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ABSTRACT: Age-related macular degeneration (AMD) is a progressive neurodegeneration disease that causes 

photoreceptor demise and vision impairments. In AMD pathogenesis, the primary death of retinal neurons 

always leads to the activation of resident microglia. The migration of activated microglia to the ongoing retinal 

lesion and their morphological transformation from branching to ameboid-like are recognized as hallmarks of 

AMD pathogenesis. Activated microglia send signals to Müller cells and promote them to react correspondingly 

to damaging stimulus. Müller cells are a type of neuroglia cells that maintain the normal function of retinal 

neurons, modulating innate inflammatory responses, and stabilize retinal structure. Activated Müller cells can 

accelerate the progression of AMD by damaging neurons and blood vessels. Therefore, the crosstalk between 

microglia and Müller cells plays a homeostatic role in maintaining the retinal environment, and this interaction 

is complicatedly modulated. In particular, the mechanism of mutual regulation between the two glia populations 

is complex under pathological conditions. This paper reviews recent findings on the crosstalk between microglia 

and Müller glia during AMD pathology process, with special emphasis on its therapeutic potentials. 
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Introduction 

 

As a peripheral component of the central nervous system 

(CNS), the retina is composed of multiple layers of 

neurons and glial cells with complicated structure. The 

retina senses light stimuli and converts them into 

electrical signals, which are subsequently sent to the 

occipital cortex of the brain. Retinal microglia are 

specialized resident immune cells that distributed in 

regular arrays within the inner retina [1]. They 

continuously monitor the neural parenchyma and 

peripheral tissue microenvironment, and rapidly respond 

to tissue damage through the dynamic processes including 

activation, migration, proliferation, and enhanced 

phagocytosis activity. In particular, they also secrete 

abundant inflammatory mediators and neurotrophic 

factors to maintain homeostasis. Microglia can be divided 

into two main groups based on their cell function and 

surface markers: M1 (pro-inflammatory) type and M2 

(anti-inflammatory) type. M1 microglia secrete pro-

inflammatory factors such as tumor necrosis factor-α 

(TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and 

produce reactive nitrogen and oxygen free radicals [2]. 

The pathological insults rapidly trigger M1 microglia 

activation which would aggravate neuronal damage. 

Over-activation of M1-type microglia can produce a 

chronic inflammatory environment and promote the 

progression of AMD [3]. Conversely, M2 microglia can 
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release a number of protective and nutritional factors that 

improve phagocytosis and induce immunosuppressive 

responses. M2 microglia use several anti-inflammatory 

cytokines, including interleukin-4 (IL-4), interleukin-13 

(IL-13), interleukin-10 (IL-10), and transforming growth 

factor-β (TGF-β), to combat the pro-inflammatory 

response [4, 5]. They also play an important role in 

immune homeostasis by scavenging unwanted mannose 

glycoproteins. Müller cell is a type of microglial which 

has peripheral processes that densely infiltrate into all 

retinal layers. Müller cells not only play the role of 

scaffold and filling in the retinal structure, but also 

participate in the protein changes related to pathological 

insults. The alteration of Müller cells reactivity to injury 

may have cytotoxic effects on retinal neurons. Under 

pathophysiological conditions, Müller cells are activated 

to produce glial hyperplasia that damages retinal tissue 

and aggravates neuronal death. Possible triggers for 

gliosis ranging from "conserved" to "massive" gliosis will 

breakdown the blood-retinal barrier, resulting in an 

increase in the retinal and vitreous contents of growth 

factors, cytokines, and inflammatory factors [6].  

 

 
Figure 1. Pathogenetic factors and pathological features of age-related macular degeneration. Aging, inflammation, 

genetics, oxidative stress, angiogenesis, and Living habit are closely correlated with the development of AMD. The 

pathological features of AMD are geographic atrophy, drusen formation, retinal pigment epithelium damage, pigmentation, 

dying photoreceptor cell, choroidal neovasculariztion, retinal detachment.  

AMD is a degenerative neurological disease that is 

characterized by progressive apoptosis of retinal neurons, 

yellow lipofuscin deposition, geographic retinal atrophy 

and loss of central vision. AMD is the main cause of 

irreversible blindness in elderly population, with the 

global prevalence of more than 288 million [7]. The exact 

pathogenesis of AMD remains elusive. Pathological 

factors such as aging, smoking, high-fat diet, and genetic 

factors collectively contribute to the development of 

AMD [8]. Notably, inflammation of retinal tissue has 

been found to play a central role in the disease 

progression. Emerging evidences show that retinal 

pigment epithelium (RPE) dysfunction and photoreceptor 

cell apoptosis would lead to chronic inflammation within 

retina [9]. In addition, the accumulation of cellular debris 

in extracellular plaques and deposits of neurons can also 

cause chronic local inflammatory responses, which 

further aggravate the retinal damage. A common 

morphological feature among various phenotypes of 

AMD is the migration of microglia into the lower lumen 

of the retina [10]. The activated microglia can release 

cytokines which would further induce recruitment of 
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Müller cells. In this context, microglia and Müller cells, 

as two main types of endogenous retinal glia, interact with 

each other to mediated the degenerative process of AMD 

[11]. They can transform morphology and function 

through different reactions, thus determining the degree 

and speed of retinal damage. Therefore, it is of great 

significance to study the crosstalk between microglia and 

Müller glia in the pathology of AMD. 

 

Pathogenesis factors of AMD 

 

AMD is a multifactorial disease that is characterized by 

slowly progressive dysfunction of the RPE, loss of 

photoreceptors, and progressive retinal degeneration. At 

present, the precise molecular mechanism underlying 

AMD is not fully understood. Several pathological factors 

have been identified as contributors to the development of 

AMD, including aging, inflammation, genetic 

predisposition, oxidative stress, angiogenesis and lifestyle 

habits [12] (Fig. 1). 

 

Aging  

 

Age is the biggest risk factor, and almost all cases of 

advanced AMD occur in the elder population over 60 

years old. A meta-analysis study basing on different 

populations found that the prevalence of AMD increased 

exponentially with age, especially these advanced AMD 

cases (odds ratio 4.2 per decade) [13]. Bruch membrane is 

a kind of elastic membrane with perfect contraction 

ability. It undergoes the processive changes associated 

with aging. For instance, the cholesterol-rich fat carrying 

egg B100-containing lipoproteins would accumulate 

within the Bruch membrane over time [14]. Age-related 

lipid deposition may represent a precursor to AMD 

lesions, known as "pre-blindness". These lipoprotein-like 

particles can stimulate inflammatory infiltration, leading 

to the formation of basement membrane deposits [15]. 

One of the main components of lipoprotein-like particles 

is lipofuscin. Lipofuscin is an incomplete degradation 

residue of the light-related vitamin A cycle in the visual 

cycle and accumulates in RPE cells with age. Lipofuscin 

is formed when RPE cells engulf the discontinuous 

membrane at the end of the outer segment of the 

photoreceptor. Long-term accumulation of lipofuscin will 

result in senescence of RPE, and eventually lead to age-

related eye diseases like AMD. Aging causes narrowing 

of choroidal capillaries, decrease of blood flow area, and 

increase of lipofuscin deposition [16]. Aging also affects 

the function of white blood cells and affects the immune 

system of AMD patients. For instance, Fas ligand (FasL, 

CD95L) is a member of the tumor necrosis factor family 

of cytokines that contributes to modulating the 

neovascularization in damaged retina [17]. In AMD, the 

matrix metalloproteinases (MMP) activity increases with 

aging, and enhances the FasL cleavage on the cell 

membrane, resulting in limited apoptosis of inflammatory 

cells [18]. Additionally, a significant increase in the 

expression level of oxidized proteins or lipids has been 

detected in the retina of AMD patient, indicating that 

aging further causes accumulating oxidative stress that 

overburdens antioxidant system [19].  

 

Inflammation 

 

Inflammation plays an important role in the 

pathophysiology of AMD. There are solid evidences 

showing that chronic low-level inflammation and 

complement activation are involved in the formation of 

drusen in AMD patients. Drusen contains a variety of pro-

inflammatory factors, including apolipoprotein E, 

coagulation protein, complement components and 

activators [20]. Hageman et al. find that drusen is the 

product of local inflammatory response due to RPE 

damage [21]. It is considered as a hallmark of dry AMD, 

which can cause sever destruction of Bruch membrane, 

induce the growth of choroidal capillaries, lead to macular 

exudation and accelerate the development of AMD [22]. 

During aging, the malfunction of autonomic repair system 

may fail to restore stressed cells to a healthy state, causing 

them to undergo senescence. These senescent cells secrete 

pro-inflammatory cytokines and chemokines such as IL-

6, interleukin 8 (IL-8), TNF, IL-1α, IL-1β, monocyte 

chemoattractant protein (MCP)-1, MCP-2, Fractalkine/ 

CX3C chemokine ligand 1 (CX3CL1), and granulocyte-

macrophage colony-stimulating factor (GM-CSF). These 

mediators further stimulate neuroglia cells and activate 

complement system within the retina. If pathologic stress 

exceeds the repair capacity of resident macrophages, 

additional cytokines and chemokines may be released into 

circulation. This release can activate the systemic immune 

system and initiate retinal tissue remodeling [23]. 

Recently, Szatmari and colleagues established an in vitro 

AMD model by exposing human embryonic stem cell-

derived RPE (hESC-RPE) cells to H2O2. They found that 

mature macrophages take up these dead RPE cells and 

produce many pro-inflammatory cytokines, thereby 

activating the inflammatory process [24]. These findings 

highlight the fact that inflammation acts as a key 

pathogenesis factor of AMD. Further exploration of the 

inflammatory molecular web will help to provide new 

treatment for AMD. 

 

Genetics 

 

AMD is a multifactorial disease with an intricate genetic 

background. The International AMD Consortium 

conducted a large-scale study on the AMD-related genetic 
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loci, and they identified 52 common or rare variants which 

are independently associated with advanced AMD at 34 

genetic loci [25, 26]. It is estimated that genetic factors 

account for 55%-57% of the total variability in disease 

risk [27]. Other studies have shown that individuals with 

a family history have a 50% lifetime risk of developing 

advanced AMD, compared with 12% for those without 

family history [28]. Furthermore, genetic linkage analysis 

of AMD families has identified multiple candidate loci on 

most chromosomes, demonstrating the genetic 

heterogeneity of the disease. Fisher et al. analyzed the 

results of 6 published studies in the world through genome 

scanning integration analysis and confirmed that the gene 

loci most closely related to AMD susceptibility were 

chromosome 10q26, 1q, 2q, 3q, and 16 [29]. Complement 

factor H (CFH) is located on chromosome 1q, and intron 

variants of CFH gene are highly correlated with AMD 

[30]. Rare genetic variations in the complement factor I 

(CFI) gene have been shown to be associated with 

advanced AMD progression [31]. Complement factor 2 

(C2) is located on chromosome 6q and has a protective 

effect against advanced AMD, while the incidence of 

AMD is higher in individuals with unmutated genes [32]. 

Tissue Inhibitor of Metalloproteinase (TIMP3) encodes a 

matrix TIMP3 inhibitor that is involved in the regulation 

of extracellular matrix (ECM) degradation and is 

associated with senescence and Sorsby fundus dystrophy 

[33]. Allikmets et al. found that the sub-family A, member 

4 (ABCA4) gene is associated with the development of dry 

AMD, and it is changed in the early stage of clinical 

symptoms in patients [34]. In this context, the 

identification of genetic variants associated with AMD 

progression is critical to understand the background of the 

disease and formulate subsequent therapeutic strategy. 

 

Oxidative stress 

 

Retina is particularly affected by oxidative stress due to 

its high metabolic rate and oxygen consumption as well as 

photosensitizer molecules inside the photoreceptors. 

Excessive production of reactive oxygen species (ROS) 

can cause morphological damage and functional 

weakening of retina proteins, lipids, and DNA [35]. When 

retinas are exposed to biological and abiotic stressors such 

as hypoxia, the balance between oxidation and antioxidant 

would be disturbed. In particular, the special anatomical 

and metabolic characteristics of the retina provide an ideal 

environment for ROS production. The photoreceptor 

outer membrane, rich in polyunsaturated fatty acids, is 

easily oxidized by cytotoxic chain reactions [36]. 

Oxidative or metabolic stress may cause damage to retinal 

neurons and RPE cells, inducing an adaptive response 

from the immune system. In AMD, the oxidative stress 

over burdens the autonomic adaptive response, and these 

stressed retinal cells may experience senescence or 

apoptosis. Moreover, genetic variations in oxidative 

stress-related genes are closely associated with AMD risk, 

further supporting the role of oxidative stress in AMD 

pathogenesis [37]. 

 

Angiogenesis 

 

Stress to RPE are thought to facilitate the production of 

angiogenic factors that drive the formation of choroidal 

neovascularization (CNV) in neovascular age-related 

macular degeneration (nAMD) [38]. Degenerative 

alterations of the choroidal vessels are another possible 

pathological cause of angiogenesis. In the Bruch 

membrane of nAMD patients, a major component of the 

accumulated lipoprotein fragments is 7-keto cholesterol. 

7-keto cholesterol promotes microglia to release 

cytokines, such as TNF, which mediates the expression of 

vascular endothelial growth factor (VEGF), thereby 

inducing angiogenesis in retinas [39]. Normal retinal 

circulation requires VEGF for healthy choroidal and 

retinal vasculature. However, under pathological 

conditions, increased VEGF secretion stimulates 

endothelial cell proliferation and migration, promotes 

CNV, and damages the RPE barrier to accelerate the 

development of AMD [40]. 

 

Living habits 

 

Epidemiological studies have shown that smoking can 

cause oxidative damage to retinas. Chemical oxidants in 

cigarette deplete retinal tissue of ascorbic acid and protein 

sulfhydryl groups, leading to the oxidation of DNA, lipids 

and proteins [41]. Cytotoxic elements in cigarette also 

reduce plasma antioxidant level and up-regulate 

inflammatory cytokine level in the retinas of AMD 

patients [42]. Furthermore, Dietary habits, such as zinc 

deficiency, can sensitize RPE cells to oxidative damage 

[43]. A high cholesterol diet or high-sugar diet can cause 

pathological features of AMD, including 

hyperpigmentation and atrophy of RPE, lipofuscin 

accumulation and photoreceptor degeneration [44]. 

Macular pigment can absorb high-energy short-wave blue 

light and inhibit oxidative damage to the retina. However, 

these pigments cannot be synthesized by the body itself 

and needs to be ingested from nutritional supplements 

[45]. Some studies have recognized the beneficial role of 

diet habits in the development of AMD. The diet 

containing lutein and zeaxanthin have some delaying 

effect in AMD patients [46]. In addition, excessive 

exposure to Ultraviolet radiation can cause significant 

oxidative stress of RPE, resulting in loss of 

transmembrane potential and RPE apoptosis [47]. Low 

oxygen and high altitude also disrupt the balance between 



 Zhao N., et al.                                                              Neuroinflammation & Therapeutic Potential in AMD Crosstalk

  

Aging and Disease • Volume 15, Number 3, June 2024                                                                              1136 

 

pigment epithelium-derived factors (PEDF) and VEGF, 

leading to retinal neovascularization and ultimately AMD 

[48].  

 

Microglia activation and AMD  

 

Microglia are the main resident population of innate 

immune cells in the neural parenchyma. In the retina 

microglia are presented in the manner of mononuclear 

phagocytes, which can also be considered as macrophages 

of retina. Microglia exerts both protective and deleterious 

effects on intraretinal homeostasis. The main function of 

retinal microglia is to remove the cellular debris, aging 

neurons and degenerative synapses [49].  

Microglia has been identified as the primary immune 

regulator in AMD pathology. However, it is difficult to 

believe that microglia are the only immune cells 

responsible for disease progression in multifactorial 

diseases like AMD. In chronic conditions, recruited 

microglia and Müller cells activation are considered to be 

harmful. Activated microglia can signal to Müller cells, 

influencing their morphological, molecular, and 

functional responses. Müller cells respond to microglial 

activation by an upregulation of inflammatory mediators 

IL-1β, IL-6, and inducible nitric oxide synthase (iNOS) 

[50,51](Fig. 2). Müller cell responses are associated with 

adaptive and neuroprotective effects and do not involve 

expression of typical markers of gliosis. Therefore, 

microglia-Müller cell interactions appear to be a mode of 

bi-directional communications that promote the 

development of AMD.  

 

 
 

Figure 2. Role of microglia in age-related macular degeneration. Microglia can be activated in response 

to pathological stimuli. CX3CL1 binds to CX3CR1, the only receptor on the cell membrane, and inhibits the 

processing and release of mature IL-1β by caspase-1 with the active form; Extracellular ATP accelerates K+ 

efflux through ATP-gated P2X7 receptor, decreases intracellular potassium concentration, triggers activation 

of NLRP3 inflammasome and mediates caspase-1 activation; The activation of NF-kB promotes the 

transcription release of IL-1β. ROS, reactive oxygen species; NFAT, activated nuclear factor; NF-kB, The 

nuclear Factor Kappa-beta; NLRP3, PYD domains-containing protein 3 inflammasome; P2X7R, P2X7 

receptor; IL-1β, Interleukin-1β. 
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Microglia distribution and function within the retina  

 

Under physiological conditions, microglia are distributed 

in regular arrays within the retina, providing continuous 

immune surveillance of the extracellular environment 

through their dynamic process movements. Ramified 

microglia are usually confined to the inner retina, 

including the nerve fiber layer, ganglion cell layer (GCL), 

inner plexus layer (IPL), and inner nuclear layer (INL), 

which are composed of synapses between retinal neurons 

[52]. These ramified microglia are very sensitive to detect 

changes in the surrounding environment, and 

continuously collect signals from adjacent cells by means 

of high-frequency extension and contraction [53]. They 

can respond rapidly to stimulus by altering their activation 

status, acquiring the ability to migrate, proliferate, and 

secreting inflammatory mediators. These activated 

microglia (Iba-1 positive microglia) exhibit synaptic 

degeneration and display a typical amoeboid-like 

appearance. Activated microglia have three states named 

classical activation, alternative activation and acquired 

inactivation. Classical activation is associated with the 

production of pro-inflammatory cytokines such as TNF-

α, IL-1β, superoxide, nitric oxide (NO), ROS, and 

proteases. Microglia in this state are also known as "M1 

microglia" [54]. Alternative activation is a state that is 

under the control of anti-inflammatory cytokines such as 

IL-4 and IL-13. Microglia under this state is closely 

associated with M2 genes that promote antiinflammation, 

tissue repair, and reconstruction [55]. Acquired 

deactivation is another state to alleviate acute 

inflammation, and Microglia under this state this state is 

induced primarily by the uptake of apoptotic cells or 

exposure to the anti-inflammatory cytokines such as IL-

10 and TGF-β [56,57]. The interaction between pro- and 

anti-inflammatory cytokines ultimately leads to a chronic 

inflammatory response, which promotes the development 

of AMD. 

 

Molecular mechanisms of microglia involvement in 

AMD 

 

Microglia induce inflammatory response 

 

Microglia can promote para-inflammation and increase 

the occurrence rate of neurodegenerative disease. Retinal 

microglia induce excessive inflammatory responses in 

retina tissue, leading to disease progression and neuron 

death. Microglia accumulate in the subretinal space and 

show molecular markers of activation, producing a local 

pro-inflammatory environment [58]. Microglia migration 

and recruitment is associated with increased chemokines 

and cytokines, including IL-1β, and complement 

activation. In particular, therapeutic approach that 

targeting activated microglia can reduce chemokine 

synthesis in the damaged retina, thereby slowing down the 

progression of retinal degeneration [59]. Recent study 

shows that these infiltrated microglia can alter RPE 

function through a positive feedback mechanism, which 

in turn leads to disruption of immune privilege associated 

with AMD pathogenesis. Chronic inflammation by 

further recruiting and activating microglia would facilities 

the neointimal growth toward the retina [60]. the activated 

microglia promote retinal angiogenesis in hypoxia stress 

through neurovascular coupling and guide 

neovascularization to avascular areas (e.g., the outer 

nuclear layer and macula lutea) [61].  

The nuclear Factor Kappa-beta (NF-kB) is associated 

with increased cell survival, but in AMD it leads to 

microglia activation and neuronal damage through the 

production of neurotoxic and pro-inflammatory cytokines 

[62]. Isabella Palazzo et al. found that NF-kB signaling in 

the damaged retina was expressed in microglia only when 

reactive microglia were present. On the other hand, 

Inhibition of the NF-kB signaling pathway will reduce 

microglia recruitment and increase neuronal survival [63]. 

These findings highlight the possibility that strategies to 

inhibit microglia activation and inflammatory response 

may provide a promising therapeutic approach against 

AMD. Wu J et al. find that inhibiting phosphorylated p38 

MAPK can effectively block the release of inflammatory 

factors from these activated microglia [64]. A vivo study 

shows that Indole-3-carbinol (I3C) effectively prevents 

the accumulation of amoeba microglia in the inferior 

lumen of the retina, thus reducing the degree of retinal 

damage in a light-induced mouse model [65]. 

Intraperitoneal injection of the selective 18KDa 

translocator protein (TSPO) ligand XBD173 (AC-5216, 

emapunil) can reduce the expression of pro-inflammatory 

genes such as CCL2 and IL-6 and retain more branched 

non-reactive microglia in the phototoxicity damaged 

retina. Additionally, a vivo study also shows that XBD173 

treatment almost completely blocks light-induced retinal 

degeneration [66]. 

 

Microglia induce Oxidative stress 

 

Prolonged oxidative stress and constant light exposure 

induce chronic inflammation in the retina. Oxidative 

stress is associated with elevated intracellular ROS that 

generated mainly by electrons in the in the transport chain 

of hydrogen peroxide, superoxide and hydroxyl radicals 

[67]. ROS can enhance the expression of pro-

inflammatory genes and promote the release of 

inflammatory cytokines from microglia. These pro-

inflammatory factors further exacerbate oxidative stress 

by creating an amplifying loop cycle that leads to 

progression of AMD. Steven S et al. find that knockout of 
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the superoxide dismutase (SOD)-1 gene alone led to 

increased oxidative stress in retina, and the accumulation 

of microglia in the subretinal space [68]. During diverse 

neuropathological conditions in the retina, there is a 

robust increase in TSPO expression that colocalizes 

predominantly with activated microglia and increased 

intracellular ROS expression [69]. Accordingly, 

microglia-mediated oxidative stress plays an essential role 

in the pathophysiological process of RPE degeneration 

onset and progression.  

 

Microglia induce metabolic abnormalities 

 

In physiological condition, microglia express a large 

number of receptors for neurotransmitters that allow them 

to continuously monitor and respond to neuronal activity. 

When the retina is damaged, microglia are activated and 

release various bioactive molecules to affect the 

microenvironment of local retina. RPE cells under the 

influence of activated microglia may lose cellular 

integrity and intercellular contact. These affected RPE 

cells will proliferate in an unregulated manner, losing 

their original uniformly spaced monolayer structure and 

forming irregular cell aggregates [70]. Microglia 

activation can induce the progressive accumulation of 

lipofuscin, melanolipofuscin, and melanosome granules 

in RPE cells, thereby disturbing the normal metabolic 

activities of retinas. High melanolipofuscin content within 

foveal RPE cell bodies and abundant lipofuscin at the 

perifovea suggest metabolic abnormalities, plausibly 

related to the population of overlying photoreceptors [71]. 

Retina endothelial cells secrete glycolytic metabolites, in 

particular lactate, that trigger changes in local microglia 

metabolism to favor a hyper glycolytic state. These 

microglia express M1 markers, and produce both 

proinflammatory and proangiogenic cytokines, which 

ultimately resulting in pathological neovascularization 

[72].  

 

Microglia induce neurotoxicity 

 

Microglia overactivation and dysregulation might result 

in disastrous and progressive neurotoxic consequences. 

Chronically activated microglia are engaged in the 

phagocytosis of rod debris and exacerbate photoreceptors 

death by secretion of neurotoxic factors [73]. In particular, 

the cone photoreceptors are also highly vulnerable to the 

neurotoxic M1 cytokines released by microglia [74]. 

Under normal conditions, many growth factors and 

neurotrophic factors are essential for the survival of 

retinal neurons [75]. As the retinal degeneration starts, the 

activated microglia invade the degenerated photoreceptor 

layer and reduce the expressions of neurotrophic factors 

including nerve growth factor (NGF), ciliary neurotrophic 

factor (CNTF), and glial cell line-derived neurotrophic 

factor (GDNF) [76]. Oxidative stress in degenerative 

retinas impairs the processing of pro-NGF to mature NGF. 

Moreover, pro-NGF induces the production of TNF-α and 

activates the p38 MAPK-dependent pro-apoptotic 

pathway in the retina [77]. CNTF is an extracellular 

signaling protein mainly produced by Müller cells. CNTF 

initiates it signaling by interacting with its receptors 

which are expressed in the RPE and photoreceptors [78]. 

The deficiency of CNTF led to the up-regulation of visual 

cycle enzymes, increased 11-cis-retinal regeneration rate, 

and increased light sensitivity of rods and cones. These 

neurotoxic effects may contribute to the elevated levels of 

oxidative stress in the photoreceptors [79]. Additionally, 

the neurotoxic pro-inflammatory cytokines impair the 

proximal nerve stump, leading to extensive neuronal loss 

and axonal degeneration. Therefore, neurotoxicity 

induced by microglia activation may be one of the factors 

promoting the development of AMD. 

 

Interplay between microglia and RPE 

 

RPE displays several activities necessary for retinal 

homeostasis, including the transport of nutrients to 

photoreceptors and the removal of their metabolic wastes. 

In AMD pathology, RPE cells play a key role in 

modulating the activation and infiltration of innate 

immune cells including microglia, neutrophils, and 

monocytes [80]. Excessive oxidative stress altered protein 

assembling, dysfunction of mitochondrial form an 

internal feedback loop that leads to RPE failure, and 

allows the accumulation of misfolded proteins and 

abnormal lipids, resulting in the formation of drusen-like 

deposits. Drusen are immunologically active deposits 

containing oxidative lipids, lipofuscin, complement, and 

other immune activating components that develop as the 

consequence of RPE stress. Drusen can trigger chronic 

inflammation in the subretinal space, in which microglia 

are also involved [67]. The accumulation of subretinal 

microglia contribute to multiple features of AMD 

histopathology, including localized RPE structural 

changes and CNV formation [81]. Subretinal space is 

located between the apical surface of the RPE and the 

outer segment of the photoreceptors. It is a particularly 

interesting site for studying the relationship between 

microglia activation and RPE injury. After translocating 

to the sub-retinal space, the reactive microglia attain a 

reactive phenotype as M1 and M2. They prominently alter 

the cytoskeletal structure and inflammatory gene 

expressions in RPE cells [82]. Activated microglia induce 

RPE alterations that result in an elevated chemoattractant 

and proangiogenic environment, which increases the 

recruitment and activation of immune cells and fosters the 

growth of neovascular vessels in the retinas of wet AMD 
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[73]. A clinical study using donated eyes from AMD 

patients found that microglia accumulate in the subretinal 

space with a rather amoeboid, activated morphology, and 

display engulfed melanin or spontaneous fluorescent 

particles [83]. These amoeboid like microglia can affect 

the RPE-Bruch’s membrane, and cause pigmentation 

abnormalities [84]. The interaction between microglia and 

RPE cells causes the disruption of the outer blood retinal 

barrier (BRB) with the amplified recruitment of 

microglial cells by RPE-derived IL-6 [85]. 

 

Müller cells homeostasis and AMD 

 

Müller cell is the largest type of glial cell in vertebrate 

retina-which account for 90% of all retinal glial cells. 

They span the entire retina and maintain the structural 

stability of highly organized retinal layers [86]. Müller 

cells are capable of secreting neurotrophic factors, 

glutamic acids, and adenosine which are essential for the 

survival of retinal neurons. Müller cells embed 

themselves into neurons and serve as deformable 

substrates for neurite growth and branching [87]. Müller 

cells connected to adjacent cells through gap junctions to 

form a small communication web [88]. Müller cells are 

highly resistant to pathogenic stimuli such as ischemia, 

hypoxia and hypoglycemia. As the main antigen 

presenting cells, they processing antigens into 

immunogenic forms and main the normal anti-

pathogenesis activities of retina cells [6]. When the retina 

is confronted with pathologic insults, Müller cells respond 

rapidly to stress stimulus from the retinal 

microenvironment. They produce a high level of 

filamentous vimentin, with overproduction of glial 

fibrillary acidic protein (GFAP) that is usually found in 

the foot end of Müller cells [89]. This process is known as 

gliosis and can affect the function of neurons as well as 

blood vessels.  

In classic theory, Müller cells mediated reactive 

responses have both cytoprotective and cytotoxic effects 

on neurons. Especially in the early stages after retinal 

damage, Müller cell gliosis is conservative and 

neuroprotective [90]. Subsequently, the aggravation of 

damage can lead to an intensified Müller cell response, 

called "massive" or proliferation, in which gliosis is 

harmful to retinal tissue and exacerbates neuronal death. 

The breakdown of the BRB and increased levels of 

inflammatory factors in the retina and vitreous body may 

be the trigger that promotes gliosis to change from 

"conservative" to "massive" [91]. Recent study show that 

increased permeability of BRB can affect the gliosis of 

Müller cells [92]. Once the BRB is ruptured by laser 

damage in rats, the extravasation of plasma proteins and 

immunoglobulin-G may further activate the gliosis 

response of Müller cells [93]. In the later stages AMD, 

Müller cells overactivation will increase the susceptibility 

of neuronal ultimately lead to the development of 

neurodegeneration. Activated Müller cells promote the 

synthesis and secretion of TNF-α, interleukin, interferon, 

intercellular adhesion molecule-1, and NO, which are 

toxic to retinal neurons [94]. The unique intermediate 

fibers in Müller Cell and the focal upregulation of GFAP 

expression may associated with areas of drusen formation 

in AMD patients [95]. Drusen accumulates with age. 

Drusen are extracellular deposits composed of cell debris, 

lipoprotein, and amyloid deposits on the Bruch membrane 

below the RPE [96]. Impairment of RPE cell-Bruch 

membrane-choroid complex is thought to be closely 

related to the formation of drusen. Susceptibility genes, 

complement activation and cholesterol clearance system 

disturbances are also involved in the formation of drusen.  

Massive gliosis can destroy neurons-vasculature 

complex and inhibit tissue repair. In some of the more 

severe forms of reactive gliosis, Müller cells lose their 

functionality and form fibrotic scars that are inhibitory to 

neuronal regeneration. glial scar formation at the outer 

edge of the neuroretina can impede the regrowth of 

photoreceptor outer segments [97]. In some of AMD cases 

at late stages, the glial scar become contractile and lead to 

folds or deformations in the retina causing visual 

distortions [98]. In addition, reactive gliosis inhibits axon 

regeneration, and induces secondary damage to nearby 

neurons and glial cells. Some of the factors released by 

activated Müller cells such as the VEGF may exacerbate 

disease progression by inducing vascular leakage and 

neovascularization [99]. Furthermore, the dislocation of 

an astroglia potassium channel (Kir4.1) on Müller cell 

membrane reduces the K+ conductance of cell membrane, 

leading to a serious loss of the functions involved in 

normal neuron-glial cell interaction [100]. 

 

Crosstalk between Microglia and Müller cells  

 

Glial cells in the CNS will react in response to practically 

any kind of pathologic stimulus. Microglia, undergo a 

quite substantial change in their functional and structural 

phenotype when neurons in their immediate vicinity are 

damaged [101]. Müller cells demonstrate gliotic changes 

in response to pathological insults. microglia-Müller cell 

interactions appear to be a mode of bi-directional 

communications that help shape the overall injury 

response in the retina [90] (Fig. 3). Under normal 

circumstances, Müller cells constitute a potential source 

of extracellular ATP, mediating motor activity-dependent 

regulation of microglia dynamic processes. Müller cells 

secrete TSPO ligand that is expressed in microglia, and 

regulates microglia phagocytosis by inhibiting 

overactivation of microglia [102].  
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Figure 3. Schematic diagram of the crosstalk between microglia and synaptic cells. In normal retinal tissue, ramified microglia are 

mainly distributed in the ganglion cell layer, inner plexus layer and outer plexus layer. When stimulated by pathology, microglia cells 

react quickly and change into an activated state. The interaction between microglia and Müller cells forms a trophic factor control 

system in the process of retinal degeneration. GDNF, glial cell line-derived neurotrophic factor; CTNF, ciliary neurotrophic factor; 

NGF, nerve growth factor; PEDF, pigment epithelium-derived factors; VEGF, vascular endothelial growth factor; TGF-β, transforming 

growth factor-β; MCP-1, Monocyte chemoattractant protein-1.  

In order to ensure optimal homeostasis of retina, it is 

necessary to maintain a constant level of neurotrophic 

factors in retinal tissue. It has been shown that the 

interaction between microglia and Müller cells can act as 

a trophic factor control system in the process of retinal 

degeneration and may contribute to the protection of 

photoreceptors. When the microglia are over-activated by 

stress stimulus, they will send signals to Müller cells, and 

ask them to make some adjustments and promote their 

recovery in the event of injury [103]. However, prolonged 

interactions between microglial and Müller glial cell will 

become detrimental to retina and accelerate neuronal 

death. These chronic reactive Müller cells induce 

proliferative gliosis in degenerative retinas, and promote 

neuronal cell death by synthesizing and secreting TNF-α 

[102]. In addition to releasing chemotactic kinases, 

reactive Müller cells have been reported to provide 

adhesive cellular scaffolds that direct the movement of 

resident microglia across various retinal layers in the 

damaged retina [51]. A recent study also show that the 

bidirectional crosstalk promoted the further activation, 

migration and cell adhesion of microglia [104]. 

Researchers injected lipopolysaccharide into the vitreous 

cavity to increase the expressions of Müller-microglia cell 

adhesion molecules. This induction can lead to the radial 

displacement of activated microglia across retinal layers 

[51]. These adjustments would amplify the inflammatory 

response in the degenerative retina. Müller cell activation 

releases ATP via connexin 43 (CX43) semi-channels and 

activates microglia via ATP/P2X7 receptor (P2X7R) 

pathways [105, 106]. these Activated microglia in turn 

enhance the retinal inflammatory response induced by 

Müller cell activation, thus exacerbating retinal ganglion 

cell (RGC) loss in degenerative retina [107]. Collectively, 

these evidences suggest that the interaction between 

microglia and Müller cells can contribute to the retinal 

degeneration and the apoptosis of retinal neurons. P2X7R 

is a trimeric ATP-gated cation channel that can be 

activated by extracellular adenosine triphosphate (ATP). 

The activation of P2X7R leads to the release of pro-

inflammatory mediators and cellular damage [108]. In 

glaucoma patients, extracellular ATP levels increase as 

intraocular pressure increases, adversely affecting the 

survival of RGC in retina [109]. Studies have shown that 

injecting benzoylbenzoyl-ATP (BzATP), a P2X7R 

agonist, into the vitreous cavity of mice can reduce the 

branch length of microglia and increases the cell body of 

microglia. the P2X7R activation occurs rapidly with the 

increase of intraocular pressure after stimulation [110]. In 

another in vitro study the P2X7R antagonist eye drops 
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(JNJ47965567) were chronically applied on the DBA2J 

mouse, a genetic model of spontaneous glaucoma. The 

results showed that the P2X7R inhibition leads to the 

reduced number of activated microglia, enhanced survival 

of RGC, and the improved retinal electroretinogram 

(ERG)function [111]. SOD1 is a highly reactive oxidant 

which participates in the conversion of superoxide 

radicals into hydrogen peroxide and molecular oxygen, 

thereby shielding the cells from oxidative stress. Chronic 

oxidative stress and AMD-like features such as drusen, 

choroidal neovascularization, RPE dysfunction has been 

detected in mice with Sod knockout (Sod1 KO mice). 

Carver et al. investigated whether concurrent knockout of 

P2X7R could block AMD-like pathological features in 

Sod1 KO mice. The experimental results showed that 

P2X7R knockout saved the retinal thickness of Sod1 KO 

mice, alleviated oxidative stress, and significantly 

reduced the number of activated microglia [68]. 

Furthermore, increased retinal microvascular 

permeability is recognized as a pathological hallmark in 

diabetic retinopathy (DR). researchers found that P2X7R 

mRNA and protein levels increased significantly in a 

Streptozotocin (STZ) -induced DR rat model, 

accompanied by the release of inflammatory cytokine IL-

6. Intraperitoneal injection of P2X7R antagonist 

(AZ10606120 or A740063) reversed the defects in retinal 

vascular permeability and inhibit the release of 

inflammatory cytokines [112]. In this context, P2X7R 

plays an important role as a new pharmacological target 

in retinal diseases, which may have relevant clinical 

implications.  

 

Current therapeutics strategies targeting the 

neuroglia interaction  

 

Current clinical trials have investigated drugs, biologics, 

and small molecules that target AMD pathogenesis, such 

as oxidative stress, visual cycle inhibition, complement 

activation, retinal/choroid blood flow, beta-amyloid 

protein (Aβ), and lipid accumulation (Table.1). However, 

none of them that can halt completely the progression of 

AMD [113]. The microglia-Müller cell interaction 

appears to be a potential therapeutic target. In patients 

with AMD, microglia migrate to the photoreceptor layer 

and the inferior lumen of the retina, showing a strong 

proliferation enhancement. Activated microglia are found 

to kill photoreceptors in the outer retina in patients with 

advanced AMD [114]. Gliotic Müller cells display a 

dysregulation of various neuron-supportive functions. 

They induce disturbances of retinal glutamate metabolism 

and ion homeostasis, and cause the development of retinal 

edema and neuron death [115]. Therefore, regulating the 

activation phenotype of microglia and Müller cells may 

act as an effective control method for the treatment of 

AMD. 

 
Table 1. Summary of therapeutic Compound/ Drugs for AMD.  

 
Category Compound/Drug Targets Experimental object  Reference 

Anti-

inflammatory 

Methotrexate the transmethylation products 

spermine, spermidine 

Human [117] 

 Rapamycin COX2 Human [118] 

 Infliximab TNF-α Human [192] 

 Tetracyclines inhibit caspase activation Human [181] 

 Minocycline CCL2，IL-6, iNOS BV-2 microglia cell [121] 

 Cortisone fluoride (FA),  

Triamcinolone acetonide (TA) 

CCL2, IL-6, IL-8 Mouse, 661w cells, 

ARPE-19 cells 

[122, 193] 

 Epigallocatechin-3-gallate HIF-1α/VEGF/VEGFR2 mouse [127] 

 Theissenolactone B (LB53) NF-κB, ROS ARPE-19 cells, mouse 

BV-2 cells, mouse 

[60] 

 Resveratrol (3,4',5 trihydroxy-

trans-stilbene) 

IL-6, IL-8 RPE cells [129] 

 Curcumin reduces free radicals ARPE-19 cell [132] 

Complement 

system 

POT-4 C3 Human [141] 

 APL-2 C3 Human [143] 

 Efdamrofusp alfa C3b, C4b Human [145] 

 recombinant FH (recFH) C3 mouse [148] 

Antiapoptotic Centella asiatica extract (CA-

HE50) 

Nrf2/HO-1 ARPE-19 cells, mouse [149] 

 Delphinitin Bax, caspase-3 ARPE-19 cells [151] 

 Shihu Yeguang Pill (SYP) c-fos, c-jun, Bcl-2, TNF-α Human, mouse [153] 

 Cordyceps militaris (CMCT) NADPH oxidase-1 (NOX1), 

ROS 

ARPE-19 cells [155] 
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 Alpha-mangostin (α-

mangostin, α-MG) 

Bax, caspase-3, PI3K/AKT-

PGC-1α/STRT-3 

ARPE-19 cells [158] 

Anti-VEGF Ranibizumab, Bevacizumab All VEGF-A subtypes Human [169,173,194] 

 Faricimab VEGF-A, Ang-2 Human [184,185] 

 Pegaptanib VEGF165 Human [118] 

 Aflibercept VEGF-A, VEGF-B, PLGF Human [178] 

 Brolucizumab VEGF-A Human [188] 
 

Anti-inflammatory drug 

 

Sustained inflammatory response promotes the 

pathological processes of degenerative retinopathy [116]. 

Anti-inflammatory drugs such as corticosteroids, non-

steroidal anti-inflammatory drugs (NSAIDs), 

immunosuppressants (such as methotrexate and 

rapamycin), and biologic agents (such as Infliximab, 

daclizumab, and complement inhibitors) can provide an 

alternative therapeutic to inhibit the progression of AMD 

[117]. Tetracycline is a broad-spectrum antibiotic with 

anti-inflammatory effects. It can reduce ROS, inhibit 

caspase activation, prevent complement activation, and 

inhibit MMP. Recent study show that tetracycline can 

inhibit inflammatory cytokine production through their 

effects on microglia and T cell activation [118]. It has also 

been reported that tetracycline can target low-grade 

inflammation caused by abnormal complement pathway 

activation, which is thought to underlie the pathogenesis 

of AMD. Tetracycline may slow the progression of 

geographic atrophy (GA) [119]. Minocycline is a semi-

synthetic tetracycline analogue that highly penetrates the 

blood-brain barrier and produces anti-inflammatory 

effects [120]. Rashid, K. et al. studied the effect of 

minocycline on BV-2 microglia in vitro. The results 

showed that minocycline significantly decreased the 

transcription of CCL2, IL-6 and iNOS in microglia. The 

immunomodulatory properties of minocycline on 

photoinduced retinal degeneration in mice were also 

investigated. In vivo experiments showed that 

minocycline downregulated the expression of microglia 

activation marker TSPO and CD68, and significantly 

reduced the number of activated microglia [121]. 

Moreover, Tanja Racic et al. have reported the anti-

inflammatory effects of cortisone fludrocortisone (FA) 

and triamcinolone acetonide (TA) on the Müller cell-

mediated inflammatory responses. After stimulating 

Müller glial cells with IL-1β or TNF-α, FA and TA can 

significantly reduce the expression of downstream 

inflammatory cytokines such as CCL2, IL-6 and IL-8 

[122]. Another study show that TA reduces the Müller 

cells activation in mice received argon laser 

photocoagulation, as evidenced by the decreased number 

of infiltrating inflammatory cells [123]. Cellular 

retinaldehyde-binding protein (CRALBP) is expressed in 

RPE and Müller cells and binds to 11-cis-retinol and 11-

cis-retina, thereby maintaining the chromophore supply of 

rod and cone photoreceptors. CRALBP is encoded by 

Retinaldehyde-binding protein 1 (RLBP1) gene and 

mutations in RLBP1 lead to an autosomal recessive form 

of retinal degeneration [124]. An animal study has shown 

that intravitreal injection of TA can reduce the 

phosphorylation level of p38 stress-activated protein 

kinase (p38/SAPK), inhibit the expression of c-Jun N-

terminal kinase/stress-activated protein kinase 

(JNK/SAPK), thereby suppressing the neuroglia 

activation in RLBP1-CreER-DTA176 transgenic mice 

[125, 126]. Collectively, these findings suggest that 

glucocorticoids may have potential value in the treatment 

of AMD. Some nature compounds also have the potential 

to be developed as an anti-AMD drug. For instance, 

pigallocatechin-3-gallate, can also alleviate laser-induced 

CNV leakage and reduces CNV area in AMD mice by 

down-regulating HIF-1α/VEGF/VEGFR2 pathway [127]. 

Lin FL et al. explored the theissenolactone B (LB53) 

induced effects on the sodium iodate (NaIO3)-induced 

retinal degeneration. They found that LB53 could protect 

retinal neuron function, improve retinal blood flow, and 

effectively reduce the photoreceptor loss in the NaIO3 

induced AMD mouse model [60]. matrix 

metalloproteinase-9 (MMP-9) is expressed in Bruch’s 

membranes and RPEs, blood vessels (endothelial cells), 

and stroma. MMP-9 can enhance the release of 

inflammatory cytokines and chemokines [128]. In vitro 

studies showed that LB53 showed strong anti-MMP-9 

activity in RPE cells and exerted strong anti-inflammatory 

effects on microglia [60]. Resveratrol (3,4',5 trihydroxy-

trans-stilbene) is a plant phenolic with potent anti-

inflammatory properties. Losso et al. find that resveratrol 

inhibits the production of inflammatory cytokines, such as 

IL-6 and IL-8, in the RPE cells following a dose-

dependent manner [129]. Another in vitro study also 

shows that Carbon Monoxide-Releasing Molecules 

(CORMs) can activate the expression of genes associated 

with nuclear factor erythroid 2 associated factor 2 (Nrf2) 

in intense light- damaged RPE cells. CORMs significantly 

inhibit the expression of TNF-α induced intercellular 

adhesion molecule 1 and abolishes the VEGF-induced 

migration of endothelial cells [130]. Curcumin is a 

polyphenol compound extracted from turmeric root, 

which has antioxidant, anti-inflammatory, anti-

mutagenesis, antibacterial and anticancer activities [131]. 

An in vitro study shows that curcumin reduces the 

expression of free radicals and enhances the expressions 



 Zhao N., et al.                                                              Neuroinflammation & Therapeutic Potential in AMD Crosstalk

  

Aging and Disease • Volume 15, Number 3, June 2024                                                                              1143 

 

of SOD and glutathione (GSH) in a hydrogen peroxide-

induced ARPE-19 cell senescence model [132]. 

Therefore, targeting neuroinflammation through anti-

inflammatory strategies may slow the progression of 

AMD.  

 

Targeting the complement system 

 

Complement system is a highly interacting network of 

immune proteins which are activated in cascades to 

neutralize microbial invaders or endogenous stress signals 

through potent opsonophagocytic and inflammatory 

mechanisms [133]. The mRNA of complement 

components, such as C1qb, C1r, C2, C3, C4, complement 

factor B (CFB) and CFH, are detected in the retina, RPE 

layer and choroid, indicating the complement regulatory 

system exists in these tissue [134]. Notably, genome-wide 

correlation studies have clearly shown that genetic 

variations in the complement system are associated with 

AMD pathogenesis. Retinal microglia and RPE cells are 

the main cellular sources of local complement expression. 

CD46, CD59 and CFH are detected in chorionic 

membranes of RPE cells [135]. Other studies show that 

complement 5a receptor (C5aR), a receptor of the 

complement system C5a, plays an important role in the 

inflammatory response and tissue regeneration [136]. 

C5aR is expressed in RPE cells, microglia, and Müller 

cells [134]. The relationship between complement and 

microglia is closed, because microglia act as resident 

immune sensors in the retina and can be rapidly 

transformed into reactive phagocytes following stimulus 

insults [11]. In patients with atrophic AMD, the 

deposition of complement (including C3) in the lesion 

promotes the disease progression [26]. C3-expressing 

microglia/macrophages and complement activation is 

found in the expanded area of external retinopathy in 

degenerative retinas. Thus far, the complement-mediated 

retinal inflammation has been well explored, with some 

preclinical and clinical studies suggesting that inhibiting 

specific complement pathways exerts a protective effect 

on degenerative retinopathy. For instance, Induction of 

CNV by laser damage is a classic method to establish Wet 

AMD animal model. Inhibition of C3a, C5a, CFB, and 

membrane attack complex (MAC) or the complement 

regulatory molecules CD59 and CFH can inhibit the 

occurrence of CNV in the laser induced AMD model 

[137-139]. Natoli R et al. demonstrated that vitreous 

delivery of small interfering RNA (siRNA) inhibits local 

expression of C3, thereby suppressing retinal complement 

activation and reducing the scale of retinal degeneration 

[140]. POT-4 compost protein is a cyclic peptide that 

inhibits C3 cracking and prevents complement activation. 

A preliminary evaluation in a Phase I study of 

vitreous injection of POT-4 in AMD patients showed 

favorable effectiveness and safety [141]. The second-

generation compstatin derivative Pegcetacoplan (APL-2) 

with a longer half-life. APL-2 is a cyclic peptide 

conjugated with polyethylene glycol polymer, which acts 

as an inhibitor for the C3 and prevents overactivation of 

complement system [142]. 

In the Phase II clinical trial (FIL-LY), GA lesion 

growth was 29% lower in the APL-2-treated group after 

intravitreal injection than in the control group. In a post 

hoc evaluation six months after the trial, APL-2-treated 

group showed a significant 47 percent reduction in lesion 

growth [143]. Macular-FAG, consisting primarily of a 

mixture of fatty acids, can ameliorate retinal degenerative 

events associated with advanced AMD by inhibiting the 

activation of C3 and C5 in the complement system, 

thereby reducing macrophage recruitment. Fatty acid 

based dietary supplement of Macular-FAG reduces retinal 

and RPE/choroid inflammation. Immunohistochemical 

results showed that Macular-FAG alleviated the retinal 

degeneration in a polyethylene glycol (PEG)-400 induced 

AMD model [144]. Efdamrofusp alfa is a bispecific fusion 

protein that binds to the VEGF isoform and complement 

factor C3b/C4b. A recent study has verified the safety, 

tolerability, and efficacy of efdamrofusp alfa in the 

treatment of wet AMD. 20 weeks after intravitreal 

injection of efdamrofusp alfa, the central subfield 

thickness (CST) and CNV area of treated eye decreased 

significantly [145]. CFH consists of 20 complement 

control protein (CCP) units, in which CCPs1-4 is 

responsible for the cofactor and accelerated degradation 

activity of CFH, while CCPs6-8 and CCPs19-20 carry two 

binding sites of glycosaminoglycan (gag) on the host cell 

and Bruch membrane [146]. CFH acts in body fluids and 

cell surfaces by preventing the formation of C3/C5 

invertase and assisting the degradation of C3b through FI. 

Complement inhibition is to a large extent achieved by the 

FI induced proteolytic degradation of complement factors 

C3b and C4b [147]. CFH is an inhibitor that replaces the 

complement pathway and prevents overactivation of 

complement. Impairment of the regulatory function of 

CFH leads to the occurrence of inflammation, which is 

associated with the development and progression of 

AMD. In a mouse model nAMD, intravitreal injection of 

recombinant FH (recFH) reduced CNV area as effectively 

as anti-VEGF antibodies. recFH also reduces the 

deposition of microglia recruitment markers in C3 cut 

fragments, MAC, and CNV lesions [148]. These findings 

suggest that modulating the complement cascade 

activation provides potential reference value for the 

clinical treatment of AMD. 

 

Antiapoptotic drug 
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Caspase-dependent and caspase-independent pathways 

can lead to the loss of photoreceptors in the degenerative 

retina. Thus, anti-apoptotic drugs may provide another 

avenue for AMD treatment. Centella asiatica extract (CA-

HE50) inhibits apoptosis cascades through Nrf2/HO-1 

signaling pathway and increases the survival of retinal 

ARPE-19 cell line. In AMD mouse model, CA-HE50 

significantly increases the thickness of ONL and 

preserves most of the ONL nuclei [149]. Delphinidin is a 

type of antioxidant drug that exhibits anti-inflammatory, 

antiproliferative, and antitumor activities in cancer cell 

lines [150]. A study shows that delphinidin effectively 

protects human ARPE-19 cells from oxidative damage 

induced by H2O2 through anti-apoptosis and antioxidant 

effects [151]. Maternally expressed gene 3 (MEG3) 

silencing has a protective effect on photo-induced retinal 

degeneration and photoreceptor cell apoptosis in vivo. 

Mechanistically, MEG3 regulates the function of retinal 

photoreceptor cells by acting as a p53 decoy. MEG3 

silencing reduces caspase 3/7 activity, up-regulates the 

expression of Bcl-2 and down-regulates the expression of 

Bax [152]. Shi hu Ye guang Pill (SYP) is a classic Chinese 

medicine formula with a long history of clinical 

application, which is widely used in the treatment of 

retinopathy in China. Hanhan Wu et al. showed that SYP 

treatment could reduce the structural and functional 

damage of retina caused by phototoxicity. Real-time PCR 

analysis showed that the abnormal expressions of pro-

apoptotic c-fos and c-jun, anti-apoptotic Bcl-2 and pro-

inflammatory TNF-α in damaged retina after SYP 

treatment [153]. Carotenoids exhibit natural 

immunomodulatory, antioxidative, antitumor, antiaging, 

and antibacterial properties, as evidenced by several 

related studies [154]. The carotenoids obtained from 

isolation and purification of Cordyceps militaris (CMCT) 

inhibited the production of H2O2-induced ROS and the 

protein expression of NADPH oxidase-1 (NOX1). CMCT 

improved the levels of malondialdehyde (MDA), 

decreased the expressions of catalase (CAT), SOD and 

GSH in cells induced by oxidative stress. CMCT protects 

ARPE-19 cells from oxidative stress-induced damage 

through its antioxidant activity and anti-apoptotic 

function, suggesting the potential therapeutic role of 

CMCT in the prevention and remission of AMD [155]. 

miR-155-5p targets the following cell cycle and 

proliferation-related genes: cyclin-dependent kinases2 

(CDK2), cyclin-dependent kinases4(CDK4), cyclin 

D1(CCND1), and cyclin D2(CCND2). mini-αA is a 

functional fragment of αA-crystallin with molecular 

chaperone activity [156]. A recent study showed that the 

expression of miR-155-5p was up-regulated in NaIO3-

induced cells, while down-regulated in mini-αA treated 

cells. Dual luciferase reporter assay was used to verify the 

targeting binding relationship between miR-155-5p and 

CDK2. The results showed that mini-αA could reverse the 

oxidative damage and apoptosis induced by NaIO3. miR-

155-5p is involved in the anti-oxidative damage and anti-

apoptotic effects of mini-αA through CDK2 regulation 

[157]. Chuang, C.J. et al. demonstrated that alpha-

mangostin (α-mangostin, α-MG) has inhibitory effects on 

NaIO3-induced ROS dependent toxicity in vivo and in 

vitro. α-MG significantly increased cell viability and 

reduced cell apoptosis induced by NaIO3-induced 

oxidative stress by inhibiting Bax, Poly (ADP-ribose) 

(PAR) polymerase-1 (PARP-1), cleaved caspase-3 and 

enhancing Bcl-2 protein expression. In vivo studies 

showed that α-MG improved retinal morphological 

structure, increased the thickness of the outer and inner 

layers by suppressing cleaved caspase-3 expression [158]. 

The study of anti-apoptosis mechanism may provide more 

strategies for clinical treatment of retinal diseases. 

 

Stem Cell Therapy 

 

Stem cells are infinitely self-renewing cells that can 

differentiate into other cell types. Induced pluripotent 

stem cells (iPSCs) and hESCs can differentiate into retinal 

cells and have the same characteristics as the original cells 

at both genetic and functional levels. The first clinical 

trials of hESCs and iPSCs from patients with AMD were 

conducted in the US and Japan. Preliminary and phase I/II 

clinical studies showed that hESCs -derived RPE cell 

therapy is safe and effective in promoting central and 

peripheral vision in patients with AMD [159, 160]. Da 

Cruz, L. et al. developed a therapeutic, biocompatible 

hESC-RPE monolayer on a coated synthetic membrane, 

herein termed a “patch”. Then, an RPE patch is placed in 

the subretinal space using a surgical delivery tool. Two 

patients' vision improved by 29 and 21 letters over 12 

months, respectively [161]. These new technologies help 

improve vision and provide novel treatment strategies for 

AMD. Subretinal transplantation of hESCs -derived RPE 

cells was performed in a preclinical mouse AMD model. 

Seven months after treatment some injected cells formed 

RPE monolayers above the primary layer [162]. In a 

similar study, retinal progenitor cells (RPCs) from hESCs 

were integrated into the GCL of mice, expressing the 

RGCs marker Brn3a, and the ONL of injected animals 

was accompanied by an increase in thickness [163]. In a 

retinitis pigmentosa (RP) mouse model, subretinal 

transplantation of iPSC-derived RPE spheroids delayed 

thinning of retinal ONL, increased PEDF levels, reduced 

the number of apoptotic cells as well as microglia 

infiltration in the retina [164]. In 2019, Banin et al. 

reported in an interim report on the Phase I/IIa trial (NCT 

02286089) of 12 patients with advanced dry AMD and 

GA that when administered in combination with systemic 

immunosuppression prior to transplantation, hESC-
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derived RPE cells were well tolerated in patients. 

Transplanted cells were detected in the inferior lumen of 

the retina and improvements in the RPE layer along the 

GA margin were observed. In 2020, they updated Group 

4 of the Phase I/IIa trial (NCT 02286089) to report 

improved vision and changes in the appearance of glass 

warts in treated patients. Preretinal membrane (ERM) 

formation and retinal detachment were observed in a few 

patients, all of whom were successfully treated [165]. 

Challenges in stem cell therapy in addition to the 

protective and regenerative effects of stem cell 

transplantation in retinal diseases, several clinical and 

preclinical studies have reported transplant-related 

adverse effects. For example, in a rat model of anterior 

ischemic optic neuropathy, vitreous transplantation of 

human Wharton’s jelly mesenchymal stem cell (WJ-

MSCs) induced retinal damage and severe inflammation 

with macrophage infiltration. However, vitreous injection 

of conditioned medium (CM) from Mesenchymal Stem 

Cell (MSC) inhibited apoptosis of RGCs and reduced 

inflammation by inhibiting microglia activation and 

macrophage infiltration [166]. However, the disadvantage 

of stem cell therapy is that it takes a lot of time and money. 

  

Anti-vascular endothelial growth factor (VEGF) drugs  

 

Anti-VEGF-A antagonists, such as ranibizumab, 

bevacizumab, pegaptanib and aflibercept, have been used 

for the treatments of wet AMD in clinical practice. 

Vitreous anti-VEGF drugs inhibit the functional activity 

of pro-angiogenesis factors with different targeting 

selectivity, affinity and potency [167-169]. Pegaptanib is 

a pegylated oligoribonucleotide that binds to VEGF165 

with high specificity and affinity. It is the first intravitreal 

anti-VEGF therapy specifically developed for nAMD 

[170]. Two simultaneous, multi-centers, prospective, 

randomized, double-blind and controlled clinical trials 

were conducted on AMD patients who have received a 48-

week pegaptanib treatment. During the treatment, three 

intravitreal doses of pegaptanib (0.3mg, 1.0mg, and 

3.0mg) were given every 6 weeks. Results of the efficacy 

analysis showed that a significantly higher proportion of 

patients maintained or improved visual acuity in the 

Pegaptanib treatment group compared to the sham 

injection group [171].  

Bevacizumab is the first approved angiogenesis 

inhibitor that targets VEGF-A monoclonal antibody 

fragments [172]. Bevacizumab can reduce the expression 

of genes related to angiogenesis, apoptosis, inflammation 

and oxidative stress in a variety of cell lines [173]. 

Bevacizumab, used as an off-label drug, has been shown 

to be effective in treating nAMD [174]. In a clinical study, 

Bevacizumab (0.5mg) was injected intravitreal into 18 

eyes of nAMD patients, and visual ability was examined 

one month after injection and three months after injection. 

The results showed that changes in central foveal 

thickness (CFT) were improved after intravitreal injection 

of bevacizumab. Mean retinal sensitivity in the macular 

field improved significantly 1 month after anti-VEGF. 

The results indicate that bevacizumab is effective in 

treating nAMD [175]. 

Ranibizumab and bevacizumab are angiogenesis 

inhibitors that target VEGF-A monoclonal antibody 

fragments. In multiple clinical trials and long-term 

studies, ranibizumab has shown its good efficacy and 

safety for the treatment of CNV [176]. In the MARINA 

(Minimally Classic/Occult Trial of the Anti-VEGF 

Antibody Ranibizumab in the Treatment of Neovascular 

AMD) and ANCHOR (Anti-VEGF Antibody for the 

Treatment of Predominantly Classic Choroidal 

Neovascularization in AMD) trials, it was demonstrated 

that about 88% of patients treated with monthly 

intravitreal injections of ranibizumab had improved vision 

after two years [169]. Aflibercept is a fusion protein 

containing the second Ig domain of human VEGF 

receptor (VEGFR). It can fuse with the constant region 

(Fc) of human IgG1 (115 kDa) [177]. Aflibercept captures 

VEGF-A, VEGF-B and placental growth factor (PlGF), 

thereby improving the visual acuity and macular 

morphology in a large number of treatment-naive eyes 

with polypoidal choroidal vasculopathy (PCV) [178]. 

PlGF is a multifunctional peptide that contributes to the 

angiogenesis pathology in several ocular diseases. For 

instance, PlGF level in the vitreous body of DR patient is 

positively correlated with degree of retinal ischemia 

[179]. Lazzara et al. have demonstrated that aflibercept 

and anti-PLGF antibodies protect human retinal 

endothelial cells (HRECs) and mouse RPEs from high 

glucose damage by blocking the ERK pathway activation 

and the subsequent TNF-α release. Another experiment 

showed that the level of TNF-α protein in the retinal tissue 

of diabetic rat reduced significantly after intravitreal 

injection of aflibercept [180]. Aflibercept also can 

modulate the retinal inflammation in oxygen-induced 

retinopathy (OIR) mouse models. Retinas of OIR mice 

treated with aflibercept showed an increased number of 

branching microglia (the "resting" state) and a reduced 

number of the activated microglia compared with 

untreated controls. Taken together, these findings suggest 

that aflibercept acts an effective modulator of retinal 

inflammation in degenerative retinopathy [181]. 

Faricimab (faricimab-svoa; Vabysmo™) is a bi-

specific antibody that binds to a VEGF-A and 

angiopoietin-2 (Ang-2). Faricimab was first approved in 

the United States for the treatment of retinal neovascular 

disease in 2022 [182]. It is designed to utilize the specific 

heterodimerization of two different antigen-binding 

domains. Its Fc domain has been optimized to eliminate 
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binding interactions with neonatal Fc and Fc gamma 

receptors, which reduce the antibody's systemic half-life 

and the likelihood of inflammatory side effects [183]. In 

two randomized, double-blind, Phase III, non-adverse 

trials, patients over 50 years of age who were initially 

treated with nAMD were randomly assigned (1:1) to 

receive intravitreal injection of faricimab 6.0 mg up to 

every 16 weeks or intravitreal injection of aflibercept 2.0 

mg every 8 weeks. Nine months later, in TENAYA 

results, patients treated with faricimab had a mean change 

in best-corrected visual acuity (BCVA) of 5.8 letters from 

baseline correction; Patients treated with aflibercept 

corrected for an average change of 5.1 letters. In the 

LUCERNE trial, patients treated with faricimab and 

aflibercept both experienced an average change in BCVA 

of 6.6 letters from baseline correction after eight months. 

The mean change in BCVA from baseline for faricimab 

administered at a fixed interval of up to every 16 weeks 

was no worse than for aflibercept every 8 weeks. These 

findings suggest that faricimab prolonged the treatment 

interval in nAMD patients by dual inhibition of VEGF-A 

and Ang-2 [184]. Another BOULEVARD Phase II trial 

(NCT02699450) compared the safety and efficacy of 

faricimab with ranibizumab in patients with diabetic 

macular edema (DME). Enrolled patients were randomly 

assigned in a 1:1:1 ratio to intravitreal injections of 6.0 mg 

faricimab, 1.5 mg faricimab, and 0.3 mg ranibizumab. 

Patients were dosed once a month for 20 weeks, followed 

by an observation period of up to 36 weeks to assess 

durability. Results of the trial showed that 6.0 mg 

faricimab, 1.5 mg faricimab, and 0.3 mg ranibizumab 

resulted in an average improvement of 13.9, 11.7, and 

10.3 Early Treatment Diabetic Retinopathy Study 

(ETDRS) letters from baseline in patients treated initially. 

The 6.0-mg faricimab dose showed a statistically 

significant gain of 3.6 letters relative to 0.3mg 

ranibizumab. Most importantly, in initial treatment 

patients, faricimab showed a statistically significant 

visual gain compared to ranibizumab in the 24th week. 

These faricimab treated patient had reduced CST, 

improved Diabetic Retinopathy Severity Scale (DRSS) 

scores, and prolonged lasting outcomes [185]. 

Brolucizumab, recently approved in the United States 

for the treatment of wet AMD, is the first single chain 

antibody fragment (scFv) specifically designed for 

intraocular use in human patients [186]. Brolucizumab 

inhibits all subtypes of VEGF-A, which helps prevent the 

growth and leakage of these abnormal blood vessels, 

improving vision in patients. Due to its small size, 

brolucizumab exhibits good tissue permeability within the 

eye and is able to reach high concentrations in the retinal 

tissue [187]. The development of brolucizumab 

overcomes the technical challenges associated with the 

design of a scFv for therapeutic applications and marks an 

important milestone in the focus on science. A Phase I/II 

SEE study (NCT01304693) evaluated the safety and 

efficacy of brolucizumab (single intravitreal injection of 

4.0/6.0mg) versus ranibizumab (single intravitreal 

injection of 0.5mg) in 194 treated patients with nAMD. 

The results of the trial showed that brolucizumab was not 

inferior to ranibizumab in terms of mean CST changes. 

Moreover, brolucizumab had a longer duration of action 

than ranibizumab [188]. Anti-VEGF drugs may reduce 

systemic side effects by providing small doses in the 

vitreous cavity, however, they also can penetrate the 

blood circulation and alter VEGF throughout the body 

with unknown clinical consequences. In particular, the 

pharmacokinetics of anti-VEGF drugs in vitreous show 

significant interspecific differences. A clinical trial 

evaluated the systemic pharmacokinetics of aflibercept, 

bevacizumab, and ranibizumab in patients with 

degenerative retinopathy. Patients received intravitreal 

injections of aflibercept 2.0 mg, bevacizumab 1.25 mg, or 

ranibizumab (AMD/RVO 0.5 mg, DME 0.3 mg), 

respectively. The main outcome measures were serum 

PKs and plasma free-VEGF concentrations after the 

injections. It is shown that systemic exposure to each drug 

was highest with bevacizumab, then aflibercept, and 

lowest with ranibizumab. Ranibizumab cleared from the 

bloodstream more quickly than bevacizumab or 

aflibercept. Aflibercept treatment resulted in the greatest 

reductions in plasma free-VEGF relative to baseline 

levels, whereas ranibizumab treatment resulted in the 

smallest decreases in plasma free-VEGF [189]. Therefore, 

the clinical pharmacokinetics of ocular anti-VEGF agents 

should be well programmed when selecting appropriate 

agents for individual patients. Although anti-VEGF drugs 

can induce significant regression of CNV and preserve 

central vision, but their half-life is short and multiple 

intravitreal injections are required to achieve sustained 

therapeutic effects [190]. Repeated intravitreal injections 

increase the risk of multiple complications and adverse 

effects, such as endophthalmitis, retinal detachment, and 

iatrogenic traumatic cataract [191]. Moreover, VEGF-A 

antagonists do not work for all patients with wet AMD. 

The long-term safety of chronic anti-VEGF therapy is 

unclear, and chronic anti-VEGF therapy may impair the 

function of normal retinal vessels and cells. 

 

Outlook 

 

AMD is the leading cause of irreversible blindness in aged 

population. The consequences of poor vision include an 

increased risk of falls, depression, and the need for long-

term care when patients are unable to perform activities 

during daily living. Although advances have been made 

in the treatment of neovascular AMD, there is no effective 

treatment for the more common dry AMD. The crosstalk 
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between microglia and Müller cells accelerates the onset 

and progression of AMD, but the exact pathogenesis is not 

clear. Elucidating the triggers and mechanism underlying 

the multicellular interactions is key to developing 

therapeutic target for AMD. Some novel molecular 

mediators targeting microglia to inhibit 

neurodegeneration are shown to slow the development of 

AMD by reducing inflammation and oxidative stress. 

However, they are not yet ready for application in clinical 

treatment and means of monitoring efficacy are not yet 

abundant. The next step requires more thorough 

understandings of the retinal inflammatory response, 

retinal glial activation, the link between microglia and 

Müller cells, the temporal development sequence of glia 

and neuronal alterations. Therefore, future studies on the 

molecular mechanisms involved in the interaction 

between microglia and Müller cells may provide 

additional aids for development novel therapy for AMD. 
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