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Abstract: Experimental autoimmune uveitis (EAU), an animal model of human uveitis, is characterized by infiltration
of autoimmune T cells in the uvea as well as in the retina of susceptible animals. EAU is induced by the immunization of
uveitogenic antigens, including either retinal soluble-antigen or interphotoreceptor retinoid-binding proteins, in Lewis
rats. The pathogenesis of EAU in rats involves the proliferation of autoimmune T cells in peripheral lymphoid tissues and
breakdown of the blood-retinal barrier, primarily in the uvea and retina, finally inducing visual dysfunction. In this review,
we describe recent EAU studies to facilitate the design of a therapeutic strategy through the interruption of uveitogenic factors
during the course of EAU, which will be helpful for controlling human uveitis.
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Introduction

Uveitis is an inflammatory eye disease related to visual
dysfunction in humans [1] and animals [2]. Uveitis is classi-
fied into anterior uveitis (iritis), intermediate uveitis (cyclitis),
posterior uveitis (choroiditis and retinitis), and pan-uveitis
(all layers of the uvea are inflamed) by anatomical structure
[3]. Human non-infectious uveitis is strongly associated with
human leukocyte antigen (HLA) genes and autoimmune T
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cells in the protein of retina [1, 4]. Autoimmune uveitis as-
sociation of HLA genes causes birdshot retinochoroidopathy,
Behcet’s disease, anterior uveitis in ankylosing spondylitis,
Vogt-Koyanagi-Harada disease, sympathetic ophthalmia,
intermediate uveitis and pars planitis [4]. Experimental auto-
immune uveitis (EAU) is an animal model of inflammatory
autoimmune uveitis, and is characterized by infiltration of
autoimmune T cells in the retina and uvea in susceptible
animals, including rats [5, 6] and mice [7]. EAU-induced rats
are showed the monophasic and spontaneous pan-uveitis [8].
Furthermore, HLA transgenic mice indicate the pan-uveitis,
vasculitis, granuloma formation, photoreceptor damage, and
retinal folding and/or detachment [4, 9]. The neuropatho-
genesis of EAU is complex and involves multiple factors,
including proliferation of autoimmune T cells, activation of
antigen-presenting cells, homing of autoimmune T cells to
the eyes with concurrent activation of adhesion molecules,
inflammation in the uvea and retina with glial activation,
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and finally disruption of visual function and occasionally
blindness [5-7].

Here we summarize key aspects of the pathogenesis of
EAU in a rat model [5, 8, 10], which involves T-cell prolifera-
tion, pro-inflammatory mediators, migration of inflamma-
tory cells through the blood-retina barrier (BRB), and tissue
damage in the uvea and retina after immunization with a
uveitogenic antigen.

Uveitogenic Antigens in Lewis Rats

Bovine retinal homogenate including a variety of retinal
antigens is associated with the generation of uveitogenic
autoimmune T cells in Lewis rats [11]. The susceptibility of
inbred rat strains and pathogenic peptides has been analyzed
in Lewis rats [10, 12].

In retinal tissues, two different uveitognenic antigens have
been reported in Lewis rats; namely, retinal soluble-antigen
(SAg) peptide and interphotoreceptor retinoid-binding pro-
tein (IRBP)-peptide R14 (common amino acids [aa] 1169-
1191) or R16 (aa 1177-1191) [8, 10]. SAg is closely associated
with phototransduction, whereas IRBP is a glycoprotein that
transports retinoids [13]. Retinal SAg peptide-responsive T
cells infiltrate the uvea and destroy the retinal pigment epi-
thelium (RPE), whereas IRBP-reactive T cells preferentially
infiltrate the retina via the BRB and destroy photoreceptors,
suggesting that T cells responsive to the two antigens invade
the retina via different routes [8]. Thus, SAg-derived peptide
(aa 341-354)-induced EAU in Lewis rat shows monophasic
clinical signs, whereas IRBP R14-immunized Lewis rat re-
induce ocular inflammation after prior disease inoculation
with IRBP R14 or adoptive transfer of R14-specific T cells [8,
14].

Autoimmune T cells and Clonal Expansion of V
Beta Genes

As in other autoimmune diseases in Lewis rats, T cells
expressing CD4", Th17, or CD8" are generated in the periph-
eral immune system and localize to the eyes [15]. Cytokines
secreted by CD4" T cells are important in the induction of
EAU, and restoration of the Th17-to-regulatory T cell (Treg)
balance leads to recovery of EAU (15, 16]. Regarding whether
the proliferation of autoimmune T cells is involved in the
initiation of autoimmune uveitis, suppression of T-cell pro-
liferation is one method of disease prevention. Therefore,
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reducing the levels of pro-inflammatory mediators is associ-
ated with the amelioration of EAU.

Following clonal expansion of T cells in response to IRBP,
VPB8.2" T cells predominate [13], as is the case in EAE [17].
Furthermore, T-cell receptor (TCR) VB8.2" and TCR Va2"
cells predominantly infiltrate the anterior chamber, includ-
ing the iris/ciliary body, in myelin basic protein-immunized
anterior uveitis models [18]. Clonal expansion of V38.2" T
cells is important in EAE and EAU in Lewis rats, despite
them accounting for a small proportion of the total T-cell
population.

In SAg-induced EAU in rats, modification of uveitis via
the inhibition of T-cell proliferation is acquired by a variety
of disease modifying factors, including dexamethasone, cy-
closporine A, gallium nitrate, fenofibrate, and poly-nanopar-
ticles encapsulating betamethasone phosphate [19-24]. In
brief, gallium nitrate, which is used to treat hypercalcemia,
mitigates the infiltration of inflammatory cells into the reti-
na and the destruction of photoreceptor cells by suppressing
the proliferation of lymphocytes [20], similar to immuno-
suppressive drugs, including dexamethasone, cyclosporine
A [19], and fenofibrate [24]. These findings suggest that
suppression of autoimmune T-cell proliferation is a primary
target for the amelioration of EAU as far as an EAU model is
involved.

Homing of T Cells to the Uvea and Retina is a
Pivotal Factor in EAU Pathogenesis

Regarding the vascular supply in the eyes, immune cells
(T cells and macrophages) infiltrate the ciliary body, iris, and
uvea via the short- and long-posterior ciliary arteries after
the generation of autoimmune T cells even though the BRB
is tightly formed (Fig. 1) [25]. Thus, blocking the passage of
inflammatory cells through the BRB in the eyes would be an
alternative choice for the suppression of EAU.

In brief, immunization with uveitogenic antigens (e.g,
SAg and IRBP) activates CD4" T cells in peripheral lymph
nodes, finally infiltrating the eyes via the BRB [26]. EAU in
Lewis rats is characterized by the infiltration of CD4" Thl
cells and intraocular inflammation in the anterior and pos-
terior chambers, leading to retinal destruction. Autoreactive
T cells infiltrate the uvea and retina as follows: peripheral
induction of cross-reactive immune responses in peripheral
lymph nodes, infiltration of cross-reactive T cells into the
eye, and recruitment of inflammatory cells, including T cells
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and macrophages [5].

In the induction stages of EAU, lymphocytic and mono-
cytic infiltration occurs predominantly in the anterior and
posterior chambers of the eye, followed by the retina [27].
Activated microglia as well as mononuclear cells are fre-
quently found in the perivascular cuffing region and outer
layer of the retina [28], which secrete pro-inflammatory cy-
tokines such as tumor necrosis factor (TNF)-q, [28].

The BRB consists of the retinal vascular endothelium and
the RPE [29]. In SAg-induced EAU, the BRB is destroyed
in the posterior retina and in the peripheral retina 8 to 10
days after immunization [30]. Pro-inflammatory cytokines,
including TNF-q and interleukin (IL)-1B, are strongly as-
sociated with ocular inflammation [30]. SAg-specific T cells
were detected in the iris, ciliary body, and aqueous humor
2 days after cell transfer [31]. Therefore, activated T cells
sequentially infiltrate the iris, ciliary body, aqueous humor,
and retina in rats with SAg-induced EAU.

In IRBP-induced uveitis, inflammatory cells infiltrate the
retina via retinal blood vessels, which are derived from the
ophthalmic artery, and destroy photoreceptors (Fig. 1). CD4"
T cells infiltrate the choroid adjacent to the RPE in IRBP
R14-induced EAU rats [14]. Furthermore, the CD4"/CD8"
and Th17/Treg ratios were elevated on day 12 after immuni-
zation of IRBP-induced EAU rats with severe ocular inflam-
mation [15]. It has been postulated that either IRBP and/or
SAg generate autoimmune uveitogenic T cells; IRBP-reactive
T cells preferentially infiltrate the neural retina while Sag-
responsive T cells migrate to the uvea as far as the effector
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Fig. 1. A schematic drawing of experi-
mental autoimmune uveitis (EAU)

pathogenesis. Modified from Kim et al.
Neural Regen Res 2022;17:1604-8 [25].

phage of EAU pathogenesis. Irrespective of preferential infil-
tration into either the neural retina or uvea, retinal involve-
ment of autoimmune damage is similar as far as rat EAU is
involved.

The RPE: A Barrier between Vessels and the
Neural Retina

The BRB comprises the inner and outer BRB and disrup-
tion of its permeability triggers ocular inflammation. The
outer BRB, a single layer of cuboidal RPE cells, is located
between the optic part of the retina and the finest capillaries
in the choroid capillary lamina [32]. The choroidal capillar-
ies are highly permeable, allowing infiltration of inflamma-
tory cells—including autoreactive T cells, macrophages, and
neutrophils—into the posterior and peripheral retina [30].
Furthermore, the RPE releases pro-inflammatory cytokines
(TNF-q, IL-6, and IL-8), which induce uveitis by increasing
mitochondrial oxidative stress in the photoreceptors of EAU-
induced rats [33]. Degeneration of RPE cells is associated
with breakdown of the retinal structure, such as photore-
ceptor cell death, resulting in visual dysfunction [34]. The
proliferation and phenotype switching of RPE cells, i.e., the
epithelial-mesenchymal transition (EMT), is a feature of
retinal disorders [29]. The EMT in RPE cells is increased by
treatment with diesel particulate matter and transforming
growth factor (TGF)-B is upregulated [35]. The EMT pro-
motes retinal detachment by upregulating matrix metallo-
proteinases (MMPs), which degrade tight-junction proteins,
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Table 1. Therapeutic effects in experimental autoimmune uveitis (EAU)

Targets of . .
. Therapeutic agents Immunogen Therapeutic outcomes References
therapeutics
Lymphocytes T cell receptor (TCR) VB 8.3  IRBP;1177-1191 - Mitigated intraocular inflammation (33]
peptide vaccination - Suppressed lymphocyte proliferation, IL-2, and IFN-y
- Increased IL-4 and IL-10
Dex sodium phosphate Human IRBP,, 4, - Both Dex solution and Dex hydrogel (high dose) suppressed the [34]
solution and Dex inflammatory response and purulent exudate in the anterior chamber
supramolecular hydrogel - Dex Tx (high dose) attenuated the inflammatory response in the
posterior segment
- Dex hydrogel Tx downregulated the Th1 and Th17 effector response
(TNE-q,, IL-6, and IL-17)
TNFand Soluble fusion protein of Soluble retina extract - Suppressed tissue damage without impeding myeloid cell infiltrate [35]
cytokines TNFp55 receptor - Reduced infiltrating macrophages and nitric oxide production
- Reduced the apoptosis within the retina
- Increased TGF-, but decreased TNF signal
Molsidomine IRBP 1169-1191 (R14) - Inhibited clinical signs and histopathological criteria [36]
(nitric oxide inhibitor) - Enhanced IL-10, but decreased IFN-y
Stealth nanosteroids SAg peptide 1-20 - Reduced the clinical score of EAU [37]
- Decreased the histological score, including inflammation
- Inhibited the upregulation of cytokines (IL-6 and IL-17) and activation
of Miiller cells
Adalimumab and infliximab ~ Endotoxin - Infliximab administration partially prevented the disruption of the [38]
(Anti-TNF alpha drug) blood-aqueous barrier
- Ameliorated the histopathological score
- Protected against endotoxin-induced oxidative stress, restoring all
markers to control levels, except infliximab
Oxidative Allopurinol Crude retina extract of - Significant reduction of LPO and MPO levels [42]
stress calf - Suppressed only MPO, not LPO, levels
- Inhibited inflammatory changes, including thinning, loss of retinal
ganglion cells, and retinal detachment
Nitroxide 4-hydroxy-2,2,6,6,- Human SAg - Lower mean clinical and histological score [44]
tetramethylpiperidine-1-N- - Reduced retinal conjugated malondialdehyde levels
oxyl - Reduced aqueous humor protein levels
Fidarestat Bovine IRBP peptide - Prevented EAU-induced ocular inflammatory changes, including [45]
1169-1191 upregulation of proteins, cytokines, and chemokines
- Inhibited increases in inducible NOS and COX-2
- Prevented the proliferation of spleen-derived T cells
Cell migration Fidarestat Bovine IRBP peptide - Suppressed the induction of ICAM1 of the retinal endothelium [45]
1169-1191
Monoclonal antibody to SAg - Mitigated clinical signs during a 2-week treatment [47]
ICAM-1 (1A29) - Completely inhibited inflammatory changes in the anterior chamber,
uvea, and retina
Neutralizing monoclonal IRBP peptide - Suppressed T cell proliferation [48]
antibody to macrophage - Alleviated inflammatory changes

migration inhibitory factor
BB-1101 (MMP inhibitor) SAg - MMPI2 and neutrophil collagenase increased in EAU-induced retina [49]
- Reduced the incidence of disease and delayed the day of onset of
clinical disease

- No leukocyte infiltration and no retinal tissue damage

IRBP, interphotoreceptor retinoid-binding protein; Dex, dexamethasone; IL, interleukin; IFN, interferon; Th, helper T cell; Tx, treatment; TNF, tumor necrosis
factor; TGF, tumor growth factor; SAg, soluble antigen; LPO, lipid peroxidation; MPO, myeloperoxidase; NOS, nitric oxide synthase; COX, cycloxygenase;

MMP, matrix metalloproteinase.
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e.g., zonula occludens-1 [36]. We postulate that EMT of RPE
cells promotes retinal detachment, leading to loss of visual
acuity in EAU.

Therapeutic Strategies for EAU

Therapeutic strategies for EAU comprise: (1) inhibition of
lymphocyte proliferation, (2) suppression of TNF and cyto-
kines, (3) downregulation of oxidative stress/radicals, and (4)
inhibition of cell migration (Table 1).

Is inhibition of lymphocyte proliferation beneficial for
the modulation of EAU?

Because autoimmune T cells primarily infiltrate eyes with
EAU, it is plausible that the suppression of clonal expansion
of uveitogenic T cells and/or broad suppression of T-cell pro-
liferation is a primary therapeutic target. Among the V beta
genes, TCR V3 genes, including TCR V3 8.3, are targets be-
cause immunization with its peptides is associated with the
prevention of ocular inflammation and suppression of lym-
phocyte proliferation, with concurrent increased levels of the
anti-inflammatory cytokines IL-4 and IL-10 [37]. Further-
more, high-dose dexamethasone hydrogel downregulates
Th1 and Th17 responses, such as the release of TNF-q, IL-
6, and IL-17 [38]. In addition, autoreactive T cells and other
inflammatory cells release pro-inflammatory cytokines,
including ILs, interferons (IFN), and cytokine (C-C motif)
ligand, in animal models of EAU [8, 15, 30]. Therefore, inhi-
bition of lymphocytes such as T cells has therapeutic poten-
tial for EAU.

These findings indicate that suppression of T-cell prolif-
eration is closely linked to the amelioration of ocular inflam-
mation with the suppression of pro-inflammatory mediators.

Suppression of TNF and cytokines

TNF signaling and pro- and anti-inflammatory cytokines
are associated with intraocular inflammation, macrophage
infiltration, apoptosis in the retina, and Miiller cell activa-
tion [39-41]. A soluble fusion protein of TNF p55 receptor
suppressed tissue damage without impeding myeloid cell
infiltration or macrophage infiltration [39]. Suppression of
TNF signaling prevented apoptosis and production of nitric
oxide (NO), and promoted synthesis of TGF-p, in the retina
[39]. In addition, adalimumab and infliximab, anti-TNF-q,
agents, suppressed uveitis by blocking interactions with TNF
receptor and exerted a cytotoxic effect on TNF-q-expressing
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cells in endotoxin-induced disruption of the blood-aqueous
barrier [42]. Inhibition of TNF signaling mitigated uveitis by
suppressing the infiltration of inflammatory cells, apoptosis,
and oxidative stress.

Downregulation of oxidative stress and radicals

Once inflammation is initiated in the ocular tissues, oxi-
dative stress follows because a variety of inflammatory cells
and resident cells react to exogenous insults, possibly the
generation of radicals [33, 43, 44]. This non-specific genera-
tion of radicals, in excess, damages target organs, including
the eyes. Thus, the generation of radical scavenging enzymes,
including superoxide dismutase and catalase, is an alterna-
tive choice to mitigate injury [45].

Allopurinol, a xanthine oxidase inhibitor used to treat
gout and kidney stones, inhibited inflammatory changes,
including thinning, loss of retinal ganglion cells, and retinal
detachment, by suppressing lipid peroxidation and myelo-
peroxidase activity [46]. 4-Hydroxy-tempo, also known as
nitroxide 4-hydroxy-2,2,6,6,-tetramethylpiperidine-1-N-
oxyl (TPL), has superoxide dismutase activity [47]. In hu-
man SAg-induced EAU, TPL suppressed the inflammatory
changes and reduced the protein and retinal-conjugated
malondialdehyde levels in the aqueous humor [48]. Fidar-
estat, an aldose reductase inhibitor, inhibited the increased
levels of inducible NO synthase and cyclooxygenase, thereby
suppressing EAU-induced ocular inflammatory changes,
including upregulation of cytokines and chemokines [49].
Furthermore, NO inhibitors such as molsidomine improved
the histopathological changes and clinical signs by increas-
ing the levels of anti-inflammatory cytokines such as IL-10
and decreasing IFN-y levels [40]. Oxidative stress in mito-
chondria of photoreceptor inner segments triggers retinal
inflammation at an early stage in SAg-induced EAU Lewis
rats [44]. RPE releases pro-inflammatory cytokines, includ-
ing TNF-q, IL-6, and IL-8, which are uveitogenic [33]. We
postulate that reducing oxidative stress or free radical levels
in retinal pigment cells mitigates ocular inflammation in the
early phase of EAU.

Inhibition of cell migration

Infiltration of autoimmune T cells into the target organ
is important because cells in the bloodstream itself do not
induce target specific disease. Blocking cell migration is a
choice because blocking cell adhesion molecules, includ-
ing VLA-4, abolishes autoimmune central nervous system
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inflammation [50]. If this is the case, it is highly possible
that blocking adhesion molecules is a possibility. Fidarestat
prevented ocular inflammation by preventing the induction
of intercellular adhesion molecule-1 (ICAM-1) expression
in the retinal endothelium [49]. A monoclonal antibody to
ICAM-1 completely inhibited its upregulation in the ciliary
body, iris, and retinal pigment epithelium, and mitigated
the inflammatory responses [51]. In addition, a neutralizing
monoclonal antibody to macrophage migration inhibitory
factor inhibited clinical signs of EAU by suppressing T-cell
proliferation [52]. The levels of MMPs and neutrophil colla-
genase are increased in EAU-induced retina, and inhibition
of MMPs by BB-1101 reduced the incidence of disease and
abolished leukocyte infiltration and retinal tissue damage
[53]. ICAM-1, the ligand for lymphocyte function-associated
antigen-1, and vascular cell adhesion molecule-1 were up-
regulated in superficial retinal vessels before T-cell infiltra-
tion EAU-induced rats [33]. Therefore, we postulate that sup-
pression of adhesion molecules, including ICAM-1, prevents
induction of EAU.

Conclusion and Future Perspectives

This review summarizes that the pathogenesis of EAU
involves the proliferation of autoimmune T cells, with con-
current production of proinflammatory cytokines and mi-
gration of CD4" T-cells into eyes. Disruption of both T-cell
proliferation and migration would be a primary target for
the modulation of EAU. Once the inflammatory response in
the eyes occurs in EAU, radical scavenging is an alternative
choice for the treatment of EAU. Importantly, it is postu-
lated that the RPE is an important barrier in the BRB as far
as EAU is concerned, because it controls the trans-passage
of inflammatory cells in addition to contributing to retinal
homeostasis between the choroid and outer segment of the

retina.
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