination in organotypic cerebellar slice culture of demyelination.
Interestingly polysia of dp-8-14 reduced in vitro differentiation and did not help with remyelination.
This observation demonstrates the specificity of Siglec receptors to the form of sialic acid and the
presentation of the Sialic acid.[80]

3.4.4. PSA in Alzheimer’s model

Polysialic acid fragments have also been delivered through the intranasal route to the brain of
mice who are deficient in polysia and two mouse models of Alzheimer’s disease. The diseases of
Alzheimer’s and schizophrenia have been associated with a deficit of neural cell adhesion molecule
(NCAM) which is the brains main repository of polysialic acid. While mice receiving this treatment
were shown to have rescued medial prefrontal cortex tasks. Studies of intracranial pharmacokinetics
demonstrated that these particles were only sparsely distributed in the mouse brain after 3 hours and
declined rapidly by 24 hours.[81]

3.4.5. PSA by itself not druggable

While exogenous polysialic acid has demonstrated beneficial effect in animal models of wet
AMD, Alzheimer’s and Parkinson’s disease, the ability to optimize sialic acid- Siglec immune cell
synapse, requires presentation, density, and persistence to mediate true immune cell deactivation.
[82] If a therapy were to be developed for geographic atrophy the drug would have to be
administered at least monthly so a drug would need to persist. This drug would also need to present
sialic acids in a multivalent fashion.

As has been demonstrated by these early proof of concept experiments, PSA alone would not be
feasible therapeutic from a biologic, pharmacokinetic and a biodistribution perspective.

3.5. PSA-Nanoparticles promising therapeutic strategy for AMD

Nanoparticles decorated with sialic acid have been used to increase blood circulation time[83]
and target tumor lectins for delivery of anti-tumor prodrugs. [84] The concept of decorating a
nanoparticle with sialic acid to down modulate inflammation by agonizing SIGLEC receptors was
first conceptualized and demonstrated in the laboratory of Professor Chris Scott. His lab decorated a
nanoparticle with disialic acid that functionally mimicked a protein covered with sialylated glycans.
This disialic acid o(2,8) linked decorated nanoparticle was able to completely abrogate a model of
sepsis and a model of acute respiratory distress. [85] This immune modulating demonstration paved
the way for a nanoparticle to be decorated with polysialic acid targeting microglial cells and
complement to abrogate microglial and macrophage M1 polarization by repolarizing macrophages
to the M2c healing macrophage.

3.5.1. PSA- nanoparticle mimics Microglial release of PSA-Proteins.

doi:10.20944/preprints202310.1159.v1
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This PSA-nanoparticle was designed to mimic PSA bearing proteins such as Neuropilin-2 or E-
selectin ligand -1. These PSA bearing proteins are secreted by microglia as part of the negative
feedback regulation of microglial inflammatory response to injury or toxic stress. [86] After LPS
administration in cell culture, PSA-neuropilin-2 and PSA-E-selectin ligand 1 are released in a
metalloproteinase -dependent manner into the cell culture media for at least 24 hours after LPS
challenge. The release of microglial derived polysia ligand that binds Siglec-E via a trans interaction,
in the setting of acute brain injury, consolidates the role of polysialic acid ligands expressed on
neuropilin-2 and e selectin ligand 1 as the main agonistic activator of Siglec -E which is negative
feedback regulator of microglial activation preventing unbridled inflammatory responses. [87]

(Figure 5)
Rescue
M1 Inflammatory-GA PSA-NP Polarizes
Phot t
V4 Macrophage/Microglia SRR
to the Healing
M2C State
. >
.. L] ¢
F L R
: Rescue RPE

Cells

°
o e
- § 2
®
K .'u
. h —>

Reduce Lipofuscin

M2 A,B Fibrotic- Improve Vision
Disciform Scar

Sialic Acid E E
Binding Ig Like _—
LEETE r P F P
(SIGLEC) I:FPOE ZD
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macrophages and microglia which will transform them into the M2 C healing state. This M2 C healing
macrophage/microglia will reduce activated macrophages, secrete neuroprotective and healing
factors such as BDNF and GDNF. This in turn will rescue photoreceptors, RPE cells and restore the
homeostatic parainflammatory function of microglia and potentially can halt GA progression and
improve visual function and vision.

3.5.2. PSA- nanoparticle promising AMD therapeutic

If this nanoparticle can mimics PSA -neuropilin 2 or PSA-e-selectin ligand 1 and can repolarize
activated M1 microglia/macrophages to the M2c healing state this will decrease M1 and increase M2c.
This repolarization has the potential to restore homeostatic healing microglial/macrophage function.
In the setting of macular degeneration, this homeostatic restoration could theoretically cease cellular
loss, normalize the parainflammatory environment, clear toxic substances such as auto fluorescent
lipofuscin, rescue pre-apoptotic photoreceptors/RPE cells and restore efficient visual pigment
regeneration. Potentially a treatment such as this could halt geographic atrophy growth, reduce
lipofuscin mediated autofluorescence at the edge of the GA lesion, and recover visual
function.(Figure 5)
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4. Conclusion

Currently a poly sialic acid nanoparticle has entered human clinical trials for the treatment of
geographic atrophy secondary to age related macular degeneration.[88] The PLGA nanoparticle core
will be resistant to degradation and should demonstrate prolonged half-life in the vitreous.[89] The
individual constituents of the nanoparticle are all biodegradable and have been proven safe for
intravitreal injections.

This nanoparticle therapeutic is a novel technology that targets microglia and macrophage cells
to repolarize their active state to the resolution healing state in a physiologic manner. This is a
paradigm shift in terms of targeting macrophages and microglia by agonizing their main sialic acid
binding checkpoint receptors (SIGLECS). If this therapeutic is proven to be effective in age related
macular degeneration it will open the door for the development of other sialic acid presenting
nanoparticle to treat diseases of acute, chronic inflammation such as arthritis, colitis, Lupus,
Alzheimer’s, multiple sclerosis, acute respiratory distress syndrome, liver fibrosis and other
inflammatory pathologies.
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