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Abstract

Objective and design The present study aimed to investigate the relationship between the disturbed balance of CD4t/CD8",
Th17/Treg and the activation of the Notch signaling pathway in experimental autoimmune uveitis (EAU).

Methods An EAU rat model was induced in Lewis rats, and pathology analysis was performed by hematoxylin and eosin
(H&E) staining. CD4%, CD8™, Th17, and Treg levels in spleen, lymph nodes and eye tissues were determined by flow
cytometry. Meanwhile, the expression of Notchl, DLL4, IL-10, and IL-17 was determined by quantitative polymerase
chain reaction (Q-PCR) and enzyme-linked immunosorbent assay (ELISA). In addition, the inhibitory effect of N-(N-(3,5-
difluorophenacetyl-L-alanyl))-S-phenylglycine t-butyl ester (DAPT) on Th17 differentiation by Notch signaling in vitro was
further investigated using T lymphocytes from EAU rats on day 12 post-immunization by flow cytometry.

Results The pathological results showed that inflammatory cell infiltration occurred in ocular tissues in EAU rats. The
CD4*/CD8* and Th17/Treg ratios in EAU rats were apparently higher than those in normal control individuals. Q-PCR
and ELISA analyses indicated the expression of Notch1, DLL4, IL-10, and IL-17 in EAU rats gradually increased on day 6
after immunization, peaked on day 12, and then gradually decreased. The dynamic trends in Notchl and DLL4 expression
in EAU rats were identical to those of CD41/CD8" and Th17/Treg levels. DAPT can significantly inhibit the activation of
Notch signaling, decrease Th17 cell differentiation, and attenuate the level of the Th17 cell lineage, contributing to the bal-
ance of the Th17/Treg ratio.

Conclusion The activation of the Notch signaling pathway can regulate Th17 and Treg cell differentiation, disrupt the CD4*/
CD8* and Th17/Treg balance, and aggravate the severity of EAU; inactivation of the Notch signaling pathway contributes
to the CD4*/CD8* and Th17/Treg balance in EAU rats. Our findings highlighted that the dynamic change in the CD4"/
CD8* and Th17/Treg ratio was consistent with the expression trend of Notch signaling in EAU rats, suggesting that Notch
signaling may be a potentially important therapeutic target in clinical practice.
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DAPT  N-(N-(3,5-Difluorophenacetyl-L-alanyl))-S-phe-
nylglycine t-butyl ester

DMSO Dimethyl sulfoxide

EAU Experimental autoimmune uveitis

ELISA Enzyme-linked immunosorbent assay

FBS Fetal bovine serum

H&E Hematoxylin and eosin

IFN-y  Interferon-y

IL-17  Interleukin-17

IRBP  Interphotoreceptor retinoid-binding protein

MCP-1 Monocyte chemoattractant protein-1

NC Normal control

PBS Phosphate buffer saline

Q-PCR  Quantitative polymerase chain reaction

TB Tuberculin

TGF Transforming growth factor

Th T helper

TNF Tumor necrosis factor

Introduction

Uveitis is an important cause of legal blindness in the devel-
oped world, characterized by an inflammatory ocular disease
in clinical practice, and mainly includes Behcet’s disease
(BD), sarcoid-related uveitis, and Vogt—Koyanagi—Harada
disease. The etiology of uveitis is complex and can cause
irreversible damage to eye tissues. At present, acute attacks
of uveitis are usually controlled by steroids, but in the long
term, patients cannot continue to receive therapeutic doses
of steroids due to serious side effects. Therefore, the creation
of controllable animal models, exploration of the pathogen-
esis of uveitis and the identification of new therapeutic tar-
gets are of great significance for clinical treatment. T helper
(Th) cells play an important role in regulating the immune
response. Traditionally, uveitis has been recognized as a
Thl-mediated inflammatory disease. In recent years, it has
been confirmed that the absence of regulatory control of Thl
and Th17 cells is responsible for many human autoimmune
diseases [1]. Th17 cells can regulate the pathological process
of inflammation by producing different cytokines, includ-
ing interleukin (IL)-17, IL-21, and IL-22. These cytokines
can also influence the activation of signaling pathways and
thus regulate naive CD4* T cell differentiation. It is known
that both Th17 and Treg cells share a common development
pathway [2], and the expression of downstream cytokines
and effector cells from the Th17 and Th1 subsets are sequen-
tially activated, contributing to the development of diseases
[3].

T cells that express the surface marker CD4 are known as
Th cells and play critical roles in the pathogenesis of uveitis
[4]. Aktas et al. found that compared with healthy subjects,
Thl, Th22 and IL-17-producing Th17 cells are increased
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significantly, whereas the regulatory T (Treg) cell percent-
age is decreased significantly in BD patients, suggesting that
the incidence of BD may be associated with a decreased
Treg level and increased Thl, Th22 and Th17 cell levels
[5]. Moreover, the CD4*/CD8* and Th17/Treg balance is
of great importance for everyone, and unbalanced CD4%/
CD8* and Th17/Treg ratios can result in the occurrence
and development of diseases including uveitis. Studies have
shown that Th17 cells and gamma delta T lymphocytes and
their secreted IL-17 play an essential role in the pathogen-
esis of autoimmune diseases, especially autoimmune uveitis
[6, 7]. It has been confirmed that Th17/Treg imbalance is
closely related to the development of experimental autoim-
mune uveitis (EAU) in rats. Th17 and Treg are interrelated
in terms of their differentiation and antagonism functions
[8]. Moreover, Ahmadi et al. observed a disturbed Th17/
Treg balance in peripheral blood patients with BD [9]. Dave
et al. also found that the ratio of CD4*/CD8* T lymphocytes
in the aqueous humor of patients with granulomatous uvei-
tis was elevated [10]. Thus, a disturbed CD4*/CD8*, Th17/
Treg balance is associated with the pathogenesis of uveitis,
and the coordinated expression of Th17/Treg and related
cytokines can achieve immune balance, contributing to the
recovery of uveitis [11].

In recent years, both IL-10 and IL-17 have attracted
wide attention because of their very important roles in the
development of autoimmune diseases. Treg cells can induce
phenotypic and functional changes in monocytes, thereby
maintaining peripheral immune tolerance by regulating sev-
eral T cell lineages. Monocytes cocultured with expanded
Tregs could upregulate IL-10 and reduce the production of
expanding IL-17-producing T cells [12]. Diefenhardt et al.
found that IL-10 receptor (IL-10R) signaling in Treg cells
was related to the downregulation of Th17 cells. The defi-
cient IL-10Ra signaling transduction in Treg cells could
increase Th17-induced cytokine production [13]. Molins
et al. showed that the level of IL-10 in peripheral blood mon-
onuclear cells of patients with uveitis was significantly lower
than that of normal subjects [14]. Therefore, both IL-10 and
IL-17 are key cytokines that are involved in the develop-
ment of uveitis, and IL-17 is closely associated with uveitis,
whereas IL-10 is negatively correlated with uveitis [15].

The Notch signaling pathway is an important signaling
pathway that is responsible for cell fate by inhibiting cell
differentiation and regulating the inflammatory response
to maintain immune balance. It can affect the propor-
tional balance of Th cells by regulating the differentia-
tion of naive CD4" T cells into Th17 and Treg cells [16].
Clinical evidence has shown that Notch signaling-related
molecules were highly activated in patients with active
uveitis, accompanied by a high level of Th17 response.
Notch blockers preferentially inhibit the Th17 response
in patients with active uveitis, suggesting that activation
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of the Notch signaling pathway is associated with a high
Th17 response [17]. Rong et al. found that infiltrating Treg
cells in uveitic eyes of mice expressed Notchl, Notch?2,
JAGI1 and DLLI1. Transplantation of Treg cells with
Notchl deficiency markedly reduced the production of
inflammatory cytokines and inflammatory cell infiltration
in anterior uveitis. Therefore, Notch signaling negatively
regulates the immunosuppressive function of infiltrating
Treg cells in EAU mice [18].

Activation of the Notch signaling pathway may play a
fundamental role in the pathogenesis of EAU. However,
the dynamic changes at the level of the gene and protein
expression of Notch signaling-related molecules in uveitis
and the underlying mechanism involved in the pathogen-
esis of uveitis remain unclear. In the present study, we
induced EAU in rats by injecting an interphotoreceptor
retinoid-binding protein (IRBP) emulsion supplemented
with complete Freund’s adjuvant (CFA) and tuberculin
(TB) and determined the levels of Notchl, DLL4, IL-10,
and IL-17 in spleen, lymph nodes and eye tissues. Moreo-
ver, the inhibitory effect of the y-secretase inhibitor DAPT
on Th17 differentiation by Notch signaling in vitro was
further investigated by flow cytometry using T lympho-
cytes from EAU rats on day 12 post-immunization. Our
findings will expound the role of the activation of the
Notch signaling pathway in the development of uveitis,
providing new insights into the pathogenesis of uveitis
and paving a way forward in the treatment of uveitis by
targeting the Notch signaling pathway in clinical practice.

Materials and methods
Animals

The principles for the care and use of laboratory animals
in this study strictly abided by the Guidelines for the Care
and Use of Laboratory Animals published by the National
Institutes of Health of China and the ARVO Statement
on the Application of Animals in Ophthalmological and
Visual Research. All experiments were approved by the
ethics committee of the Eye Institute of Shandong Uni-
versity of Traditional Chinese Medicine (2015-XK-013).
All animals were designed to reduce animal discomfort
and stress. In the present study, female Lewis rats (aged
6-8 weeks, 160-180 g) were purchased from Beijing Vital
River Laboratory Animal Co., Ltd. (Beijing, China). The
animals were exposed to light and dark for 12 and 12 h,
respectively, at room temperature (25 + 1 °C) with a rela-
tive humidity of 50 + 10%. Prior to the experiment, ani-
mals were first acclimated to their housing for 1 week.

Reagents

FITC-CD4, PE-CDS, PE-IL-17, APC-CD25, PE-Foxp3
(eBioscience, USA); Fixation/Permeabilization Kit with
BD Golgistop™ (BD Biosciences, USA); cell activation
cocktail (Biolegend Inc., USA); beta-mercaptoethanol,
glutamine (Ameresco, USA); fetal bovine serum (FBS),
RPMI 1640 medium (HyClone, USA); lymphocyte sepa-
rating solution (Solarbio, Beijing, China); IRBP peptide
(residues 1177-1191, sequence: ADGSSWEGVGYV-
VPDV), phosphate buffered saline (PBS, pH 7.2) (San-
gon Biotech (Shanghai) Co., Ltd., Shanghai, China);
Mycobacterium tuberculin H37RA (TB) (Difco, USA);
CFA (Sigma, USA); RNA Tissue/Cell Rapid Extraction
Kit (Vazyme Biotech Co., Ltd., Nanjing, China); DNA
Reverse Transcription Kit, 2*SYBR Green I Kit (QIA-
GEN, Germany); Rat Notchl, DLL4 ELISA Kits (Wuhan
Colorful Gene Biological Technology Co., Ltd., Wuhan,
China); IL-10, IL-17 ELISA kits (Dakewe Biotech Co.
Ltd., Beijing, China); DAPT (MedChemExpress, USA);
dimethyl sulfoxide (DMSO) (Sigma, USA); anti-rat CD3,
anti-rat CD28 (BD Biosciences, USA); rIL-1, rIL-23,
rIL-6, TGF-p (Sino Biological, Beijing, China); FITC rat
IgG2b « Isotype Control, PE rat IgG2b « Isotype Control
(BD Biosciences, USA); Rat IgG2b «k Isotype Control APC
(eBioscience, USA).

Induction of EAU

Healthy Lewis rats were randomly divided into a normal
control (NC) group (n=15) and an EAU group (n=63).
To induce EAU, IRBP emulsion was prepared with 100 pg
of IRBP peptide dissolved in sterilized PBS supplemented
with 100 pg of TB and 150 pL of CFA to a total volume of
300 pL. Every rat in the EAU group was immunized subcu-
taneously with a total of 300 pL of IRBP emulsion, while
rats in the NC group received the identical volume contain-
ing only 150 pL of CFA plus 100 pg of TB.

Clinical evaluation of EAU

After immunization, the severity of inflammation in EAU rat
eyes was observed with a Genesis-D camera (Kowa Com-
pany Ltd., Japan) on days 6, 9, 12, 15 and 18. The severity
of inflammation was scored according to criteria [19, 20]
and ranged from O (no disease) to 4 (the most serious dis-
ease): 0 =no disease; 1 =the iris is slightly dilated and the
pupillary structure is abnormal; 2 =the iris is hyperemic,
the pupil dilatation is limited, and the anterior chamber is
slightly cloudy; 3 =the iris is heavily congested, the anterior
chamber is moderately cloudy, and pupils are still visible;
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and 4 =the iris is seriously congested, the anterior chamber
is seriously cloudy and empyemic, and the pupil is closed.

Histopathological examination

On day 12 after immunization, rats in both the NC group and
EAU group (n=3 for each group) were randomly selected
to perform histopathological examination. After euthana-
sia, rats were killed, and the eyes were isolated and fixed in
eyeball fixative solution for 24 h. After dehydration, embed-
ding, and sectioning, hematoxylin—eosin (H&E) staining was
performed. The histopathological examination of the retina
and ciliary body was carried out by using a microscope (Ti;
Nikon Corporation, Tokyo, Japan).

Determination of CD4*, CD8*, Th17, and Treg cell
levels

The spleen, lymph nodes and eye tissues of rats in the NC
group and EAU group were isolated at different time points.
After grinding, cells were first filtered through a 200-mesh
cell sieve. The cell suspension was filtered through a nylon
wool column. Then, approximately 1 x 10® T lymphocytes
were collected from each tissue with rat lymphocyte separa-
tion solution. Next, 6 pL of cell activation cocktail, 4 pL of
protein transport inhibitor, and 1 mL of RPMI 1640 medium
(containing 100 pL of FBS and 2 pL of beta-mercaptoetha-
nol) were gently blended and added into the collected cells
and maintained in a CO, incubator at 37 °C for 5 h. At the
indicated time point, the cells were rinsed with PBS, centri-
fuged at 500 g for 6 min, and stained with relevant fluores-
cence antibodies. The cells were stained with FITC-CD4,
PE-CD8, and APC-CD?25 for surface staining and PE-IL-17
and PE-Foxp3 for intracellular staining. The levels of CD4Y,
CD8%, Th17, and Treg cells in spleen, lymph nodes and eye
tissues of rats were detected by a flow cytometer (BD FAC-
SVerse™, USA). Meanwhile, an isotype control assay was
performed to eliminate unwanted background cell staining.

Expression of Notch1, DLL4, IL-10, and IL-17 mRNA
determined by quantitative-PCR (Q-PCR)

Rats (n=06 for each group) were randomly selected from
either the NC group or EAU group at 6, 9, 12, 15 and
18 days after immunization. After euthanasia, the spleen,
lymph nodes and eye tissues of rats were separated in an
aseptic environment, and portions of the tissues were
stored at — 80 °C for enzyme-linked immunosorbent assay
(ELISA). Additionally, total RNA was extracted from the
remaining samples using an RNA Tissue/Cell Rapid Extrac-
tion Kit (Sparkjade Science Co., Ltd., China) according to
the manufacturer’s protocols. After the collection of RNA
samples, the purity and concentration of total RNA were
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detected by agarose gel electrophoresis and a K5600 spec-
trophotometer (Beijing Kaiao Technology Development Co.,
Ltd., Beijing, China), respectively. Subsequently, cDNA
synthesis was performed using a DNA Reverse Transcrip-
tion Kit, and the levels of Notchl, DLL4, IL-10 and IL-17
mRNA were detected by Q-PCR. GAPDH was used as the
internal reference for the Notchl, DLL4, IL-10, and IL-17
genes. The primer sequences are listed in Table 1. In the pre-
sent study, Q-PCR was performed on a LightCycler® 480 II
instrument (Roche Diagnostics, Mannheim, Germany). The
reaction conditions for Q-PCR were set as follows: 94 °C for
5 min for 1 cycle, and 94 °C for 5 s, 57 °C for 15 s, and 72 °C
for 10 s for 45 cycles. After Q-PCR detection, the levels of
the Notch1, DLL4, IL-10 and IL-17 genes were calculated
according to the 2722 method.

Measurements of Notch1, DLL4, IL-10, and IL-17
protein levels by ELISA

The spleen, lymph nodes and eye tissues of the two groups
were ground under liquid nitrogen and dissolved in 350 pL
of RIPA lysate. Subsequently, samples were sonicated on
ice for 20 min and centrifuged at 8000 g at 4 °C for 20 min.
After centrifugation, the supernatants were collected and
quantified using a K5600 spectrophotometer (Beijing Kaiao
Technology Development Co., Ltd., Beijing, China). Addi-
tionally, the levels of Notchl, DLL4, IL-10, and IL-17 pro-
teins at different time points were detected by an ELISA
technique using a multifunctional microplate reader (Envi-
sion, Perkin-Elmer, USA); the detection limits for Notchl,
DLLA4, IL-10, and IL-17 were 2 pg/mL, 33 pg/mL, 1.5 pg/
mL, and 3.3 pg/mL, respectively.

Determinations of CD4*, CD8*, Th17 and Treg levels
after silencing notch signaling in vitro

On day 12 post-immunization, the spleen, lymph nodes and
eye tissues of EAU rats were isolated. After grinding, cell

Table 1 Primer sequences for differentially expressed mRNAs

Gene Primer sequences

GAPDH Forward: 5'-GACCACAGTCCATGACATCACT-3’
Reverse: 5'"-TCCACCACCCTGTTGCTGTAG-3'

Notchl Forward: 5'-ATGGCCCCACCTGCAGACAAGATG-3'
Reverse: 5'-GGCACGGCAGGCACAGCGATAG-3’

DLL4 Forward: 5'-CAAGAATAGCGGCAGTGGTCGTAA-3'
Reverse: 5'-GTAGCGCAGTCTTGTGAGGGTGTT-3’

IL-10 Forward: 5'-TTCCATCCGGGGTGACAATAA-3'
Reverse: 5" TTCTGGGCCATGGTTCTCTGC-3'

IL-17 Forward: 5'-TTGCTGCTACTGAACCTGGAG-3'

Reverse: 5'-GCATGGCGGACAATAGAG-3’
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suspensions were collected using a 200-mesh cell sieve, fol-
lowed by filtration through a nylon wool column to collect T
lymphocytes. Subsequently, T lymphocytes collected from
each tissue were purified using Ficoll-Paque™ PLUS den-
sity gradient centrifugation medium (GE Healthcare Life
Sciences, Piscataway, NJ) for the following experiment.

To evaluate the effect of DAPT, a classical Notch signal-
ing (y-secretase) inhibitor, on the activation and polarization
of Th17 cells, T lymphocytes were divided into an EAU
model group, DAPT treatment group, and DMSO control
group. First, DAPT was dissolved in DMSO to be used to
treat T lymphocytes, and then T lymphocytes from each tis-
sue collection were seeded in 24-well flat plates (1.0 10/
mL/well) and polarized under Th17 cell-polarizing cocktail
consisting of anti-rat CD3 (5 pg/mL), anti-rat CD28 (2 pg/
mL), rIL-1p8 (20 ng/mL), rIL-6 (60 ng/mL), rIL-23(30 ng/
mL), and TGF-B (2 ng/mL). Cells in the DAPT treatment
group were treated with DAPT solution (final concentration:
40 pmol/L), while cells in the DMSO control group were
treated solely with DMSO at an identical concentration to
that in the DAPT treatment group. All cells were cultured at
37 °C for 48 h in a humidified incubator with 5% CO,. After
culturing for 48 h, cells were collected to detect the levels of
CD4%, CD8%, Th17, and Treg cells using a flow cytometer
(BD FACSVerse™, USA). Meanwhile, an isotype control
assay was also performed to eliminate unwanted background
cell staining.

Statistical analysis

All experiments were repeated three times. Data were
expressed as the mean + SD (standard deviation) and ana-
lyzed by SPSS statistical software (SPSS for Windows, ver-
sion 22.0, IBM-SPSS, Chicago, IL, USA). The Levene test
was used to test the variance, and the LSD test was used to
compare two groups. P <0.05 was statistically significant.

Results
Ocular inflammation

Genesis-D animal eye camera observation showed that there
was no iris or conjunctival vasodilation or congestion in nor-
mal rats. On day 6 after immunization, slight iris vasodilation
and congestion occurred in EAU rats and then increased on
day 9. On day 12 after immunization, the most serious ocular
inflammation was found in EAU rats, including severe iris dila-
tion and congestion, substantial fibrin exudation in the ante-
rior chamber, pupil obliteration and empyema. Afterwards,
the severity of inflammation in EAU rat eyes was gradually
alleviated. On day 15 after immunization, the iris vascular con-
gestion symptoms were apparently alleviated, and on day 18

after immunization, the severity of inflammation in EAU rat
eyes was significantly mitigated (data not shown).

Ocular histopathological examination

Histopathological examination revealed that a large number
of inflammatory cells infiltrated in the anterior chamber, iris,
ciliary body and retina in EAU rats. It was noted that severe
iris adhesion, swelling of the iris and ciliary body, disor-
der of the eye tissue structure and destruction of the retina
occurred in EAU rats on day 12 after immunization; this
result indicates that we successfully established an EAU rat
model (data not shown).

Alteration of the levels of CD4*, CD8*, Th17,
and Treg cells in EAU rats

The results of flow cytometry determination showed that
compared with those in control rats, the levels of CD4%,
Th17, and Treg cells in EAU rats increased significantly
after immunization. It was noted that the elevated ratios of
both CD4*/CD8* and Th17/Treg peaked on day 12 after
immunization, indicating the disturbance of the immune
microenvironment in EAU individuals (Figs. 1, 2, 3).

Changes in the expression of Notch1, DLL4, IL-10,
and IL-17 genes in EAU rats

The Q-PCR results indicated that the expression of Notchl,
DLLA4, IL-10, and IL-17 in spleen, lymph nodes and eye
tissues of EAU rats changed compared with that in normal
control rats, indicating that these alterations were more
closely correlated with the development of uveitis. It was
found that the levels of the Notchl, DLL4 and IL-17 genes
in spleen, lymph nodes and eye tissues of EAU rats were in
agreement with the development of uveitis, and the expres-
sion of Notchl, DLL4 and IL-17 in spleen, lymph nodes
and eye tissues of EAU rats increased on day 6, peaked on
day 12 after immunization, and then gradually decreased.
Nevertheless, they were still higher than those in the control
group on days 15 and 18 (P <0.05) (Fig. 4a, b, d). Moreover,
the levels of IL-10 in spleen, lymph nodes and eye tissues
of EAU rats were also higher than those of the NC group on
day 6 (all P<0.05). IL-10 levels reached their peak on day
12 in lymph nodes and eye tissues of EAU rats but peaked on
day 15 in spleen (P <0.05), followed by a gradual decrease
on days 15 and 18 (both P <0.05) (Fig. 4c¢).

Alterations of Notch1, DLL4, IL-10, and IL-17 protein
levels in EAU rats

After immunization, the protein levels of Notchl, DLL4,
IL-10, and IL-17 in spleen, lymph nodes and eye tissues of
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in spleen (b), lymph nodes (c), and eye tissues (d) in NC and EAU
rats were further analyzed at different time points. “P<0.05
pared with those of NC individuals

com-

lymph nodes  spleen

eye tissues

immunization were separately detected by flow cytometry. It was
noted that Th17 levels were elevated after immunization compared to
those in relevant NC subjects
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EAU rats showed the same trends as those of gene expres-
sion. Compared with the NC group, the expression of the
Notchl, DLL4, IL-10, and IL-17 proteins in spleen, lymph
nodes and eye tissues of EAU rats gradually increased on
day 6, peaked on day 12, and then gradually decreased until
day 18 (Fig. 5). Nevertheless, the levels were still higher
than those of the NC group (all P=0.000).

Measurement of CD4*, CD8", Th17, and Treg cell
levels after silencing Notch signaling in vitro

After cells were cocultured with 40 pmol/L DAPT for 48 h,
flow cytometry determination revealed that the levels of
CD4* and Th17 in the DAPT treatment group were appar-
ently decreased compared with those of the EAU model
group; meanwhile, CD4"/CD8" and Th17/Treg were also
notably reduced (both P <0.01). However, there was no sig-
nificant difference between the EAU model and DMSO con-
trol groups (both P> 0.05). This result indicated that DAPT
treatment can successfully inhibit Notch signaling activation
and Th17 cell differentiation and thus reduce the proportions
of CD4*/CD8* and Th17/Treg (Figs. 6, 7, 8).

0 15
Days after different treatments(d)

6 9 15 18
Days after different treatments(d)

quadrant of d. The changes in the Th17/Treg ratio in spleen e, lymph
nodes f, and eye tissues g at different time points in NC and EAU
rats were further analyzed. “P <0.05 compared with normal control
individuals

Discussion

Uveitis is a serious eye disease with intraocular inflamma-
tion that often presents at in much younger adults and conse-
quently causes years of visual loss. Previously, Th1 and Th2
lymphocytes were recognized as important pathogenic fac-
tors of uveitis [21]. Studies confirmed that interferon (IFN)-y
secreted by Th1 cells plays an important role in the patho-
genesis of EAU [22]. Therefore, the therapeutic effect of
EAU in mice was considered to be related to the inhibition
of Th1 and Th2 cell functions [23]. The changes in cytokines
secreted by Th cells, especially Th17 and Treg cells, are
closely correlated with the pathogenesis of uveitis [24,
25]. IL-10 is a crucial cytokine that is mainly produced by
Th2 and Treg cells, exhibiting an anti-inflammatory effect.
IL-10 can retard the development of EAU by inhibiting the
aggregation and function of inflammatory cells [26]. In this
study, we evaluated the changes in CD4*, CD8", Th17, and
Treg cell turnover and related inflammatory factors, includ-
ing IL-10 and IL-17, in an EAU rat model. After receiv-
ing antigen stimulation signal, naive CD4* T lymphocytes
are activated and differentiate into different effector T cell
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The expression of Notchl (a), DLL4 (b), IL-10 (c), and IL-17 (d)

lineages under different conditions. Tang et al. noted that
after inhibiting the differentiation of naive CD4" T cells, the
expression of IFN-y, IL-17 and TNF-a decreased, whereas
the production of IL-10 was elevated, contributing to the
alleviation of the symptoms of EAU [27]. Kaabachi et al.
found that CD4™" T cells and monocytes stimulated by IL-26
promoted the production of Th17-related cytokines (IL-17A,
IL-23) and inhibited Treg-related cytokines (IL-10, TGF-
B) [28]. The increased level of CD11c in CD8* T cells in
patients with BD suggests that the upregulation of CD11c
in CD8" T cells may be involved in the pathogenesis of BD
[29]. STAT?3 can regulate the survival and differentiation of
CD4* T cells. The increased activation of STAT3 induced
by IL-6 during inflammation can also inhibit the expansion
of CD8-Treg cells, thereby impeding recovery from uveitis
[30]. IL-6 and TGF-p are key cytokines that determine the
differentiation of naive CD4" T lymphocytes into Th17 or
Treg cells [31], while Th17 and Treg cells are interrelated in
terms of their differentiation and antagonism functions [32].
It was found that detection of the CD4*/CD8* ratio in vitre-
ous fluid has a high diagnostic value for granulomatous uvei-
tis [33, 34]. In our study, we also found that the expression
of IL-10 in spleen, lymph nodes and eye tissues of EAU rats
was gradually elevated and peaked on days 12/15, followed
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by alleviation of the severity of inflammation, suggesting
that IL-10 can exert an inhibitory effect on inflammation. Li
et al. found that by inhibiting the levels of monocyte chem-
oattractant protein (MCP)-1, IL-17, and IFN-y and increas-
ing the level of IL-10 in aqueous humor, the local cytokine
environment of EAU rats could be improved [35]. Compared
with the control group, the frequency of peripheral Treg
cells was significantly lower in patients with tuberculous
uveitis, and the levels of IFN-y, IL-17A, and IL-10 in the
eyes also increased [36]. All of these findings indicate that
disturbance of the immune environment is involved in the
differentiation of naive CD4% T cells into Th1 and Treg cells
and accompanied by alterations in IL-17 and IL-10 levels.
IL-17-producing Th17 cells, which are related to the
pathophysiology of inflammatory diseases, are thought
to be developmentally related to Treg cells. Thus, imbal-
ance of the Th17/Treg ratio plays an important role in the
pathogenesis of EAU [37]. IL-17 has been recognized in
the pathogenesis and development of many autoimmune/
inflammatory diseases. Recent genome-wide association
studies highlighted the association between the IL-23/IL-17
pathway and IL-10. Immunological studies also support the
role of IL-17 in the pathogenesis of diseases [38]. Under
stimulated conditions, Th17 cells can secrete IL-17 and
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IFN-y simultaneously in BD patients, resulting in activation
of Th17 and Th1 reactions in BD in vitro [39]. Th17 cells
exert their effects by secreting cytokines such as IL-17 and
IL-21. As an autocrine regulator of Th17 cells, IL-21 can
induce Th17 differentiation and inhibit the functions of Th1
and Treg cells [40]. Th17 cells have been shown to play an
important role in the development of uveitis [41]. Treg cells
are a subset of T cells that control the autoimmune response
in vivo. They can achieve immune tolerance and prevent
autoimmune diseases by inhibiting the activation and pro-
liferation of effector T cells [42]. As a broadly acting and
potent anti-inflammatory population of CD4" T cells, Treg
cells are essential for maintaining immune homeostasis and
preventing autoimmunity. Therefore, research on Treg cells
is not only necessary for understanding the mechanism of
immune homeostasis, but also very useful for developing
treatments of various immune diseases. It is reported that
clinical remission for patients with uveitis is closely associ-
ated with a significant increase in serum levels of TGF-§
and IL-10, exhibiting a positive correlation with Treg cells.
Compared to those in patients with active uveitis, serum
levels of IFN-y, IL-17A and IL-22 were significantly
decreased [43]. Moreover, clinical studies have also revealed
that an abnormal Th17/Treg ratio plays a critical role in the
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sues in EAU rats was determined by ELISA. "P <0.05 compared with
the corresponding NC subjects

pathogenesis of uveitis. Th17 and Treg cells are involved
in the pathogenesis of many autoimmune diseases and are
anew CD4" T helper cell lineage. Zhuang et al. found that
Th17 cells increased and Treg cells decreased significantly
in HLA-B27-related acute anterior uveitis patients [37].
Decreased or dysfunctional Treg cells and Th17/Treg cell
imbalance can lead to uveitis [44]. Therefore, the proportion
of Th17/Treg cells can affect the body’s immune response
and regulate the development of uveitis. In the present study,
we found that the percentage of CD4* T cells and the level
of Th17 cells in spleen, lymph nodes and eye tissues began
to increase on day 6 after immunization, and the levels of
CD4*%/CD8* and Th17/Treg peaked on day 12, accompanied
by the most serious ocular inflammation in EAU rats. Sub-
sequently, the ratios of CD4*/CD8" and Th17/Treg gradu-
ally decreased, ultimately showing balance. In this study, we
observed that there was a Th17/Treg imbalance derived from
the shifting of Th17 cells in untreated T lymphocytes from
EAU rats, suggesting that imbalanced Th17/Treg levels play
a pivotal role in the development of uveitis.

The Notch signaling pathway plays an important role in
regulating Th17/Treg cell balance. Researchers confirm that
after blocking the Notch signaling pathway with the specific
y-secretase inhibitor DAPT, JAG1 signaling molecules in the
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Fig.6 Dynamic changes

of CD4%, CD8" levels of T
lymphocytes in spleen, lymph
nodes, and eye tissue in the
EAU model, DAPT treatment
and DMSO control groups

in vitro after culture for 48 h. a
CD4%, CD8™ levels in the EAU,
DAPT treatment and DMSO
control groups were determined
by flow cytometry. b Histogram
analysis of the CD4*/CD8*
ratio. P <0.01 compared with
the EAU model group

Fig.7 Changes of Th17 levels
in spleen, lymph nodes, and
eye tissues in the EAU model,
DAPT treatment and DMSO
control groups in vitro after
culture for 48 h
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pathway can significantly reduce the expression of ROR-yt
in CD4* T cells and downregulate the levels of Th17-related
inflammatory cytokines such as IL-17A, IL-17F, IL-23a and
IL-12rb1, thereby inhibiting the differentiation of CD4* T
cells into Th17 cells [45]. Moreover, injection of an anti-
DLL4 antibody can also significantly reduce the differen-
tiation level of Th17 cells [46], suggesting that the Notch
signaling pathway plays an important role in regulating the
differentiation of Th17 cells and in maintaining the balance
of Th17/Treg. Yang et al. noted that the activation of Notch
signaling was related to the aggravation of ocular inflamma-
tion. Notch1, Notch4, DLL4, and NICD were upregulated in
EAU mice. Intraperitoneal injection of the Notch signaling
pathway blocker DAPT can reduce the expression of NICD,
Hes-1 and pro-inflammatory cytokines and markedly reduce
the intraocular inflammation in EAU mice [47]. It was found
that Notch signaling pathway blockers could inhibit the
development of uveitis in C57BL/6 uveitis mice at differ-
ent times [48]. Jiao et al. found that DAPT, an inhibitor of

lymph nodes eye tissues

Notchl signaling, could notably reduce the differentiation
of naive T cells into Th17 cells, inhibit the response of Th1l
and Th17 cells in spleen and lymph nodes, and reduce the
levels of IFN-y and IL-17 in serum [49]. After blocking the
Notch signaling pathway with DAPT, the proportion of Th17
cells and Th17/Treg in the peripheral blood of patients with
immune thrombocytopenia decreased significantly, accom-
panied by decreased IL-17 and ROR-yt mRNA expression
[50]. Geri et al. found that IL-21 plays a key role in the
pathogenesis of BD patients by promoting Th17 and inhibit-
ing Treg cell functions [51]. A study also showed that Notch
signaling molecules play a critical role in regulating the bal-
ance of Th17/Treg cells by targeting the differentiation of
naive CD4* T cells into Th17 and Treg cells [52]. The syner-
gistic gene expression of Th17- and Treg-related molecules
is related to the regression of monophasic EAU. By means of
the synergistic expression of Th17- and Treg-related factors,
EAU tends to restore the immune balance [53]. In our exper-
iment, we found that the expression levels of Notch1, DLL4,
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IL-10 and IL-17 in spleen, lymph nodes and eye tissues of
EAU rats increased on day 6 after immunization and peaked
on day 12, followed by a decrease. Further ELISA confirmed
the above viewpoint. Increased levels of Notch1l, DLL4 and
the activation of the Notch signaling pathway can regulate
the differentiation of naive CD4* T lymphocytes into Th17
and Treg cells and influence the Th17/Treg balance, thus
affecting the development and recovery of uveitis. We have
demonstrated that blocking Notch signaling by DAPT can
notably inhibit Th17 differentiation and reduce the level of
the Th17 cell lineage, and thus decreasing the secretion of
IL-17, indicating that the inactivation of Notch signaling
may attenuate IL-17 generation. Hence, IL-17 production
may be dependent on the activation of Notch signaling in
uveitis. This finding suggests that the pathogenesis of EAU
is closely related to the activation of the Notch signaling
pathway. Importantly, the dynamic changes in the CD4"/
CD8* and Th17/Treg ratio were consistent with the expres-
sion trend of Notch signaling in EAU rats.

Moreover, the activation of Notch signaling can lead to
a disturbed CD4*/CD8*, Th17/Treg balance and aggravate
EAU. By contrast, the isolated T lymphocytes from EAU
rats can respond to DAPT, leading to a reversal of the Th17/
Treg imbalance by blocking the Notch signaling pathway.
The Notch signaling pathway is considered one of the main
pathways regulating lymphocyte activation and differentia-
tion. Th cell polarization and the cytokine production pro-
file may depend on Notch ligand interacting with the Notch
receptor [54]. Application of y-secretase inhibitor can influ-
ence T lymphocyte activation and differentiation [50], indi-
cating the effectiveness of y-secretase inhibitor as a means
of disrupting Notch signaling. In the present study, we quan-
tified the mRNA levels of Notchl and DLL4. The results
indicated that both Notchl and DLL4 mRNA levels were
significantly elevated in spleen, lymph nodes and eye tissues
in EAU rats, and the Th17 cell lineage level was increased.
However, DAPT treatment can markedly reduce Notch1 and
DLL4 mRNA expression (data not shown) and attenuate the
level of Th17 cells. Meanwhile, the elevated Th17/Treg ratio
in T lymphocytes in EAU rats was also markedly decreased
after DAPT treatment; that is to say, DAPT treatment can
efficiently reverse imbalance of the Th17/Treg ratio. The
simultaneous reduction of Th17 cells and the Th17/Treg
ratio demonstrated the fundamental role of Notch signaling
activation in the disturbed CD4*/CD8%, Th17/Treg balance
in EAU rats. The inhibition of Notch signaling contributes
to the amelioration of uveitis.

In conclusion, the expression of Notchl, DLL4, IL-10,
and IL-17 in spleen, lymph nodes and eye tissues was
increased at the mRNA and proteins levels in EAU rats.
Moreover, the CD4*/CD8* and Th17/Treg ratios also
increased significantly compared to those of normal control
individuals. DAPT can efficiently inhibit the activation of

@ Springer

Notch signaling, leading to decreased Th17 cell differentia-
tion and activation. Taken together, our findings demonstrate
that the activation of the Notch signaling pathway contrib-
utes to the disturbed CD4*/CD8™, Th17/Treg imbalance in
rats with experimental autoimmune uveitis; inactivation of
the Notch signaling pathway restores the CD4*/CD8*, Th17/
Treg balance, suggesting that the changes in Notch1, DLL4,
IL-10 and IL-17 in EAU rats are closely correlated with the
pathogenesis of uveitis. Our findings provide new insight
into the treatment of uveitis by targeting Notch signaling in
clinical practice.
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