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PURPOSE. We determined the mechanism by which all-trans retinoic acid (ATRA) inhibits
experimental autoimmune uveitis (EAU) and determined the role of cd T cells in this
autoimmune disease.

METHODS. C57BL/6 (B6) mice were immunized with the uveitogenic, interphotoreceptor
retinoid-binding protein1–20 peptide (IRBP1-20) in complete Freund’s adjuvant (CFA), with or
without a preceding ATRA treatment. Responses and pathogenic activity of Th1- and Th17-
autoreactive T cells were compared, and the effects of ATRA on cd T cells and CD25þ

dendritic cell (DC) subset were determined. Interactions among uveitogenic T cells, DC
subsets, and cd T cells were investigated.

RESULTS. Administration of ATRA to B6 mice in which EAU was induced suppressed the
response of Th17 autoreactive T cells, which was associated with decreased generation of the
CD25þ DC subset and suppressed activation of cd T cells. Adoptively transferred cd T cells
isolated from ATRA-treated mice showed a diminished ability to promote the activation of
Th17 autoreactive T cells in vitro and in vivo compared to cd T cells from untreated donors.

CONCLUSIONS. ATRA inhibits the expansion of CD25þ DCs and cd T-cell activation, thereby
restraining the Th17 autoreactive T-cell response.
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Retinoic acids (RAs) are metabolites of vitamin A, but also
can be produced endogenously by activated dendritic/

macrophage cells.1–3 All-trans retinoic acid (ATRA), the major
endogenously generated RA, is a ligand for all retinoic acid
receptor (RAR) subtypes.4,5 Studies have shown that RAs are
modulators of cell proliferation, differentiation, and morpho-
genesis. For example, RA promotes the differentiation of
immature myeloid cells into mature cells,6,7 neutrophil
maturation,8,9 and the generation of CD4þ T cells expressing
the Treg specification factor (FoxP3), but decreases the
frequency of cells expressing IL-17.10–15 RA also has been
shown to have a suppressive effect on autoimmune inflamma-
tion, such as experimental autoimmune encephalomyelitis
(EAE),16–18 experimental autoimmune uveitis (EAU),19,20 and
arthritis,21–23 while improving the antitumor immune response
and enhancing the effect of vaccination.6,24,25 The mechanisms
by which RA suppresses the generation of autoimmune
diseases, while enhancing tumor immunity, remain largely
unclear.

We have reported previously that cd T cells have a major
role in regulating the Th17 autoreactive T-cell response in
EAU.26–29 The proinflammatory effect of cd T cells is
augmented when cd T cells become activated,28 suggesting
that therapeutic approaches capable of restraining cd T-cell
activation might be exploited to manipulate Th17 responses.
We also found that the generation of the CD25þ dendritic cell
(DC) subset during immunization contributes to the increased
activation of cd T cells, leading to altered EAU susceptibility.30

To determine the mechanism by which RA affects autoim-
mune susceptibility, we examined the in vivo and in vitro
effects of ATRA on autoreactive T cells, and on the regulatory
interactions between uveitogenic T cells, CD25þ DCs, and cd T
cells. Here, we showed that administration of ATRA to mice
after EAU induction significantly reduces the response of Th17
autoreactive T cells, which was associated consistently with
decreased generation of CD25þ DCs and suppressed cd T-cell
activation. The consequences of these changes for the
regulatory interactions between cd T cells, CD25þ DCs, and
Th17 autoreactive T cells in EAU are discussed.

MATERIALS AND METHODS

Animals and Reagents

Female C57BL/6 (B6) and TCR-d�/�mice (all 12–14 weeks old)
were purchased from Jackson Laboratory (Bar Harbor, ME), and
were housed and maintained in the animal facilities of the
University of Southern California. Institutional approval was
obtained and institutional guidelines regarding animal experi-
mentation followed. All animals were treated according to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Recombinant murine cytokines (IL-4, IL-12, IL-
23, and GM-CSF) were purchased from R&D Systems, Inc.
(Minneapolis, MN). Phycoerythrin (PE)-conjugated antimouse
IFN-c, PE–antimouse CD11c (clone N418), PE–antimouse CD27
(clone 3A10), and fluorescein isothiocyanate (FITC)-conjugated
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antimouse IL-17 antibodies, antimouse CD25 (clone PC61)
were purchased from Biolegend (San Diego, CA). Anti-cdTCR
(clone GL3) and antimouse CD4 (clone GK1.5) antibodies
were obtained from eBioscience (La Jolla, CA). ATRA and
dimethyl sulfoxide (DMSO) were purchased from Sigma (St.
Louis, MO). ATRA was dissolved in DMSO (vehicle), stored in
aliquots at �208C before use, and administered intraperitone-
ally (0.2 mg/mouse) on day �3 (3 days before immunization)
and day 0 (immunization day). The RAR antagonists BMS
195614, which binds to the RAR-a subunit, and CD2665,
which binds to the RAR-bc subunits, were obtained from
Tocris Bioscience (Ellisville, MO) and used at a final concen-
tration of 1 lM.

cd T-Cell Preparation

cd T cells were purified from interphotoreceptor retinoid-
binding protein1–20 peptide (IRBP1-20) immunized B6 mice as
we reported previously.29,31 Nylon wool-enriched splenic T
cells from immunized mice were incubated for 10 minutes at
48C with FITC-conjugated antimouse cdTCR or abTCR
antibody, then for 15 minutes at 48C with anti-FITC Microbeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The
cells then were separated into bound and nonbound on an
autoMACSTM separator column (Miltenyi Biotec GmbH). The
purity of the isolated cell fraction was >95% to 99% as
determined by flow cytometric analysis of PE-conjugated
antibodies against ab or cd T cells.29,31 Resting cells were
harvested from this isolate after culture in cytokine-free
medium for 3 to 5 days, when they showed down-regulation
of CD69 expression. Activated cd T cells were prepared by
incubating the resting cd T cells with anti-cdTCR (GL3) and
anti-CD28 antibodies (2 lg/mL) for 2 days.

Immunization Procedures and In Vitro Stimulation
of In Vivo Primed T cells

Mice were immunized subcutaneously over 6 spots at the tail
base and on the flank with 200 lL emulsion containing the
uveitogenic peptide IRBP1-20 (150 lg/mouse; Sigma).29,32 The
peptide was emulsified in complete Freund’s adjuvant (CFA)
(Sigma). All immunized mice also were injected intraperitone-
ally (IP) with a single dose of pertussis toxin (200 ng; Sigma).
At day 13 after immunization, T cells were isolated from lymph
node cells and spleen cells by passage through a nylon wool
column, then 1 3 107 cells in 2 mL RPMI 1640 medium
(Cellgro, Manassas, VA) containing 10% fetal calf serum (FCS)
in each well of a 6-well plate (Costar; Corning Life Sciences,
Tewksbury, MA) were stimulated for 48 hours with 10 lg/mL
IRBP1-20 in the presence of 1 3 107 irradiated syngeneic splenic
antigen-presenting cells (APCs) in the presence of either IL-12
or IL-23 (10 ng/mL). Activated T-cell blasts were separated by
Ficoll gradient centrifugation and cultured for another 72
hours in the same medium used for stimulation.

Assessment of the Proinflammatory Activity of cd T
cells

Enriched ab responder T cells prepared from IRBP1-20-
immunized TCR-d�/� mice were used as responder T cells,
and were stimulated in vitro for 5 days with immunizing
antigen and APCs under Th1- or Th17 polarizing conditions
(culture medium supplemented with 10 ng/mL IL-12 or IL-23,
respectively). The responder T cells were cultured either alone
or supplemented with 2% cd T cells isolated from ATRA-treated
or nontreated mice, then IL-17- and/or IFN-c-producing ab T
cells were measured by cytoplasmic staining, followed by FACS
analysis.

Determination of IL-17 by ELISA

Enriched T cells (3 3 104 cells/well) from the draining lymph
nodes and spleens were prepared by nylon wool adherence
and cultured at 378C for 48 hours in 96-well microtiter plates
with irradiated syngeneic spleen APCs (1 3 105) in the
presence or absence of IRBP1-20, then a fraction of the culture
supernatant was analyzed for IL-17 production using ELISA kits
(R&D Systems, Inc.).

Induction of EAU by Cell Transfer

For induction of EAU by adoptive transfer, TCR-d�/� mice
received a single IP injection of cd T cells (5 3 105) one day
before immunization with IRBP1-20. Then, at 13 days after
immunization, T cells were isolated from lymph node and
spleen cells by passage through a nylon wool column and
stimulated for 48 hours with 10 lg/mL IRBP1-20 in the presence
of irradiated syngeneic APCs. Activated T-cell blasts were
separated by Ficoll gradient centrifugation and transferred into
B6 mice (2 3 106 activated cells per mouse). At 12 to 14
(average 13) days postimmunization is the best time point for
harvesting draining lymph nodes and spleens to prepare in
vivo primed autoreactive T cells. The decision is based on early
kinetic studies, showing that the strongest antigen-specific
proliferation and cytokine production are acquired 12 to 14
days after immunization.

Scoring of EAU

The mice were examined three times a week for clinical signs of
EAU by indirect funduscopy. The pupils were dilated using 0.5%
tropicamide and 1.25% phenylephrine hydrochloride ophthalmic
solutions, and funduscopic grading of disease was performed
using the scoring system described previously.33 For histopath-
ologic evaluation, whole eyes were collected at the end of the
experiment and immersed for 1 hour in 4% glutaraldehyde in
phosphate buffer, pH 7.4, and transferred to 10% formaldehyde
in phosphate buffer until processed. The fixed and dehydrated
tissues were embedded in methacrylate, then 5 lm sections
were cut through the pupillary-optic nerve plane, and stained
with hematoxylin and eosin. Presence or absence of disease was
evaluated blind by examining six sections cut at different levels
for each eye. Disease was graded pathologically based on cellular
infiltration and structural changes.34

Limiting Dilution Analysis (LDA)

TCR-d�/�mice were administered with a single dose (53 105, IP)
injection of cd T cells purified from immunized mice, with or
without ATRA treatment. At 14 days later, T cells were enriched
from spleens and draining lymph nodes, and seeded in 24
replicates in two sets of 96-well flat-bottomed culture plates
containing irradiated spleen APCs (1 3 105 per well) under Th1-
or Th17-polarizing conditions, with one set of plates containing
an optimal dose of immunizing peptide (10 lg/mL). Based on
preliminary LDA estimates of IRBP-reactive cell frequencies, a
fixed number of T cells (3 3 103–2 3 105) was seeded in each
well, then 48 hours later, a fraction of the culture supernatant
was analyzed for IFN-c or IL-17 production, then the plates were
pulsed with 0.5 lCi [3H]-thymidine/well for 6 hours, harvested,
and assessed for isotope incorporation. Positive microcultures
were defined as those in which lymphokine activity or
incorporated thymidine exceeded the mean activity in control
cultures (no responders) by more than three standard devia-
tions.35–37 The frequency of responder T cells was obtained by
the minimum estimates of precursor frequency calculated using
a program developed to analyze the LDA data38 that uses the
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Poisson distribution to calculate the frequency of responder T
cells with 99% confidence limits.

Generation of DCs

Bone-marrow derived DCs (BMDCs) were obtained as
described by Zuo et al.26 Briefly, bone marrow was flushed
from mouse femurs, and the cells (1 3 106/mL) were grown in
filtered RPMI 1640 medium containing 10% FCS, 50 IU/mL
penicillin, and 50 lg/mL streptomycin in the presence of 10
ng/mL granulocyte macrophage colony-stimulating factor (GM-
CSF; Immunex, Seattle, WA) and 10 ng/mL IL-4. Nonadherent
cells were removed on day 3 and fresh medium added, then
DCs were harvested on day 5.

Intracellular Staining and FACS Analysis

For intracellular staining, T cells (2 3 105 in 100 lL) were
incubated for 4 hours to 50 ng/mL PMA, 1 lg/mL ionomycin,
and 1 lg/mL brefeldin A (all from Sigma-Aldrich, St. Louis, MO),
then were washed, fixed, permeabilized overnight with
Cytofix/Cytoperm buffer (eBioscience), stained intracellularly

with antibodies against IFN-c and IL-17, and analyzed on a
FACScalibur flow cytometer (FACSCalibur; BD, Franklin Lakes,
NJ).

Statistical Analysis

Experiments were repeated at least three times, usually more.
Experimental groups typically were composed of four mice. The
figures show data from a representative experiment using
triplicates. Differences between the values for different groups
were examined by the two-tailed t-test. Statistical analyses of
clinical scores were performed using one-way ANOVA with Tukey
post hoc analysis. A P value < 0.05 was considered significant.

RESULTS

ATRA Inhibits the Activation of Il-17þ Autoreactive

T cells

To determine whether RA affects the generation of uveitogenic
T cells in EAU-prone B6 mice, particularly the newly

FIGURE 1. ATRA-treated B6 mice generate decreased numbers of Th17 autoreactive T cells after immunization. (A, B) Splenic T cells from IRBP1-20/
CFA-immunized B6 mice with or without ATRA treatment (200 mM, IP on day�3 and day 0) were enriched and stimulated for 48 hours with an
optimal dose of immunizing peptide (10 lg/mL) under Th17 polarizing conditions. Then, the activated T cells were separated by Ficoll gradient
centrifugation on day 3 and transferred adoptively to syngeneic näıve B6 mice. (A) The pathology of a representative eye section from each group.
(B) Summarized the disease score results from three independent studies, each with 5 mice per group. (C) Cytoplasmic staining of in vitro activated
IRBP-specific T cells. Using the protocol described for (A, B), on day 5 after in vitro stimulation with the immunizing peptide, the activated T cells
were separated by Ficoll gradient centrifugation, and stained intracellularly with PE-conjugated anti-abTCR antibodies and FITC-conjugated anti-IL-
17 antibodies, followed by FACS analysis. (D) Foxp3þ among responder T cells of RA-treated and nontreated, immunized mice. (E) ELISA assay. The
culture supernatant from immunized splenic T cells from ATRA-treated or untreated mice was tested by ELISA for IL-17 after 48 hours of stimulation
with the immunizing peptide IRBP1-20. (F) Responder T-cell numbers were evaluated by LDA as detailed in the Materials and Methods. The results
shown are representative of those from >5 experiments. ** P < 0.01, statistically significant.
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characterized autoreactive T cells that express IL-17 (Th17),
we randomly separated B6 mice into two groups, one of which
received two IP injections of ATRA (200 lg/mouse) on day�3
(3 days before immunization) and day 0, while the other
received DMSO (vehicle) only. Immediately after the second
ATRA injection, the mice were immunized with a pathogenic
dose (150 lg/mouse) of the IRBP1-20 peptide,29,31 and IRBP1-20-
specific T cells were isolated 13 days after immunization by in
vitro stimulation of enriched T cells with immunizing peptide
and autologous irradiated adherent splenic APCs.29,31 The
activated IRBP-specific T cells then were separated, character-
ized, and adoptively transferred to näıve B6 recipients (2 3 106

cells/mouse), and severity of disease induced by IRBP-specific
T cells from ATRA-treated and untreated animals was compared
by pathologic examination at 15 days after cell transfer. As
shown, recipients of T cells from ATRA-treated donors had

significantly milder disease than recipients of T cells from
immunized donors not treated with RA (Figs. 1A, 1B). It is to
note that the demonstrated disease was not induced maximally,
because of the need of comparative study to reveal either
enhancing or inhibitory effect. IRBP-specific T cells from ATRA-
treated mice contained significantly reduced numbers of IL-17þ

cells (Fig. 1C), but not appreciable altered numbers of
regulatory T cells (Fig. 1D), suggesting that the decreased
response was not attributed to increased number of regulatory
T cells among the responder T cells. ELISA results (Fig. 1E)
showed that responder T cells from ATRA-treated mice
produced significantly less IL-17 than control mice, consistent
with the cytoplasmic staining results.

We previously established a system allowing the direct
assessment of in vivo primed Th1 and Th17 autoreactive T cells
by LDA.26 To determine whether ATRA suppressed the in vivo

FIGURE 2. Altered cd T-cell activation and expansion in ATRA-treated recipients. (A) Analysis of the abTCRþ, IL-17þcdTCRþ, and IL-17�cdTCRþ cell
populations in the CD3þ cells in näıve and IRBP1-20-immunized B6 mice, with or without prior ATRA administration. (B) cd T cells in ATRA-treated
mice express decreased levels of the T-cell activation molecules CD25 and CD69. (C) cd T cells in ATRA-treated mice produce less IL-17. The results
shown are representative of those from >5 experiments.
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priming of IL-17þ autoreactive T cells, we measured the
frequency of in vivo primed IL-17þ T cells and found that the
frequency in immunized B6 mice was significantly lower in
animals that received two doses of ATRA on day�3 and day 0.
As shown in Figure 1F, immunized B6 mice generated
approximately 12 IL-17þ T cells per 100,000 immunized
responder T cells and this number was decreased by more
than 50% (5 per 100,000 immunized responder T cells) in
ATRA-treated mice.

ATRA Administration Inhibits cd T-Cell Activation
and Functional Differentiation

To determine the cellular mechanism involved in the
suppressive effect of ATRA on the Th17 response, we
compared the cellular components in the spleen and draining
lymph nodes of ATRA-treated and untreated B6 mice. In this
study, ATRA recipients received two doses of ATRA (200 lg/
mouse) before immunization (day�3 and day 0). Then, 13 days
after immunization, T cells isolated from the spleen, and
draining lymph nodes were pooled and stimulated with the

immunizing peptide under Th17 polarized conditions, and the

cellular components in the gated CD3þ cells were analyzed

immediately after separation (Fig. 2A). Although the percent-

age of cd T cells in ATRA-treated immunized mice (9.3%) was

higher than that in unimmunized näıve mice (3.5%), it was

significantly lower than that in immunized mice not treated

with ATRA (15.2%) (Fig. 2A). As shown in Figure 2B,

immediately after sacrifice, only a low percentage of the cd T

cells in näıve mice expressed CD25 (2.5%) or CD69 (1.9%),

whereas the majority of cd T cells (76.5 or 93.5%) in

immunized mice expressed these markers of activation.

However, in ATRA-treated immunized mice, the frequencies

of CD25þ (41.6%) or CD69þ (51.9%) cd T cells were greatly

reduced. Consistent with this, purified cd T cells from ATRA-

treated mice produced significantly decreased amounts of IL-17

compared to their non-ATRA–treated counterparts, with a

minimal effect on IFN-c production when tested immediately

after separation in the absence of additional stimulation (Fig.

2C), showing that ATRA treatment inhibited not only cd T-cell

activation, but also their functional differentiation.

FIGURE 3. Pro-inflammatory activity of cd T cells in immunized B6 mice is decreased after ATRA-treatment. Assessment of the proinflammatory
effect of cd T cells in vitro. Responder T cells were isolated from the spleen and draining lymph nodes of IRBP1-20/CFA-immunized TCR-d�/�mice at
13 days after immunization. Then, T responder cells (1 3 106/well) were stimulated in 24-well plates for 48 hours with an optimal dose of
immunizing peptide (10 lg/mL) under Th17 polarizing conditions. The control group contained responder ab T cells alone, while the test groups
aloes contained 2% (23104/well) of cd T cells isolated from ATRA-treated or untreated mice. After 5 days of in vitro stimulation, the activated T cells
were separated and intracellularly stained with PE-conjugated anti–IFN-c antibodies and FITC-conjugated anti–IL-17 antibodies, followed by FACS
analysis. A representative study of more than 5 repeats is shown.
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The Effect of cd T cells on Activation of IRBP-
Specific Th17 Cells Is Largely Abolished by ATRA

We previously reported that the proinflammatory activity of cd
T cells is not a stable feature, but fluctuates as the activation
status of the cd T cells changes.26,28,30 This suggests that
factors affecting cd T-cell activation also affect cd T-cell–
dependent autoimmune susceptibility. We have established an
in vitro assay system for assessing the proinflammatory activity
of cd T cells, in which the in vitro generation of activated IRBP-
specific Th17 cells from the in vivo primed T cells from
immunized TCR-d�/� mice is enhanced significantly when a
small number of cd T cells are added to the culture.27,28,30

Using this system, we examined whether cd T cells isolated
from ATRA-treated mice were more, or less, capable of
promoting activation of IRBP-specific Th17 cells than those
from untreated mice. As shown in Figure 3 (left panels), in
cultures without addition of cd T cells, only 5.2% of the ab
responder T cells expressed IL-17 and this number was
increased substantially to 20% when the ab responder T cells
were supplemented with 2% of cd T cells from immunized B6
mice. However, addition of the same number of cd T cells from
ATRA-treated immunized mice only increased the percentage
of IL-17þ abTCRþ T cells to 10.7%. In contrast, addition of cd T
cells did not significantly alter the percentage of IFNcþabTCRþ

T cells (Fig. 3, right panels).
To determine whether the same occurred in vivo, we

injected TCR-d�/�mice IP with a small number of cd T cells (2
3 105 cells/mouse) prepared from ATRA-treated and non-
treated mice immunized with a pathogenic dose of IRBP1-20.
Then T cells from the immunized TCR-d�/� mice were

stimulated in vitro with immunizing antigen and irradiated
splenic APCs under Th17 or Th1 polarizing conditions, and the
activated T cells separated on Ficoll and subjected to
intracellular staining to assess the percentage of ab T cells
expressing IL-17 and IFN-c. As shown in Figure 4A, TCR-d�/�

mice injected with cd T cells from ATRA-treated immunized
mice generated a significantly lower percentage (14.7%) of IL-
17þ IRBP-specific ab T cells than those that received cd T cells
from immunized, but not ATRA-treated, donors (27%).
Consistent with this, ELISA results (Fig. 4B) showed that T
cells from immunized TCR-d�/� mice injected with ATRA-
treated cd T cells produced significantly lower amounts of IL-
17 than mice that received non-ATRA–treated cd T cells. The
intracellular staining and ELISA results supported the conclu-
sion that ATRA has less effect on IFN-cþ autoreactive T cells (or
Th1 cells) than IL-17þ T cells. We also compared the induced
IRBP-specific, IL-17þabTCRþ T cells between ATRA-treated and
untreated, immunized TCR-d�/�mice without administration of
exogenous cd T cells. The results showed that ATRA treatment
did not significantly alter the induction of IL-17þabTCRþ T cells
in TCR-d�/� mice (Fig. 4C), which is in sharp contrast to the
response of wt-B6 mice (Fig. 1C), suggesting that cd T cells
have a crucial role in the regulation of ATRA on autoreactive T-
cell responses.

ATRA Treatment Changes the Function of Splenic
APCs

To distinguish the possibilities that ATRA directly affects cd T-
cell activity or it acts on DC/macrophages, leading to decreased
activation of cd T cells, splenic T cells from IRBP-immunized

FIGURE 4. In vivo pro-inflammatory activity of cd T cells from ATRA-treated and untreated mice. (A) Splenic T cells isolated from IRBP-immunized
mice with or without injection of cd T cells from ATRA-treated or nontreated mice were stimulated with the immunizing peptide and APCs for 48
hours. Then, IL-17 and IFN-c in the culture supernatant were measured by ELISA (B). (C) TCR-d�/� mice, with or without precedent ATRA
treatments, were immunized with the uveitogenic peptide IRBP1-20. The cytoplasmic staining procedure followed those described previously. The
experiments were repeated more than 5 times.
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mice were stimulated with the immunizing antigen in the

presence of splenic APCs from ATRA-treated or nontreated

mice. Figure 5A shows that APCs from ATRA-treated mice had a

significantly decreased ability to stimulate IL-17þ T-cell

expansion (both cd and ab T cells) and to induce IL-17

production by the responder T cells (Fig. 5B). IFN-c production

also was decreased, albeit to a lesser extent (Fig. 5B). Because

of our previous finding that Th17 responses are compromised

if mice fail to generate adequate numbers of the CD25þ DC

subset,30 we examined the percentage of these cells in the

spleen of ATRA-treated or nontreated immunized mice. As

shown in Figure 5C, in immunized mice not treated with

ATRA, 10% of the splenic CD11cþ cells (or 1.8% of all spleen

cells) expressed CD25 and CD11c, while, in ATRA-treated

immunized mice, CD25þ DCs were undetectable.

ATRA Alters BMDC Functional Differentiation

Having found that ATRA suppresses the development of CD25þ

DCs, we wanted to determine whether this effect explained

the immune suppression by ATRA and, therefore, examined

whether the functional differentiation of BMDCs was affected

by ATRA treatment in vitro. BMDCs were grown at 1 3 106

cells/mL in culture medium containing GM-CSF and IL-4 with

FIGURE 5. Splenic APCs from ATRA-treated mice are functionally less effective in promoting activation of IL-17þ autoreactive T cells. (A) Responder
T cells (1 3 106/well) from immunized B6 mice were stimulated in vitro for 48 hours in 24-well plates with IRBP1-20 in the presence of splenic APCs
from ATRA-treated or nontreated mice for 5 days, then activated T cells were stained for expression of IL-17 and IFN-c, abTCR, or cdTCR. (B) ELISA
assay. The culture supernatant from splenic T cells from immunized mice that were left untreated or treated with ATRA were tested for IL-17
production after 48 hours of stimulation with the immunizing peptide IRBP1-20 in the presence of splenic APCs from either ATRA-treated or
untreated mice. (C) Recipient mice injected with ATRA generate adequate numbers of the CD25þ DC subset. Splenic cells from ATRA-treated and
nontreated immunized mice were stained for expression of CD11c and CD25.
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or without ATRA for 5 days. Then, the cells were harvested and
subjected to antibody staining, followed by FACS analysis.
Figure 6A shows that 30 mM ATRA added on day 0 of culture
significantly inhibited the differentiation of DCs, and that the
growing cells expressed decreased levels of CD11c and MHC
class II antigens. Moreover, functional tests showed that ATRA-
treated DCs were poor APCs in the LPS-induced in vitro
activation of Th17 autoreactive T cells, as they activated far
fewer IL-17þ ab T cells in the pool of in vivo primed responder
T cells, as well as fewer IL-17þ cd T cells (Fig. 6B) and
responder T cells produced less IL-17 after exposure to ATRA-
treated BMDCs than after exposure to untreated BMDCs (Fig.
6C). A further study showed that a significant percentage of the
BMDCs cultured in medium containing GM-CSF and IL-4
expressed higher levels of CD25 when the culture medium
was supplemented with LPS (1 lg/mL), and that addition of
ATRA to the cultures completely blocked the LPS-driven
induction of CD25þ cells (Fig. 6D).

To confirm the effect of ATRA on BMDC functional
differentiation and its relationship with the decreased activa-
tion of cd T cells, we cultured bone marrow cells in medium
containing GM-CSF, IL-4, and LPS, with or without supplemen-
tation with ATRA alone, or with ATRA plus two RA antagonists
for 5 days, when the harvested DCs were used as APCs for in
vitro stimulation of splenic T cells. Figure 7 shows that ATRA
treatment again significantly diminished the ability of BDMCs
to induce IL-17þ cd T cells (top and middle panels), and that

this effect was prevented by addition of the RA antagonists
(middle and center panels). Furthermore, ELISA tests showed
that ATRA treatment of BMDCs abolishes their support for IL-
17 production by responder T cells and that this effect also was
prevented by addition of the RA antagonists (Fig. 7D).

DISCUSSION

Our previous studies showed that an induced Th17 autoreac-
tive T-cell response in EAU was preceded by increased
activation of cd T cells,29,31 and increased generation of the
CD25þ DC subset.30 Moreover, autoreactive Th17 responses
are compromised in mice with dysfunctional cd T cells26–29

and in mice incapable of generating CD25þ DCs during the
immunization process.30 Based on these studies, we hypoth-
esize that prevention of cd T-cell activation or inhibition of
CD25þ DC might allow us to restrain the intensity of the Th17
autoreactive T-cell response in EAU.28,29,31 cd T cells can be
activated via multiple pathways in the absence of TCR
engagement, including ligation of NKG2D receptor,39 expo-
sure to cytokines40 or TLR ligands,41 or binding to surface
molecules expressed by myeloid cells.42 An effective way that
can prevent cd T-cell activation has not be investigated
adequately to our knowledge. Using a well-established autoim-
mune disease model of EAU and an assay system established in
our laboratory, we examined the mechanism by which RA
treatment inhibits the autoimmune development. Our results

FIGURE 6. ATRA inhibits the in vitro differentiation of BMDCs. (A) BMDCs (1 3 106/mL) were cultured in RPMI medium containing 10 ng/mL GM-
CSF and IL-4 with or without addition of 30 mM ATRA to the culture on the first day of in vitro culture and day 3 of culture. Then, on day 5, the cells
were harvested and stained for CD11c and MHC class II molecules, followed by FACS analysis. The filled curve is the result for ATRA-treated mice
and the nonfilled curve for the non-ATRA–treated mice. (B) ATRA-treated DCs are less potent in stimulating cd and IL-17þabTCRþ T-cell activation.
The responder T cells were enriched splenic T cells from IRBP-immunized mice. For in vitro stimulation, BMDCs were used as APCs. Top: LPS-
treated BMDCs. Lower: ATRA- and LPS-treated BMDCs. After 5 days of in vitro stimulation with the immunizing antigen, the activated T cells were
separated and stained intracellularly for IL-17 and IFN-c, and surface stained for cdTCR or abTCR. (C) Antigen-presenting activity of DCs cultured in
the presence or absence of ATRA. The experimental set up was as in Figure 5B. Responder T cells obtained from IRBP1-20/CFA-immunized B6 mice
were stimulated for 2 days with an optimal dose of immunizing peptide (10 lg/mL) under Th17 polarizing conditions, then IL-17 in the culture
supernatants was measured by ELISA. (D) ATRA-treated DCs do not express CD25. BMDCs from untreated (upper) or ATRA-treated (lower) B6 mice
were cultured in GM-CSF/IL-4 containing (10 ng/mL) culture medium for 5 days, then were stained with antimouse CD25 antibodies, followed by
FACS analysis. The filled curve is anti-CD25–stained BMDCs and the nonfilled curve for same BMDCs stained with control antibodies.
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supported the previous findings that RA-treated mice showed a
significantly depressed autoreactive T-cell response, particular-
ly with regard to the subset of autoreactive T cells that express
IL-17. We also showed that ATRA treatment can, in vitro and in
vivo, effectively inhibit the expansion of CD25þ DCs and cd T-
cell activation, thereby restraining the Th17 autoreactive T-cell
response. The results of this study further support our
previous report that CD25þ DCs possess strongest cd T-cell
stimulatory activity,30 and that control of cd T-cell activation
deserves to be a valuable way of controlling the Th17
autoreactive T cells in autoimmune disease. We also showed
that decreased pathogenic T-cell response, rather than
enhanced regulatory T-cell activity, can be attributed directly
to the inhibitory effect of RA. Our results that the ATRA
treatment, especially in vivo administration, has little effect on
Foxp3þ cells, appears to differ from those of Keino et al.19

However, these two studies differed in a number of approach-
es, even though it is premature to predict the exact cause for
the possible differences. For example, in the study of Keino et
al., the examined Foxp3þ cells were from näıve mice, the
stimulant was anti-CD3þCD28, and the response was in the
presence of TGF-b. Our study targeted T cells of immunized
mice after in vitro activation with the immunizing antigen and
in the absence of TGF-b. All of these listed differences may
have caused the difference in outcome.

RA, the active metabolite of vitamin A, has multiple effects
on cell differentiation and survival by binding to two receptors,
RARs and retinoid X receptors (RXRs), each of which has
multiple isoforms.5,43–45 It also supports embryonic develop-
ment, central nervous system function, and the immune
response.46,47 With regard to immune responses, RA induces
the differentiation of myeloid-derived suppressor cells to
mature macrophages,3,6,48 and the differentiation and matura-
tion of granulocytes.8,9 Treatment with RA leads to downreg-
ulation of TLR2 and the coreceptor CD14 on human
monocytes.49 Recent studies showed that RA is a key regulator
of Th17 responses, and that it balances the intensity of
regulatory and effector T-cell responses.11,13 RA treatment
inhibits the activation of T-helper type 17 (Th17) cells,10,11 but
promotes the generation of Foxp3þ regulatory T cells.10,13,14,50

Studies on the effect of RA on autoimmunity have shown
repeatedly an antiinflammatory effect in a number of
autoimmune diseases, including EAE13,16–18 and EAU.19,20 The
beneficial effect of RA in these studies was thought to be due
to its inhibition of pathogenic Th17 responses.10,13,17,50,51

However, several lines of evidence demonstrate that the
mechanism by which RA acts on immune responses is more
complex than previously thought. RA does not always inhibit
an immune response, but can also cause enhancement. For
example, RA treatment during antitumor vaccination dramat-
ically enhances the antitumor immune response by converting

FIGURE 7. RA antagonists prevent the effect of ATRA on the differentiation of BMDCs. BMDCs were treated with LPS (A), LPS plus ATRA (B), or LPS
plus ATRA plus two RA antagonists (BMS 195614 binding to RARa and CD2665 binding to RARb/c), both at a final concentration of 1 lM (C). The
washed DCs were cultured with CD3-enriched splenic T cells from immunized B6 mice, then the activated T cells were separated and stained with
the indicated antibodies. (D) The 48-hour culture supernatants from the experiments in Figure 5A were assayed for IL-17 using ELISA kits.
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immature myeloid cells into more mature and less suppressive
myeloid cells.6,7,24 Studies also have shown that, when RA
suppresses the Th1 response, the accompanying Th2 response
to the immunizing antigen is enhanced.18,52 Thus, despite its
inhibitory effect on the development of autoimmune disease
and on the activation of specific T-cell subsets, RA is not simply
an immunosuppressant, but is capable of balancing pro- and
antiinflammatory immune responses.11,43 Any effective use of
RA for therapy will require a far better understanding of the
mechanism by which in vivo and in vitro treatment with RA
regulates immune responses.

The relationship among the depressed generation of CD25þ

DCs, the diminished activation of cd T cells, and the
suppressed activation of IL-17þ autoreactive T cells in RA-
treated mice will require further studies. Our present
observations suggested that ATRA blocks the development of
the CD25þ DC subset, which is essential for activation of Th17
autoreactive T cells, as we reported previously.30 It also seems
likely that ATRA directly blocks the activation of cd T cells, a
key event leading to activation of Th17 autoreactive T
cells.28,30 Further possibilities include that ATRA interrupts
the reciprocal interactions between cd T cells and DCs, which
are necessary for eliciting a strong Th17 response. In depth
studies on the mechanism by which RA affects autoimmune
diseases may allow us to gain insights that will be essential for
future therapeutic approaches. In our study, we showed that
ATRA treatment can be used to manipulate cd T-cell activation
and, thereby, regulate the Th17 responses. The identification of
the factors that modulate the regulatory activity of cd T cells
should improve our understanding of the mechanism by which
cd T cells regulate the autoimmune response. A growing body
of evidence suggests that IL-17–expressing autoreactive T cells
have a crucial role in the pathogenesis of autoimmune
diseases.53–57 An improved understanding of the cellular and
molecular mechanisms regulating the function of Th17 cells,
the mechanism by which Th17 autoreactive T cells mediate
autoimmune disease, and how regulatory T cells can be used to
manipulate this particular T-cell response should greatly
facilitate efforts at treating autoimmune diseases.
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