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Regulatory dendritic cells (DCreg) have been reported to be a negative regulator in the immune response. These cells are widely
distributed in the liver, spleen, and lung. However, the status and function of DCreg in the eyes and disease are still not very
clear. Herein, we found that the number of I-alowCD11bhigh DC increased in the eye and spleen at the recovery stage of
experimental autoimmune uveitis (EAU), which is a mouse model for autoimmune uveitis. These cells expressed lower levels of
CD80, CD86, and CD54 than the mature DCs and expressed interleukin 10 (IL-10), indoleamine 2,3-dioxygenase (IDO), and
transforming growth factor beta (TGF-β) as well. Moreover, these DCreg can regulate the development of EAU by promoting
CD4+CD25+Foxp3+ regulatory T cells. The increased interferon-gamma (IFN-γ) in the aqueous humor of EAU participates in
inducing DCreg to alleviate the symptom of EAU. Furthermore, DCreg was found to exist in the eyes of normal mice. Aqueous
humor, containing a certain concentration of IL-10, TGF-β, prostaglandin E2 (PGE2), IDO, and nitric oxide (NO), induced the
tolerance of DCreg in normal eyes. It can be concluded that DCreg exists in the eyes and plays a protective role in inflamed eyes.
These DCreg induced by IFN-γ might be used as a strategy to develop therapy for EAU management.

1. Introduction

Dendritic cells (DCs) have been identified as very effective
antigen presenting cells (APCs) with the apparently unique
ability to prime and to activate naive T lymphocytes [1, 2].
Mature DCs typically express high levels of “activation”
markers (major histocompatibility complex II (MHC-II),
CD54, CD80, and CD86) and possess potent T-cell activation
ability [3]. In addition, immature DCs express low levels of
“activation” markers and have high endocytic capacity,
whereas regulatory DCs with regulatory functions have been
defined to control T-cell responses [3, 4]. I-alowCD11bhigh

DCs have been characterized as a subset of regulatory DCs.
They can suppress T-cell proliferation by inducing nitric
oxide (NO) [5] or by inducing CTLA-4-dependent (cytotoxic
lymphocyte antigen 4-dependent) interleukin 10 (IL-10)
secretion and indoleamine 2,3-dioxygenase (IDO) expression
in tumors [6]. Different subsets of DCs may play different
roles during different developmental/functional stages [7].
Regulatory DCs can balance the immune response and are
present in several organs (e.g., lung, spleen, and liver) [5, 8–
10]. Recently, DCs were also found to exist in the eyes [11–
13], which is considered to be an immune-privileged tissue.
But the role and the subsets of DCs in the eyes are still unclear.
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To date, regulatory DCs (DCreg) were generated by
culturing DCs in the presence of immunosuppressive cyto-
kines, such as IL-10 and transforming growth factor beta
(TGF-β) or in the presence of immunomodulatory drugs
[4, 5, 8, 14, 15]. Several studies have shown that the
microenvironment in certain tissues has an ability to
induce DC development and also affects the function of
DC [5, 8–10, 16]. Previous studies demonstrated that
splenic microenvironment or lung microenvironment
could drive mature DCs or stem cells to differentiate into
DCreg [5, 16–18]. Several factors participate in the regula-
tion of DCs status, such as IL-10, TGF-β, interferon
gamma (IFN-γ), and/or other compounds such as vitamin
D receptor ligands, vasoactive intestinal peptide, and thy-
mic stromal lymphopoietin (TSLP) [4, 5, 8, 14, 15, 19].
In the eyes, aqueous humors are produced by ciliary epi-
thelial cells and contain NO, IDO, prostaglandin E2
(PGE2), and TGF-β [20–22], which play a significant role
in promoting anti-inflammatory and tolerogenic activity.
Thus, aqueous humors may influence the status of DCs
in the eyes, but there are no experiments to confirm this.

Uveitis is an ocular disease, which can cause blindness in
humans [23, 24]. This disease correlates with immune disor-
ders, including increasing CD4+ T cells infiltration in the eyes
[25–28]. Uveitogenic antigen-specific CD4+ T cells have been
believed to be crucial effectors to infiltrate in the sites of
inflammatory eyes to drive inflammation and tissue damage
[25, 27, 29]. DCs act as a unique antigen presenting cells
and activate naïve T cells, which are also involved in the path-
ogenic process of uveitis [11, 12, 30, 31]. DCs exist in the
peripheral margins and juxtapapillary areas of the retina
[12]. Functional mature DCs have been found in the choroid
[30] and are believed to cause antigen-specific Th1 or Th17
cells to induce the development of experimental autoimmune
uveoretinitis (EAU) [11]. Impairing the maturation of DCs
with the drug could prevent the generation of antigen-
specific Th1 or Th17 cells to attenuate EAU [32]. Regulatory
bone marrow-derived dendritic cells, which induced in vitro,
suppressed the development of EAU [33]. However, the sta-
tus of DCs in uveitis and the regulatory roles of DCs are still
not very clear.

The EAU mouse model is a well-established rodent
model used for human autoimmune uveitis induction and
contains specific self-renewal characteristics [34]. Based on
this model, we investigated the phenotype and subsets of
DCs in the eyes and analyzed the roles of regulatory DCs in
the development of EAU. Furthermore, we explored the
mechanism affecting the differentiation of regulatory DCs
in the eyes.

2. Materials and Methods

2.1. Animal Experiment. Pathogen-free female C57BL/6J
(6- to 8-weeks-old) mice were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). C57Lan/J (B6 CD11c-DTR-GFP) mice and CD45.1-
expressingmice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). These mice were maintained in spe-
cific pathogen-free conditions, and all experimental proce-

dures were licensed by our local regulatory agency
(Shandong Academy of Medical Sciences, Jinan, China,
SYXK 20180007). Mice were allocated randomly to cages
with n = 4-6 mice per group according to the individual
experimental group. EAU in C57BL/6 mice was inducted
by the 350μg of human interphotoreceptor retinoid-
binding protein peptide (IRBP)1-20 (China Peptides Co.,
Ltd., Shanghai, China) emulsified in complete Freund’s adju-
vant with mycobacterium (CFA, Sigma-Aldrich, St. Louis,
MO, USA). A total of 500 ng of Pertussis toxin (PTX, Enzo
Life Sciences, Farmingdale, YN, USA) was intraperitoneally
injected at the footpad, neck, two sides, and tail at six points
for every mouse as previously described [35]. After immuni-
zation, the mice were examined every four days by Genesis-D
camera (Kowa Company Ltd., Japan) for the evaluation of
the clinical scores [35]. The eyes were obtained after sacrific-
ing every four days, and the hematoxylin and eosin (H&E)
staining was performed for the assessment of the pathological
scores [35–38].

2.2. Depletion of DCs. Diphtheria toxin (DT, 5 ng/eye) was
used to delete the CD11c cells in the eyes of CD11c-DTR-
GFP mice by subconjunctival injection. This approach
resulted in 95% depletion of CD11c cells and lasted for
72 h. After DT treatment for 24 h, the antigens were adminis-
tered to induce EAU. The symptoms and severity of the
inflammation in CD11c-DTR mice were evaluated by the
histopathological scores every four days [11, 39].

2.3. Isolation of Cells. For ocular cell collection, the eyes
were collected from the mice as reported previously [40].
Briefly, the eyes were obtained from naive and EAU mice.
Following the removal of the lens and the cornea from the
eyes, a single-cell suspension of the eyes was prepared by
digestion for 10min at 37°C with collagenase (1mg/ml)
and deoxyribonuclease (DNAse, 100μg/ml) in RPMI-
1640. The eye-infiltrating cells were subsequently obtained.

Spleen cells were obtained from naive and EAU mice fol-
lowing immunization. Red blood cell lysis buffer (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China)
was used to lyse the red blood cells, and the cells were col-
lected by Ficoll-Hypaque density gradient centrifugation.
The suspension was cultured at 37°C in a 5% CO2 incubator
for flow cytometry analysis.

For isolation of primary CD4+ T cells, a CD4 negative-
selection kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
was separately used, and the cells were cultured as previously
reported [41, 42]. I-alowCD11bhigh DCs (DCreg) or CD11c

+I-
ahigh DCs (DCm), which were excluded from macrophages
and monocytes, were isolated by a cell sorting instrument
(BD FACSAria™ III, BD Biosciences, CA, USA).

In the presence and/or absence of the aqueous humor
stimulation, the isolated ocular dendritic cells were cultured
in media, supplemented with rGM-CSF (20 ng/ml), rIL-4
(5 ng/ml), and rFLT3L (200 ng/ml, all from R&D Systems,
Minneapolis, MN,USA) [43, 44] for 3 days. Using Horizon
fixable viability dye staining, the viable cells were detected
by flow cytometry.
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2.4. Adoptive Transfer Experiments. I-alowCD11bhigh DCreg or
I-ahighCD11blow DCm, which were excluded from macro-
phages and monocytes, were isolated as previously described
[5, 45]. The isolated cells (5 × 105) were administered to an
EAU mouse, which were immunized for 8 days by an intra-
venous injection. After transferring for 8 days, the mice were
euthanized, and the eyes and spleens were harvested for H&E
staining and flow cytometry analysis.

2.5. IFN-γ Treatment or Neutralizing Anti-IFN-γ Antibody
Treatment. For IFN-γ treatment, DCs were isolated from
EAU mice and were pretreated with IFN-γ (100U/ml) for
48-72 h. These DCs were washed twice with phosphate buffer
saline (PBS) and were analyzed using FACSuite or collected
for animal transfer (5 × 105/mouse).

To assess the effects of IFN-γ on DCs, 2μg/ml neutraliz-
ing anti-IFN-γ antibodies were added in wild-type DC cul-
ture medium or in the DC culture medium with aqueous
humor stimulation to neutralize autosecreting IFN-γ. The
mice were injected intraperitoneally with anti-IFN-γ neutral-
ization antibody (Abcam company, Cambridge, MA, USA)
or control antibody mouse IgG (250μg per mouse) every
other day following immunization for a total period of 8 days.

2.6. Antibodies and Flow Cytometry. Fluorescent antibodies
of (PE-cy5)-conjugated CD3ε (clone 145-2C11), (FITC)-
conjugated CD4 (clone GK1.5), (PE)-conjugated CD25
(clone PC61.5), (BV711)-conjugated CD11b (clone M1/70),
(APC)-conjugated CD80 (clone 16-10A), (APC)-conjugated
CD86 (clone GL1), (APC)-conjugated CD54 (clone 3E2),
(PE)-conjugated I-a (clone M5/114.15.2), (APC-cy7)-conju-
gated CD11c (clone N418), (APC)-conjugated dendritic cell
marker DCIR2 monoclonal antibody (33D1), (percp)-conju-
gated CD45 (clone 30-F-11), (Alexa Fluor 700)-conjugated
CD45.1 (clone A20), (BV421)-conjugated CD64 (clone
X54-5/7.1), (BV650)-conjugated F4/80 (clone BM8), (PE-
cy5)-conjugated CD19 (clone eBio 1D3), (PE-cy5)-conju-
gated NK1.1 (clone PK136), (FITC)-conjugated CD26 (clone
H194-112), (PE-cy7)-conjugated CD69 (clone H1.2F3),
(APC)-conjugated Ki67 (clone 7B11), (percp-cy5)-conju-
gated TGF-β (clone TW7-20B9), (APC)-conjugated IL-10
(clone JES5-16E3), (APC)-conjugated Foxp3 (clone FJK-
16S), (APC)-conjugated IL-17 (clone eBio64DEC17), and
(APC)-conjugated IFN-γ (clone XMG1.2) conjugated with
the corresponding fluorescent dyes were purchased from
eBioscience (San Diego, CA, USA) and BioLenged (San
Diego, CA, USA). Single-cell suspensions (1 × 106 cells) were
stained with different monoclonal antibodies, according to
the protocol provided by the manufacturer for the corre-
sponding antibodies. Subsequently, each sample was ana-
lyzed using FACSuite and the CellQuest data acquisition
and analysis software (BD Biosciences, CA, USA). To assess
intracellular cytokine expression, the prepared cells were
prestimulated with leukocyte activation cocktail, with BD
GolgiPlug™ (BD Biosciences, CA, USA) for 5 h, at 37°C in a
5% CO2 environment, and were subsequently incubated with
fluorescent labeled antibody, according to the manufacturer’s
instructions. Foxp3 was stained according to the protocol of
Foxp3 staining Kit (eBioscience Inc., San Diego, CA, USA).

BD Horizon fixable viability stain (eBioscience Inc., San
Diego, CA, USA) was used to rule out nonviable cells.

2.7. Cytokine Levels in the Serum, Aqueous Humor, and the
Supernatant of Cells. Blood samples were collected and incu-
bated at room temperature and centrifuged at 1,000× g. The
aqueous humors were obtained from the eyes of EAUmice or
wild type mice by fine needle aspiration. Ten mice for each
group were used, and the obtained aqueous humor was
mixed together for testing. The level of IFN-γ, IL-10, and
TGF-β in aqueous humors was quantified by using ELISA
kits (Elabscience Biotechnology Co., Ltd., Wuhan, China).
NO production was measured as the nitrite concentration
using the Griess assay [5]. PGE2 (R&D Systems Inc., MN,
USA) and IDO were detected by an ELISA kit (Invitrogen,
MA, USA).

2.8. DC-T Cell Coculture. CD4+ T cells were purified from
the spleen of IRBP1-20-immunized B6 mice following 16
days and were stimulated with IRBP1-20 (10μg/ml) in the
presence of 1 × 106 irradiated syngeneic spleen cells as
APCs for 72 h, and then antigen-specific T cells were
obtained by magnetic beads (CD4+ T cells isolation kits,
Miltenyi Biotec, Bergisch Gladbach, Germany). Subse-
quently, CD4+ T cells were cocultured with antigen-pulsed
mature DCs (T cell : DCm = 10 : 1) for 48h. DCreg were iso-
lated by cell sorting methodologies and were added to the
coculturation DC-T (T : DCreg : DCm = 10 : 1 : 1). The sta-
tus of T cells was analyzed by flow cytometry.

Neutralization Abs to mouse IL-10 (5μg/ml, Clone #
JES052A5) and TGF-β (5μg/ml, Clone # 1D11R) were
purchased from R&D Systems (MN, USA). IDO inhibitor
1-methyltryptophan (1mM), PGE2 inhibitor indomehacin
(40μM), and inducible NO synthase (iNOS) inhibitor 1,4
PBIT (S,S′-1,4-phenylene-bis (1,2-ethanediyl) bis-iso-
thiourea, dihydrobromide, 5μg/ml) were added to the exper-
imental cultures, respectively.

2.9. Statistical Analysis. The data were analyzed using Graph-
Pad Prism 5 software (GraphPad, San Diego, CA). Each
experiment was carried out in duplicate and was repeated
three times. The clinical and histological EAU data are usu-
ally statistically analyzed using Mann-Whitney U-test for
two groups or Kruskal-Wallis Test for more than two groups.
Two-tailed Student’s t-test or one-way analysis of variance
(ANOVA) was applied for the normal distribution of data-
sets. The data were represented as mean ± standard error of
themean (SEM). P values < 0.05 (∗), 0.01 (∗∗), and 0.001
(∗∗∗) were considered for significant differences.

3. Results

3.1. The Number of I-alowCD11bhigh DCs Increased in the
Recovery Stage of the EAU Model. To study the status of
DCs in the eyes of EAU, the EAU mice model was estab-
lished, and the status of DCs in the inflamed eyes was
detected. The phenotype of ocular DCs was detected accord-
ing to a previous report [45]. The macrophages were discrim-
inated from DCs by CD64 and F4/80 expression. In addition
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to CD64+F4/80+ macrophages and monocyte-derived cells,
CD3+ T cells, CD19+B220+ B cells, and NK1.1+ natural
killer (NK) cells were next excluded from the analysis
using a “lineage mix,” and the remaining cells were gated
based on the expression of I-a molecules (Lineage−I-a+

cells). CD11c+CD26+DCs were further used to analyze
the percentage of DCs in eyes (Figure 1(a)). CD11b and
I-a were used to identify the subsets of mature DCs
(CD11c+CD26+I-ahighCD11blow DCs, DCm), immature
DCs (CD11c+CD26+I-alowCD11blow DCs, DCim), and reg-
ulatory DCs (CD11c+CD26+I-alowCD11bhigh DCs, DCreg)
(Figure 1(a)). DCreg expressed 33D1, a marker of ocular
DCs [12]. The number of ocular DCs within the inflamed
eyes increased on the 8th day, and the first peak appeared
on the 16th day (initiation stage of EAU, Figure 1(b)),
which occurred earlier than the majority of the serious
pathological changes in the eye. These changes appeared
from the 16th-24th day following immunization. Subse-
quently, the second peak of DCs occurred on the 28th
day (recovery stage, Figure 1(b)). Next, the subsets of ocu-
lar DCs during the process of EAU were analyzed. From
the 12th to the 20th day, the majority of increased DCs
were DCm. The increased number of DCm were higher
than that of the DCreg (Figure 1(c)). On the 28th day,
the number of the increased ocular DCreg was higher than
that of DCm (Figure 1(c)). Similar results were found in
the splenic cells of the EAU mice (Supplementary
Figure 1). These results indicated that DCreg might
participate in the recovery stage of EAU.

DCreg were obtained from the eyes of the animals on
the 28th day postimmunization, and these cells expressed
lower levels of CD80, CD86, and CD54, and higher levels
of IL-10, IDO, and TGF-β compared with those noted in
DCm (Figures 1(d) and 1(e)). Furthermore, with 10 ng/ml
of IRBP and 10ng/ml of PTX stimulation, the isolated
ocular DCreg could not became mature to express high
levels of CD80, CD86, and CD54 (Figure 1(f)). The
expression levels of IL-10, IDO, and TGF-β in DCreg did
not significantly change in DCreg following IRBP and
PTX stimulation compared with DCreg in the absence of
antigen stimulation (Figure 1(g)). Moreover, these DCreg
could not promote CD4+ T cells to express high level
CD69 and Ki67 but DCm could (Figure 1(h)). These data
indicated that DCreg could not be activated, and those cells
might play a regulatory role in the eyes.

3.2. I-alowCD11bhigh DCs Promote CD4+CD25+Foxp3+ T
Cells to Alleviate the Symptom of EAU. To analyze the role
of ocular DCreg in the development of EAU, DCreg or
DCm were isolated from the inflamed eyes of the EAU
on the 28th day postimmunization with a cells sorting
instrument and were transferred into EAU mice
(Figure 2(a), 5 × 105/mice, for three mice/every group were
transferred). The severity of EAU was analyzed on the 8th
day following DCreg transfer. The retinal damage was
slighter in the eyes of DCreg-transferred mice than other
group (Figure 2(b)). Both clinical and histopathological
scores of the eyes of DCreg-transferred mice decreased com-
pared with those noted in the EAU mice (Figure 2(c)).

However, DCm transfer aggravated the symptom of EAU
(Figures 2(b) and 2(c)).

The number of CD4+IFN-γ+ T and CD4+IL-17+ T cells
derived from the eyes or spleen of DCreg-transferred mice
decreased compared with the cells derived from the EAU
without transferring (Figure 2(d)). However, the number
of CD4+CD25+Foxp3+ T cells from the eyes of DCreg-
transferred mice was higher than these cells from EAU
without transferring. Similar results were found in the
spleen of DCreg-transferred mice (Figure 2(d)). However,
in DCm-transferred mice, the number of CD4+IFN-γ+ T
cells and CD4+IL-17+ T cells from the eyes or spleen
was higher than that derived from EAU animals without
DCm transfer, but the number of CD4+CD25+Foxp3+ T
cells derived from the spleen of DCm-transferred mice
was not significantly different from that without trans-
ferred (Figure 2(d)). All the above data indicated that
increased DCreg in the inflamed eyes can alleviate the
symptom of EAU by inducing CD4+CD25+Foxp3+ T cells.

3.3. I-alowCD11bhigh DCs Promote the Differentiation of
CD4+CD25+Foxp3+ T Cells In Vitro. To further analyze the
mechanisms of DCreg in regulating the symptoms of EAU,
DCreg and DCm were isolated from the eyes of EAU animals
and cocultured with isolated T cells, separately. DCs were
pulsed with 10ng/ml of IRBP1-20 and 10ng/ml of PTX for
24 h, and subsequently, CD4+ T cells were isolated from
EAU animals and cocultured with these DCs for 48h. The
activation and proliferation of T cells were analyzed by flow
cytometry with the markers CD69 and Ki67, separately. T
cells, which were cocultured with DCm, expressed high levels
of CD69 and Ki67 than T cells cocultured with DCreg
(Figure 3(a)). Moreover, DCreg decreased the expression of
CD69 and Ki67 in T cells, which were cocultured with DCm
and DCreg (Figure 3(a)). T cells cocultured with DCreg
expressed higher levels of CD25 and Foxp3 than T cells
cocultured with DCm (Figure 3(b)). The added of DCreg
could increase the percentage of CD4+CD25+Foxp3+ T
cells in the coculture of DCm and T cells (Figure 3(b)).
However, DCm cocultured with T cells promoted the
induction of higher expression levels of CD4+IFN-γ+ T
cells and CD4+IL-17+ T cells than these cocultured with
DCreg (Figure 3(b)). Adding DCreg could decrease the per-
centage of CD4+IFN-γ+ T cells or CD4+IL-17+ T cells in
the coculture of DCm and T cells (Figure 3(b)).

Blocking of IDO, IL-10, and TGF-β with the correspond-
ing neutralizing antibody or inhibitor, the percentage of
CD4+CD25+Foxp3+ T cells in the coculture of DCreg and T
cells was decreased (Figure 3(c)). However, the use of neu-
tralizing antibodies and inhibitors could not affect the
expression levels of IFN-γ or IL-17 in CD4+ T cells
(Figure 3(c)). The secretion of the soluble factors by DCreg
might be correlated with the induction of CD4+CD25+-

Foxp3+ T cells.

3.4. I-alowCD11bhigh DCreg Derived from the Inflamed Spleen
Inhibit the Inflammation of EAU. On the 28th day after
immunization, the percentage of DCreg also increased in the
spleen of EAU (Supplementary Figure 1). The increased
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Figure 1: Continued.
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number of DCreg may participate into the progression of
EAU. DCreg were isolated from the spleen of EAU mice,
which were immunized for 28 days. These cells were
transferred into EAU mice by intravenous injection. The
severity of EAU was analyzed on the 8th day following DCreg
transferring. The retinal damage was not so serious in the
eyes of splenic DCreg-transferred mice compared with those
without transferring (Figure 4(a)). Both clinical and
histopathological scores of the eyes of the splenic DCreg-
transferred mice were decreased compared with those in
EAU mice (Figure 4(b)). The percentage of CD4+IFN-γ+ T
cells and CD4+IL-17+ T cells from the eyes or spleen of
splenic DCreg-transferred mice decreased (Figure 4(c)).
However, the percentage of CD4+CD25+Foxp3+ T cells in the
eyes increased after splenic DCreg transferring (Figure 4(c)).

The transferring splenic DCreg was not present in the eyes
tissues, although these cells were present in the spleen and
lymph node (Supplementary Figure 2). The results indicated
that DCreg derived from the inflamed spleen could decrease
the severity of EAU and could play a regulatory role in
peripheral lymphoid organs. However, when DCreg were
isolated from the eyes of CD45.1-expressing mice and were
transferred into EAU. These cells could reach to the

inflamed eyes (Supplementary Figure 3). Above all, these
data indicated that the function of DCreg in EAU is organ
specificity.

3.5. IFN-γ Correlated with the Differentiation of
CD11clowI-alowCD11bhigh DCs. To further analyze which
factors influence the status of DCs in eye, we investigated
the changed composition in aqueous humor in the pro-
cess of EAU. In the inflamed aqueous humor, the con-
centration levels of IFN-γ increased during the recovery
stage (Supplementary Figure 4). IFN-γ was reported to
induce the production of the tolerogenic dendritic cells
[46–48], and it was shown to exert a protective role in
uveitis [49, 50]. Thus, the increased level of IFN-γ in
the inflamed eyes might affect the status of DCs. The effect
of IFN-γ on DCs was analyzed in vitro. The highest
concentration of IFN-γ correlated with higher percentages of
DCreg (Figure 5(a)), whereas the highest concentration of
IFN-γ promoted the expression of IDO by DCreg
(Supplementary Figure 5). The aqueous humors from EAU
(21-28 days following immunization) were obtained and
added to the culture of isolated ocular DCs, and the
percentage of DCreg was increased accordingly (Figure 5(b)).
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Figure 1: The states of I-alowCD11bhigh DCs in the eyes of EAU. (a) The representative diagram of I-alowCD11bhigh DCs (DCreg) or I-
ahighCD11blow DCs (DCm) in the eyes of EAU after being immunized for 28 days. (b) Dynamic change of percentage of DC in CD45+

cells in the eyes of EAU. (c) Dynamic change of percentage of DCreg and DCm in CD45+ cells in the eyes of EAU. Three mice were used
for every group; the experiment was replicated three times; data were presented as mean ± standard error of themean (SEM), Kruskal-
Wallis test, and ∗∗∗P < 0:001 and ∗∗P < 0:01. (d) The expression of CD80, CD86, and CD54 on I-alowCD11bhigh DCs (DCreg), I-
alowCD11blow DCs (DCim), and I-ahighCD11blow DCs (DCm). MFI is the mean intensity of fluorescence of molecules on the surface of
DCs. (e) The representative intracellular cytokines in DCreg (upper panels) and the expression of intracellular cytokines in DCreg
compared with those in DCim and DCm. (d, e) DCreg, DCim, and DCm were isolated from the eyes of EAU, and experiments were
replicated three times; data were presented as mean ± standard error of themean (SEM) and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. (f)
The surface expression of CD80, CD86, and CD54 in DCreg and DCim, which were stimulated by 10 ng/ml of IRBP1-20 and 10 ng/ml of
PTX (to induce maturation) for 24-48 h, was measured by flow cytometry. The mean fluorescence intensity (MFI) is shown as mean ±
standard error of themean (SEM) from three separate experiments. (g) The percentage of IL-10+ DCs, IDO+ DCs, or TGF-β+ DCs in
DCreg or DCim, which were stimulated by IRBP and PTX. (h) Isolated DCm promoted CD4+ T cells to express a higher level of CD69 and
Ki67 than DCreg or DCim did. (f–h) were analyzed with one-way ANOVA test. ∗∗∗P < 0:001; N is not significantly different.
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Figure 2: The role of ocular DCreg in the EAU. (a) Diagram of DCreg or DCm transferred into immunized mice is as shown. (b)
Histopathological damage of eyes (A) and clinical symptom (B) was assessed in DCreg-transferred mice compared with that of nontreated
EAU mice or DCm-transferred mice by H&E staining and funduscopy on the 16th d of postimmunization. H&E staining of the retina at
200x magnification. Black arrows mark infiltrating lymphocytes and retinal disorganization (A). Scale bar = 100 μm. Multifocal
chorioretinal lesions, severe vacuities, and linear lesions were observed on the eyes of EAU mice and DCm-transferred mice (B, black
arrows). (c) The histopathological and clinical scores were evaluated in DCreg- or DCm-transferred mice compared with that of nontreated
EAU mice (the experiments were replicated three times, and a total of 10 mice/group were used. Data were presented as mean ±
standard error of themean (SEM), ANOVA test, and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (d) The percentage of CD4+IFN-γ+ T
cells, CD4+IL-17+ T cells, or CD4+CD25+Foxp3+ T cells in CD45+ lymphocytes of eyes and spleen of ocular DCreg- or DCm-transferred
mice compared with that of nontreated EAU mice (the experiments were replicated three times, and a total of 10 mice/group were
used. Data were presented as mean ± standard error of themean (SEM), ANOVA test, and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001).
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However, following treatment with the IFN-γ neutralizing
antibody, the percentage of DCreg was lower than those
animals without treatment (Figure 5(b)). With IFN-γ
neutralizing antibody treatment, the inflammatory symptoms
in the eyes of the mice were aggravated (Supplementary
Figure 6). The percentage of CD4+IL-17+ T cells increased,
whereas the ratio of DCreg/DCm and the percentage of
CD4+CD25+Foxp3+ T cells decreased in the inflamed eyes
and inflamed spleen. In contrast to these findings, the
percentage of CD4+IFN-γ+ T cells was not changed
significantly (Supplementary Figure 6). The data indicated
that IFN-γ correlated with the differentiation of DCreg.

Furthermore, we pretreated isolated DCs for 72 h with
IFN-γ (200U/ml). These DCs (106/ml) were transferred into
EAU mice on day 8 following immunization. After transfer-
ring for 8 days, the severity of EAUwas evaluated. The retinal
damage was not found in the eyes of IFN-γ-treated DCreg-
transferred mice (Figure 5(c)). Both clinical and histopatho-
logical scores of the eyes of IFN-γ-treated DCreg-transferred

mice decreased compared with those of the EAU mice
(Figure 5(d)).

After IFN-γ-treated DCreg transfer, the number of lym-
phocyte subsets in mice was analyzed. The percentages of
CD4+IFN-γ+ T cells and CD4+IL-17+ T cells from the eyes
and spleen of DCreg-transferred mice were all decreased,
compared with those from the mice without treatment
(Figure 5(e)). However, the percentage of CD4+CD25+-

Foxp3+ T cells in the eyes was increased after IFN-γ-treated
DCreg transfer. Similar results were found in the spleen of
IFN-γ-treated DCreg-transferred mice.

3.6. I-alowCD11bhigh DCs Exist in the Eyes of Normal Mice and
the Ocular Microenvironment Maintains the Tolerance State
of DCs. To further analyze whether DCreg exist in the eyes
of normal mice, CD45+ ocular cells from normal eyes were
gated and analyzed. In these CD11c+CD26+DCs, 20.9% of
DCs were DCreg. 62.1% of DCs were immature DCs
(Figure 6(a)). Furthermore, depletion of ocular resident
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Figure 3: DCreg influence the activation of T cells and induce CD4+CD25+Foxp3+ T cells in vitro. (a) The expression of CD69 and Ki67 on the
T cells cocultured with DCreg, DCm, and both of them. DCreg and DCm were isolated from the eyes of EAU and cocultured with T cells from
EAU (DC : T = 1 : 10) for 24-48 h. (b) The percentage of CD4+IFN-γ+ T cells, CD4+IL-17+ T cells, or CD4+CD25+Foxp3+ T cells in T cells
cocultured with DCreg, DCm, and both of them. (c) With blocking IL-10, IDO, and TGF-β alone in the coculturation of T cells and DCreg or
not, the percentage of CD4+CD25+Foxp3+ T cells, CD4+IFN-γ+ T cells, or CD4+IL-17+ T cells compared with those without treatment
(experiments were replicated three times, data were presented as mean ± standard error of themean (SEM), ANOVA test, and ∗P < 0:05,
∗∗P < 0:01, and ∗∗∗P < 0:001).
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CD11c+DCs with DT in CD11c-DTR-GFP mice could
promote the emergence of early inflammatory symptoms
EAU (Supplementary Figure 7). However, DCreg were
isolated from the normal eyes of CD45.1-expressing mice
and were transferred into EAU mice. The clinical and
histopathological scores of the eyes of DCreg-transferred
mice were decreased (Supplementary Figure 8). These
data indicated that DCreg existed in the normal eyes, and
they might play a regulatory role in eye.

It was reported that aqueous humor is important for sus-
taining the tolerance of immune microenvironment [20–22,
51]. NO, IDO, prostaglandin E2 (PGE2), TGF-β, and IL-10
were reported to be present in aqueous humor [52–54], and
the expression levels of all of these markers were associated
with the status of DCs [4, 5, 8, 18, 55]. To analyze whether
the composition of aqueous humor influence the status of ocu-
lar DCs, we obtained the aqueous humor from the normal
eyes and detected the concentration levels of aforementioned
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Figure 4: DCreg isolated from the spleen of EAU decreased the symptom of EAU. DCreg cells were isolated from the spleen of EAU and were
transferred into the mice, which were immunized for 8 d. After 8 d of transferring, the symptom of the eyes was determined by
ophthalmoscopy, and the eyes of those mice were obtained and were detected by H&E (a). Clinical scores and histopathological scores
were analyzed (b). (c) The percentage of CD4+IFN-γ+ T cells, CD4+CD25+Foxp3+, or CD4+IL-17+ T cells in the eyes or spleen of
splenic DCreg-transferred EAU mice compared with those without transfer. (n = 10/group, experiments were replicated three times,
data were presented as mean ± standard error of themean (SEM), two-tailed Student’s t-test was conducted, and ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:001).
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soluble factors in the aqueous humor to determine whether
these molecules could affect the DC status. The levels of the
inflammatory markers in the aqueous humor of normal eyes
were measured and showed as follows: NO (7:8 ± 3:4μM),
IDO (114 ± 40:9ng/ml), PGE2 (1:6 ± 0:9pg/ml), TGF-β
(3800 ± 130:9pg/ml), and IL-10 (40 ± 13:6pg/ml) in aqueous
humor. Subsequently, we investigated the mechanisms under-
lying the differentiation of DCreg induced by aqueous humor.
Aqueous humor samples were obtained from the eyes of nor-
mal mice and were added to the culture medium of mature
DCs (100μl/ml). 32:5 ± 3:5% of mature DCs differentiated
into DCreg, indicating that aqueous humors could affect the
differentiation of DCs (Figure 6(b)).

To investigate which factors in aqueous humors affect
DC differentiation, anti-IL-10, TGF-β neutralizing antibody,
and PGE2, NO, and IDO inhibitor were used to block IL-10,
TGF-β, PGE2, NO, and IDO expressions alone or in combi-

nation. The expression level assessment of these markers was
performed in the DC coculture with aqueous humors stimu-
lation. After incubation for 3 days, the percentage of DCreg in
mature DCs was detected. The percentage of DCreg in the
culture of mature DCs was decreased (Figure 6(c)). More-
over, in the presence of neutralizing antibody or inhibi-
tors, the expression levels of IL-10, TGF-β, and IDO in
DCreg decreased (Figures 6(d)–6(f)), indicating that aque-
ous humors affected the status of DCs.

4. Discussion

The eye is considered as an organ that is immunologically
privileged and possesses a phenotype with lacking lympho-
cytes [21, 56], but CD11c+DCs were found to exist in the eyes
and might play important roles in tissue homeostasis and the
immune response to foreign antigens [11–13, 56, 57].

0
10
20
30
40
50

%
 o

f D
C re

g i
n 

D
Cs

IF
N

-𝛾
 2

00
IF

N
-𝛾

 1
00

IF
N

-𝛾
 1

0
IF

N
-𝛾

 0
A

nt
i-I

FN
-𝛾

⁎⁎⁎
⁎⁎

⁎

(a)

0
10
20
30
40
50

%
 o

f D
C re

g i
n 

D
Cs

D
C

H
um

or
+D

C+
an

ti-
IF

N
-𝛾

H
um

or
+D

C

⁎⁎⁎
⁎⁎

(b)

×200

IFN-𝛾-DC transferring

(A) (B)

(c)

0

1

2

3

Cl
in

ic
al

 sc
or

es

0

1

2

3

H
ist

op
at

ho
lo

gi
ca

l s
co

re
s

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

⁎⁎⁎ ⁎⁎

(d)

0

10

20

30

0
5

10
15
20

Eye Spleen

0

10

20

30

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

EA
U

IF
N

-𝛾
-D

C 
tr

an
sfe

rr
in

g

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎ ⁎⁎
⁎⁎⁎

%
 o

f C
D

4+ IF
N

-𝛾
+  T

 ce
lls

in
 C

D
45

+  o
cu

la
r c

el
ls

0

10

20

30

%
 o

f C
D

4+ IF
N

-𝛾
+  T

 ce
lls

in
 C

D
45

+  o
cu

la
r c

el
ls

%
 o

f C
D

4+ 
IL

-1
7+  T

 ce
lls

in
 C

D
45

+  o
cu

la
r c

el
ls

0

10

20

30

%
 o

f C
D

4+ 
IL

-1
7+  T

 ce
lls

in
 C

D
45

+ 
sp

le
ni

c c
el

ls

%
CD

4+ 
CD

25
+ Fo

xp
3+  T

 ce
lls

in
 C

D
45

+ 
oc

ul
ar

 ce
lls

0
5

10
15
20

%
 o

f C
D

4+ 
CD

25
+ Fo

xP
3+  T

 ce
lls

in
 C

D
45

+ 
sp

le
ni

c c
el

ls

(e)

Figure 5: The effect of IFN-γ on DCs in vitro and IFN-γ-treated DCs on EAU. (a) With different concentrations of IFN-γ treatment or anti-
IFN-γ-neutralizing antibodies (2 μg/ml), the percentage of DCreg in DCs isolated from the eyes of normal mice is shown. Mouse IFN-γ was
used as 0U/ml (IFN-γ 0), 10U/ml (IFN-γ 10), 100U/ml (IFN-γ 100), and 200U/ml (IFN-γ 200) separately. The experiment was replicated
three times, data were presented asmean ± standard error of themean (SEM), ANOVA test, and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. (b)
The percentage of DCreg in DCs, which with aqueous humor or aqueous humor added with anti-IFN-γ-neutralizing antibody (2 μg/ml)
compared with those without treatment. The experiment was replicated three times, data were presented as mean ± standard error of the
mean (SEM), ANOVA test, and ∗∗P < 0:01. (c) Histopathological change of eyes (A) and clinical symptom (B) were assessed in IFN-γ-
treated DC-transferred mice by H&E staining and funduscopy on the 16th d of postimmunization. H&E staining of the retina at 200x
magnification. Scale bar = 100 μm. (d) The histopathological and clinical scores were evaluated in IFN-γ-treated DC-transferred mice,
compared with those of nontreated EAU mice. (e) The percentage of CD4+IFN-γ+ T cells, CD4+CD25+Foxp3+ T cells, or CD4+IL-17+ T
cells in CD45+ lymphocytes of eyes and spleen of IFN-γ-treated DC-transferred mice compared with that of nontreated EAU mice. (d, e)
n = 10/group, and experiments were replicated three times, data were presented as mean ± standard error of themean (SEM), two-tailed
Student’s t-test, and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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However, the roles and status of DCs in the eyes are still not
unclear. Herein, we demonstrated that the majority of ocular
DCs were CD11c+CD26+DCs. I-alowCD11bhigh DCs (DCreg)
are regulatory subsets in the eyes of normal mice. These cells
can express 33D1 and low levels of CD80, CD86, and CD54.
Moreover, these cells can secret IL-10, TGF-β, and IDO,
which might induce the ocular immune tolerance.

Uveitis is a serious inflammatory disease that can result
in visual disability and blindness [24, 58]. In the inflamma-
tory eye, the number of regulatory DCs was increased and
achieved a peak during the recovery stage. These increased
regulatory DCs may migrate to draining lymph nodes and
the spleen to inhibit T-cell activation or induce CD4+CD25+-

Foxp3+ T cells [11, 56]. Our data demonstrated that

CD
64

Gate of CD45 F4/80 1-a CD26

CD
11

c

I-
a

cDC

CD11b

DCreg

DCim
69.1%

3.1%

83.3%

62.1%

20.9%

CD
11

c

DCm

102 103 104 1050 102 103 104 1050 102 103 104 1050 102 103 104 1050 102 103 104 1050

102

103

104

105

0

Li
ne

ag
e

102
103

104

105

0

102

103

104

105

0

102

103

104

105

0

102

103

104

105

0

33D1

(a)

102 103 104 1050

102 103 104 1050 102 103 104 1050

102 103 104 1050

102

103
104

105

0

Gate of CD11c CD11b

30.2%

Control Aqueous humor

Gate of CD11c

I-
a

102

103

104

105

0

I-
a

102

103

104

105

0

I-
a

102

103

104

105

0

I-
a

CD11b

DCm
DCm

Gate of CD11c CD11b

DCm

DCreg

Gate of CD11c CD11b

Without
aqueous humor

for 3 d

Cocultured with
aqueous humor

for 3 d

(b)

+ +
+ +

+–
–
–
–
–

–

–
–

–

– –

+
+
–
+

–
–

–

–

+
+
–
–

–
–

+

–

+
+
–
–

+
–

–

–

+
+
–
–

–
+

–

–

+
+
+
+

+
+

+

–

–
+
–
–

–
–

–

–

+
+
–
–

–
–

–

+

Aqueous humor
DC

IDO inhibitor
Anti-IL-10 antibody

Anti-TGF-𝛽 antibody
PGE2 inhibitor
iNOS inhibitor

IgG

0

10

20

30

40

50

%
 o

f D
C re

g i
n 

D
Cs

⁎⁎⁎

⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎

⁎

⁎⁎⁎
⁎⁎⁎

(c)

0

10

20

30

40

50

+
+
–
–
–
–
–
–

+
+
+
–

–
–

–

–

+
+
–
+

–
–

–

–

+
+
–
–

–
–

+

–

+
+
–
–

+
–

–

–

+
+
–
–

–
+

–

–

+
+
+
+

+
+

+

–

–
+
–
–

–
–

–

–

+
+
–
–

–
–

–

+

Aqueous humor
DC

IDO inhibitor
Anti-IL-10 antibody

Anti-TGF-𝛽 antibody
PGE2 inhibitor
iNOS inhibitor

IgG

%
 o

f I
L-

10
+ 

D
Cs

 in
 D

Cs

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎
⁎⁎⁎

(d)

0

10

20

30

40

50

+
+
–
–
–
–
–
–

+
+
+
–

–
–

–

–

+
+
–
+

–
–

–

–

+
+
–
–

–
–

+

–

+
+
–
–

+
–

–

–

+
+
–
–

–
+

–

–

+
+
+
+

+
+

+

–

–
+
–
–

–
–

–

–

+
+
–
–

–
–

–

+

Aqueous humor
DC

IDO inhibitor 
Anti-IL-10 antibody

Anti-TGF-𝛽 antibody
PGE2 inhibitor
iNOS inhibitor

IgG

%
 o

f I
D

O
+  D

Cs
 in

 D
Cs

⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎ ⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎

(e)

0

10

20

30

40

50

+
+
–
–
–
–
–
–

+
+
+
–

–
–

–

–

+
+
–
+

–
–

–

–

+
+
–
–

–
–

+

–

+
+
–
–

+
–

–

–

+
+
–
–

–
+

–

–

+
+
+
+

+
+

+

–

–
+
–
–

–
–

–

–

+
+
–
–

–
–

–

+

Aqueous humor
DC

IDO inhibitor 
Anti-IL-10 antibody

Anti-TGF-𝛽 antibody
PGE2 inhibitor
iNOS inhibitor

IgG

%
 o

f T
G

F-
𝛽

+  D
Cs

 in
 D

Cs

⁎⁎⁎
⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎

⁎⁎
⁎

(f)

Figure 6: The status of DCs in the eyes of normal mice. (a) In addition to macrophages and monocyte-derived cells, CD3+ T cells, CD19+ B
cells, and NK1.1+ natural killer (NK) cells (lineage mix) were also excluded. The representative I-alowCD11bhigh DCs (DCreg) in ocular cells
from normal eyes were detected by flow cytometry. (b) The representative diagram of I-alowCD11bhigh regulatory DCs was in the culturation
of DCm. I-a

highCD11blow DCs (DCm) were isolated and were stimulated by aqueous humor (100 μl/ml, right) or not (control). After 3 days,
DCreg was detected in the culturation of DCm. (c) The percentage of DCreg in the culturation of DCm, which is with aqueous humor added
with anti-IL-10 antibody, anti-IDO antibody, anti-TGF-β antibody, anti-NO antibody, anti-PGE2, or the whole antibody, compared with
those without treatment. DCs were isolated from the spleen of normal mice. (d–f) The percentage of IL-10+ DCs, IDO+ DCs, and TGF-β+

DCs in the culturation of DCm, which is with anti-IL-10 antibody, anti-TGF-β antibody, IDO inhibitor, NO inhibitor, PGE2 inhibitor, or
the whole antibody or inhibitor stimulation, were added, compared with those without treatment. (d–f) Experiments were replicated three
times, data were presented as mean ± standard error of themean (SEM), and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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regulatory DC might exert its inhibitory function with tissue
specificity. Adoptively transferring splenic DCreg into EAU
mice could inhibit the inflammation of EAU by inducing
CD4+CD25+Foxp3+ T cells. But these splenic DCreg could
not arrive to the inflamed eyes. Splenic DCreg might play a
regulatory role in peripheral lymphoid organs by inducing
CD4+CD25+Foxp3+ T cells. Additionally, ocular DCreg also
regulated the immune response to influence the local and
systemic immune status by secreting IL-10, TGF-β, and IDO.

The tissue microenvironment and the immunosuppres-
sive cytokines can regulate and determine the functions of
DCs in vivo [8, 10, 16, 59]. The aqueous humors, which con-
tain a certain concentration of proteins, provide important
substances to maintain the microenvironment of the eye
and are secreted from the ciliary epithelium [20–22]. Specific
levels of IL-10, TGF-β, NO, IDO, and PGE2 were found in
the aqueous humor to sustain the state of regulatory DCs
and drive the differentiation of mature DCs to regulatory
DCs. These data suggested that the aqueous humor could
influence the differentiation of DCs. IL-10 and TGF-β can
be further elevated and maintained at high levels during the
recovery period of EAU (Supplementary Figure 9). These
cytokines might further induce the tolerance of T cells and
DCs to promote the recovery of EAU.

Additionally, the increasing levels of IFN-γ in the eyes
may further promote the differentiation of DCreg. The role
of IFN-γ in autoimmunity is still controversial. IFN-γ was
reported to have a protective role in EAU [50, 60]. Another
study demonstrated that IFN-γ may promote the inflamma-
tion of EAU [61]. The role of IFN-γ may be associated with
its concentration or the effective time on DCs, since high
concentration and/or long treatment effect of IFN-γ on
DCs could induce DC tolerance by promoting IDO expres-
sion [46]. In the inflamed eyes of EAU mice, the levels of
IFN-γ revealed a sustained increase [62]. The increasing
levels of IFN-γ positively correlated with the expression
levels of IDO in DCs. IDO could further inhibit T-cell prolif-
eration and suppress tissue injury [46–48, 63]. Therefore, the
sustained increase of IFN-γ may be considered one of the
main regulatory factors for the induction of DCreg in EAU.
Recurrent uveitis may be associated with the defect in the
regulation of IFN-γ and/or the expression of IDO.

The mechanisms of action of DCreg vary among the dif-
ferent tissue [8, 10, 16, 59]. DCreg-derived PGE2 was
responsible for the regulatory function in the liver and pul-
monary tissues [10, 16]. However, DCreg-derived NO was
responsible for the regulatory function in the spleen [5].
Our data showed that DCreg in the eyes could secret
TGF-β, IL-10, and IDO, which may induce ocular immune
tolerance. The increased number of DCreg in the inflamed
eyes may cause their migration into the lymph node or
spleen to suppress T-cell activation by secreting inhibitory
molecules or regulating cell-cell contact.

A limited number of therapy regimens have been discov-
ered for the treatment of uveitis [64–66]. Numerous studies
have focused on the development of customized and targeted
immunotherapies, including cell-based therapies [64–66]. In
the present study, we showed that DCs pulsed with IRBP1-20
and PTX and stimulated by IFN-γ could alleviate the severity

of retinal damage in EAU and could decrease the number of
infiltrated CD3+ T cells, NK cells, and DCs in the eyes and the
inflamed spleen. The present study demonstrated that IFN-
γ-treated DCs played a suppressive role in the inflammatory
response of T cells. IFN-γ-treated DCs promoted the prolif-
eration of Treg and inhibited the development of EAU by
stimulating IDO expression and IFN-γ-treated DC cell-
Treg cell interaction. Therefore, the transfer of IFN-γ-treated
DCs is effective for the treatment of EAU. It might be helpful
for us to seek a potential therapeutic strategy for autoim-
mune uveitis.

5. Conclusion

The current study concludes that DCreg exists in normal and
inflamed eyes and promotes CD4+CD25+Foxp3+ T cells by
secreting IDO, IL-10, and TGF-β. The status of DCreg is
mainly regulated by aqueous humor, which is rich in TGF-
β, NO, and PGE2. The high level of IFN-γ in the aqueous
humor of the recovery stage of eyes promotes the number
of regulatory DCs, which could alleviate the symptom of
EAU. Our results suggest that DCreg play a protective role
in EAU, and these DCreg induced by IFN-γ might be used
as a strategy to develop therapy for EAU management.
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Supplementary Materials

Supplementary Figure S1: change of dynamic percentage
of DCreg and DCm in CD45+ cells in the spleens of EAU.
n = 15/group, the experiment was replicated three times, data
were presented as mean ± standard error of themean (SEM),
Kruskal-Wallis test, and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P <
0:001. Supplementary Figure S2: transferring DCreg from
inflamed spleen of CD45.1-expressing mice in the EAU;
these cells appeared in the lymph node or spleen of a
CD45.2-expressing EAU mice model, but not in the eyes.
Supplementary Figure S3: the ocular DCreg were adoptive
transferred into EAU to arrive at the inflamed eyes. DCreg
from the eyes of CD45.1-positive mice were adoptive trans-
ferred into CD45.2-expressing EAU mice. After 12 days,
the ocular cells were analyzed by flow cytometry. The repre-
sentative pictures are shown. Supplementary Figure S4: the
concentrations of IFN-γ in the aqueous humor of EAU mice
after 28-day immunization, compared with those without
immunization. n = 5/group, experiments were replicated
three times, and data were presented as mean ± standard
error of themean (SEM). Two-tailed Student’s t-test and
∗∗∗P < 0:001. Supplementary Figure S5: with different con-
centrations of IFN-γ treatment or anti-IFN-γ-neutralizing
antibody treatment (2μg/ml), the percentage of IDO+DCs
in the isolated ocular DCs. Mouse rIFN-γ was used as
0U/ml (IFN-γ 0), 10U/ml (IFN-γ 10), 100U/ml (IFN-γ
100), and 200U/ml (IFN-γ 200) separately. n = 15/group,
the experiment was replicated three times, data were
presented as mean ± standard error of themean (SEM),
ANOVA test, and ∗∗∗P < 0:001. Supplementary Figure S6:
IFN-γ-neutralizing antibody treatment aggravated the symp-
toms of EAU. (a) Clinical scores and histopathological scores
of the eyes from IFN-γ-neutralizing antibody-treated mice
were analyzed and compared with those without treatment.
The percentage of CD4+IFN-γ+ T cells, CD4+IL-17+ T cells,
CD4+CD25+Foxp3+, and DCs in the eyes (b) or spleen (c)
of IFN-γ-neutralizing antibody-treated mice, compared with
those without treatment (n = 5/group, experiments were rep-
licated three times, data were presented as mean ± standard
error of themean (SEM), two-tailed Student’s t-test was con-
ducted, and ∗∗∗P < 0:001, ∗∗P < 0:01, and ∗P < 0:05). Supple-
mentary Figure S7: depletion of CD11c+ cells with diphtheria
toxin (DT), the symptom of EAU decreased. (a) With DT
depletion, the CD11c+ cells were analyzed in the eyes of
CD11c-DTR-GFP, compared with that without depletion.
(b) CD11c+ cells were depleted by DT, and then IPBR and
PTX were injected to construct the EAU model. The histo-
pathological scores of inflamed eyes were analyzed every four
days. Data were presented as mean ± standard error of the
mean (SEM), Kruskal-Wallis test, and ∗P < 0:05. Supplemen-
tary Figure S8: the role of the ocular DCreg from normal eyes.
The histopathological scores and clinical scores of EAU with

or without transferring DCreg from normal eyes of CD45.1-
expressing mice. Data were presented as mean ± standard
error of themean (SEM), ANOVA test, and ∗P < 0:05 and
∗∗P < 0:01. Supplementary Figure 9: the dynamic concentra-
tion changes of TGF-β and IL-10 in the serum of EAU were
determined by ELISA. n = 5/group, experiments were repli-
cated three times, and data were presented as mean ±
standard error of themean (SEM). (Supplementary Mate-
rials). (Supplementary Materials)

References

[1] R. M. Steinman, “Dendritic cells: versatile controllers of the
immune system,” Nature Medicine, vol. 13, no. 10, pp. 1155–
1159, 2007.

[2] R. M. Steinman and J. Banchereau, “Taking dendritic cells into
medicine,” Nature, vol. 449, no. 7161, pp. 419–426, 2007.

[3] R. M. Steinman, D. Hawiger, and M. C. Nussenzweig, “Tolero-
genic dendritic cells,” Annual Review of Immunology, vol. 21,
pp. 685–711, 2003.

[4] A. E. Morelli and A. W. Thomson, “Tolerogenic dendritic cells
and the quest for transplant tolerance,” Nature Reviews.
Immunology, vol. 7, no. 8, pp. 610–621, 2007.

[5] M. Zhang, H. Tang, Z. Guo et al., “Splenic stroma drives
mature dendritic cells to differentiate into regulatory dendritic
cells,”Nature Immunology, vol. 5, no. 11, pp. 1124–1133, 2004.

[6] Y. Han, Z. Chen, Y. Yang et al., “Human CD14+ CTLA-4+ reg-
ulatory dendritic cells suppress T-cell response by cytotoxic T-
lymphocyte antigen-4-dependent IL-10 and indoleamine-2,3-
dioxygenase production in hepatocellular carcinoma,” Hepa-
tology, vol. 59, no. 2, pp. 567–579, 2014.

[7] L. Wu and Y. J. Liu, “Development of dendritic-cell lineages,”
Immunity, vol. 26, no. 6, pp. 741–750, 2007.

[8] H. Tang, Z. Guo, M. Zhang, J. Wang, G. Chen, and X. Cao,
“Endothelial stroma programs hematopoietic stem cells to dif-
ferentiate into regulatory dendritic cells through IL-10,” Blood,
vol. 108, no. 4, pp. 1189–1197, 2006.

[9] M. Rimoldi, M. Chieppa, V. Salucci et al., “Intestinal immune
homeostasis is regulated by the crosstalk between epithelial
cells and dendritic cells,” Nature Immunology, vol. 6, no. 5,
pp. 507–514, 2005.

[10] S. Xia, Z. Guo, X. Xu, H. Yi, Q. Wang, and X. Cao, “Hepatic
microenvironment programs hematopoietic progenitor differ-
entiation into regulatory dendritic cells, maintaining liver tol-
erance,” Blood, vol. 112, no. 8, pp. 3175–3185, 2008.

[11] N. D. Heuss, U. Lehmann, C. C. Norbury, S. W. McPherson,
and D. S. Gregerson, “Local activation of dendritic cells alters
the pathogenesis of autoimmune disease in the retina,” Journal
of Immunology, vol. 188, no. 3, pp. 1191–1200, 2012.

[12] H. Xu, R. Dawson, J. V. Forrester, and J. Liversidge, “Identifi-
cation of novel dendritic cell populations in normal mouse ret-
ina,” Investigative Ophthalmology & Visual Science, vol. 48,
no. 4, pp. 1701–1710, 2007.

[13] W. Lin, T. Liu, B. Wang, and H. Bi, “The role of ocular den-
dritic cells in uveitis,” Immunology Letters, vol. 209, pp. 4–10,
2019.

[14] A. Wakkach, N. Fournier, V. Brun, J. P. Breittmayer,
F. Cottrez, and H. Groux, “Characterization of dendritic cells
that induce tolerance and T regulatory 1 cell differentiation
in vivo,” Immunity, vol. 18, no. 5, pp. 605–617, 2003.

13Mediators of Inflammation

http://downloads.hindawi.com/journals/mi/2020/6947482.f1.pdf


[15] M. Svensson, A. Maroof, M. Ato, and P. M. Kaye, “Stromal
cells direct local differentiation of regulatory dendritic cells,”
Immunity, vol. 21, no. 6, pp. 805–816, 2004.

[16] Q. Li, Z. Guo, X. Xu, S. Xia, and X. Cao, “Pulmonary stromal
cells induce the generation of regulatory DC attenuating T-
cell-mediated lung inflammation,” European Journal of Immu-
nology, vol. 38, no. 10, pp. 2751–2761, 2008.

[17] C. Qian and X. Cao, “Dendritic cells in the regulation of
immunity and inflammation,” Seminars in Immunology,
vol. 35, pp. 3–11, 2018.

[18] J. Liu and X. Cao, “Regulatory dendritic cells in autoimmunity:
a comprehensive review,” Journal of Autoimmunity, vol. 63,
pp. 1–12, 2015.

[19] A. Chorny, E. Gonzalez-Rey, A. Fernandez-Martin, D. Pozo,
D. Ganea, and M. Delgado, “Vasoactive intestinal peptide
induces regulatory dendritic cells with therapeutic effects on
autoimmune disorders,” Proceedings of the National Academy
of Sciences, vol. 102, no. 38, pp. 13562–13567, 2005.

[20] A. D. Macknight, C. W. McLaughlin, D. Peart, R. D. Purves,
D. A. Carre, and M. M. Civan, “Formation of the aqueous
humor,” Clinical and Experimental Pharmacology & Physiol-
ogy, vol. 27, no. 1-2, pp. 100–106, 2000.

[21] S. Masli and J. L. Vega, “Ocular immune privilege sites,”
Methods in Molecular Biology, vol. 677, pp. 449–458, 2011.

[22] A. K. Denniston, S. H. Kottoor, I. Khan et al., “Endogenous
cortisol and TGF-β in human aqueous humor contribute to
ocular immune privilege by regulating dendritic cell function,”
Journal of Immunology, vol. 186, no. 1, pp. 305–311, 2011.

[23] O. M. Durrani, N. N. Tehrani, J. E. Marr, P. Moradi,
P. Stavrou, and P. I. Murray, “Degree, duration, and causes
of visual loss in uveitis,” The British Journal of Ophthalmology,
vol. 88, no. 9, pp. 1159–1162, 2004.

[24] J. ten Doesschate, “Causes of blindness in the Netherlands,”
Documenta Ophthalmologica, vol. 52, no. 2, pp. 279–285, 1982.

[25] M. Muhaya, V. L. Calder, H. M. Towler, G. Jolly,
M. McLauchlan, and S. Lightman, “Characterization of pheno-
type and cytokine profiles of T cell lines derived from vitreous
humour in ocular inflammation in man,” Clinical and Experi-
mental Immunology, vol. 116, no. 3, pp. 410–414, 1999.

[26] F. İlhan, T. Demir, P. Türkçüoğlu, B. Turgut, N. Demir, and
A. Gödekmerdan, “Th1 polarization of the immune response
in uveitis in Behçet's disease,” Canadian Journal of Ophthal-
mology, vol. 43, no. 1, pp. 105–108, 2008.

[27] A. Parnaby-Price, M. R. Stanford, J. Biggerstaff et al., “Leuko-
cyte trafficking in experimental autoimmune uveitisin vivo,”
Journal of Leukocyte Biology, vol. 64, no. 4, pp. 434–440, 1998.

[28] R. R. Caspi, F. G. Roberge, C. McAllister et al., “T cell lines
mediating experimental autoimmune uveoretinitis (EAU) in
the rat,” The Journal of Immunology, vol. 136, no. 3, pp. 928–
933, 1986.

[29] S. Koarada, Y. Haruta, Y. Tada et al., “Increased entry of CD4+

T cells into the Th1 cytokine effector pathway during T-cell
division following stimulation in Behcet's disease,” Rheumatol-
ogy, vol. 43, no. 7, pp. 843–851, 2004.

[30] A. Choudhury, V. A. Pakalnis, and W. E. Bowers, “Character-
ization and functional activity of dendritic cells from rat cho-
roid,” Experimental Eye Research, vol. 59, no. 3, pp. 297–304,
1994.

[31] K. Oh, Y. S. Kim, and D. S. Lee, “Maturation-resistant den-
dritic cells ameliorate experimental autoimmune uveoretini-
tis,” Immune Network, vol. 11, no. 6, pp. 399–405, 2011.

[32] J. Suzuki, T. Yoshimura, M. Simeonova et al., “Aminoimida-
zole carboxamide ribonucleotide ameliorates experimental
autoimmune uveitis,” Investigative Ophthalmology & Visual
Science, vol. 53, no. 7, pp. 4158–4169, 2012.

[33] Y. Usui, M. Takeuchi, T. Hattori et al., “Suppression of exper-
imental autoimmune uveoretinitis by regulatory dendritic cells
in mice,” Archives of Ophthalmology, vol. 127, no. 4, pp. 514–
519, 2009.

[34] I. P. Klaska and J. V. Forrester, “Mouse models of autoimmune
uveitis,” Current Pharmaceutical Design, vol. 21, no. 18,
pp. 2453–2467, 2015.

[35] D. Avichezer, P. B. Silver, C. C. Chan, B. Wiggert, and R. R.
Caspi, “Identification of a new epitope of human IRBP that
induces autoimmune uveoretinitis in mice of the H-2b haplo-
type,” Investigative Ophthalmology & Visual Science, vol. 41,
no. 1, pp. 127–131, 2000.

[36] R. R. Caspi, “Experimental autoimmune uveoretinitis in the rat
and mouse,” Current Protocols in Immunology, vol. 53, no. 1,
pp. 15.6.1–15.6.20, 2003.

[37] D. Avichezer, G. I. Liou, C. C. Chan et al., “Interphotoreceptor
retinoid-binding protein (IRBP)-deficient C57BL/6 mice have
enhanced immunological and immunopathogenic responses
to IRBP and an altered recognition of IRBP epitopes,” Journal
of Autoimmunity, vol. 21, no. 3, pp. 185–194, 2003.

[38] C. C. Chan, R. R. Caspi, M. Ni et al., “Pathology of experimen-
tal autoimmune uveoretinitis in mice,” Journal of Autoimmu-
nity, vol. 3, no. 3, pp. 247–255, 1990.

[39] K. Hu, D. L. Harris, T. Yamaguchi, U. H. von Andrian, and
P. Hamrah, “A dual role for corneal dendritic cells in herpes
simplex keratitis: local suppression of corneal damage and
promotion of systemic viral dissemination,” PLoS One,
vol. 10, no. 9, article e0137123, 2015.

[40] H. Shao, L. Van Kaer, S. L. Sun, H. J. Kaplana, and D. Sun,
“Infiltration of the inflamed eye by NKT cells in a rat model
of experimental autoimmune uveitis,” Journal of Autoimmu-
nity, vol. 21, no. 1, pp. 37–45, 2003.

[41] W. Lin, X. Man, P. Li et al., “NK cells are negatively regulated
by sCD83 in experimental autoimmune uveitis,” Scientific
Reports, vol. 7, no. 1, article 12895, 2017.

[42] W. Lin, Z. Fan, Y. Suo et al., “The bullseye synapse formed
between CD4+ T-cell and staphylococcal enterotoxin B-
pulsed dendritic cell is a suppressive synapse in T-cell
response,” Immunology and Cell Biology, vol. 93, no. 1,
pp. 99–110, 2015.

[43] R. Iwabuchi, S. Ikeno, M. Kobayashi-Ishihara et al., “Introduc-
tion of human Flt3-L and GM-CSF into humanized mice
enhances the reconstitution and maturation of myeloid den-
dritic cells and the development of Foxp3+CD4+ T cells,” Fron-
tiers in Immunology, vol. 9, article 1042, 2018.

[44] C. Meng, X. Wang, Z. Xu et al., “Murine Flt3 ligand-generated
plasmacytoid and conventional dendritic cells display func-
tional differentiation in activation, inflammation, and antigen
presentation during BCG infection in vitro,” In Vitro Cellular
& Developmental Biology - Animal, vol. 53, no. 1, pp. 67–76,
2017.

[45] M. Guilliams, C. A. Dutertre, C. L. Scott et al., “Unsuper-
vised high-dimensional analysis aligns dendritic cells across
tissues and species,” Immunity, vol. 45, no. 3, pp. 669–
684, 2016.

[46] U. Svajger, N. Obermajer, and M. Jeras, “IFN-γ-rich environ-
ment programs dendritic cells toward silencing of cytotoxic

14 Mediators of Inflammation



immune responses,” Journal of Leukocyte Biology, vol. 95,
no. 1, pp. 33–46, 2014.

[47] B. Jürgens, U. Hainz, D. Fuchs, T. Felzmann, and A. Heitger,
“Interferon-γ-triggered indoleamine 2,3-dioxygenase compe-
tence in human monocyte-derived dendritic cells induces reg-
ulatory activity in allogeneic T cells,” Blood, vol. 114, no. 15,
pp. 3235–3243, 2009.

[48] X. Sun, Z. J. Gong, Z. W. Wang et al., “IDO-competent-DCs
induced by IFN-γ attenuate acute rejection in rat liver trans-
plantation,” Journal of Clinical Immunology, vol. 32, no. 4,
pp. 837–847, 2012.

[49] P. Matthys, K. Vermeire, H. Heremans, and A. Billiau, “The
protective effect of IFN-γ in experimental autoimmune
diseases: a central role of mycobacterial adjuvant-induced
myelopoiesis,” Journal of Leukocyte Biology, vol. 68, no. 4,
pp. 447–454, 2000.

[50] R. R. Caspi, C. C. Chan, B. G. Grubbs et al., “Endogenous sys-
temic IFN-gamma has a protective role against ocular autoim-
munity in mice,” Journal of Immunology, vol. 152, no. 2,
pp. 890–899, 1994.

[51] W. Chen, B. Zhao, R. Jiang et al., “Cytokine expression profile
in aqueous humor and sera of patients with acute anterior uve-
itis,” Current Molecular Medicine, vol. 15, no. 6, pp. 543–549,
2015.

[52] H. Takase, Y. Futagami, T. Yoshida et al., “Cytokine profile in
aqueous humor and sera of patients with infectious or nonin-
fectious uveitis,” Investigative Ophthalmology & Visual Sci-
ence, vol. 47, no. 4, pp. 1557–1561, 2006.

[53] C. Skorpik, M. Juchem, P. Paroussis, and H. Vierhapper,
“Influence of indomethacin on PGE2 in rabbit aqueous humor
after YAG laser photodisruption of the iris,” Graefe's Archive
for Clinical and Experimental Ophthalmology, vol. 226, no. 5,
pp. 479–481, 1988.

[54] J. L. Bellot, M. Palmero, C. García-Cabanes, R. Espí,
C. Hariton, and A. Orst, “Additive effect of nitric oxide and
prostaglandin-E2 synthesis inhibitors in endotoxin-induced
uveitis in the rabbit,” Inflammation Research, vol. 45, no. 4,
pp. 203–208, 1996.

[55] H. H. Smits, E. C. de Jong, E. A. Wierenga, and M. L. Kapsen-
berg, “Different faces of regulatory DCs in homeostasis and
immunity,” Trends in Immunology, vol. 26, no. 3, pp. 123–
129, 2005.

[56] J. V. Forrester, H. Xu, L. Kuffová, A. D. Dick, and P. G. McMe-
namin, “Dendritic cell physiology and function in the eye,”
Immunological Reviews, vol. 234, no. 1, pp. 282–304, 2010.

[57] A. S. Postole, A. B. Knoll, G. U. Auffarth, and F. Mackensen,
“In vivo confocal microscopy of inflammatory cells in the cor-
neal subbasal nerve plexus in patients with different subtypes
of anterior uveitis,” The British Journal of Ophthalmology,
vol. 100, no. 11, pp. 1551–1556, 2016.

[58] A. Rothova, M. S. Suttorp-van Schulten, W. Frits Treffers, and
A. Kijlstra, “Causes and frequency of blindness in patients with
intraocular inflammatory disease,” The British Journal of Oph-
thalmology, vol. 80, no. 4, pp. 332–336, 1996.

[59] F. Ghiringhelli, P. E. Puig, S. Roux et al., “Tumor cells convert
immature myeloid dendritic cells into TGF-β-secreting cells
inducing CD4+CD25+ regulatory T cell proliferation,” The
Journal of Experimental Medicine, vol. 202, no. 7, pp. 919–
929, 2005.

[60] L. S. Jones, L. V. Rizzo, R. K. Agarwal et al., “IFN-gamma-defi-
cient mice develop experimental autoimmune uveitis in the

context of a deviant effector response,” Journal of Immunology,
vol. 158, no. 12, pp. 5997–6005, 1997.

[61] C. E. Egwuagu, J. Sztein, R. M. Mahdi et al., “IFN-γ increases
the severity and accelerates the onset of experimental autoim-
mune uveitis in transgenic rats,” Journal of Immunology,
vol. 162, no. 1, pp. 510–517, 1999.

[62] T. Yoshimura, K. H. Sonoda, Y. Miyazaki et al., “Differential
roles for IFN-gamma and IL-17 in experimental autoimmune
uveoretinitis,” International Immunology, vol. 20, no. 2,
pp. 209–214, 2008.

[63] F. T. Xie, J. S. Cao, J. Zhao, Y. Yu, F. Qi, and X. C. Dai, “IDO
expressing dendritic cells suppress allograft rejection of small
bowel transplantation in mice by expansion of Foxp3+ regula-
tory T cells,” Transplant Immunology, vol. 33, no. 2, pp. 69–77,
2015.

[64] C. You, H. Sahawneh, L. Ma, B. Kubaisi, A. Schmidt, and
S. Foster, “A review and update on orphan drugs for the treat-
ment of noninfectious uveitis,” Clinical Ophthalmology,
vol. 11, pp. 257–265, 2017.

[65] C. Zhao and M. Zhang, “Immunosuppressive treatment of
non-infectious uveitis: history and current choices,” Chinese
Medical Sciences Journal, vol. 32, no. 1, pp. 48–61, 2017.

[66] J. V. Forrester, R. J. Steptoe, I. P. Klaska et al., “Cell-based ther-
apies for ocular inflammation,” Progress in Retinal and Eye
Research, vol. 35, pp. 82–101, 2013.

15Mediators of Inflammation


	I-alowCD11bhigh DC Regulates the Immune Response in the Eyes of Experimental Autoimmune Uveitis
	1. Introduction
	2. Materials and Methods
	2.1. Animal Experiment
	2.2. Depletion of DCs
	2.3. Isolation of Cells
	2.4. Adoptive Transfer Experiments
	2.5. IFN-γ Treatment or Neutralizing Anti-IFN-γ Antibody Treatment
	2.6. Antibodies and Flow Cytometry
	2.7. Cytokine Levels in the Serum, Aqueous Humor, and the Supernatant of Cells
	2.8. DC-T Cell Coculture
	2.9. Statistical Analysis

	3. Results
	3.1. The Number of I-alowCD11bhigh DCs Increased in the Recovery Stage of the EAU Model
	3.2. I-alowCD11bhigh DCs Promote CD4+CD25+Foxp3+ T Cells to Alleviate the Symptom of EAU
	3.3. I-alowCD11bhigh DCs Promote the Differentiation of CD4+CD25+Foxp3+ T Cells In Vitro
	3.4. I-alowCD11bhigh DCreg Derived from the Inflamed Spleen Inhibit the Inflammation of EAU
	3.5. IFN-γ Correlated with the Differentiation of CD11clowI-alowCD11bhigh DCs
	3.6. I-alowCD11bhigh DCs Exist in the Eyes of Normal Mice and the Ocular Microenvironment Maintains the Tolerance State of DCs

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

