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PURPOSE. Polymorphism and mutations of human leukocyte antigens (HLAs) and calreti-
culin are risk factors for uveitis. Here, we sought to determine the therapeutic effects of
Clarstatin, a cyclic peptide antagonist of the HLA shared-epitope–calreticulin interaction,
in experimental autoimmune uveitis (EAU) models.

METHODS.Mice were injected with Clarstatin intraperitoneally and its effect was compared
to that of corticosteroid. EAU was evaluated clinically and histologically. Ocular infil-
tration of CD45+ hematopoietic cells and splenocyte CD4+ expression were deter-
mined using immunofluorescence and flow cytometry (fluorescence-activated cell sorting
[FACS]). ELISA was used to measure the ocular level of the proinflammatory cytokines.

RESULTS. Clarstatin significantly ameliorated the severity of EAU in the C57BL/6J mild
and the B10.RIII severe mice models. There was a significant dose and time-dependent
decrease, in the range of 30% to 80%, in the clinical score (P < 0.05), histological score
(P < 0.05), and number of retinal and spleen CD45+ cells (P < 0.05 and P < 0.001,
respectively), a comparable effect to corticosteroid. Clarstatin reduced the intraocular
levels of interleukin 6 (IL-6; P < 0.05) and monocyte chemoattractant protein-1 (MCP-1;
P < 0.01) by 41% and 59%, respectively.

CONCLUSIONS. Systemic delivery of Clarstatin significantly improved mild and severe EAU.
Its potential anti-inflammatory therapeutic effects represent a novel mode of treatment in
ocular inflammation. It may also be a relevant treatment modality in systemic autoimmune
conditions in which calreticulin plays a role in their pathogenesis.

Keywords: anti-inflammatory effect, Clarstatin, cyclic peptide drug lead, experimental
autoimmune uveitis, shared-epitope–peptidomimetic antagonist

Non-infectious uveitis encompasses a group of poten-
tially blinding, autoimmune inflammatory eye diseases

that are induced by infiltrating T lymphocytes capable of
recognizing retinal antigens.1 The incidence and prevalence
are highest among patients of working age, posing a signif-
icant socioeconomic impact.2 Current treatment guidelines3

recommend corticosteroids as the first-line therapy. Addi-
tional immunomodulatory (IMT) and biological therapies
are needed to control chronic or severe conditions and to
avoid corticosteroid-associated adverse effects.4 Despite the
numerous pharmacotherapeutic options, posterior uveitis
remains a significant challenge to treat. There is an unmet
clinical need to develop novel IMT therapies that are safe
and effective and that act by reducing ocular inflammatory
cell infiltration by novel mechanisms of action.5

Experimental autoimmune uveitis (EAU) is an eye-
specific, T-cell–mediated disease that is characterized by

inflammation and subsequent destruction of the neural
retina and adjacent tissues.6 Mild and severe EAU can be
induced in different strains of rodents by immunization
with a retinal antigen such as interphotoreceptor retinoid-
binding protein (IRBP).7 EAU resembles some human poste-
rior uveoretinitis syndromes such as sympathetic ophthalmia
and Vogt–Koyanagi–Harada disease.8 Lymphocyte infiltra-
tion into the posterior segment of the eye in EAU models
is governed by the activation of inflammatory CD45+ cells.9

Recruitment of these cells to the eye is a fundamental step
in EAU development, but no drugs are yet available in the
clinic to selectively target and inhibit this process.

Clarstatin is a thiourea-bridged backbone cyclic peptide
drug lead recently developed by us. It is comprised of a
five-amino-acid sequence10 based on a motif referred to as
“shared epitope” (SE), present in specific alleles of the HLA-
DRB1 gene.11 It has been documented that polymorphic
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and mutational SE alleles are linked to uveitis susceptibil-
ity.12–15 The SE peptide binds to the cell-surface calreticulin
(CS-CRT),16 triggering innate immune signaling.17 CS-CRT
is a multifunctional endoplasmic reticulum calcium-binding
protein that is also located on the cell surface of activated
T cells, contributing to the development of autoimmune
inflammatory diseases.18 Calreticulin has been implicated
in several autoimmune processes via molecular mimicry,
epitope spreading, complement inactivation, and stimula-
tion of inflammatory mediators, such as nitric oxide (NO)
production.19 Therefore, inhibitors of human leukocyte anti-
gen (HLA)-SE/CS-CRT interaction such as Clarstatin, repre-
sent a new class of drugs for the therapy of autoimmune
inflammatory diseases, as previously documented by us in
experimental rheumatoid arthritis models.20–22 Therefore, in
the present study, we sought to investigate the therapeutic
effects of Clarstatin on mild and severe EAU mice models
clinically and histopathologically and to assess ocular levels
of proinflammatory mediators and infiltrating CD45+ leuko-
cytes.

MATERIALS AND METHODS

Materials

Human IRBP(161–180) (SGIPYIISYLHPGNTILHVD), and
IRBP(1–20) (GPTHLFQPSLVLDMAKVLLD), purity > 98%,
were purchased from Adar Biotech Co. (Rehovot, Israel).
Pertussis toxin (PTX) was obtained from List Labs (Camp-
bell, CA, USA). A heat-killed Mycobacterium tuberculo-
sis strain H37Ra and complete Freund’s adjuvant (CFA)
were obtained from BDL (Bethesda, MD, USA). DMSO
(D2650), protease inhibitor cocktail (P8340), and bovine
deoxyribonuclease I (D5025) were purchased from Sigma-
Aldrich, (St. Louis MO, USA). Collagenase D (50-100-
3282) was obtained from Roche Diagnostics (Mannheim,
Germany). Clarstatin was synthesized to 98% purity by
solid-phase peptide synthesis applying fluorenylmethoxy-
carbonyl protecting group (Fmoc) chemistry by Shanghai
Yaxian Chemical ( Jiading, Shanghai). Methylprednisolone
(Solu-Medrol 125 mg/2 mL; Pfizer, New York, NY, USA)
and eye drops (cyclopentolate hydrochloride 1%, oxybupro-
caine hydrochloride 0.4%, tropicamide 0.5%, and phenyle-
phrine hydrochloride 2.5%) were purchased from the phar-
macy of the Hadassah Medical Center (Jerusalem, Israel).
Hanks’ balanced salt solution (HBSS; 02-016-1A), Dulbecco’s
modified Eagle’s medium (DMEM; 01-055-1A), fetal bovine
serum (FBS; 04-001-1A), L-glutamine (03-020-1B), peni-
cillin G sodium and streptomycin sulfate (03-031-1B) were
obtained from Biological Industries (Beit-Haemek, Afula,
Israel). The monoclonal antibodies anti-mouse CD45 (FITC,
11-0451-82) and anti-mouse CD4 (APC-eFlour 780, 47-0042-
82), used for fluorescence-activated cell sorting (FACS) anal-
ysis, were sourced from eBioscience (San Diego, CA, USA).
The anti-mouse calreticulin monoclonal antibody (ab22683),
rabbit anti-mouse CD45 monoclonal antibody (ab208022),
secondary polyclonal antibodies goat anti-mouse (Alexa
Fluor 488, ab150117) and goat anti-rabbit (Alexa Fluor 594,
ab150080), and mounting medium with 4′,6-diamidino-2-
phenylindole (DAPI; ab104139) used for immunofluores-
cence were sourced from Abcam (Cambridge, UK). The
cytokines and chemokines were measured with the MILLI-
PLEX MAP Mouse Cytokine/Chemokine (MCYTOMAG-70K)
ELISA kit purchased from MilliporeSigma (Billerica, MA,
USA).

Animal Models, Experimental Autoimmune
Uveitis Induction, and Treatments

Female C57BL/6J mice (6–8 weeks, 16–19 g) were purchased
from Envigo (Jerusalem, Israel). Female B10.RIII mice (6–8
weeks, 16–19 g) were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). Animals were maintained with
standard chow and water ad libitum in the specific-pathogen
free animal research facility of the Faculty of Medicine.
EAU experiments were approved by the Hebrew University-
Hadassah Institutional Animal Care and Use Committee
(MD-20-16345-2) and were conducted in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Induction of EAU in C57BL/6J Mild Model and in
B10RIII Severe Model

In this study, 122 C57BL/6J and 41 B10RIII female mice were
immunized subcutaneously with 500 μg IRBP(1–20) or 50 μg
IRBP(161–180), respectively, emulsified with CFA, and 2.5-
mg/mL Mycobacterium tuberculosis H37RA. An intraperi-
toneal (IP) injection of 1 μg of PTX was administrated to
each mouse.23 Control mice received phosphate-buffered
saline (PBS). Mice were sacrificed at day 35 (C57BL/6J) or
day 14 (B10RIII) post-immunization. One eye was collected
for histopathological analysis, and the retina of the other
eye was used for immunological characterization by FACS.23

The intraocular levels of the inflammatory mediators were
measured by multiplex ELISA.24

Treatments

Experimental groups included mice with disease (EAU-
disease, untreated control) and mice with disease and
treated with Clarstatin (CL) IP once or three times a week
(C57BL/6J mice; 0.0036, 0.036, 0.18, and 0.36 mg/kg body
weight; n = 8, 8, 10, and 5, respectively) or three times a
week (B10RIII mice; 0.36 or 1 mg/kg body weight; n = 10).
The effective dose range of Clarstatin was determined based
on previous study.10 The third group included mice with
disease which were treated with methylprednisolone (MP)
IP (20 mg/kg), three times a week as the positive control.
Finally, the fourth group included mice not immunized,
(wild-type, healthy, control). The first dose was given 24
hours following EAU induction. The EAU-disease untreated
group received IP PBS vehicle solution in the same volume
(0.05 mL) as the treated mice.

Clinical Evaluations

Fundus examinations and photography were performed
14 and 28 days following immunization to assess disease
progression. Mice were anesthetized by ketamine (85
mg/kg) and xylazine (15 mg/kg) IP. Pupils were dilated
with 1% cyclopentolate hydrochloride. EAU clinical scores
were evaluated by an ophthalmologist masked to the treat-
ment, using the MICRON-III retina imaging system (Phoenix-
Micron, Bend, OR, USA), based on the number, type, size of
lesions, and the extent of inflammation. EAU clinical scores
were graded from 0 to 4 as described by Thurau et al.25
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Hematoxylin and Eosin Staining

At days 14 or 35, the eyeballs were collected, prefixed for
24 hours in Davidson’s solution,26 dehydrated in alcohol,
and embedded in paraffin. Tissue sections of 3 to 6 μm
were stained with hematoxylin and eosin (H&E). The sever-
ity of uveitis was evaluated histologically and graded by a
researcher masked to the treatment, using a scale from 0 to
4, as described by Thurau et al.25

Isolation of Retina and Spleen Cells

The eyes were enucleated, and retinas were dissected,
washed, cut into small pieces, and digested for 20 minutes
at 37°C in 1 mL washing HBSS medium with 2% FBS
and with 0.5-mg/mL collagenase D and 750-U/mL DNase I.
An additional 10-minute treatment with the same enzymes
followed. Next, the cell suspensions were forced through
a BD Falcon 40-μm cell strainer (BD Biosciences, Bedford,
MA, USA) using a syringe plunger and then stained with
antibodies in the dark for 30 minutes at 2° to 8°C for
FACS. To isolate immune cells, the spleens were mechan-
ically mashed and suspended in washing DMEM medium
supplemented with 10% FCS, 2 mM L-glutamine, 50,000 units
penicillin G sodium, and 50 mg streptomycin sulfate, forced
through a 40-μm cell strainer, and then stained for FACS. The
samples were analyzed on a LSRFortessa flow cytometer (BD
Biosciences), and the data were analyzed using FCS Express
software.23,27

Evaluation of Intraocular Levels of Cytokines

Each dissected eye and intraocular content were scraped
into 50-μL Krebs-Ringer solution with a proteinase inhibitor
cocktail diluted 1:100 on ice. They were then mechanically
homogenized for 10 strokes and briefly sonicated for 30
pulses of 1 second each. The soluble fraction was collected
by centrifugation at 10,000 rpm for 10 minutes at 4°C and
then stored at –80°C.24 Interleukin-6 (IL-6) and monocyte
chemoattractant protein-1 (MCP-1) levels were measured
using the MILLIPLEX MAP mouse cytokine/chemokine assay
according to the manufacturer’s instructions and normalized
to the eye weight.

Immunofluorescence Staining

For deparaffinization, the paraffin sections were heated to
60°C for 15 minutes, then incubated in xylene at room
temperature (RT) for 15 minutes. The sections were sequen-
tially transferred into 100%, 95%, 70%, and 50% ethanol for
4 minutes each at RT. Afterward, the sections were rinsed
in deionized water and stored in PBS. Antigen retrieval was
performed using a buffer containing 10-mM citrate (pH 6.2),
2-mM EDTA, and 0.05% Tween 20. The samples were incu-
bated overnight at 4°C with the goat anti-mouse calreticulin
and rabbit anti-mouse CD45 monoclonal antibodies. After
washing, the slides were treated for 1 hour at RT with goat
anti-mouse (Alexa Fluor 488; green) and goat anti-rabbit
(Alexa Fluor 594; red) secondary polyclonal antibodies at
1/1000 dilution. DAPI was used to stain the cell nuclei (blue).
Imaging was conducted using a Zeiss LSM 710 Confocal
Laser Scanning microscope (Zeiss, Oberkochen, Germany)
and Zeiss Axiovert 135M microscope, equipped with a Plan-
Apochromat Zeiss 63x lens.28

Statistical Analysis

Data are presented as mean ± standard error of the mean
(SEM) and were considered significant for P < 0.05. All
experiments were independently repeated at least three
times. Statistical analysis was performed using one-way
ANOVA followed by Tukey’s multiple comparisons, using
Prism 5.0 (GraphPad Software, Boston, MA, USA).

RESULTS

Clarstatin Ameliorated Ocular Inflammation and
Pathology in the EAU C57BL/6J Mice Model

Mice were immunized with IRBP and PTX, induc-
ing EAU that was clinically assessed 2 and 4 weeks
post-immunization; histopathological evaluations
were performed at day 35 post-immunization (study
endpoint). Figure 1A (top) presents the fundus photographs
and Figure 1A (bottom) presents histopathological sections
after induction of EAU. The therapeutic effect of Clarstatin or
corticosteroid was quantified using the EAU clinical score.7

On day 28, an average score of 2.9 was noted for untreated
mice compared to a score of 0 for the wild-type mice (Fig.
1B). Mice treated with Clarstatin once a week (2.0; P = 0.05)
or three times a week (1.9; P < 0.05) or corticosteroids
three times a week (1.3; P < 0.001) showed a significant
reduction in the clinical score, indicating an amelioration of
the EAU severity by 31%, 36%, and 57%, respectively. Figures
1A (bottom) and 1C depict the anti-inflammatory effects of
Clarstatin evaluated histopathologically. In the untreated
EAU mice, active uveitis was noted, depicted by the presence
of vitreous cells, foci of retinal infiltrates, retinal folding,
and vasculitis. Significant amelioration of EAU features was
observed in the eyes of Clarstatin- and corticosteroid-treated
mice. Figure 1C depicts the corresponding quantitative EAU
histological scores of healthy, untreated, and treated mice.
Untreated mice had an average score of 1.5 and healthy
mice had a score of 0. Markedly reduced scores were noted
in EAU-treated mice—Clarstatin once a week (0.8; P <

0.05), three times a week (0.7; P < 0.05), or corticosteroid
(0.5; P < 0.01)—with the scores significantly decreasing by
50%, 53%, and 67%, respectively, when compared to the
untreated, EAU-disease mice group. The dose-dependent
therapeutic effect of Clarstatin evaluated histopathologically
is presented in Figure 1D. Clarstatin significantly reduced
the structural damage at the doses of 0.036 mg/kg and 0.36
mg/kg, where its effect with the higher dose was compa-
rable to the corticosteroid-positive control. Cumulatively,
these results indicated a considerable reduction in the
severity of EAU by Clarstatin in the EAU model of C57BL/6J
mice.

Clarstatin Inhibited Retinal Infiltration of
Leukocytes in EAU-Disease C57BL/6J Mice

In EAU, the hematopoietic T cells coexpressing CD45+

(leukocyte common antigen, pan-leukocyte marker) and
CD4+ (helper T-cell common antigen) represent 63% of the
total hematopoietic cell population. These cells infiltrate the
eye and drive inflammation and eye damage.29 Therefore, we
sought to measure the level of these subset populations in
the retina and spleen in mice treated with Clarstatin 5 weeks
post-immunization.30 Immunofluorescence was performed
on a retinal section of a healthy (unimmunized) mouse,
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FIGURE 1. Clarstatin ameliorated ocular inflammation in the EAU C57BL/6J mice model; it was evaluated at two dosing regimens using
clinical and histological scoring. The tested groups consisted of healthy, wild-type mice; EAU-disease untreated mice (control); mice treated
by Clarstatin IP injection (CL; 0.18 mg/kg) once a week or three times a week; or mice treated with methylprednisolone IP injection (MP; 20
mg/kg) three times a week. (A, top) Fundus images photographed by the MICRON III 4 weeks after induction of EAU indicating attenuation
of retinal inflammation by Clarstatin, characterized by fewer foci of retinal infiltrates, indicated by yellow arrows (i). The green arrows
(c) point to perivascular cuffing indicative of retinal vasculitis. (A, bottom) Representative H&E staining sections of the retina of the right
eyes of the mice, 35 days after induction of EAU. L, lens; Vit, vitreous; R, retina; Rf, retinal fold; V, vasculitis. Scale bars: 200 μm. (B)
Quantitation of the fundus clinical scores 14 and 28 days after EAU induction. (C) Quantitation of the histopathological scores in individual
mouse eye sections 35 days after EAU induction. (D) Dose-dependent therapeutic effect of Clarstatin administrated once a week at three
different doses (0.0036, 0.036, and 0.36 mg/kg) and evaluated by histopathology score 35 days after EAU induction. The graph indicates
that Clarstatin considerably reduced the structural damage. Each data point represents an eye, and the mean score per treatment group is
indicated with error bars computed as SEMs from three independent experiments. Comparisons were performed by one-way ANOVA with
Tukey’s multiple-comparisons test. *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001; ns, not significant (P ≥ 0.05).

EAU-disease mouse, and a Clarstatin-treated mouse (0.036
mg/kg) 35 days after immunization. The immunoreactivity
of the CD45+ pan-leukocyte biomarker (red fluorescence)
and calreticulin (green fluorescence) was assessed (Fig. 2A).
Scarce positive CD45 immunoreactivity was noted in the
wild-type (healthy) and Clarstatin-treated mice. By contrast,
marked CD45 immunoreactivity was observed in the EAU-
disease mouse in the ganglion cell layer (GCL), inner nuclear
layer (INL), outer nuclear layer (ONL), and photoreceptor
inner segment (PIS) layer. Calreticulin immunoreactivity was

noted in the wild-type and Clarstatin-treated mice in the
GCL, PIS layer, retinal pigment epithelium, and choroidal
outer layer. In EAU-disease mouse, its expression was signif-
icantly increased in the GCL. Its immunoreactivity also
appeared in the INL and ONL. Distortion of photorecep-
tor inner and outer segment layers was noted in EAU-
disease mouse. The marked reduction in CD45 immunore-
activity in Clarstatin-treated mouse indicates reduced infil-
tration and accumulation of CD45+ leukocytes with preser-
vation of photoreceptor segments. Colocalization between
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FIGURE 2. Clarstatin inhibited retinal infiltration of leukocytes in EAU-disease C57BL/6J mice, evaluated by immunostaining and flow
cytometry. The tested groups consisted of untreated wild-type mice (healthy), EAU-disease untreated mice (control), or Clarstatin-treated
mice (CL; 0.036 mg/kg, IP twice a week). (A) Representative microscopical immunostaining images of individual mouse retinal paraffin
sections 35 days after EAU induction at low magnification (LM, bottom) and at high magnification (HM, top) stained red for leukocytes
expressing CD45 pan-leukocyte biomarker and green for calreticulin. Scale bars: 20 μm (bottom) and 8 μm (top). Scarce positive CD45
staining is noted in the healthy and Clarstatin-treated mice. CD45 staining was noted in the EAU-disease mouse in the GCL, INL, ONL, and
PIS layer. Calreticulin staining was noted in the wild-type and Clarstatin-treated mice in the GCL, PIS layer, retinal pigment epithelium (RPE),
and choroidal outer layer. In EAU-disease mice, its expression was significantly increased in the GCL and appeared in the INL and ONL.
Distortion of photoreceptor inner and outer segment layers was noted in EAU-disease mice. Co-localization between calreticulin-expressing
cells and CD45+ cells was noted in the GCL and INL. (B) Quantitation of the therapeutic effect of Clarstatin based on FACS analysis for
the percentage of CD45+ expressing cells in the retina. Results are shown as scattergraphs of the percentage of cells per sample indicated
by all symbols. The means of all samples are indicated by the bars, and error bars indicate SEMs from three independent experiments.
Comparisons were performed by one-way ANOVA with Tukey’s multiple-comparisons test. *P < 0.05, ***P < 0.001.

calreticulin-expressing cells and CD45+ cells was noted in
the GCL and INL. FACS analyses further indicated that treat-
ment with Clarstatin (0.036 mg/kg), for 5 weeks, significantly
reduced by 28% (P < 0.001) retinal levels of CD45+ cells,
compared to untreated EAU-disease mice, indicative of an
inhibitory effect on leukocyte infiltration into the retina (Fig.
2B).

To gain insight into whether there was an effect
of Clarstatin on the peripheral expression levels of
CD45+/CD4+ T cells in the spleen of EAU-disease C57BL/6J
mice, FACS was performed on splenocytes derived from
the wild-type mice, EAU-disease mice, Clarstatin- treated
mice (0.18 mg/kg Clarstatin once or three times a week,
IP) or methylprednisolone-treated mice (20 mg/kg) (Fig. 3).
Clarstatin significantly reduced by 38% (P < 0.05) and 51%
(P < 0.001) the expression levels of CD4+ cells in the
spleen of mice treated with Clarstatin once and three times
a week, respectively, compared to EAU-disease untreated
mice, similar to corticosteroid-treated mice in which there
was a 47% reduction (P < 0.01) in CD4+ cell levels
expression. These results further support the proposal that
the reduced ocular inflammation and pathology in EAU
C57BL/6J mice by Clarstatin was temporally related to its
inhibitory effect on retinal infiltration of CD45+ leuko-
cytes and decreased peripheral spleen expression of CD4+

T cells.

Systemic Treatment With Clarstatin, Like
Corticosteroids, Decreased Ocular Cytokine Levels

The cytokine IL-6 is consistently found in the vitreous of
patients with active uveitis and in EAU rodent models,31,32

together with other proinflammatory chemokines, such
as MCP-1.33,34 Specific ELISAs were used to measure
their ocular expression levels to investigate the effects of
Clarstatin on these proinflammatory biomarkers (Fig. 4). IL-6
and MCP-1 ocular levels were increased by two- and ninefold
in EAU-disease eyes, respectively, compared to wild-type
mice. Clarstatin and methylprednisolone treatment signifi-
cantly decreased by 41% (P < 0.01) and 38% (P < 0.01),
respectively, the expression levels of IL-6 and by 59% (P <

0.05) and 60% (P < 0.05), respectively, the expression level
of MCP-1 compared to EAU-disease, untreated mice. These
results provide additional evidence of the anti-inflammatory
effects of Clarstatin in the EAU C57BL/6J mice model.

Clarstatin Ameliorated Ocular Pathology and
Reduced Retinal Infiltration of CD45+ Leukocytes
in the EAU B10RIII Severe Mice Model

B10RIII female mice were immunized with IRBP(161–180)
and PTX to induce acute, severe EAU disease.35 The tested
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FIGURE 3. Clarstatin inhibited the expression levels of CD45+/CD4+ T cells in the spleen of EAU-disease C57BL/6J mice, as evaluated by
flow cytometry. The tested groups consisted of untreated wild-type mice (healthy), EAU-disease untreated mice (control), or Clarstatin-treated
mice (CL; 0.18 mg/kg IP once or three times a week), and methylprednisolone-treated mice (MP, 20 mg/kg, IP three times a week). (A)
Spleen cells from one mouse per treatment group were measured by flow cytometry on the gate of CD45+/CD4+ T cells, demonstrating
increased expression in EAU-disease untreated mice and significant decreases in CL and MP-treated mice. (B) Quantitative results of the
percentages of CD45+/CD4+ T-cell populations per sample indicated by all symbols. The means of all samples are indicated by the bars,
and error bars indicate the SEMs. Comparisons were performed by one-way ANOVA with Tukey’s multiple-comparisons test. *P < 0.05, **P
< 0.01, ***P < 0.001; ns, not significant (P ≥ 0.05).

FIGURE 4. (A, B) Clarstatin decreased the ocular cytokine concen-
trations in EAU-disease C57BL/6J mice as evaluated by ELISA.
The IL-6 (A) and MCP-1 (B) expression levels (pg/mg weight
eye tissue) were measured by ELISA. The tested groups consisted
of untreated naïve mice (healthy), EAU-disease untreated mice
(control), Clarstatin-treated mice (CL, 0.18 mg/kg, IP three times
a week), and methylprednisolone-treated mice (MP, 20 mg/kg, IP
three times a week). Each point represents one mouse. The means
of all samples are indicated by the bars, and error bars indicate
the SEMs. Samples were run in duplicate, and the mean concentra-
tions were analyzed. IL-6 and MCP-1 were significantly higher in the
EAU-disease untreated mice compared to wild-type mice and were
significantly reduced upon CL and MP treatment. Comparisons were
performed by one-way ANOVA with Tukey’s multiple-comparisons
test. *P < 0.05, **P < 0.01; ns, not significant (P ≥ 0.05).

groups consisted of wild-type mice (healthy), EAU-disease
untreated mice, Clarstatin-treated mice (by IP injection with
0.36 and 1 mg/kg, three times a week for 2 weeks), or
methylprednisolone-treated mice (20 mg/kg, three times a
week for 2 weeks). Quantitation of the therapeutic effects
of Clarstatin was based on EAU scores from the histopatho-
logical sections (Fig. 5A). EAU mice developed the disease
with an average score of 3.7 (P < 0.001), but wild-type mice
presented a score of 0. The histopathological analysis indi-
cated improvement in Clarstatin-treated mice (2.4; P < 0.05)
and corticosteroid-treated mice (1.9; P < 0.01), with a signif-
icant decrease in the histopathological scores by 36%, and
48%, respectively, when compared to EAU-disease, untreated
mice.

To evaluate the impact of Clarstatin on the inflamma-
tory CD45+ cell infiltrate, retinas were collected on day 14
for immunological characterization by FACS (Figs. 5B, 5C).
Clarstatin at doses of 0.36 mg/kg and 1 mg/kg significantly
reduced the CD45+ cell levels in the retinas of treated mice
compared to untreated mice by 48% (P< 0.05). There was no
significant difference between the two Clarstatin treatment
groups regarding the percentage of CD45+ cell levels in the
retina, and the Clarstatin effect was comparable to that of the
corticosteroids that significantly reduced CD45+ retinal cell
levels by 58% (P < 0.05). Cumulatively, these results indi-
cate that Clarstatin significantly inhibited the leukocyte reti-
nal CD45+ cell infiltration and resultant structural damage
in the severe EAU model of B10RIII mice.
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FIGURE 5. Clarstatin ameliorated ocular pathology and reduced retinal infiltration of CD45+ leukocytes in the EAU B10RIII severe mice
model, as evaluated by histological scoring and flow cytometry. The tested groups consisted of untreated naïve mice (healthy), EAU-disease
untreated mice (control), Clarstatin-treated mice (CL; 0.36 mg/kg and 1 mg/kg, IP three times a week), and methylprednisolone-treated mice
(MP, 20 mg/kg, IP three times a week). (A) Quantitation of the histopathological scores in individual mouse eye sections 14 days after EAU
induction indicates the therapeutic effects of CL and MP. Each data point represents an eye, and the mean score per treatment group is
indicated with error bars computed as SEMs from three independent experiments. Comparisons were performed by one-way ANOVA with
Tukey’s multiple-comparisons test. *P < 0.05, **P ≤ 0.01, *** P ≤ 0.001; ns, not significant (P ≥ 0.05). (B) Quantitation of the therapeutic
effect of Clarstatin based on FACS analysis for the percentage of CD45+-expressing cells on the retina. Results are shown as scattergraphs
of the percentage of cells per sample indicated by all symbols. The means of all samples are indicated by the bars, and error bars indicate
SEMs from three independent experiments. Comparisons were performed by one-way ANOVA with Tukey’s multiple-comparisons test. *P <

0.05, **P < 0.01, ***P < 0.001; ns, not significant (P ≥ 0.05). (C) Retinal CD45+ cells from one mouse per treatment group were measured
by flow cytometry on the gate of CD45+, demonstrating increased expression in the EAU-disease untreated group and significant decreases
in the CL and MP-treated mice groups.

DISCUSSION

In the present study, we characterized the therapeutic effi-
cacy of Clarstatin in controlling ocular inflammation in
EAU which is a well-established mice model of posterior
uveitis that recapitulates key features associated with severe
vision loss in humans, including vitritis, retinal vasculi-
tis, and chorioretinitis.36 Central to disease pathogenesis in
EAU is retinal infiltration of leukocytes from the periphery
and increased ocular expression of typical proinflammatory
cytokines inducing distinct histopathological changes.37 In
the present study, Clarstatin, in a dose range between 0.18
mg/kg and 1 mg/kg, delivered IP once or three times a
week, ameliorated ocular inflammation and inhibited reti-
nal infiltration of CD45+ leukocytes in EAU C57BL/6J mild
and EAU B10RIII severe mice models. This finding indi-
cates a reduction of the different leukocyte subtypes infil-
trating the retina, as CD45+ is a leukocyte common antigen.
Moreover, Clarstatin decreased peripheral spleen expression
of CD4+ T cells and ocular expression levels of the proin-
flammatory cytokine IL-6 and chemokine MCP-1 in the EAU

C57BL/6J mice. These findings indicate that Clarstatin exerts
both local effects on the eye and systemic effects in the
spleen. Clarstatin effects were similar to those of methyl-
prednisolone, the first-line therapy in noninfectious poste-
rior uveitis,38 and included anti-inflammatory, immunosup-
pressive effects in EAU-disease mice.39

The major histocompatibility complex (MHC) in mice
(H2) and humans (HLA) is similar but has several differ-
ences, including chromosomal location, length, and tissue
distribution. The SE is a set of MHC class II alleles that
are genetically linked to rheumatoid arthritis in human and
mice.22 The SE is made up of amino acids 70 to 74 of the
HLA-DRβ chain, which must have the 70Q/D-K/R-x-x-A74
sequence to be considered part of the SE family.22 The SE is
located near the apex of α helical tridimensional structural
motif that has been preserved throughout the entire MHC
gene family in vertebrates and acts as a signal transduction
ligand that binds CS-CRT, triggering NO-mediated proox-
idative signaling.40 The SE binding site on CRT has previ-
ously been mapped to amino acid residues 217 to 223 in the
P-domain of CRT. Upon interaction with CRT in dendritic
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cells, the SE activates immune regulatory events, among
them increased secretion of IL-6.41 The SE is expressed in
all haplotypes and therefore we hypothesize that Clarstatin
will target all H2 mice haplotype alpha chains blocking the
interaction with CS-CRT.

CRT is expressed at the cell surface of activated human
peripheral blood T lymphocytes, where it is physically asso-
ciated with a pool of unfolded HLA molecules. It was shown
that both CD8+ and CD4+ T lymphocytes expressed CRT
in the plasma membrane.42 Pathophysiological roles of CRT
in autoimmune disease contribute to the associated inflam-
mation.19 CRT, with its widespread tissue distribution, is
also present as a unique isoform in the retina43: neurons,
Müller glia, retinal epithelial cells associated with melanin-
containing pigment granules, and retinal endothelial cells.44

CRT cell surface exposure during inflammation is required
for phagocytosis of neurons by activated microglia.45 Indeed,
the immunostaining sections of the retina (Fig. 2A) in EAU-
disease mice indicated high expression of CRT in the GCL
and INL. The tight co-localization of infiltrating CD45+

leukocytes to CRT-expressing cells may suggest that CS-CRT
may activate the innate immune response being expressed
as an early marker of apoptosis.46 Therefore, we hypothesize
that Clarstatin, by inhibiting HLA-DRB SE-CRT activation,
may cause attenuation of leukocyte inflammatory properties.
Clarstatin may confer these anti-inflammatory cellular effects
by targeting the main pathological molecular mechanisms of
HLA-activated CRT: (1) CRT-dependent modulation of Ca2+

signaling may contribute to inhibition of the T-cell–mediated
adaptive immune response.47 (2) Modulation of CRT binding
to the specific promoter–glucocorticoid response element48

may inhibit CRT-induced changes in gene expression, lead-
ing to a corticosteroid-like immunosuppressive effect. (3)
Blocking the intracellular COOH-terminal region of the acti-
vated integrin α subunits that contain a highly conserved
amino acid sequence, to which CRT as a potential integrin
regulator binds, resulting in decreased leukocyte cell adhe-
sion and/or migration.49 Regulatory T cells (Tregs) are essen-
tial for maintaining immune balance and preventing autoim-
mune diseases. Although our study did not directly examine
Treg levels in treated versus untreated mice, we speculate
that changes in Treg levels may have occurred secondary to
changes in the level of ocular cytokines—namely, IL-6. IL-6
is one of the main inflammatory cytokines, with pleiotropic
functions and effects on various immunocytes.50 IL-6 was
reported to inhibit iTreg differentiation.51,52 Studies have
demonstrated that IL-6 has a very important role in regu-
lating the balance between IL-17–producing Th17 cells and
Tregs. IL-6 induced the development of Th17 cells from
naïve T cells together with TGF-β; in contrast, IL-6 inhib-
ited TGF-β–induced Treg differentiation.53 Increased IL-6
production in graft-versus-host disease (GVHD) has been
shown to impair the reconstitution of Tregs. Blocking IL-
6 signaling through antibody-mediated inhibition of the IL-6
receptor (IL-6R) significantly reduced GVHD-related damage
and led to a marked increase in Treg numbers, driven
by both thymic-dependent and thymic-independent mecha-
nisms.54 Similarly, we assume that the ability of Clarstatin to
lower intraocular IL-6 may have supported Treg reconstitu-
tion, thereby reducing disease severity. In the present study,
Clarstatin ameliorated the retinal pathology subsequent to
inhibition of CD45+/CD4+ inflammatory cell recruitment
and infiltration into the eye. Therefore, it is reasonable to
propose that Clarstatin inhibits the process of inflammatory
cell recruitment to the eye via multiple pharmacodynamic

mechanisms of action as mentioned above. Because of the
involvement of CRT in uveitis and other systemic inflam-
matory disorders, its blockade represents a potential new
modality of therapy.

Limitations of the current study include a lack of data on
different modes of delivery of Clarstatin and its biodistribu-
tion in mice tissues, as well as data on HLA–CRT interac-
tion in the EAU model, which are a gap in our full under-
standing of the molecular mechanisms involved in the anti-
inflammatory effect of Clarstatin. Based on the results of the
study, it is reasonable to propose that the therapeutic effects
of Clarstatin include inhibition of the innate and adaptive
immune response. Further studies are required in order to
better delineate and understand the specific immunological
pathway through which Clarstatin exerts its effects, includ-
ing the effect of Clarstatin on antigen-specific T cells. Future
investigations should aim to directly assess Treg levels and
functionality in response to Clarstatin treatment to further
elucidate its immunomodulatory mechanisms in EAU. In our
study, we focused on the effects of Clarstatin during the
induction phase of EAU. However, we did not evaluate the
therapeutic effect of Clarstatin during the effector phase of
EAU, which is a limitation of our research. We recognize the
importance of assessing its impact in this phase and plan to
address it in future studies. Additionally, we did not investi-
gate systemic cytokine profiles, including IFN-γ and IL-17, in
the spleen or draining lymph nodes. This is another limita-
tion of our study, as understanding these cytokine responses
is crucial to elucidating the mechanism of action of Clarstatin
in EAU. We intend to explore these aspects in subsequent
investigations.

In summary, this study provides preclinical evidence that
systemic treatment with Clarstatin significantly suppresses
EAU in mice, similar to corticosteroid treatment. These
results propose that Clarstatin potentially represents an
effective alternative or adjunct therapy to corticosteroids for
treatment of autoimmune uveitis in humans.
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