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Retinoic Acid Modulates Interferon-y Production
by Hepatic Natural Killer T Cells via Phosphatase 2A
and the Extracellular Signal-Regulated Kinase Pathway

Heng-Kwei Chang'# and Wu-Shiun Hou'*?

Retinoic acid (RA), an active metabolite converted from vitamin A, plays an active role in immune function, such
as defending against infections and immune regulation. Although RA affects various types of immune cells,
including antigen-presenting cells, B lymphocytes, and T lymphocytes, whether it affects natural killer T (NKT)
cells remain unknown. In this study, we found that RA decreased interferon (IFN)-y production by activated NKT
cells through T-cell receptor (TCR) and CD28. We also found that RA reduced extracellular signal-regulated
kinase (ERK) phosphorylation, but increased phosphatase 2A (PP2A) activity in TCR/CD28-stimulated NKT
cells. The increased PP2A activity, at least partly, contributed to the reduction of ERK phosphorylation. Since
inhibition of ERK activation decreases IFN-y production by TCR/CD28-stimulated NKT cells, RA may down-
regulate IFN-y production by TCR/CD28-stimulated NKT cells through the PP2A-ERK pathway. Our results
demonstrated a novel function of RA in modulating the IFN-y expression by activated NKT cells.

Introduction

NATURAL KILLER T (NKT) cells, a subset of lymphocytes,
possess distinct invariant T-cell receptors (TCRs) and an
NK cell marker, NK1.1 (Bendelac and others 2007). Similar to
conventional T cells, NKT cells develop from double positive
thymocytes by passing through 3 stages that are defined by the
expression of CD44 and NK1.1 (Matsuda and Gapin 2005;
Bendelac and others 2007). NKT cells are distributed among
several organs, including the spleen, bone marrow, lymph
nodes, and liver. Uniquely, ~ 10%-20% of liver mononuclear
cells (MNCs) are NKT cells (Bendelac and others 2007). NKT
cell activation is initiated by the engagement of TCRs with
glycolipid antigens presented in the major histocompatibility
complex class I-like molecule, CD1d (Kawano and others
1997). On stimulation, NKT cells are rapidly activated and
produce multiple cytokines that regulate B, NK, or dendritic
cells (DCs) (Brennan and others 2013). Furthermore, NKT
cells exhibit other regulatory functions, such as tumor rejection,
clearance of pathogens, and regulation in autoimmune diseases
(Godfrey and Kronenberg 2004).

Several studies have proved that cytokines secreted by
NKT cells under different stimulations are not identical. Al-
though a well-known antigen, o-galactosylceramide («GC)
induces the production of Thl and Th2 cytokines from NKT
cells and enhances immune responses to infection, autoim-
mune diseases, and tumor rejection; the structural variants of

oGC induce a systemic polarization of the cytokine produc-
tion initiated by NKT cells (Miyamoto and others 2001;
Kronenberg 2005). For example, OCH, a truncated derivative
of aGC, has been reported to polarize NKT cells, resulting
in Th2 responses and suppressing Thl-caused autoimmune
diseases (Miyamoto and others 2001; Chiba and others 2004).
However, the C-glycoside analog of aGC was reported to
induce a Thl polarizing effect and enhance the responses
against pathogens and tumors (Fujii and others 2006). A few
studies have indicated that this bias of cytokine production
might result from the binding stability between lipids and
CD1d, which alters TCR affinity, TCR signaling, and duration
or localization of Ag presentation (Stanic and others 2003;
Oki and others 2004; Im and others 2009; Sullivan and others
2010). In addition, although studies have showed that the
biased cytokine secretion from NKT cells is regulated by
prostaglandin D2 and Tim-1, the mechanisms underlying this
cytokine bias remain unclear (Torres and others 2008; Kim
and others 2010).

Retinoic acid (RA), the most active metabolite of vitamin
A, is essential in the regulation of innate and adaptive im-
munity (Pino-Lagos and others 2008; Kim 2011). RA ac-
tivity is mediated by RA receptors (RARs) and retinoid X
receptors (RXRs) that form hetero dimers to bind to specific
hormone response elements in the promoter/enhancer region
of target genes (Blomhoff and Blomhoff 2006). Through the
formation of RAR-RXR dimers, RA regulates the expression
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of genes associated with cell proliferation, differentiation,
and homeostasis (Blomhoff and Blomhoff 2006). With re-
gard to immune cells, studies have reported the participation
of RA in the differentiation of Th1/Th2 and regulatory T
(Treg) cells, plasma cell formation, and T-cell imprinting for
gut homing (Iwata and others 2003, 2004; Mucida and others
2007; Ertesvag and others 2009). These findings suggest a
crucial regulatory role of RA in the immune system. In the
human body, most vitamin A is stored in the liver, which
also contains condensed amounts of NKT cells. However,
the relationship between RA and NKT cells is obscure.
Therefore, we analyzed oGC-induced responses of hepatic
NKT cells in the presence or absence of RA. The results
indicated that RA played a modulating role in NKT cell
activation and interferon (IFN)-y production by phosphatase
2A (PP2A) via extracellular signal-regulated kinase (ERK)
pathway. Thus, RA might play a role in regulating NKT cell
activity and cytokine production.

Materials and Methods
Animals

C57BL/6 mice were purchased from the National Labora-
tory Animal Center (Taipei, Taiwan) and inbred in an experi-
mental animal facility at the Institute of Cellular and Organism
Biology in Academia Sinica (Taipei, Taiwan). All of the ex-
periments conformed to the principles of laboratory animal
research outlined by Academia Sinica and were approved by
the Academia Sinica Institutional Animal Care and Utilization
Committee (IACUC) (Permit No. RMiGRCHW2007033).

Reagents

aGC was purchased from Funakoshi (Tokyo, Japan) and
dissolved in phosphate-buffered saline (PBS) containing
0.5% Tween-20 (Sigma-Aldrich, St. Louis, MO). RA (all-
trans) and okadaic acid (OA) were purchased from Enzo
Life Sciences (Farmingdale, NY), LES40 from Wako (Osaka,
Japan), PD98059 from Calbiochem (Darmstadt, Germany),
and corn oil from Sigma-Aldrich. All the chemicals were dis-
solved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). For
phenotypic analyses, antibodies (Abs) for TCR-B, NKI.1,
CD69, CD122, CD25, CD40L, CD27, and PD-L1 were pur-
chased from eBioscience (San Diego, CA), and mouse CDI1d
dimer was purchased from BD Biosciences (San Diego, CA).

Analyses of phenotypes and cytokine production
from NKT cells by using flow cytometry

The C57BL/6 mice were treated with «GC (4 pg/mice) and
RA (60 mg/kg) through an intraperitoneal injection. After
1.5h, liver MNCs were harvested and stained with the Abs
mentioned earlier. The phenotypes of the NKT cells gated by
the expression of TCR-f and NK1.1 or CDI1d dimer were
analyzed using a fluorescence-activated cell sorting (FACS)
canto II flow cytometer (BD Biosciences). For evaluating
cytokine production from the NKT cells, the liver MNCs from
treated the mice or the cells stimulated with «GC and RA
were treated with 10 pg/mL of Brefeldin A (Sigma-Aldrich) at
37°C for 6h. After being washed with PBS, the cells were
fixed using a Fix/Perm buffer at 4°C for 30 min and per-
meabilized with a Perm/Wash buffer according to the manu-
facturer’s instructions (eBioscience). IFN-y or IL-4 expression
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was detected using phycoerythrin (PE)-conjugated Abs
against IFN-y or IL-4 (eBioscience). The stained cells were
analyzed using the FACS canto II cytometer (BD Biosciences)
and FlowJo software (Tree Star, Ashland, OR).

Preparation of liver MNCs and expansion
of primary NKT cells

The mice were euthanized at the age of 6-10 weeks. After
perfusion with PBS, their livers were collected and dissected
using nylon meshes and syringes. Debris was removed using
37% percol (GE Healthcare Life Sciences, Pittsburgh, PA)
with continuous spinning at 500 g for 10 min. After RBC
depletion with an ammonium-chloride-potassium (ACK)
buffer, liver MNCs were cultured in RPMI 1640 medium
(Life Technologies, Grand Island, NY) containing 10% fetal
bovine serum, 1% penicillin—streptomycin, 1 mM pyruvate,
1% nonessential amino acid, 50 UM 2-mercaptoethanol, and
20mM HEPES and were stimulated with «GC (100 ng/mL)
in the presence or absence of RA or TTNPB (Sigma-Aldrich)
at the indicated concentrations. For in vitro expansion of the
NKT cells, these cells were enriched with liver MNCs using
the NK1.1 iNKT cell isolation kit (Miltenyi Biotech, Ber-
gisch Gladbach, Germany) following the manufacturer’s
instructions. After enrichment, at least 85% of the cells were
labeled with CDIld-dimer pulsed with oGC (BD Bios-
ciences). Subsequently, the enriched NKT cells were ex-
panded as previously described (Watarai and others 2008).
Briefly, the enriched NKT cells were stimulated with plate-
bound anti-CD3 (3 pg/mL) Abs and soluble anti-CD28 Abs
(1 pg/mL) in RPMI-1640 medium containing 10 pg/mL
murine IL-2 (Peprotech, Rocky Hill, NJ) and 1 pig/mL mu-
rine IL-12 (R&D Systems, Minneapolis, MN). After culture
for 2 days, the cells were placed in a medium containing
murine IL-7 (5 pg/mL; R&D Systems), and the medium was
replaced every 2 days. The expanded NKT cells were re-
stimulated on day 8 with plate-bound anti-CD3 Abs for 3
days and then maintained in the medium containing IL-7.
On day 15, the cells were stimulated through TCR/CD28
by using plate-bound anti-CD3 Ab (10 pg/mL) and soluble
anti-CD28 Ab (1 pg/mL) or aGC-pulsed DCs for cytokine
production, or by using Western blotting for the mitogen-
activated protein kinase (MAPK) pathway assays.

Cytokine enzyme-linked immunosorbent
assay or multiplex assay

The IFN-y and IL-4 levels in the supernatant or serum were
analyzed using the enzyme-linked immunosrobent assay (ELI-
SA; eBioscience). For cytokine profiling, the NKT cells (2 x 10%)
enriched with liver MNCs were pretreated with LE540 or
DMSO and stimulated through TCR/CD28 by using plate-bound
anti-CD3 Abs (10 pg/mL; BD Biosciences) and soluble anti-
CD28 Abs (1 pg/mL; BD Biosciences) in the presence or ab-
sence of RA (1 uM). After culture for 2 days, the cytokine levels
in the supernatants were determined using Luminex (Merck
Millipore, Billerica, MA) for IL-2, IL-3, IL-5, IL-6, IL-9, IL-10,
and IL-13 or ELISA for IFN-y and IL-4.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from the NKT cells stimulated
with Abs for 24 h by using Trizol (Life Technologies) and
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converted to cDNA by using superscript III (Life Technol-
ogies) based on the manufacturer’s instructions. The mRNA
levels for IFN-y, IL-4, CD69, or GAPDH were detected using
the Tagman probe (Applied Biosystems, Foster City, CA) for
IFN-y, IL-4, and GAPDH or the SYBR Green (ThermoFisher
Scientific, Waltham, MA) for CD69 and determined using the
ABI-7300 real-time polymerase chain reaction (PCR) Sys-
tem (Applied Biosystems). The primers for CD69 included
Forward-TGGAACATTGGATTGGGCTGA and Reversed-
CTCACAGTCCACAGCGGTAA, those for c-Fos included
Forward-GGAGAATCCGAAGGGAACGG and Reversed-
GCAATCTCAGTCTGCAACGC, those for Bcl-2 included
Forward-ACCCCTGGTGGACAACATC and Reversed-AG
AAATCAAACAGAGGTCGCA, those for Bcl-XL included
Forward-TGCGTGGAAAGCGTAGACAA and Reversed-
GCTGCATTGTTCCCGTAGAG, those for Mcl-1 included
Forward-TTTCTTTCGGTGCCTTTGTGG and Reversed-
TCTGATGCCGCCTTCTAGGT, those for CCNE! included
Forward-GGCGAGGATGAGAGCAGTTC and Reversed-
CGATCAAAGAAGTCCTGTGCC, those for CDK?2 included
Forward-CTCACGGGCATTCCTCTTCC and Reversed-
CAGCTTGATGGACCCCTCTG, and those for CDK4
included Forward-GGAGCGTTGGCTGTATCTTT and
Reversed-GTCGCTTTCCTCCTTGTGC.

Analyses for the MAPK pathways by using
intracellular staining and Western blotting
and the modification on PP2AC

by using Western blotting

For intracellular staining, the NKT cells were expanded
for 14 days and pretreated using DMSO or RA. After in-
cubation at 37°C for 16h, the cells were washed and stim-
ulated with plated-bound anti-CD3 (10 pug/mL) Abs and
soluble anti-CD28 (1 pg/mL) Abs. The cells were then fixed
with 2% paraformaldehyde (Sigma-Aldrich) and incubated
at 37°C for 10 min. After permeabilization with Fix/Perm
buffer (eBioscience) at 4°C for 30 min, the cells were wa-
shed with Perm/Wash buffer (eBioscience) and stained with
PE-conjugated Abs against phospho-ERK (p-ERK), phospho-
INK(p-JNK), and phosoh-p38 (p-p38) (Cell Signaling
Technology, Danvers, MA). The mean of fluorescence
(MFI) of each cell sample was determined using flow cy-
tometry. The difference was determined according to the
MEFI of the Abs-stimulated cells/MFI of the nonstimulated
cells. For Western blotting, the expanded NKT cells were
pretreated with RA and stimulated with the Abs mentioned
earlier. After stimulation for 30 min, proteins were extracted
from the NKT cells using radioimmunoprecipitation assay
buffer containing both protease (Sigma-Aldrich) and phos-
phatase inhibitors (Roche Applied Science, Indianapolis,
IN). The proteins were separated using 10% sodium dodecyl
sulfate-polyacrylamide gels and then transferred to PVDF
membranes (GE Healthcare Life Sciences). After blocking
with TBS-0.05% Tween-20 containing 5% no-fat milk, the
blots were incubated in the presence of the primary Abs
specific for p-ERK, ERK, p-JNK, INK, p-p38, p38, p-IxBa,
IxkBo (Cell Signaling Technology), and GAPDH (Genetex,
Irvin, CA), followed by horseradish peroxidase -conjugated
anti-rabbit or anti-mouse Abs (GE Healthcare Life Sci-
ences). The membranes were developed using ECL reagent
(GE Healthcare Life Sciences), and protein signals were
detected using the BioSpectrum image system (UVP LLC,
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Upland, CA). The density of p-ERK in the RA-treated cells
compared with that in the vehicle-treated cells was quantified
and normalized to total ERK by using the VisionWorksLS
software (UVP LLC). For modification on PP2AC, the pro-
teins on the membrane were observed with Abs for p-PP2AC
(Abcam, Cambridge, United Kingdom) and PP2AC (Cell
Signaling Technology) as described earlier and detected by
using BioSpectrum image system (UVP LLC).

Measurement of PP2A activity in NKT cells

The NKT cells were pretreated with RA for 16h. After
stimulation with plate-bound anti-CD3 and soluble anti-CD28
Abs for 30 min, the cells were lysed in lysis buffer containing
50mM HEPES (pH=7.5), 0.1 mM EGTA, 0.1 mM EDTA,
120mM NaCl, and 0.5% NP-40 (Sigma-Aldrich). The PP2A
activity was determined using the PP2A activity assay kit
(R&D Systems). Briefly, cell lysates were added to the ELISA
plate coated with anti-PP2A Abs and incubated at 4°C for 3 h.
After the washing process, the phosphate-labeled substrates
for PP2A were added into wells and incubated at 37°C for
30 min. The PP2A activity was determined by the amounts of
free phosphate detected through the dye-binding assay using
malachite green and molybdic acid.

Statistical analysis

The results were expressed by means = standard error of the
mean. For statistical analysis, various experimental groups were
compared using the Student’s 7-test with Prism 5 (GraphPad
Software, La Jolla, CA). P<0.05 was considered statistically
significant.

Results

Cytokine production and phenotypes
of NKT cells in vivo RA treatment

To determine the modulating effect of RA on hepatic
NKT cell responses, the serum samples derived from the
mice treated with oGC and a vehicle (corn oil) or RA were
analyzed for 2 major NKT cell cytokines, IFN-y and IL-4.
The mice treated using oGC and RA (aGC/RA) exhibited
decreased serum IFN-y levels compared with those ex-
hibited by the aGC-treated mice (aGC) (Fig. 1A). Although
the RA-treated mice exhibited slightly increased serum IL-4
levels, no significant difference was observed in the IL-4
levels between the oGC-treated and the aGC/RA-treated
mice (Fig. 1A). In addition, we analyzed cellular IFN-y and
IL-4 in the NKT cells expressing TCR-f and NKI1.1 from
aGC- or aGC/RA-treated mice. Most TCR-f- and NK1.1-
expressing cells in the liver MNCs were CD1d-dimer pos-
itive cells (Fig. 1B). Moreover, the results demonstrated that
the IFN-v levels in the NKT cells from the aGC/RA-treated
mice were lower than those in the NKT cells from the aGC-
treated mice. However, no significant difference was ob-
served between the IL-4 levels in the NKT cells from the
aGC-treated or the aGC/RA-treated mice (Fig. 1C). These
results indicated the in vivo modulating effects of RA on the
IFN-v production, but not the IL-4 production, in the NKT
cells. To identify any additional effects of RA on the NKT
cells, we further analyzed the phenotypes of the hepatic
NKT cells from the aGC- or aGC/RA-treated mice. Al-
though no CD25 expression was detected in the hepatic
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FIG. 1. The effect of retinoic acid (RA) on cytokine production and natural killer T (NKT) cells in a-galactosylceramide
(2GC)-treated mice. Mice (n=3 for each group) received one intra-peritoneal injection of aGC (4 pg/mouse) with a vehicle
(corn oil) or RA (60 mg/kg), and were analyzed at the indicated time. (A) Cytokines in serum. Serum samples were collected
and analyzed for interferon (IFN)-y (17 h) or IL-4 (1.5h) by using ELISA. (B) Analyses of NKT cells in liver mononuclear
cells (MNCs). Liver MNCs were isolated and stained with antibodies (Abs) for T-cell receptor f (TCRf), NK1.1, and CD1d
dimer loaded with GC (CD1d-dimer). The proportion of NKT cells (CD1d-dimer™ cells) was assessed in TCR-p* NK1.1*
T cells. (C) Cytokine production in NKT cells. Liver MNCs were isolated, treated with Brefeldin A for 6 h, and analyzed for
IFN-vy or IL-4 in the NKT cells (TCR-B* and NK1.1") by intracellular staining. (D) NKT cell phenotypes. The mice were
treated for 1.5 h. Liver MNCs were isolated and stained with the Abs mentioned eatlier (solid line) or the isotype control Ab
(shadow). The surface markers on the TCR-B* NK1.1" cells were analyzed by flow cytometry. The data are representative
of 2 (A) or 3 (C, D) independent experiments. The data are presented as mean+SEM. **P <0.01; n.s., no significance.
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NKT cells, enhanced CD69 expression was observed in the
NKT cells from aGC-treated mice. However, the NKT cells
from aGC/RA-treated mice exhibited a decrease in this
aGC-induced CD69 (Fig. 1D). In addition, the NKT cells
from the RA-treated mice exhibited a decrease in the en-
hanced oGC-induced expressions of the other activation
markers CD27, CD40L, and PD-L1 (Fig. 1D). These results
revealed that the treatment reduced the NKT cells activa-
tion, indicating that RA altered the in vivo NKT cell re-
sponses induced by the aGC antigen.

Modulating effects of RA on hepatic
NKT cell responses

To further understand the modulating effects of RA on the
hepatic NKT cell responses, we isolated the liver MNCs and
analyzed the cytokine production in the presence or absence
of RA at different concentrations. Compared with the cells in
the absence of RA, the RA concentrations and the IFN-y
production revealed an inverse correlation in the presence of
RA (Fig. 2A). Furthermore, with regard to the IL-4 pro-
duction, the IL-4 expression was slightly enhanced in the
presence of RA at concentrations of 10 and 100 nM but was
absent at other RA concentrations (Fig. 2A). To exclude the
possibility of IFN-y production from the NK cells that were
trans-activated during oGC treatment, the NKT cells were
enriched with MACs and stimulated with splenic DCs pulsed
with oGC. The IFN-y levels from NKT cells consistently
decreased under the RA treatment, but the IL-4 expression
from the NKT cells was not altered by this treatment (Fig.
2B). This modulating effect of RA on IFN-y was interfered
with by LE540, an antagonist of the RA receptor, suggesting
the specificity of the effects of RA on the NKT cells (Fig. 2C).
Furthermore, the IFN-y expression reduced in the presence of
TTNPB, an agonist of the RA receptor, thus mimicking the
effects of RA (Fig. 2D). Although RA was reported to regu-
late cell proliferation (Blomhoff and Blomhoff 2006), the
activation-induced proliferation of the NKT cells was not af-
fected by the RA treatment in this study (Fig. 2E). Thus, these
results indicated that RA modulated only the IFN-y produc-
tion from the NKT cells.

RA altered cytokine profiles of NKT cells
and downregulated IFN-y transcription
in a TCR-dependent manner

As previously reported, in addition to IFN-y and IL-4, ac-
tivated NKT cells produced multiple cytokines, including
Thl- and Th2-related cytokines (Kronenberg 2005). There-
fore, in this study, to realize the cytokine profiles of the NKT
cells under the RA treatment, the NKT cells from the liver
tissues were enriched with MACS and stimulated with plate-
bound anti-CD3 and soluble anti-CD28 Abs in the presence or
absence of RA. The cytokine profiles of the experimental
NKT cells were assessed using multiplex assay and ELISA.
The enriched NKT cells were confirmed using CD1d-dimer
and TCR-B double positive staining (Fig. 3A). The results
showed that the RA treatment not only decreased IFN-y
production but also enhanced the IL-2 and IL-5 expression
(Fig. 3B). However, the expression of other cytokines, in-
cluding IL-3, IL-4, IL-6, IL-9, IL-10, and IL-13, was not al-
tered by the RA treatment. This effect of RA on the cytokines
modulated the NKT cells with Th2-like cytokine profile.
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Unexpectedly, LE540 treatment only reduced the effect of RA
on IFN-y but not on other cytokines that were altered by RA
(Fig. 3B). Considering that the  subunit of RARs was the
major target for LE540, different RARs subunits may have
contributed to the modulating effect of RA on IFN-y and on
other cytokines (Li and others 1999). Studies have reported
that IFN-y production from NKT cells can be induced in a
TCR-dependent or TCR-independent manner (Baxevanis and
others 2003). Nevertheless, the exact mechanism of how RA
modulates through NKT cell activation remains unknown. To
resolve this problem, we enriched the NKT cells and analyzed
the effects of RA on IFN-y production induced through TCR/
CD28 by plate-bound CD3 Abs and soluble CD28 Abs or IL-
12 and IL-18, respectively. The former stimulation was used
to determine whether RA affected the IFN-y production
through TCR signaling, and the latter one was used to assess
the non-TCR pathway. Compared with cells in the absence of
RA, the TCR/CD28-stimulated NKT cells, but not the 1L-12/
IL-18-stimulated cells, exhibited a decrease in the IFN-y
production in the presence of RA (Fig. 3C). Moreover, the RA
treatment resulted in decreased mRNA levels of IFN-y from
the activated NKT cells but not the IL-4 levels in these cells
(Fig. 3D). These results indicated that the decreased IFN-y
gene expression by RA was pertinent to the TCR-dependent
activation. Consistently, the decreased expression of CD69 in
the activated NKT cells by the RA treatment was similar to
the in vivo results observed earlier (Figs. 3E and 1D).
Therefore, these findings suggest that RA not only modulated
the NKT cells with an altered cytokine profile but also re-
duced the cell activation and IFN-y expression in a TCR-
dependent manner.

RA modulated the IFN-y production from NKT
cells via the ERK pathway

To determine how RA regulated IFN-y production, the
primary hepatic NKT cells were expanded as described in
the Materials and Methods section and activated in the
presence of RA. The results revealed that the RA treatment
reduced the IFN-y production, but not the IL-4 production,
by the expanded NKT cells (Fig. 4A). Considering that the
MAPK pathways participate in cytokine production of NKT
cells (Wang and others 2008, 2012; Nagaleekar and others
2011), we examined the effect of RA on the activation of
p38, INK, and ERK. We found that RA reduced the level of
p-ERK, but not p-p38 and p-JNK, in activated NKT cells
(Fig. 4B, C and Supplementary Fig. S1A; Supplementary
Data are available online at www.liebertpub.com/jir). RA
reduced the percentage of p-ERK™ NKT cells in a dose-
dependent manner in vitro (Fig. 4D). The percentage of p-
ERK ™ NKT cells also reduced in mice treated with RA (Fig.
4E). These in vitro and in vivo results indicated that RA
treatment interfered with the activation of ERK pathway in
TCR/CD28-stimulated NKT cells. Since RA did not affect
IFEN-v production by NKT cells stimulated with IL-12/IL-18
(Fig. 3D), we compared the effect of TCR/CD28 and IL-12/
IL-18 stimulation on ERK activation in NKT cells. We
found that TCR/CD28, but not via IL-12/IL-18, stimulation
induced ERK phosphorylation in NKT cells (Supplementary
Fig. S1B). To further investigate the relationship between
the ERK pathway and the cytokine production, we used an
ERK pathway inhibitor PD98059. We found that, similar to
RA, PD98059 decreased IFN-y production but not IL-4
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FIG. 2. RA modulated IFN-y production by aGC-stimulated NKT cells in vitro. (A) Correlation between cytokine
production from NKT cells and RA. The liver MNCs were stimulated with oGC in the presence of RA at the indicated
concentrations for 2 days. The level of cytokines in the supernatants was assessed by ELISA. (B) Cytokine production from
NKT cells. The NKT cells (1x10°) were sorted from the liver MNCs and cultured with splenic dendritic cells (DCs)
(1x10°) pulsed with «GC. The IFN-y and IL-4 levels in the supernatants were assessed using ELISA (n=4 for each group).
(C) Confirming effect of RA on IFN-vy. The liver MNCs were pretreated with a vehicle [dimethyl sulfoxide (DMSO)] or
LE540 (3.75 uM) for 1h and stimulated with oGC in the presence or absence of RA (I puM). The IFN-y levels were
measured using ELISA (n =3 for each group). (D) Effect of TTNPB on IFN-y production. The liver MNCs were stimulated
with aGC in the presence of TTNPB at the indicated concentrations. The IFN-vy levels were measured using ELISA after 2
days of culture (n=3 for each group). (E) Effect of RA on proliferation. The liver MNCs were stimulated with the vehicle or
oGC in the presence or absence of RA. After culture for 1 day, the cells were labeled as H>-thymidine (1 pCi/well) and
cultured for an additional 18 h. Proliferation was determined by the intensity of incorporated radioactivity (n=3 for each
group). The data are representative of 2 (B-D) or 4 independent experiments (A, E). All data are presented as mean*
SEM.*P<0.05, **P<0.01; n.s., no significance.

production by the TCR/CD28-activated NKT cells (Fig. 4F). ERK signaling targets, including Bcl-2, Bcl-XL, Mcl-1,
Moreover, we examined the expression of genes regulated CCNEI, CDK2, and CDK4, was not altered by RA treatment
by ERK signaling, including death-related and cell cycle- (Supplementary Fig. S2C). These results indicated that RA
related genes (Boucher and others 2000; McCubrey and reduced IFN-y production by TCR/CD28-stimulated NKT
others 2007). These results showed that the expression of cells via the ERK pathway.
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RA reduced ERK activation via enhancing
PP2A activity

Several mechanisms have been proposed with regard to the
modulating effects of RA on the ERK pathway. A study re-
ported that PP2A played a regulatory role in the ERK pathway
(Letourneux and others 2006). To determine whether PP2A
contributed to the modulating effects of RA on IFN-y, we
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PP2A activity in the NKT cells (Fig. 5A). To investigate how
RA regulated PP2A activity, we first examined the expression
of PP2A subunits and endogenous PP2A inhibitors. We found
no difference in the expression of PP2A subunits (Ppp2r5b,
Ppp2r5d, Ppp2rSe, Ppp2ca, and Ppp2cb) and endogenous
inhibitors (Set and Cip2a) between vehicle-treated and RA-
treated NKT cells (Supplementary Fig. S2A). We then ex-
amined the level of phosphorylation of the catalytic subunit

examined the effect of RA on PP2A activity in activated NKT
cells. The results revealed that the RA treatment enhanced

(PP2AC) that correlates to PP2A activity (Chen and others
1992). The result showed that the level of phospho-PP2AC
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FIG. 5. Participation of phosphatase 2A (PP2A) in the modulating effect of RA on IFN-y production by NKT cells
through the ERK pathway. (A) The expanded NKT cells were pretreated with a vehicle (DMSO) or RA (6 uM) for 16 h,
then stimulated with anti-CD3 and anti-CD28 Abs for 30 min, and examined for the PP2A activity as described in the
Materials and Methods section (n=3). (B) The NKT cells were pretreated with the vehicle (DMSO) or okadaic acid (OA)
(1 nM) and stimulated with anti-CD3 and anti-CD28 Abs in the presence of the vehicle (DMSO) or RA (1 uM) for 24 h.
The IFN-y and IL-4 productions by the NKT cells were determined using ELISA (n=3). (C) The NKT cells were
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**P<0.01, and ***P <0.001; n.s., no significance.
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reduced in RA-treated NKT cells compared with that in
vehicle-treated cells (Supplementary Fig. S2B). Next, PP2A
inhibitor and activator were used to assess the contribution of
PP2A in the modulating effect of RA. We found that the PP2A
inhibitor OA did not affect IL-4 production, but reversed the
RA-induced IFN-y reduction (Fig. 5B). Consistently, similar
to RA, PP2A activator forskolin reduced IFN-y production
(Fig. 5C). We also used another PP2A activator FTY720,
which binds to SET to promote dissociation from PP2A to
promote PP2A activity (Saddoughi and others 2013), to in-
vestigate the participation of PP2A in regulating IFN-y
production. We found that FTY720, similar to RA, reduced
IFN-y production by TCR/CD28-stimulated NKT cells
(Supplementary Fig. S2C). In addition, FTY720 reduced the
level of p-ERK in TCR/CD28-stimulated NKT cells in a dose-
dependent manner (Supplementary Fig. S2D). We also found
that IL-12/IL-18-induced IFN-y production in NKT cells was
not altered by RA or OA treatment (Supplementary Fig. S2E).
These results implied that PP2A reduced IFN-y production
via ERK signaling. To determine whether RA reduced IFN-vy
production via the PP2A-ERK-IFN-y pathway, NKT cells
were treated with RA and stimulated through TCR/CD28 in
the presence of OA. The results showed that RA-induced
p-ERK reduction was interfered with by OA treatment, indi-
cating that RA reduced IFN-y production via the ERK path-
way by PP2A (Fig. 5D).

Discussion

Vitamin A is essential for several physiological activities,
including the development of the neural system and vision
(Blomhoff and Blomhoff 2006). With regard to the immune
system, vitamin A is not only crucial for immune responses
against pathogens, but also participates in myeloid cell differ-
entiation, plasma cell formation, and Ab production (Blomhoff
and Blomhoff 2006; Mora and others 2008; Ertesvag and others
2009). With regard to T lymphocytes, vitamin A is pivotal for
functional T-cell responses, Th2 differentiation, and Treg cell
formation, and induces the expression of CCR9 and 047 in-
tegrin on T lymphocytes for gut homing (Iwata and others
2003, 2004; Mucida and others 2007; Hall and others 2011).
Furthermore, RA has been beneficial for autoimmune disease
alleviation in experimental allergic encephalomyelitis (EAE)
or systemic lupus erythematosus models (Gershwin and others
1984; Racke and others 1995). These studies demonstrated an
indispensible role of vitamin A in the immune system.

However, the impact of vitamin A on NKT cells remains
unknown. In this study, we demonstrated that RA, a func-
tional metabolite of vitamin A, could modulate NKT cell
activation at an early stage; moreover, RA affected the cy-
tokine production by decreasing the IFN-y production but
increasing IL-5 production, which primed the reaction to-
ward Th2 responses. With regard to the significant IFN-y
reduction by RA, the modulating effect of RA directly de-
creased ERK phosphorylation by activating PP2A, resulting
in the downregulation of the IFN-y production. These results
unequivocally proved RA as a promising modulating mol-
ecule for cytokine generation in NKT cells. Recently, a
study reported that RA ameliorated concanavalin A-induced
hepatitis and regulated NKT cell cytokine production, in-
cluding IFN-y and IL-4 (Lee and others 2012). However, in
this study, no downregulating effect of RA was observed in
the IL-4 production from the aGC-activated NKT cells. The
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discrepancy in these results might be attributed to the var-
ious methods used for NKT cell activation. Additional ex-
periments will be required in the future to delineate the
modulating effect of RA on NKT cells in different experi-
mental settings.

NKT cells play a regulatory role in immune responses.
On activation, they express prodigious amounts of cytokines
to regulate the immune responses (Brennan and others
2013). A few studies have reported that cytokines produced
from NKT cells by a«GC analogs polarized Th1 or Th2 (Oki
and others 2005; Fujii and others 2006). Since different aGC
analogs can induce promoting or reducing effects in tumor
rejection or autoimmune disease alleviation, these cytokines
could be appropriately manipulated to direct the immune
responses for therapeutic applications (Miyamoto and others
2001; Chiba and others 2004; Fujii and others 2006). This
study determined the modulating effect of RA on IFN-y
production from NKT cells. Although IFN-y is critical in
Th1 cell differentiation, inflammation, and clearance of in-
fection, it plays contradictory roles in promoting or repres-
sing inflammation diseases (Billiau and Matthys 2009).
Reportedly, in aoGC-induced hepatitis, IFN-y deficiency
aggravated the hepatitis, which indicated the protective ef-
fects of IFN-y from NKT cells in this hepatitis model (Bi-
burger and Tiegs 2005). IFN-vy is also a potent cytokine that
induces the expression of chemokine IP-10/CXCL-10 which
recruits immune cells into tissues. A study demonstrated
that NKT cell activation resulted in the recruitment of
Treg cells into the liver through the expression of the che-
mokine receptor CXCR-3, the receptor for CXCL-10
(Santodomingo-Garzon and others 2009). Furthermore, an-
other study also showed that IFN-y and IL-4 production
from NKT cells played opposite roles in a aGC-induced
murine hepatitis model (Wang and others 2013). These re-
ports indicated that the dual effects of NKT cells and the
interaction between NKT cells and neutrophils are essential
in both healthy and diseased states. Another study reported
that IFN-y production from NKT cells was responsible for
allergic airway disease, indicating the importance of IFN-y
production from NKT cells in immune regulation (Matsuda
and others 2010). In this study, RA enhanced the IL-5 ex-
pression from the NKT cells. IL-5 production from NKT
cells was reported to recruit eosinophils in liver tissues and
promote hepatitis (Louis and others 2002). Therefore, in
future, different disease models could be used to explore the
distinctive roles of IL-5 and other pro-inflammatory cyto-
kines that are regulated by RA signaling.

The mechanisms through which RA modulates IFN-y
expression have not been completely understood (Carman
and Hayes 1991). Although a study reported that T-bet and
other members of NF-xB participated in IFN-y expression
in NKT cells (Oki and others 2004; Matsuda and others
2006), the expression of these transcriptional factors was not
affected under RA treatment (Supplementary Fig. S3A).
Furthermore, no elements for RAR were detected in the
promoter region of IFN-y, suggesting that the modulating
effect of RA on IFN-y expression was mediated through
other pathways (Cippitelli and others 1996). Based on our
findings, the IFN-y production was modulated by RA via the
ERK pathway. The MAPK has been reported to participate
not only in activation of transcription factor but also in
positive regulation of RNA stability (Tiedje and others
2014). To investigate how RA reduces IFN-y production, we
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FIG. 6. Model of modulating effect of RA on IFN-y
production by NKT cells via the PP2A-ERK pathway. The
activity of MEKSs (also known as MAPKKSs) in the NKT
cells was induced by the signaling cascade triggered via
TCR and CD28, which promotes ERK phosphorylation and
IFN-y expression (solid arrow). RA increased the PP2A
activity to de-phosphorylate p-ERK and, subsequently, re-
duced the IFN-y expression (dot arrow).

examined the expression of c-Fos, a downstream transcrip-
tion factor of ERK signaling and a component of activation
protein-1 (AP-1) that activates IFN-y gene transcription
(Merlin and others 1997; Sweetser and others 1998; Lee and
others 2004). We found that the expression of c-Fos was
reduced by RA treatment in TCR/CD28-stimulated NKT
cells (Supplementary Fig. S3B). Considering the relation-
ship between MAPK and RNA stability, we also examine
the kinetic of IFN-y RNA decay in TCR/CD28-stimulated
NKT cells using actinomycin D to suppress transcription.
We found that RA-treated NKT cells had less I/FN-y RNA
than the vehicle-treated NKT cells before actinomycin D
treatment (O h), and did not show a higher RNA decay rate
compared with the vehicle-treated cells (Supplementary Fig.
S3C). This result showed that the reduction of IFN-y by RA
did not involve RNA stability. Moreover, a study reported
the involvement of the ERK pathway in cytokine production
from NKT cells under autoreactive activation (Wang and
others 2008). Although ERK pathway activation was nec-
essary in the IFN-y expression through AP-1 (Cippitelli and
others 1995), IFN-7y transcription could be regulated by the
ERK pathway through H4 histone acetylation in NKT cells
(Wang and others 2012). These lines of evidence indicate
that at least 2 factors aid the ERK pathway in modulating
the IFN-y expression in NKT cells. In addition, we found
that the effect of RA on the ERK pathway was mediated by
PP2A. PP2A is a major serine/threonine phosphatases
(Roskoski 2012). A previous study showed that the over-
expression of PP2A increased the susceptibility to autoim-
mune disease, thereby suggesting a role of PP2A in immune
regulation (Crispin and others 2012). Another study reported
that the expression of SET, a PP2A inhibitor, enhanced IFN-
v expression, indicating a downregulatory role of PP2A in
IFN-y expression (Trotta and others 2007). Based on our
findings and other previous reports, PP2A may be consid-
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ered a candidate that modulates NKT cell function in im-
mune regulation and, thus, requires future investigation.

In conclusion, the data presented here demonstrated that
RA recruited PP2A to decrease the INF-y expression in the
NKT cells through the ERK pathway, suggesting a potential
pathway for directing the immune responses through NKT
cell modulation (Fig. 6). Notably, since cytokines produced
by NKT cells regulate cellular activities and participate in
disease pathogenesis, the impact of RA-modulated NKT
cells in healthy or diseased states should be explored in
future studies.
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