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Abstract

Osteopontin (OPN) is an extracellular matrix protein with a diverse range of functions, including roles in cell adhesion, migration, and
immunomodulation, which are associated with the modulation of neuroinflammation in the central nervous system. The present study was
performed to evaluate the involvement of OPN in the eyes of an experimental autoimmune uveoretinitis (EAU) model. The EAU model was
developed by immunization of Lewis rats with interphotoreceptor retinoid-binding protein. The results showed the OPN level was remarkably
upregulated in the eye of EAU rats on day 9 post-immunization. The level of CD44, a ligand of OPN, was increased in the ciliary body of EAU
rats. Furthermore, OPN was also detected in the ciliary body and activated microglia/macrophages in the EAU retina. The results suggest that
OPN was significantly upregulated in the eyes of EAU rats, and that it may be useful as an early biomarker of ocular autoimmune diseases. All
animal experiments were approved by the Institutional Animal Care and Use Committee of Jeju National University (approval No. 2020-0012)
on March 11, 2020.
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body, via adhesion to vascular endothelial cells (Diedrichs-
Mohring et al., 2018). Once inflammatory cells have infiltrated
the choroid and anterior chamber, inflammatory cells and
their secretory mediators influence adjacent tissues, including
the retina via the retinal pigment epithelium as well as the
cornea across the anterior chamber (Pepple et al., 2016).
The retina in EAU is influenced either by direct infiltration of
inflammatory cells across the blood-retina barrier (Diedrichs-
Mohring et al., 2018) or by indirect effects on the activated

Introduction

Experimental autoimmune uveoretinitis (EAU) is a model
of human autoimmune uveitis, which is characterized by
autoimmune T lymphocyte infiltration into the uvea in
susceptible animals (Diedrichs-Mohring et al., 2018; Huang
et al., 2018). During the EAU process, peripherally generated
T cells enter the circulation followed by infiltration of
inflammatory cells into the uvea, including the iris and ciliary
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retinal pigment epithelium, leading to detachment of
photoreceptor cells from the retinal pigment epithelium
(Benhar et al., 2016). This results in retinal degeneration,
leading to visual dysfunction coincident with the activation
of glia by oxidative stress (Saraswathy and Rao, 2008). In
the pathogenesis of EAU, extracellular matrix proteins,
including osteopontin (OPN), are involved in the initiation of
inflammation and/or regeneration of injured tissues.

OPN, also known as secreted phosphoprotein 1, has a variety
of biological activities, including cell adhesion, migration,
survival, and activation of immune cells (Giachelli and Steitz,
2000; Denhardt et al., 2001), and these activities are partly
mediated by the binding of OPN to cluster of differentiation
(CD) 44 as an OPN ligand (lcer and Gezmen-Karadag, 2018).
In addition, OPN is involved in neuro-inflammation, possibly
mediating cell migration into nervous tissues (Shin, 2012).
OPN plays an important role in the initiation of inflammation
in autoimmune disease models, including experimental
autoimmune encephalomyelitis, experimental autoimmune
neuritis and experimental autoimmune myocarditis (Shin,
2012). Furthermore, OPN has been known as an early
biomarker in rat cerebral cortex with cryolesion (Shin, 2012),
and spinal cords with clip compression injury (Shin, 2012).

In the eye, OPN is constitutively expressed in retinal ganglion
cells (RGCs) (Duan et al., 2015), Mdller cells (Ruzafa et
al., 2018) and retinal pigment epithelium (Hollborn et al.,
2020). Functionally, OPN is involved in tissue regeneration
in the cornea (Fujita et al., 2010) and survival of RGCs
against ischemic injury (Chidlow et al., 2008). Although
OPN is associated with homeostasis of the eye under
normal conditions, the roles of OPN in the pathogenesis of
autoimmune eye diseases remain to be elucidated.

EAU is a distinct ocular disease involving infiltration of
autoimmune T cells and bystander cells into the uvea as well
as the retina (Diedrichs-Mohring et al., 2018). Regarding
ocular inflammation in EAU, which is characterized by
infiltration of inflammatory cells (Diedrichs-Mohring et al.,
2018), it is possible that OPN in the eye (including the cornea
and retina) changes dynamically during the pathogenesis
of EAU, particularly during the early stages of the disease.
This study was performed to determine the localization of
OPN in the EAU eye to understand its role in the course of
autoimmune ocular disease.

Materials and Methods

Animals

Both male and female Lewis rats (6—8 weeks old, total
number = 15; Orient Bio Inc., Gyeonggi-do, Republic of
Korea) were housed in our animal facility under laboratory
conditions (12-hour light/dark cycle, temperature 24 + 2°C,
convey system) and fed a standard diet (SAFE+40RMM;
SAFE DIETS, Rosenberg, Germany). Experimental animals
were randomly divided into three groups: normal control (n
= 5), adjuvant control (n = 5), and EAU-induced rats (n = 5),
and were maintained 5 rats per cage with JRS 3—4s bedding
(SAFE, Rosenberg, Germany). All experimental procedures
were performed in accordance with the Guidelines for the
Institutional Animal Care and Use Committee of Jeju National
University (approval No. 2020-0012) on March 11, 2020. All
animal protocols conformed to international laws and National
Institutes of Health (NIH) policies, including the Care and
Use of Laboratory Animals (NIH publication No. 85-23, 1985,
revised 1996). Every effort was made to reduce the number of
animals and minimize their suffering.
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Induction of EAU

The immunogens were emulsified in an equal volume
(1 mg/mL) of bovine interphotoreceptor retinoid-binding
protein (peptide sequence: PTARSVGAADGSSWEGVGVVPDV;
Koma Biotech, Seoul, Republic of Korea) and complete
Freund’s adjuvant (CFA) supplemented with 1 mg/mL
Mycobacterium tuberculosis H37Ra (Difco Laboratories
Inc., Detroit, MI, USA). Lewis rats (n = 5) were immunized
by injection of 100 uL of the emulsion into each hindlimb
footpad. As an adjuvant control (n = 5), an equal volume of
CFA was inoculated into the hindlimb footpads of rats. Age-
matched normal rats (n = 5) without immunization were used
as normal controls. Sampling date was selected based on the
previous study (Diedrichs-Mohring et al., 2018).

Tissue sampling

To investigate the change of OPN in the early stage of EAU,
eye tissues were sampled on day 9 post-immunization based
on the previous study (Diedrichs-Mohring et al., 2018). The
experimental rats were sacrificed under deep anesthesia via
CO, gas inhalation (95% CO,, acryl chamber: 25 cm x 40 cm
x 26 cm) on day 9 post-immunization. After euthanasia, both
eyes were collected (one for western blot analysis and one for
immunostaining.), fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS), and processed for embedding in paraffin.
Eye tissue sections were cut into 5-um-thick sections using a
microtome (RM 2135; Leica, Nussloch, Germany) and stained
with hematoxylin and eosin for histopathological examination.
Eye tissue sections were deparaffinzed with xylene (1, II, and
[II) and in a graded ethyl alcohol solution (100%, 95%, 90%,
80%, and 70%), and reacted with hematoxylin solution (Easy
stain Harris Hematoxylin, YD Diagnostics CORP., Gyeonggi-do,
Republic of Korea) for 5 minutes. Then, sections were washed
with tap water for 5 minutes and reacted with eosin solution
(Clear ViewTM Eosin, BBC Biochemical, McKinney, TX, USA)
for 30 seconds. After dehydration with a graded ethyl alcohol
solution (90%, 95% and 100%), sections were cleared with
xylene and mounted with HistomountTM (national diagnostic,
Atlanta, USA). Furthermore, the collected eye tissues for
western blot analysis were stored in the deep freezer (-80°C)
until use.

Antibodies used in this study
The antibodies used in this study are summarized in Table 1.

Western blot analysis

Western blot analysis was performed as described
previously (Kim et al., 2020). Briefly, the retina (n = 3 per
group) was homogenized in lysis buffer containing protease
and phosphatase inhibitors. Samples were subjected to
electrophoresis and then transferred onto nitrocellulose
membranes (Schleicher and Schuell, Keene, NH, USA). The
membranes were blocked with 10% skim milk (v/v) in Tris-
buffered saline (TBS), then reacted with primary antibodies
against mouse anti-OPN (1:1000; sc-21742, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and B-actin (1:10,000;
A5441, Sigma-Aldrich, St. Louis, MO, USA) (Table 1) overnight
at 4°C. After washing three times with TBS, the nitrocellulose
membranes were incubated with secondary antibody such as
mouse immunoglobulin G (IgG) (1:1000; Vector Laboratories,
PI-2000, Burlingame, CA, USA) and reacted with BS ECL Plus
Kit reagent (W6002; Biosesang, Gyeonggi-do, Republic of
Korea). Positive signals were captured and analyzed by Fusion
Solo 6X software (Vilber Lourmat, Collégien, France). OPN
expression level was normalized to that of f-actin.
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Table 1 | Characterization of antibodies

Manufacturer, species and

Antigen Immunogen antibody type Dilution
CD44 Rat T blasts from mixed BD PharmingenTM (Cat# 1:200
lymphocyte reactions 554869, Lot. 0000042442),
(OX-49) mouse, monoclonal
Ibal Recombinant full Abcam (Cat# ab15690, Lot. 1:1000
length protein of LKH4161), mouse, monoclonal
human
GS Purified GS from sheep Chemicon International 1:10,000
brain (MAB302), mouse, monoclonal
B-Actin Synthetic Sigma-Aldrich (Cat# a5441, 1:10,000
B-cytoplasmic actin Lot. 028K4826), mouse,
N-terminal peptide monoclonal
conjugated to KLH
OPN Recombinant OPN of  Santa Cruz Biotechnology, Inc.  1:1000
mouse OPN origin (Cat# sc-21742, Lot. AKm2A1),
mouse, monoclonal
OPN Synthetic peptide Abcam (Cat# ab8448, Lot. 1:400
corresponding to GR3286062-13), rabbit,
human OPN aa polyclonal
170-183
Secondary antibodies for immunohistochemistry
Biotinylated Vector Laboratories (PK-6101, 1:200
goat anti- VECTASTAIN Elite ABC Rabbit
rabbit 1gG 1gG Kit)
Biotinylated Vector Laboratories (PK-6102, 1:200
horse anti- VECTASTAIN Elite ABC Mouse
mouse 1gG 1gG Kit)
Secondary antibodies for western blot analysis
Peroxidase Vector Laboratories (Cat#f PI-  1:1000
anti-mouse 2000, Lot. ZC1212)
1gG (H+1)

aa: Amino acids; GS: glutamine synthetase; Ibal: ionized calcium binding
adaptor molecule 1; IgG: immunoglobulin G; OPN: osteopontin.

Immunohistochemical and immunofluorescence staining
Immunohistochemistry was performed to localize the antigens
using the Vectastain Elite ABC Kit (Vector Laboratories,
Burlingame, CA, USA) as described previously (Kim et al.,
2020). Briefly, deparaffinized eye tissue sections were blocked
with normal goat serum, followed by incubation with rabbit
anti-OPN (1:400; ab8448, Abcam, London, UK) for 2 hours
and then the corresponding biotinylated goat anti-rabbit IgG
at room temperature. After washing with PBS, horseradish
peroxidase-labeled avidin was applied to the sections using
the Elite ABC Kit (Vector Laboratories). The peroxidase
reaction was performed using a peroxidase substrate kit (DAB,
SK-4100; Vector Laboratories), and the reaction was stopped
using distilled water. Sections were counterstained with
hematoxylin to visualize the target signals. Three different
researchers independently observed.

Double-labeling immunofluorescence was performed
to localize antigens in specific cell types. Briefly, the
deparaffinized sections were treated with 10% normal goat
serum for 1 hour and then with the first primary antibody
(i.e., rabbit anti-OPN; ab8448, Abcam) overnight at 4°C,
and subsequently reacted with corresponding biotinylated
secondary antibody (goat anti-rabbit 1gG). The slides were
then reacted with tetramethyl rhodamine isothiocyanate-
conjugated streptavidin (1:500, 016-020-084, Lot. 117099;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) for 1 hour at room temperature. Next, the sections were
washed and incubated with the second primary antibody,
i.e., mouse anti-ionized calcium binding adaptor molecule 1
(Ibal; ab115690, Abcam) or mouse anti-glutamine synthetase
(Chemicon International, Temecula, CA, USA), overnight
at 4°C. After washing, the sections were incubated with
corresponding biotinylated horse anti-mouse IgG and reacted
with fluorescein isothiocyanate-conjugated streptavidin
(1:500, 43-4311, Lot. 50594970; Zymed Laboratories Inc., San

Francisco, CA, USA) for 1 hour at room temperature. Next, the
slides were examined under a fluorescence microscope (BX-51;
Olympus, Tokyo, Japan) and photographed, and the images
were merged using Adobe Photoshop 7.0 software (Adobe
Systems, San Jose, CA, USA).

Statistical analysis

We calculated the sample size of this experiment based on
the previous studies (Charan and Kantharia, 2013; Diedrichs-
Mohring et al., 2018; Choi et al., 2021). Furthermore, the
number of experimental animals in the present study is 5 per
group. Based on the sample size calculating formula (Charan
and Kantharia, 2013), the sample size was revealed to be an
appropriate size. No animals were excluded from the analysis.
Two different researchers performed the western blot assay
and immunohistochemistry, independently. All values are
presented as the mean + standard error of the mean (SEM)
of three independent experiments. The results were analyzed
using one-way analysis of variance followed by the Student-
Newman-Keuls post hoc test for multiple comparisons using
the GraphPad Prism Version 7 software (GraphPad Software
Inc., San Diego, CA, USA). In all analyses, P < 0.05 was taken to
indicate statistical significance.

Results

Ocular inflammation

Under microscopic observation, the presence of round cells
was confirmed in the ciliary body (Figure 1C) and retina (Figure
1F) of EAU rats, whereas these cells were not observed in
normal controls (Figure 1A and D) or rats administered CFA
only (Figure 1B and E). Numerous round cells (inflammatory
cells) were detected in the anterior and posterior chambers
near the ciliary body (Figure 1C). Furthermore, retinal
detachment was confirmed in some EAU rats (data not
shown).

Normal

Ciliary body

Figure 1 | Histopathological changes in the retina of normal control,
complete Freund’s adjuvant (CFA)-only, and experimental autoimmune
uveoretinitis (EAU) rats.

There were no inflammatory cells in the ciliary body of the normal control

(A) and CFA-only (B) groups. However, inflammatory cells (arrowheads) were
detected in the ciliary body of EAU rats (C). The cytoarchitecture of the retina
was well organized in normal control and CFA-only rats (D and E). On the
other hand, disruption of the retinal structure and retinal inflammation were
observed in the EAU rats (F). Scale bars: 40 um. GCL: Ganglion cell layer; INL:
inner nucleus layer; IPL: inner plexiform layer; ONL: outer nucleus layer; OPN:
outer plexiform layer; PRL: photoreceptor layer.

OPN upregulation in the eye of EAU rats

Western blot analysis confirmed the upregulation of OPN in
the EAU rats compared with normal control and CFA-only rats
(Figure 2). The levels of both the OPN precursor (predicted
size 66 kDa) and OPN cleavage product (predicted size 25-55
kDa) were increased in the ocular tissue of EAU rats compared
with normal control and CFA-only rats (Figure 2A), with
significant increases in the retina (both P < 0.05) (Figure 2B).
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Figure 2 | Western blot analysis of osteopontin (OPN) in the retina of
normal control, CFA-only, and EAU rats.

(A) Western blot analysis of OPN (approximately 66 kDa) and its cleavage
product (approximately 25-55 kDa) was performed. The protein level of OPN
was increased in the retina of EAU rats compared with normal control and
CFA-only rats. Furthermore, the band of 25-55 kDa, corresponding to the
OPN cleavage product, was detected in the EAU rats. (B) The bar graphs show
quantification of OPN expression relative to B-actin expression. *P < 0.05, vs.
normal control rats, #P < 0.05, vs. CFA-only rats (one-way analysis of variance
followed by the Student-Newman-Keuls post hoc test). Bar graphs are the
mean + standard error of the mean (SEM) of three independent experiments
(n=23).

Next, we determined the OPN expression pattern in the eye.
OPN immunoreactivity was detected in the ciliary body in the
normal control and CFA-only groups (Figure 3A and B) and
was markedly increased in the round cells around the ciliary
body in EAU rats (Figure 3C). CD44, which interacts with OPN,
was also upregulated in the ciliary body of EAU rats (Figure 3F)
compared with the normal control and CFA-only groups (Figure
3D and E). Furthermore, OPN was localized in the RGC layer,
inner plexiform layer, inner nucleus layer, and outer plexiform
layer in the normal control and CFA-only groups (Figure 4A
and B). The intensity of OPN immunoreactivity was increased
in all layers of the retina in EAU rats (Figure 4C).

Normal CFA EAU

OPN

CD44

Figure 3 | Immunohistochemical staining of OPN and CD44 in the ciliary
body of normal control, CFA-only, and EAU rats.

Compared with the normal control (A) and CFA-only groups (B), OPN
immunoreactivity was increased in the EAU rats (arrows, C). The
immunoreactivity of CD44, a ligand of OPN, was weak in the normal

control (D) and CFA-only rats (E). CD44 immunoreactivity was strong in EAU
rats (arrowheads, F). Both OPN and CD44 were strongly detected in the
inflammatory cells of EAU rats (C, F). Arrows: OPN-positive cells; arrowheads:
CD44-positive cells. Scale bars: 40 um. CFA: complete Freund’s adjuvant; EAU:
experimental autoimmune uveoretinitis; OPN: outer plexiform layer.

Figure 4 | Immunohistochemical staining of OPN in the retina of the
normal control, CFA-only, and EAU rats.

OPN immunoreactivity was detected in the ganglion cell layer, inner plexiform
layer, inner nucleus layer, and outer plexiform layer of the retina in the normal
control group (A) and CFA-only group (B). However, the intensity of OPN
staining was elevated in the retina of EAU rats (C). Scale bars: 40 um. GCL:
Ganglion cell layer; INL: inner nucleus layer; IPL: inner plexiform layer; ONL:
outer nucleus layer; OPN: outer plexiform layer; PRL: photoreceptor layer.

Phenotype of OPN-expressing cells

To investigate the phenotype of OPN-expressing cells in the
ciliary body and retina, we performed double fluorescence
staining in the eyes of normal control and EAU rats. OPN
immunoreactivity was colocalized with Ibal-positive
inflammatory cells in the ciliary body of EAU rats (Figure 5D),
but not in normal control rats (Figure 5A). Furthermore, OPN
was detected strongly in Ibal-positive microglia (Figure 5E)
and glutamine synthetase-positive Miiller cells in the retina
(Figure 5F), compared with those of normal control rats (Figure
5B and C, respectively).

OPN Iba1

OPN Iba1 OPN GS

Normal

EAU

Figure 5 | Double immunofluorescence staining of OPN and ionized
calcium binding adaptor molecule 1 (Ibal) or glutamine synthetase (GS) in
the ciliary body and retina of normal control and EAU rats.

OPN was colocalized with Ibal-positive inflammatory cells in the ciliary body
(arrowheads in D) and Ibal-positive microglia in the retina (hallow arrowheads
in E), but not in normal control (A and B, respectively). Furthermore, OPN was
strongly detected in GS-positive Miiller cells (arrows in F), compared with that
of normal control (arrows in C). Scale bars: 40 um.

Discussion

This is the first confirmation that constitutive OPN is
upregulated in the eyes, including the ciliary body and retina,
of EAU rats. Increased levels of both the OPN precursor and
OPN cleavage product were detected in inflammatory and glial
cells, such as microglia and Miller cells, during the induction
stage of EAU. These results suggested that OPN facilitates
inflammation in rats during the early stages of EAU.

In the retina, OPN expression was reported in the RGCs of
normal rats and in activated microglia/macrophages and
CD4" T cells in EAU (Hikita et al., 2006; Chidlow et al., 2008)
and rat glaucoma (Yu et al., 2021), suggesting that OPN is a
pro-inflammatory mediator in the EAU model. These findings
further support the observation that OPN-knockout mice
showed reduced clinical symptoms, including less lymphocyte
proliferation and infiltration after induction of EAU by
immunization with the interphotoreceptor retinoid-binding
protein (Hikita et al., 2006). Furthermore, OPN was detected in
vitreal cells and the epiretinal membrane in patients subjected
to therapeutic vitreoretinal surgery (Dinice et al., 2020). In
addition, induction of OPN via inhibition of CD47 signaling
caused by high-temperature requirement A serine peptidase
1 has a pro-inflammatory effect in models of subretinal
inflammation and age-related macular degeneration (Beguier
et al., 2020). Therefore, we postulated that upregulation of
OPN in microglia/macrophages of the ciliary body and retina is
strongly associated with the induction of uveoretinitis during
the early stages of EAU.

OPN is elevated in both inactive and active fibrovascular
membranes in proliferative diabetic retinopathy and is
activated by Wnt/B-catenin effector lymphoid enhancing
binding factor 1 (LEF1) (Gong et al., 2018). In human
autoimmune disease, T cell proliferation is suppressed by
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Wnt/B-catenin in the Wnt signaling pathway via promotion of
transcription factors, including T cell factor 1 and LEF1 (Wildner
and Kaufmann, 2013). Blocking of OPN by small interfering
RNA mitigates T cell proliferation and suppresses the increased
levels of inflammatory cytokines in EAU mice (lwata et al.,
2010). Furthermore, inflammatory T cells and macrophages
are the main sources of OPN in the spinal cord and sciatic
nerve in experimental autoimmune neuritis in animals (Shin,
2012). Therefore, we postulate that upregulation of OPN in T
cells promotes inflammatory responses in the uvea and retina
of EAU rats.

OPN has been shown to play a dual role in neuro-
inflammation, with both neuroinflammatory and
neuroprotective effects (Shin, 2012). In retinal Mdller cells,
OPN has been shown to be associated with the enhancement
of survival of primary RGCs in vitro (Ruzafa et al., 2018), a
decreased OPN level was closely associated with a reduced
neuroprotective effect in the retina during extracellular matrix
remodeling in equine recurrent uveitis with downregulation of
fibronectin, an extracellular matrix glycoprotein, in Muller cells
(Deeg et al., 2011). Furthermore, OPN from Miiller cells has
neuroprotective effects in the primary porcine photoreceptor
cells and the retinal explants of the retinal degeneration 1
mutant mice (Del Rio et al., 2011). Regarding other sources of
OPN in the eye, OPN produced by retinal pigment epithelial
cells, which is induced by the cellular danger signal ATP,
promotes photoreceptor survival via basic fibroblast growth
factor in cultured retinal pigment epithelial cells (Hollborn et
al., 2020). Therefore, our results suggest that an increased
OPN level in Muller cells contributes to the survival of
photoreceptor cells and RGCs in the retina of EAU rats during
the early stages.

There are limitations in this study. We have focused on the
tissue level of OPN in the eyes with EAU as well as the cellular
localization. However, the evaluation of OPN in the sera of rats
with EAU was not performed to further verify whether OPN
was a good indicator in the course of EAU.

Taken together, these observations suggest that OPN and
CD44 are constitutively localized in the inflammatory cells,
microglia, and Muller cells of the eye and upregulated after
immunization in EAU as in other autoimmune diseases. The
transient upregulation of OPN in macrophages and microglia
during the induction stage of EAU suggested that OPN may
be involved in inflammatory responses. On the other hand,
upregulation of OPN in Mller cells may have a protective
effect on photoreceptor cells and RGCs. Therefore, OPN is
recommended as an early biomarker of EAU. However, the
precise mechanisms need further exploration.
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