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Abstract

Immune cells such as macrophages play a significant role in ocular inflammation by activating or inhibiting several cellular pathways.
Systemic infections and autoimmune diseases could activate macrophages by releasing various pro-inflammatory cytokines, chemokines,
and growth factors, which reach the eyes through the blood-retina barrier and cause immune and inflammatory responses. In addition,
environmental pollutants, allergens, and eye injuries could also activate macrophages and cause an inflammatory response. Further, the
inflammatory response generated by the macrophages could recruit additional immune cells and enhance the inflammatory response.
The inflammatory response leads to ocular tissue damage and dysfunction and affects vision. Macrophages are generally implicated in
the clearance of pathogens and debris, generate reactive oxygen species, and initiate immune response. However, uncontrolled immune
and inflammatory responses could damage the ocular tissues, leading to various ocular inflammatory complications such as uveitis,
scleritis, diabetic retinopathy, and retinitis. Recent studies describe the role of individual cytokines in the mediation of specific ocular
inflammatory diseases. In this article, we discussed the potential impact of macrophages and their mediated inflammatory response on
the development of various ocular inflammatory diseases and possible treatment strategies.
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1. Introduction
Uveitis, retinitis, scleritis, and others, such as age-

related macular degeneration (AMD) and diabetic retinopa-
thy (DR), are the most common inflammatory complica-
tions of the eye. Ocular inflammatory diseases are themajor
cause of vision problems in patients worldwide. These are
different ranges of disorders, each characterized by inflam-
mation in various parts of the eye. The eyes are constantly
exposed to inflammatory processes from external stimuli,
such as pollutants, pathogens, allergens, and internal stim-
uli due to systemic infections and autoimmune diseases.
The external stimuli directly affect the eyes locally by in-
ducing oxidative stress, increased production of inflamma-
tory cytokines and chemokines, and disruption and damage
to various parts of the eye. Some of these events cause infil-
tration of inflammatory cells and release of cytokines in the
aqueous and vitreous humor, leading to difficulty in vision
[1,2]. These inflammatory cytokines damage the ocular tis-
sues, leading to the infiltration of inflammatory cells and
other factors in the aqueous and vitreous humor and caus-
ing blindness. Some of these complications have still un-
known etiology. Therefore, understanding the pathological
mechanisms of ocular inflammatory responses is crucial for
developing effective treatments that can restore vision and
improve the quality of life of affected individuals.

During infections and autoimmune diseases, immune
cells such as T-cells, neutrophils, and macrophages are acti-

vated and reach the eyes. In most of the cases, immune cells
collaborate with each other and contribute to the immune
and inflammatory responses in various tissues, including
the eyes. Among these, macrophages play a significant role
in ocular inflammatory complications because of their abil-
ity to initiate, regulate, and resolve inflammation.

Generally, during pathogen attack or injury, mono-
cytes are differentiated into active macrophages. The ac-
tive macrophages then migrate to various tissues as a de-
fense mechanism, including the eyes [3]. Further, it is well
known that macrophages are significantly adaptable and
perform different functions based on the stimuli they re-
ceive from external and internal stress conditions [4]. They
also perform various functions, such as pathogen clearance,
tissue repair, and regulation of inflammation. Macrophages
play both protective and pathological roles in the eyes
[5]. In general, systemically, macrophages are very crit-
ical in responding to infections. They help phagocytize
and clear infectious pathogens and debris while coordinat-
ing the broader immune response with other immune cells,
such as T-cells [6]. Some studies indicate their involve-
ment in inflammation is necessary for defense and repair
[6–8]. Macrophages could also lead to chronic inflamma-
tion by releasing various pro-inflammatory cytokines and
chemokines. These inflammatory factors in autocrine and
paracrine manner cause ocular tissue damage and dysfunc-
tion, exacerbating ocular diseases. Li et al. [3] have sug-
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gested that, unlike other immune cells, macrophages are
found in the various tissues of the eye (uvea, cornea, retina)
and play a significant role in sustaining ocular cell home-
ostasis and protecting against infection. Usually, the resi-
dent macrophages located in the ocular tissues play an im-
portant role in immune surveillance in the eye. These resi-
dent macrophages identify and respond to potential threats
without causing excessive inflammation and damage to the
ocular tissues. However, when eyes are initially exposed
to various oxidant stimuli, activated macrophages release
various innate immune inflammatory markers such as in-
terleukin (IL)-1β and IL-18. These cytokines are critical
in causing an innate immune response and recruiting other
immune cells like neutrophils and T-lymphocytes.

Further, macrophage-mediated oxidative and inflam-
matory signaling plays a significant role in the patho-
physiology of ocular inflammatory complications, and un-
derstanding their role is very important in developing
novel therapeutic strategies. Recently, various studies
have shown a substantial correlation between macrophage-
mediated immune response and the pathophysiology of oc-
ular inflammatory complications. Although a few recent
articles discussed the critical role of macrophages in the
pathophysiology of ocular diseases, not specifically in all
ocular inflammatory diseases [3,6–8]. Further, these re-
searches emphasized on how macrophages or individual
cytokines or chemokines contribute to inflammation in in-
dividual eye diseases such as uveitis, diabetic retinopathy,
and age-related macular degeneration. Further, few studies
have only discussed the significance of macrophage polar-
ization in different eye diseases [3,6–8]. This review article
discusses recent findings on how macrophages are compre-
hensively involved across various ocular inflammatory dis-
eases. We conducted PubMed and Google scholar search to
find articles published in the last ten years or so, using key-
words such as macrophages, immune cells, lymphocytes,
inflammation, immune response, oxidative stress, autoim-
mune diseases, infectious diseases, uveitis, scleritis, retini-
tis, age-related macular degeneration (AMD) and diabetic
retinopathy (DR). In this narrative review article, we have
included research articles, narrative reviews, systematic re-
views, and clinical and pre-clinical researches to discuss the
significance of macrophages in ocular inflammatory com-
plications. Understanding the significance of macrophages
is very important for the potential development of novel
therapies to regulate immune and inflammatory responses
leading to ocular inflammatory complications.

2. Macrophage Polarization in Ocular
Inflammatory Complications

During infections and autoimmune conditions,
macrophages change their polarization phenotype (pro-
inflammatory M1 and anti-inflammatory M2) in response
to inflammatory stimulus. M1 macrophages are classic
macrophages that are mainly stimulated by pathogen

stimuli and cytokines such as interferon-gamma (IFN-γ).
M2 macrophages are alternative and stimulated with
cytokines such as interleukin (IL)-4. M1 macrophages
are pro-inflammatory and induce an inflammatory re-
sponse, while M2 macrophages are anti-inflammatory
and help in tissue repair and resolve inflammation [8].
Further, polarized M1 macrophages and other immune
cells release additional cytokines such as tumor necrosis
factor-alpha (TNF-α), IL-6, 1L-17, and IFN-γ, which
cause inflammatory responses at the site of infection or
injury [9]. However, unstopped production of inflamma-
tory mediators leads to tissue damage and disruption of
normal function of the ocular system. Thus, excessive
inflammatory response leads to the development of ocular
inflammatory complications such as uveitis, retinitis, scle-
ritis, and others such as age-related macular degeneration
(AMD), diabetic retinopathy (DR), and glaucoma (Fig. 1)
[10]. Generally, M1 macrophages are associated with
chronic ocular inflammation. For example, in uveitis,
increased inflammation leads to uveal tissue damage. In
DR, they cause microvascular damage and neovascular-
ization, and in AMD, they are responsible for damage to
retinal pigment epithelium and photoreceptors. Thus, these
changes lead to a sustained inflammatory environment
in the ocular tissues, resulting in visual impairment. On
the other hand, M2 macrophages help repair damaged
ocular tissues such as retina, photoreceptors, and uvea and
promote tissue integrity. Thus, macrophage polarization
change between M1 and M2 plays a significant role in
inflammation and immunomodulation in various tissues,
including eyes [11]. In the following sections on respective
ocular inflammatory complications, we have discussed
the significance of macrophage polarization in detail.
Although this review mainly focused on the general role
of macrophages in the mediation of ocular inflammatory
complications, please refer to specific review articles
[8,11] for understanding the significance of macrophage
polarization in ocular diseases.

3. Role of Macrophages in Uveitis
Uveitis, one of the most common and severe inflam-

matory diseases of the eye, is characterized by uveal tract
inflammation, including the iris, ciliary body, and choroid.
This inflammation can extend to adjacent tissues such as
the sclera, retina, and vitreous humor [12]. Autoimmune
uveitis (AIU) involves an inflammatory response in these
uveal tissues due to an autoimmune reaction against self-
antigens or an innate inflammatory response triggered by
external stimuli [13,14]. The blood-retinal barrier must be
disrupted for AIU to develop, activating ocular antigen-
specific cluster of differentiation (CD) 4+ T cells. These
T cells infiltrate the eye and recruit macrophages, which
become classically activated, generate reactive oxygen and
nitrogen species, and cause damage to uveal tissues [15,16].
Ocular antigens such as arrestin (S-antigen), interphotore-
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Fig. 1. Significance of macrophage-mediated inflammatory response in developing ocular inflammatory complications.
Macrophages polarize into M1 and M2 phenotypes in response to stimuli during autoimmune diseases and infections. M1 macrophages
generate pro-inflammatory type-1 T helper (Th1) cytokines. M2 macrophages generate angiogenic factors and anti-inflammatory mark-
ers. These factors can damage ocular tissues by crossing the blood-retinal barrier. The polarization disbalance could lead to various
ocular inflammatory diseases and cause potential vision loss.

ceptor retinoid-binding protein (IRBP), and recoverin have
been identified in cases of autoimmune uveitis [17,18].
AIU can occur as an isolated condition or be associated
with systemic autoimmune or autoinflammatory diseases,
including rheumatoid arthritis, sarcoidosis, Behçet’s dis-
ease, multiple sclerosis, and even aging [19–23]. In au-
toimmune uveitis, macrophages are among the primary im-
mune cells infiltrating the eye, releasing pro-inflammatory
cytokines and acting as mediators that exacerbate ocular
inflammation. However, uncontrolled management of in-
flammatory response could lead to ocular tissue damage and
dysfunction, causing vision loss and other ocular complica-
tions such as glaucoma, cataracts, and retinal detachment.

The activation of macrophages is a critical determi-
nant of disease outcome, regulated by inflammatory signals
from the microenvironment, including interferon-gamma
(IFN-γ) from T cells [24,25]. Activated macrophages are a
hallmark of autoimmune uveitis, playing a vital role in the
disease’s initiation and maintenance [26]. During experi-
mental autoimmune uveitis (EAU), macrophages and mi-
croglia (resident macrophages in the retina) act as antigen-
presenting cells and express major histocompatibility com-
plex (MHC) -II [27]. Lin et al. [28] found elevated lev-
els of six chemokines in active uveitis compared to con-
trols, with monocyte chemoattractant protein 1 (MCP1) or
chemokine ligand 2 (CCL2) and C-X-C motif chemokine
ligand 10 (CXCL10) being particularly important for im-
mune cell migration. Further, ribonucleic acid (RNA) se-
quencing and expression mapping study revealed an ex-
tensive macrophage-derived CCL2 and CXCL10 signaling
network in human uveitis [28].

Experimental models of AIU have provided insights
into how macrophages contribute to this condition. The
disease develops when activated CD4+ Th1 and Th17
macrophages infiltrate the eye, leading to the recruitment
of neutrophils and macrophages and subsequent structural
damage [29]. Depleting macrophage-specific proteins such
as CD47 significantly reduces uveitis severity, indicating
the significance of macrophages in the mediation of uveitis
[30–32]. Further, Zhao et al. [26] have indicated that the
macrophage levels are different across various EIU phases
when compared to other immune cells in the retina tis-
sue. This study also demonstrated that during the acute
phase, the macrophage levels peaked and decreased dur-
ing the chronic phase. Further, the change in the shift sug-
gests a polarization of macrophages from pro-inflammatory
M1 to anti-inflammatory M2 over time [26]. Glucocorti-
coids mediate the P38-MAPK/myocyte enhancer factor-2c
axis, promoting the transition fromM2 to M1 macrophages
and releasing anti-inflammatory factors, inhibiting EAU
and supporting tissue healing [33]. Several studies sug-
gest that macrophage-mediated activation of Th1 and Th17
responses plays a major role in the pathology of uveitis
(Fig. 2) [29–32].

Enhanced M2 macrophage polarization has been
shown to be promoted by IL-33, which signals through
the interleukin-1 receptor-like 1 protein receptor (ST2) re-
ceptor [34]. Further, Barbour et al. [35] have shown
that after three weeks of EAU induction, ST2-deficient
mice exhibited worse uveitis symptoms than wild-type
mice. They have also shown that interleukin (IL)-33
treatment in wild-type mice improved uveitis lesions by
increasing CD206 and CD273 cells, indicating that IL-

3

https://www.imrpress.com


Fig. 2. Macrophage-mediated inflammatory response in uveitis. During autoimmune diseases and infections, macrophages act as
antigen-presenting cells and, cause their activation and release pro-inflammatory cytokines. These cytokines activate naive T cells, which
differentiate into subsets, such as Th1, Th2, and Th17. These subsets are formed based on the type of stimulated cytokines. These cell
subsets release various inflammatory cytokines and further amplify immune response locally and by crossing the blood-retinal barrier
internally at ocular tissues. Th1 and Th17 cell-mediated inflammatory response are well known to play a significant role in developing
uveitis complications. IL-, interleukin-; TNF, tumor necrosis factor; IFN-γ, interferon-gamma; STAT, signal transducer and activator of
transcription; BRB, blood-retina barrier.

33/ST2 signaling enhances M2 polarization and alleviates
EAU symptoms [35]. Similarly, Huang et al. [36] have
shown that activating the aryl hydrocarbon receptor (AhR)
with 2,3,7,8-tetrachlorodibenzo-p-dioxin through the nu-
clear factor-kappa binding protein (NF-κB), signal trans-
ducer and activator of transcription (STAT) 1, and STAT3
pathways also induces M2 macrophage polarization. AhR
negatively regulates lipopolysaccharides (LPS) -mediated
inflammatory responses in macrophages and appears to in-
hibit M1 polarization [37]. Further, AhR-deficient mice
exhibit more severe uveitis and a shift from M2 to M1
macrophages/microglia compared to AhR-sufficient mice
[38]. These studies thus suggest that AhR could be a po-
tential therapeutic target for ocular inflammatory diseases
[38–40].

Interestingly, suppressors of cytokine signaling
(SOCS) proteins, particularly SOCS1 and SOCS3, play
crucial roles in regulating macrophage polarization and
cytokine expression [41]. For example, in bone marrow-
derived macrophages, SOCS3 negatively regulates
granulocyte-macrophage colony-stimulating factor (GM-
CSF)-induced expression of CCL2, arginase-1 (Arg-1), and
matrix metallopeptidase (MMP) 12 [42]. SOCS3-deficient
mice (LysMCre/+SOCS3fl/fl) exhibit increased GM-CSF

in the retina and trigger the release of CCL2 and Arg-1 from
macrophages. This leads to enhanced retinal degeneration
and angiogenesis due to inflammation [43]. Further, it
has been shown that during the initial phase of EAU,
there is an increased infiltration of neutrophils, decreased
macrophages, and increased inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-α), IL-1β,
IFN-γ, GM-CSF, and Arg-1 were observed in SOCS3 null
mice but not in the wild-type mice. This suggests that
the absence of SOCS3 fosters partial M2 polarization,
contributing to angiogenesis [43]. Similarly, Arg inhibitor
or its knockdown suppressed the LPS-induced increase in
inflammatory markers, leukostasis, and retinal damage in
an EIU mouse model [44].

In the context of Experimental Autoimmune Uveitis
(EAU), the potential for therapeutics in treating uveitis
has been demonstrated. For example, Chen et al.
[45] have shown that the small molecular integrin in-
hibitor (GW559090) prevents the accumulation of Ly6C+

macrophages and blocks the development of EAU in mice
by inhibiting Th17 cell migration through the blood-retinal
barrier. This leads to swift suppression of ocular inflam-
mation and preservation of the blood-ocular barrier. Fur-
ther, several studies have shown that antioxidants and small
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molecular anti-inflammatory agents could prevent animal
models of EAU and EIU by preventing the activation of
NF-κB mediated release of inflammatory cytokines and
chemokines in ocular tissues and aqueous and vitreous hu-
mor [46–49]. NF-κB is a crucial transcription factor in-
volved in the mediation of inflammatory signaling by tran-
scriptionally activating various pro-inflammatory cytokines
and chemokines. Further, NF-κB-mediated inflammatory
signaling has been shown to be critical in the pathophysi-
ology of ocular inflammatory complications [47]. Indeed,
several antioxidants and small molecular inhibitors have
been shown to prevent ocular inflammatory diseases by
blocking the activation of NF-κB. For example, Hwang et
al. [48] have shown that cristacarpin prevents EIU in a
mouse model. Similarly, Liu et al. [49] have shown that
IMD-0354 (an IKK-β inhibitor) has been shown to pre-
vent EAU in mice by preventing the activation of NF-κB.
Further, Liu et al. [50] have shown that TD133, an in-
hibitor of galectin-3, prevents EIU in mice by preventing
the TLR4/Myd88/NF-κB inflammatory signaling. On the
other hand, regulation of macrophage polarization by vari-
ous compounds has also been shown to control uveitis. For
example, Qu et al. [51] have also demonstrated that recom-
bination signal binding protein for immunoglobulin kappa a
region (RBPJ) gene knockdown prevents EAU by promot-
ing M2 macrophage polarization. They have also shown
that N-acetyl cysteine reduces M2 polarization by regulat-
ing the Notch1 signaling. Similarly, antioxidant apigenin
has been shown to prevent EAU in mice by interrupting
the microglia M1 polarization [52]. In another study, Qu
et al. [53] have also shown that miR-223-3p prevents M1
macrophage polarization via reducing Notch1 signaling in
EAU. These studies suggest that inhibition of Notch1 sig-
naling, which alters the macrophage polarization, is a po-
tential therapeutic approach for uveitis.

3.1 Role of Macrophages in Optic Neuritis
Optic neuritis (ON) can encompass a wide range of

conditions that may cause optic neuropathies. However, it
is defined as an inflammatory condition that demyelinates
the optic nerve and causes the loss of retinal ganglion cells
(RGCs), resulting in damaged vision. ON is often stud-
ied using the experimental autoimmune encephalomyeli-
tis (EAE) model [54]. ON is an associated effect of Mul-
tiple Sclerosis (MS), so many models aim at replicating
this autoimmune condition. Funaki et al. [55] have found
that upregulated gal-3 controls the NOD-like receptor fam-
ily pyrin domain containing 3 (NLRP3) signaling in mi-
croglia/macrophages in the visual pathways during the peak
of anMS flare in EAEmice. Like the retina, the brain is also
an immune-privileged site. However, most immune cells in
the inner environment of the central nervous system in an
inflammatory state aremicroglial cells andmacrophages re-
sponsible for most neuronal degradation [54,56].

In EAE, macrophages infiltrate the optic nerve and
contribute to demyelination and axonal damage by re-
leasing pro-inflammatory cytokines and reactive oxygen
species [56]. The infiltrated macrophages could promote
inflammation and help clear the myelin debris in optic
nerves. Further, this intriguing dual role of macrophages
regulates the immune cell dynamics between EAE and
uveitis. Thus, suppression of the M1 phenotype and acti-
vation of M2 phenotype macrophages could prevent retinal
inflammation and protect against optic nerve damage and
RGC death.

The polarization is still a point of therapeutic in-
terest as fatty acids (FAs), when obtained through diet,
can positively impact neuronal health by modulating the
macrophage phenotypes from M1 to M2 [57–59]. Further,
cytokines such as IL-12 and IL-23 can significantly con-
tribute to the progression of EAE by promoting the recruit-
ment of M1-macrophages and the release of CXCL-10 and
CXCL-11 [60–62].

3.2 Role of Macrophages in Retinitis

Retinitis is inflammation of the retina due to infections
by various pathogens such as bacteria, fungi, and viruses.
Herpes simplex virus (HSV), herpes zoster virus (HZV),
and Cytomegalovirus (CMV) are common viral infections
that can lead to retinitis [63,64]. Further, syphilis and tu-
berculosis bacterial infections could also lead to retinal in-
flammation [63]. These and additional infectious agents
are known to cause visual impairment by disrupting the
retina, retinal detachment, macular edema, and retinal scar-
ring [63]. Most of these cases are also linked with uveitis
complications and autoimmune diseases [65]. Macrophage
infiltration is one of the major causes of retinal inflamma-
tion. Although immune cells generated cytokines play a
significant role in retinal damage, the blood-retina barrier
provides great support to maintain homeostasis. Yang et al.
[66] have indicated that the damage to retinal pigmented
epithelial cells could cause cell death, which is sometimes
aggravated by themacrophages and T-cell mediated inflam-
matory response. On the other hand, Taylor et al. [67] have
suggested that retinal pigment epithelial cells also regulate
immune cells in the eye, as they can cause macrophage
apoptosis and altered immune modulation. Most of the
studies have shown that infectious uveitis due to viral in-
fections causes retinal apoptosis, necrosis, and inflamma-
tion [66–68]. Viral infections in the retina, such as from
CMV, HSV, or varicella zoster virus (VZV), can lead to
retinal detachment by causing necrosis of retinal cells. As
the virus replicates, it destroys retinal tissue, which is then
replaced by scar tissue. The viral infections from CMV,
HSV, and VZV could cause damage to the retina and cause
retinal necrosis, leading to retinal detachment. Further, the
damaged retina tissue can also inflame healthy cells, lead-
ing to their detachment from the retina. Indeed, some stud-
ies have shown that during acute retinal necrosis and CMV-
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induced retinitis, the inflammatory response plays a major
role in retinal detachment in retinitis [69–71]. Some viral
particles, such as CMV, replicate in the eye due to the lack
of functional activity of CD4+ T cells, which could lead to
retinal necrosis [69].

Similarly, HSV and Epstein-Barr virus (EBV) could
also result in retinal necrosis and inflammation, eventu-
ally leading to retinal detachment and visual complications
[71,72]. The role of macrophages here is to respond to the
infection and play a dual role by helping to clear debris and
remove the virus. At the same time, the uncontrolled re-
lease of pro-inflammatory cytokines and chemokines could
lead to ocular inflammation. The excessive inflammatory
response leads to tissue dysfunction, scarring, and an in-
creased risk of retinal detachment. Indeed, a recent study
by Sterling et al. [73] demonstrated that retinal perivas-
cular macrophages, located on post-capillary venules of
the eye, play a crucial role in facilitating immune cell mi-
gration across the blood-retinal barrier by aiding Ly6C+

monocyte infiltration in amousemodel of retinal inflamma-
tion. This study highlights the significance of perivascular
macrophages in ocular inflammation.

Furthermore, in retinitis pigmentosa (RP), a broad col-
lection of genetic eye conditions resulting in the deterio-
ration of photoreceptor cells needed to see the light in the
retina, microglial cells could also contribute a significant
role in the degeneration [74]. This degeneration ultimately
leads to a decline in visual acuity. The damage results from
the loss of rods and usually starts with night blindness and
gradually narrows the visual field, often resulting in tun-
nel vision. The genetic defects may injure multiple path-
ways, including apoptosis, ciliary transport, and endoplas-
mic reticulum stress. Like with uveitis and ON, in RP, there
is a disruption in the blood-retinal barrier that results in
leakage of macrophages, which play a critical role in the
progression of the disease [75]. The microenvironment in
RP involves the infiltration ofmacrophages in the retina that
release pro-inflammatory factors, leading to the character-
istic degeneration of the retinal photoreceptor layer [76,77].
Further, during degeneration, the macrophages and resi-
dent microglial cells could kill adjacent cells, phagocytize
debris, and facilitate regeneration [78]. Thus, infiltrated
macrophages in the degenerated retina help in neuroprotec-
tion and neurodegeneration.

In addition, depending on macrophage polarization
state (M1 or M2), they can exacerbate retinal damage by
promoting inflammation and cell death. On the other hand,
M2 macrophages are involved in retinal tissue damage re-
pair, and the removal of debris from dying photoreceptors
could also contribute to retinal fibrosis. A study by Neves
et al. [79] has shown that immune modulation between
the M1 pro-inflammatory and the M2 anti-inflammatory
can be achieved by using Platelet-Derived Growth Factor
(PDGF)-like signaling-induced Mesencephalic Astrocyte-
derived Neurotrophic Factor (MANF) for successful regen-

eration of the retina in flies and mice. Other studies have
also found that a diet rich in FA showed benefits in RP re-
lated to shifting the macrophage polarization toM2 in mice,
while the absence of FAs correlated with increased degen-
eration in RP [80,81]. In addition, some studies have also
shown the significance of innate immune responses in reti-
nal detachment [82,83]. Cao et al. [82] have demonstrated
that an inhibitor of caspase-1, VX-765, inhibits microglial
pyroptosis by changing the M1 phenotype to M2. They
have also indicated that caspase-1 inhibition could reduce
microglial pyroptosis, shift microglial phenotypes to a pro-
tective state, and preserve photoreceptor structure. Thus,
the inhibition of caspase-1 could be a potential therapeutic
approach for retinal detachment diseases. Similarly, Cao
et al. [83] have also shown that P2X7-mediated microglial
activation and pyroptosis are critical for photoreceptor de-
generation and retinal detachment.

3.3 Role of Macrophages in Scleritis

Scleritis is an inflammatory condition of the eye, of-
ten linked to systemic infectious or non-infectious diseases.
The most common underlying cause of scleritis is an au-
toimmune disease such as rheumatoid arthritis (RA), lupus,
and Wegener’s granulomatosis [84]. Scleritis can be clas-
sified into various subtypes, such as episcleritis, anterior
scleritis, and posterior scleritis. Among these, the poste-
rior scleritis is rare but more severe, potentially leading to
complications such as choroiditis, retinal detachment, and
optic nerve damage. On the other hand, episcleritis affects
only the superficial capillaries and is less severe. Infec-
tious agents are responsible for <20% of scleritis cases,
and initial misdiagnosis and treatment with corticosteroids
can worsen outcomes, making scleritis a potentially sight-
threatening condition [84]. Loss of the injured eye is of-
ten caused by severe pain, which is secondary to the de-
struction of uveal and retinal tissue and sometimes perfo-
ration of the globe [85]. Blindness can also be caused by
severe complications, such as scleral and corneal necrosis,
keratitis, and uveitis [85]. Although the exact pathophysi-
ology of scleritis is currently unknown, the immune system
is thought to play an essential role. It has been proven that
there is an increase in inflammatory cells, including T-cells
of all types and macrophages, in scleritis [86]. The T-cells
and macrophages invade deep episcleral tissue, leading to
scleral damage. Activation of macrophages leads to their
infiltration into the scleral tissue, which releases various
pro-inflammatory cytokines and chemokines such as TNF-
α, IL-1, IL-6, and MCP-1. These inflammatory responses
are amplified by recruiting other immune cells like neu-
trophils and T cells, leading to redness, pain, and swelling
seen in patients with scleritis (Fig. 3). Similarly, by modi-
fying the CIA model, Nishio et al. [86] have successfully
induced scleritis. They have shown that arthritis was fol-
lowed by immune cell infiltration, predominantly CD11b+
macrophages, B cells, plasma cells, and complement de-
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Fig. 3. Significance of inflammatory response in the pathology of scleritis. Macrophage activation during autoimmune and infectious
diseases triggers an inflammatory response that can activate T-cells and B-cells, which produce inflammatory cytokines and autoanti-
bodies that damage the sclera and cause necrosis and scleral collagen degradation. Uncontrolled and chronic inflammation could also
lead to the formation of granulomas, which promote persistent inflammation, scleral tissue damage, and fibrosis. Thus, the inflammatory
response caused by activated macrophages and granulomas contributes to chronic inflammation, leading to pain, swelling, and tissue
damage in scleritis. MCP-1, monocyte chemoattractant protein-1.

position. These studies suggest that targeting TNF-α to
suppress macrophages and focusing on B-cell suppression
may be more effective for treating scleritis than targeting T
cells. Further, Vergouwen et al. [87] have indicated the
significance of proteins involved in the T-cell activation,
impaired epithelial barrier, and angiogenesis could act as
biomarkers for non-infectious scleritis. In addition, dur-
ing autoimmune-triggered scleritis, macrophages have been
shown to serve as antigen-presenting cells, which activate
T cells and promote damage to the sclera [88]. Thus, the
interaction between macrophages and other immune cells
impairs sclera tissue and causes necrosis. Additionally,
macrophage-mediated activation and release of matrix met-
alloproteinases could degrade basement membrane colla-
gen and cause scleral thinning, leading to perforation [89].
Macrophages, along with other immune cells, can also form
clusters of cells called granulomas. The formation of gran-
ulomas causes chronic inflammation, scleral tissue damage,
and dysfunction, which is most commonly seen in granulo-
matous scleritis [85].

Further, Fong et al. [90] have found that significantly
increased number of macrophages in the conjunctival ep-
ithelium of conjunctival and scleral biopsies of scleritis pa-
tients. Scleral specimens also showed an increase over con-
trols ofmacrophages. This study also demonstrated that pri-
mary vasculitis plays an important role in the pathogenesis

of scleritis. Scleral biopsies taken from scleritis patients
showed vascular occlusions and infiltration, as well as evi-
dence of macrophages and T cells. Further, a recent study
also suggests that intraocular inflammation associated with
scleritis could lead to significant visual impairment [91].
Thus, the role of macrophages in scleritis is still not com-
pletely known because of the rarity of the disease and the
lack of established animal models.

3.4 Role of Macrophages in Inflammation-related Ocular
Complications

Although genetic and non-genetic factors contribute
to retinal diseases, innate immune responses and inflamma-
tory responses mediated by the macrophages could play a
critical role in the progression of these complications [92].
The diseases where the inflammatory response is also a
contributing factor include diabetic retinopathy (DR), glau-
coma, and age-related macular degeneration (AMD). Re-
cent studies have shown that increased NLRP3-mediated
release of IL-1β and IL-18 and NF-κB-mediated release
of cytokines such as TNF-α, IL-6, and IFN-γ have shown
in the pathophysiology of these diseases [93,94]. The in-
nate and inflammatory responses could lead to apoptosis,
pyroptosis, and necrosis in the ocular tissues, resulting in
vision loss. Macrophages and other immune cells infiltrate
into the retinal tissues and could interact with resident mi-
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croglial cells and exacerbate the inflammatory response. In
addition to hyperglycemia, aging and environmental pol-
lutants could also trigger the progression of these diseases
by increasing the oxidative and inflammatory responses.
Therefore, understanding the role of macrophages and mi-
croglia is essential in targeting inflammation-associated
retinal complications.

3.4.1 Diabetic Retinopathy

Diabetes mellitus is an autoimmune disease character-
ized by hyperglycemia resulting from improper insulin pro-
duction and insulin resistance. Hyperglycemia-mediated
oxidative stress and inflammation have been shown to be
a major risk for developing diabetic retinopathy (DR), a
secondary diabetic complication [94]. Diabetic retinopa-
thy features microvascular retinal lesions and is the lead-
ing cause of visual impairment in the middle-aged diabetic
population around the world [94]. Diabetic retinopathy is
generally divided into non-proliferative and proliferative.
Non-proliferative DR is seen at the initial stage, where
blood vessels in the retina are weak, leading to mild visual
problems. In contrast, proliferative DR is more advanced,
where neovascularization is seen on the retina. Early events
of diabetic retinopathy include retinal microvascular injury
leading to changes in the retinal neurovascular unit and its
components. Anti-angiogenic treatments have shown some
therapeutic benefits in controlling DR. Ciulla et al. [95]
have shown that diabetic macular edema treated using anti-
vascular endothelial growth factor (VEGF) therapy could
decrease edema and improve visual acuity. However, many
patients do not respond to anti-VEGF treatment, indicating
that other factors are involved in the pathogenesis of dia-
betic macular edema [96]. A study by Zhang et al. [97]
found that monocyte-derivedmacrophages also promote di-
abetic retinopathy progression in mice.

Further, Wang et al. [98] have shown increased lev-
els and density of macrophage-like cells in the DR subjects
with macular edema. The macrophage-mediated inflam-
matory response and angiogenesis could lead to diabetic
macular edema. Thus, in DR, macrophages are involved in
inflammation, oxidative stress, pathological angiogenesis,
and tissue healing processes. Further, the breakdown of the
blood-retinal barrier during the early stages of DR allows
blood immune cells to enter the retina, causing an inflam-
matory response mediated by macrophages. The break-
down of the blood-retinal barrier is influenced by inflam-
matory factors and causes vascular damage and neovascu-
larization. Although macrophages seem to be the primary
cells involved in the pathogenesis of proliferative diabetic
retinopathy, they might also be responsible for capillary oc-
clusion, acellular capillaries, retinal nonperfusion, and reti-
nal ischemia seen in diabetes conditions. New evidence has
emerged to highlight the pivotal role of macrophage polar-
ization in the pathophysiology of diabetic retinopathy [99].
During hyperglycemia, the balance between M1 and M2

polarization is disturbed, leading to increased M1/M2 po-
larization. This polarization imbalance is linked to insulin
resistance and poor glycemic control. However, over time,
macrophages in diabetic conditions shift from protective
M2a to pro-inflammatory M1 phenotypes, contributing to
increased inflammation in both human and mouse models
of diabetes [99]. Further, in diabetic retinopathy (DR), both
M1 and M2 polarization are present at the preclinical stage,
but M1 polarization dominates in later stages, where VEGF
secretion drives retinal neovascularization. Whereas M2
macrophages contribute to excessive VEGF release, rais-
ing concerns about treatments that shift M1 to M2 polariza-
tion [99,100]. Thus, additional researches are required to
understand macrophage/microglia polarization in the thera-
peutic development of DR. Additionally, macrophages are
known to influence cellular proliferation through the syn-
thesis of various cytokines and growth factors such as TNF-
α, IL-1β, VEGF, PDGF, FGF, and TGF-β through NF-κB
signalosome and NLRP3 inflammasome activation. These
factors are released into the vitreous humor and retina of
diabetic retinopathy patients, causing immune and inflam-
matory responses and leading to the development of dia-
betic retinopathy (Fig. 4). Further, NF-κB inhibition has
been shown to prevent diabetic retinopathy in animal mod-
els. For example, antioxidant saponin compounds derived
from the roots of plant P. notogiseng have been shown to
prevent NF-κB-mediated retinal inflammation and diabetic
retinopathy in rats [101]. Similarly, catechin and Resolvin
D1 have been shown to prevent NF-κB-mediated inflam-
matory response and reduce DR in streptozotocin-induced
rats [102,103]. Further, Sui et al. [104] have shown that
NF-κB inhibition prevents retinal neovascularization by al-
tering the macrophage polarization.

3.4.2 Glaucoma

Glaucoma is a progressive neurodegenerative disease
characterized by damage and death of retinal ganglion cells
and tapering of the retinal nerve fiber layer [105]. Glau-
coma is one of the most frequent causes of irreversible
blindness that often results from irreversible loss of retinal
ganglion cells. The loss of retinal ganglion cells is caused
by a rapid increase in intraocular pressure, which can lead
to acute angle-closure glaucoma [106]. Damage and dys-
function of the retinal ganglion cells could be categorized as
primary or secondary. Primary damage often results from
direct injury to the axon or cell body, whereas secondary
damage results from releasing toxic effectors from adja-
cent dying cells. The mechanisms leading to cell death in
retinal ganglion cells of glaucoma include the activation of
microglia and macrophages [106,107]. Macrophages have
been shown to play a protective role in retinal ganglion cells
after optic nerve injury [108]. Although the immune re-
sponse has been shown to be critical for normal-tension
glaucoma, recent studies suggest that neuroinflammation
could be the significant factor contributing to various glau-
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Fig. 4. Significance of macrophage-mediated inflammatory responses in diabetic retinopathy. In diabetes, macrophages and retinal
microglia cells promote chronic inflammation in the retina through activating NF-κB- and NLRP3-mediated generation and release
of pro-inflammatory cytokines. The macrophage-mediated inflammatory response could cause retinal endothelial cell damage, retinal
monolayer leakage, and blood-retina barrier disruption. Retinal microglia also contribute to neuroinflammation, neurodegeneration,
and neovascularization. The inflammatory response further leads to retinal damage, detachment, hemorrhage, macular edema, and
microaneurysm in diabetic retinopathy. NF-κB, nuclear factor-kappa; NLRP3, NOD like receptor family pyrin domain containing 3;
DR, diabetic retinopathy; VEGF, vascular endothelial growth factor.

comas [105,109]. However, very few studies are available
showing the significance of macrophage-mediated inflam-
matory response leading to glaucoma [110,111]. Bell et
al. [111] have analyzed the trabecular meshwork of pa-
tients with open-angle and acute-angle closure glaucoma
and have found macrophages in the tissue. Few studies
also indicate that macrophages are drawn to the trabecu-
lar meshwork of human eyes following selective laser tra-
beculoplasty of glaucomatous eyes [112–114]. At the same
time, microglia in the optic nerve are activated and gener-
ate pro-inflammatory cytokines [112]. In a DBA/2J mouse
model of glaucoma, myeloid cells such as monocytes have
been shown to be accumulated at the early stages before ON
damage is detectable [113]. Furthermore, increased serum
levels of theMCP-1, ET-1 but notMMP9, and hs-CRP have
been linked to visual field deterioration in normal-tension
glaucoma patients, suggesting peripheral macrophages play
a role in glaucoma development [114]. Further, Lee et al.

[114] have also shown that CD163+ macrophage infiltra-
tion is crucial for the development of glaucoma. In ad-
dition, Bell et al. [111] have observed that a significant
increase in the number of macrophages in the retina was
found to follow retinal ganglion cell loss in a rat model
of glaucoma. This study also suggests that the removal
of macrophages results in a reduction of retinal ganglion
cell loss, suggesting that macrophages play a role in retinal
ganglion cell death. Further, Bauer et al. [115] have ana-
lyzed various pro-inflammatory markers in aqueous humor
of Fuchs uveitis syndrome (FUS) patients with secondary
glaucoma. They found increased levels of TGF-β1,MMP3,
and MMP2 and decreased MCP-1 and MMP9 when com-
pared to FUS patients without glaucoma.

3.4.3 Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a reti-
nal disease that primarily affects the central part of the
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macula, which causes irreversible decline in central vision
[116]. Pathologically, AMD presents with an accumulation
of drusen, retinal pigment epithelium degeneration, pho-
toreceptor atrophy, and sometimes choroidal neovascular-
ization. Besides oxidative stress, genetic variations, and an-
giogenesis, ocular inflammatory response also plays a crit-
ical role in AMD pathogenesis. Here, macrophages are the
primary immune cells that contribute to increased immune
and inflammatory responses in AMD by releasing various
pro-inflammatory factors [117]. Macrophage-mediated in-
flammatory response can promote neovascularization, and
their interactions are essential for the pathogenesis of AMD.
Blood vessels and mononuclear phagocytes are not present
in the subretinal space during normal conditions in adult-
hood, but many macrophages are found in the subretinal
spaces of AMD lesions [116]. Overall, the pathology of
AMD lesions has been proven to show the infiltration of
macrophages and the accumulation of inflammatory com-
ponents.

Resident tissue macrophages are found adjacent to
retinal pigment epithelium, which sits on Bruch’s mem-
brane, an acellular layer of connective tissue and basal lam-
ina [118]. An inflammatory response occurs when changes
occur in Bruch’s membrane and the retinal pigment epithe-
lium. Macrophages have been histologically found near
AMD lesions, especially in the breakdown of Bruch’s mem-
brane and retinal pigment epithelium atrophy [118]. As
this breakdown continues, retinal pigment epithelium can
be lost, and the neural retina can become atrophied, result-
ing in dry AMD. This can then progress into wet AMD
when choroidal neovascularization takes place. Generally,
dry AMD is more common, with a gradual breakdown of
the light-sensitive cells in the macula, while wet AMD is
more severe, involving choroidal neovascularization lead-
ing to rapid vision loss [119]. Macrophages help in the
clearing of yellow deposits under the retina (drusen). How-
ever, uncontrolled activation could lead to a weak inflam-
matory response, causing retinal damage over time. In
wet AMD,macrophage-mediated release of pro-angiogenic
factors such as growth factors, specifically VEGF, could in-
crease the formation of new blood vessels, leading to retinal
damage and dysfunction (Fig. 5).

Few studies also indicate that pro-inflammatory M1
macrophages induce the inflammatory response to retinal
injury and accelerate AMD complications [119,120]. On
the other hand, anti-inflammatory M2 macrophages are
found to have a role in the early stages of inflammation
and may clear the drusen. While several factors have been
associated with the AMD risk, the pathogenesis of AMD
is still not well known [120]. Therefore, more researches
are required to define macrophages’ precise protective and
harmful roles in AMD pathogenesis. However, the pathol-
ogy of AMD lesions proves that macrophages do play an
important role in the inflammation of AMD.

4. Clinical Implications of Macrophages in
Ocular Inflammatory Complications

Recently, some clinical studies have investigated the
therapeutic significance of macrophage- mediated immune
and inflammatory responses in ocular inflammatory dis-
eases [121–124]. However, most of these researches
are directed toward certain diseases such as uveitis, di-
abetic retinopathy, and age-related macular degeneration.
Since inflammatory cytokines and chemokines released by
macrophages and other immune cells play a role in the de-
velopment of ocular inflammatory diseases, anti-cytokine
inhibitors have been investigated as a potential therapy. For
example, Jaffe et al. [121] have performed a multinational
phase-3 study to examine the therapeutic efficacy of adal-
imumab, a TNF-α inhibitor, in non-infectious uveitis in
adult patients. The results suggest that adalimumab reduced
the symptoms associated with the uveitis and improved vi-
sion. Similarly, several other studies have also performed
clinical studies using adalimumab in treating uveitis com-
plications and found it to be efficacious in improving vi-
sion loss [122–124]. In addition, Greiner et al. [125] have
treated a recombinant protein generated by fusing the p55
TNF-alpha receptor with human IgG1 (immunosuppressive
as it blocks the TNF-α activation) in patients with posterior
segment intraocular inflammation. They also found that by
regulating the fraction of peripheral blood CD4+ T cells
expressing IL-10, anti-TNF-α improved the impaired vi-
sion in these patients. These studies suggest that prevention
of M1-macrophages released pro-inflammatory cytokines
such as TNF-α could mediate the uveitis, and inhibition of
TNF-α could prevent the uveitis complications. Further,
targeting macrophage migration inhibitory factor also has
the potential to control uveitis complications [126]. These
studies demonstrate the significance of M-1 macrophage-
mediated inflammatory response in uveitis and suggest po-
tential therapeutic use of developing drug targets against
potent pro-inflammatory cytokines.

Similarly, inhibition of M2 macrophage - released
VEGF has been shown to prevent diabetic retinopathy as
well as AMD. Yang et al. [127] have investigated the ef-
fect of a bispecific fusion protein (efdamrofusp), which
neutralizes the VEGF isoforms and C3b and C4b comple-
ment proteins in dry AMD patients in a phase-1 clinical
study. They found that the bispecific fusion protein pre-
vents the infiltration and polarization of macrophages into
the M2 phenotype and is effective in treating neovascu-
lar AMD. Similarly, Jia et al. [128] have also indicated
the therapeutic significance of this bispecific fusion pro-
tein in treating neovascular AMD in a phase-1b clinical
trial. Another study by Chang et al. [129] has demon-
strated that intravitreal aflibercept (VEGF-A inhibitor) pre-
vents treatment-resistant neovascular age-related macular
degeneration. Similarly, Sarao et al. [130] have also in-
dicated that intravitreal injections of aflibercept reverse the
pre-switching trend toward losing vision and improve sta-
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Fig. 5. Macrophage-mediated inflammatory response in the development of dry and wet AMD. In age-related macular degeneration
(AMD), macrophage polarization into M1 and M2 phenotypes contributes to two different forms of AMD. M1 phenotype macrophages
are pro-inflammatory in nature. They release Th1 cytokines that cause chronic inflammation and tissue damage, leading to dry AMD.
Meanwhile, M2 phenotype macrophages are anti-inflammatory in nature. They promote Th2 response, tissue remodeling and could
contribute to angiogenesis, leading to wet AMD. The balance between M1 and M2 macrophage activity could play a critical role in the
progression of both dry and wet AMD.

ble visual acuity for up to 12months in patients with nAMD
who are not responding to ranibizumab. In addition, several
recent studies also suggest the significance of anti-VEGF
therapies to control AMD [131–133].

Further, several studies have also suggested the use
of anti-VEGF treatment to control proliferative diabetic
retinopathy and macular edema in patients [134–136]. For
example, in a randomized recovery trial, Wykoff et al.
[134] have shown that alibercept prevents retinal nonperfu-
sion in patients with proliferative diabetic retinopathy. Sim-
ilarly, a long-term prospective study conducted by Chatzi-
ralli et al. [135] has shown that intravitreal treatment
of ranibizumab, a VEGF-A inhibitor, prevents prolifera-
tive diabetic retinopathy in patients with coexistent mac-
ular edema. In addition, intravitreal injection of farcimab
improves vision in patients with diabetic macular edema
[136]. In addition, several anti-cytokine therapies, such
as TNF-α, IL-6, IL-1β and IL-17, are still under clini-
cal trials for uveitis and DR. Although current clinical tri-
als are limited to understanding anti-cytokine therapy, ad-
ditional clinical studies are required to understand how
macrophage polarization plays a significant role in thera-
peutics. However, this is a difficult task as macrophage be-
havior alters based on different ocular complications. Fur-
ther, macrophage behavior changes with the local ocular
tissue environment and generalized treatment may not be
beneficial in all cases. In addition, the development of

nanoparticle-based treatments could direct the drugs to spe-
cific ocular tissues and improve the outcome with minimal
off-target effects. However, such nanoparticle-based stud-
ies are now limited to pre-clinical animal studies. Further,
recent immune checkpoint inhibitors therapies for the can-
cer treatment have shown to aggravate or induce ocular in-
flammatory complications such as posterior uveitis, ante-
rior uveitis and DR and AMD [137–139]. Further, some
studies indicate that patients taking immune checkpoint in-
hibitors could lead to insulin deficiency resulting in the de-
velopment of auto-immune diabetes and complicated type-
1 diabetes [139–141]. Few studies have also shown that
PD-1 inhibitors could worsen the type-2 diabetic compli-
cations [142–145]. Therefore, use of immune checkpoint
inhibitors to control diabetic retinopathy is not a good op-
tion [143]. Similarly, in AMD and other ocular inflam-
matory diseases, immune checkpoint inhibitors have been
shown to increase or cause the symptoms rather prevents
the symptoms [144,145]. Thus, treating ocular inflamma-
tory diseases with immune checkpoint inhibitors is not rec-
ommended and additional studies are required.

5. Conclusions and Future Perspectives

Macrophages have multifaceted functions in the
development of ocular inflammatory complications,
such as uveitis, optic neuritis, scleritis, DR, and AMD
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Table 1. Significant role of macrophages in ocular inflammatory complications.
Disease Role of macrophages Reference

Uveitis

• Macrophages release pro-inflammatory cytokines such as TNF-α, IL-6, IFN-γ, contributing to tissue
inflammation and uveal damage.

[12,16]

• Macrophages are activated by T cells which polarize from M1 to M2 in uveitis disease phases. [24,32]
• Macrophage-derived CCL2 and CXCL10 signaling are essential for immune cell migration. [28]
• Depleting macrophage-specific proteins (CD47) reduces uveitis severity. [30]
• Glucocorticoids promote macrophage M2 polarization, helps in inflammation resolution and prevent
uveitis.

[33]

• IL-33, AhR by promoting M2 polarization prevents uveitis. [34,35]
• NF-κB inhibitors and antioxidants could prevent uveitis. [46,47]

Optic Neuritis

• Macrophages in the optic nerve release cytokines leading to demyelination and axonal damage. [54,55]
• Activation of M2 phenotype macrophages supports retinal protection. [56]
• Diet-derived fatty acids could promote M2 polarization, beneficial for neuronal health. [57–59]
• M1 macrophages exacerbate inflammation through cytokine release (IL-12, IL-23) in EAE models,
contributing to optic nerve damage.

[60,62]

Retinitis

• Macrophages respond to viral and bacterial infections by releasing pro-inflammatory cytokines and
damage the retina.

[66]

• Excessive macrophage activity can cause retinal necrosis and detachment. [64–66]
• HSV, CMV, and HZV infections cause immune-driven retinal apoptosis and necrosis. [69–72]
• In retinitis pigmentosa, macrophages contribute to photoreceptor degeneration but may aid in neuropro-
tection and regeneration.

[74–76,78]

• Inhibition of caspase-1 prevents microglial pyroptosis by altering M1 and M2 polarization. [82]

Scleritis

• Macrophage released cytokines (TNF-α, IL-1, IL-6) could amplify inflammatory responses in sclera. [84,86]
• Macrophages act as antigen-presenting cells, activating T cells and promote scleral damage. [88]
• Matrix metalloproteinase (MMP) release by macrophages leads to scleral thinning and perforation. [89]
• In scleritis, macrophages often form granulomas, causing chronic inflammation and tissue damage. [85]

DR

• Hyperglycemia-mediated activation of macrophages release inflammatory cytokines and chemokines,
causing inflammatory response and retinal damage.

[94–97]

• Increased immune cells including macrophages through breaching the blood-retinal barrier cause vas-
cular damage and neovascularization.

[98,99]

•Hyperglycemia promotes macrophage polarization M1/M2 leading to insulin resistance and exacerbates
DR.

[99]

• Anti-VEGF therapies target macrophage-driven neovascularization to control DR progression. [95,100]
• NF-κB inhibition prevents DR by preventing the inflammatory response. [101–105]

Glaucoma

•Macrophages and microglial cells contribute to retinal ganglion cell death by interacting with other cells. [106]
• Intraocular macrophages accumulate in the trabecular meshwork, worsening inflammation in glauco-
matous eyes.

[111,112]

• Peripheral blood macrophage levels (CD163+), linked to visual field loss, suggest systemic immune
involvement in glaucoma.

[114]

• Increased inflammatory markers in aqueous humor is associated with secondary glaucoma in Fuchs
uveitis syndrome patients.

[115]

AMD
• Macrophages promote inflammatory responses that accelerate AMD progression. [116,117]
• M2 macrophages in early AMD may help clear drusen and cause inflammation when dysregulated. [118,120]
• Anti-VEGF therapy targeting M2 macrophage-driven neovascularization shows efficacy in managing
wet AMD.

[127,128]

CCL2, chemokine ligand 2; CXCL10, C-X-C motif chemokine ligand 10; CD, cluster of differentiation; AhR, aryl hydrocarbon receptor;
EAE, experimental autoimmune encephalomyelitis; HSV, herpes simplex virus; CMV, Cytomegalovirus; HZV, herpes zoster virus.

(Table 1, Ref. [12,16,24,28,30,32–35,46,47,54–60,62,64–
66,69–72,74–76,78,82,84–86,88,89,94–106,111,112,114–
118,120,127,128]). Understanding the role of macrophages
will shed light on developing novel immunomodulatory

manipulation of macrophages for future therapeutic
advancements for ocular diseases. Further, a better under-
standing and manipulation of macrophages is also required
to associate immune and inflammatory responses with other
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processes, such as oxidative stress and angiogenesis, which
are involved in the progression of ocular inflammatory
complications. Few studies also indicate the importance
of macrophage polarization in these diseases [32–34].
Generally, macrophages can adopt pro-inflammatory (M1)
or anti-inflammatory (M2) phenotypes depending on their
environment. M1 macrophages secrete TNF-α, IL-1β,
IFN-γ and amplify the immune response in uveitis, AMD,
and DR. On the other hand, M2 macrophages, by secreting
IL-10 and TGF-β could resolve the inflammation. Future
treatments could also focus on reprogramming these cells
from one phenotype to another, which could help reduce
ocular inflammation while promoting tissue repair. This
may be more beneficial in conditions like uveitis, DR,
and AMD, where controlling macrophage M1 phenotype
changes could prevent tissue damage and dysfunction
and improve vision. For example, glucocorticoids have
been shown to promote M2 to M1 transition leading to
inhibition of uveitis [33]. Identification of additional drugs
that modulate phenotype changes could help in advancing
treatment options for ocular inflammatory complications.

It is now well known that external and internal stim-
uli could activate macrophages locally or systemically.
The activation of macrophages triggers immune and in-
flammatory responses, which drive inflammation in var-
ious ocular tissues by releasing cytokines such as TNF-
α, IL-1β, IL-6, IL-17, and VEGF. These inflammatory
cytokines, chemokines, and growth factors released by
macrophages reach bleach through the blood-retinal bar-
rier and cause damage to the ocular tissues. Further,
recent next-generation sequencing technologies and ge-
nomics researches could help identify pathways through
which macrophages mediate ocular inflammatory compli-
cations and control these diseases. In certain cases, com-
binational treatments may help improve vision. For ex-
ample, combining anti-angiogenic drugs with drugs that
target macrophage-mediated inflammatory pathways could
enhance treatment effectiveness and improve rapid vision
loss during wet-AMD, and DR. Some studies have also
suggested that macrophages may promote the growth of
abnormal blood vessels [3,6,7]. Therefore, future treat-
ments could be directed at modulating macrophage activ-
ity to prevent neovascularization. Similarly, using engi-
neered macrophages or drugs that modulate macrophage-
mediated immune function could hold promise for treat-
ing autoimmune-initiated uveitis and optic neuritis. Fur-
ther, understanding how specific gene expressions and their
functions in macrophage subpopulations will help to iden-
tify the significance of macrophage heterogeneity in ocular
diseases. In addition, gene-edited macrophages could of-
fer precise immunomodulation responses and prevent ocu-
lar inflammatory diseases. CRISPR-Cas9 tools could mod-
ify the genetic makeup of macrophages and be helpful for
targeted therapies. Gene-editedmacrophages could also en-
hance M2 polarization, help resolve inflammation, and im-

prove tissue repair mechanisms. However, additional stud-
ies are needed in this direction to optimize as well as exam-
ine the safety of gene-edited macrophages in the eye.

In summary, recent studies suggest that macrophages
could play an important role in the pathophysiology of oc-
ular inflammatory diseases. They can act either indepen-
dently or in conjunction with other immune cells and mod-
ify oxidative and inflammatory responses, leading to ocu-
lar tissue damage. Understanding macrophage activation,
phenotype change, and immune cell modulation could help
control immune and inflammatory responses, promote tis-
sue repair, and improve vision. Developing novel therapeu-
tic targets related to macrophages may hold great potential
for improving vision problems associated with ocular in-
flammatory complications.
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