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Th17 cells have recently emerged as a major player in inflam-
matory and autoimmune diseases via the production of pro-in-
flammatory cytokines IL-17, IL-17F, and IL-22. The differenti-
ation of Th17 cells and the associated cytokine production is
directly controlled by RORyt. Here we show that ursolic acid
(UA), a small molecule present in herbal medicine, selectively
and effectively inhibits the function of ROR%t, resulting in
greatly decreased IL-17 expression in both developing and dif-
ferentiated Th17 cells. In addition, treatment with UA amelio-
rated experimental autoimmune encephalomyelitis. The results
thus suggest UA as a valuable drug candidate or leading com-
pound for developing treatments of Th17-mediated inflamma-
tory diseases and cancer.

Th17 cells have been recently discovered as the third effector
CD4™" T helper subset (1, 2). Th17 cells produce IL-17, IL-17F,
and IL-22 (3, 4). Although Th17 cells play important roles in
host defense against bacterial and fungal infections, they have
been also linked to many immune-related diseases, including
psoriasis, rheumatoid arthritis, multiple sclerosis, inflamma-
tory bowel diseases, periodontal diseases, and asthma/airway
inflammatory diseases (4, 5). Anti-IL-17 was recently shown to
have good efficacy in treatment of multiple human diseases (6).
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In Th17 cells, the transcription of IL-17 and IL-17F is medi-
ated by Th17-specific transcriptional regulators RORyt® and
RORa, although the latter plays a less significant role in mice (7,
8). Mice deficient in RORYy and those deficient in both RORyt
and RORa are defective in production of IL-17 and IL-17F and
are resistant to experimental autoimmune encephalomyelitis
(EAE), a mouse model for multiple sclerosis (7, 8). Therefore,
developing ROR inhibitors represents a promising therapeutic
strategy in treatment of Th17-mediated diseases.

In the current study, we screened a small chemical library
and identified ursolic acid (UA), a natural carboxylic acid ubiq-
uitously present in plants, as a strong and selective inhibitor for
RORyt function. UA inhibited IL-17 production not only in
developing Th17 cells but also in mature Th1l7 cells. Mice
receiving UA were resistant to EAE, indicating that UA can be
used for developing treatment of Th17-mediated diseases.

EXPERIMENTAL PROCEDURES

T Cell Analysis—Human and mouse T cell differentiation
and retroviral transduction were performed and analyzed by
intracellular staining or by quantitative real-time RT-PCR
assays as described (8 —10). UA (dissolved in DMSO) or DMSO
was added into the culture medium for inhibition assays.

Luciferase Reporter Assays—The CNS2-I117a and RORE
reporter constructs were used for Dual-Luciferase reporter
assays in EL4 and 293T cells, respectively, as reported (8, 11).
The reporter activity was normalized against Renilla luciferase
activity.

Co-activator Binding Assays—The effect of UA on the inter-
action of coactivator peptides with RORy was determined by
terbium-mediated time-resolved fluorescence energy transfer
assays using the LanthaScreen TR-FRET from Invitrogen. The
experiments were conducted with 50 nMm human RORy LBD-
GST (amino acids 250-518) or RORa LBD-GST (amino acids
271-523), 50 nM terbium-anti-GST, and 1.5 uM fluorescein co-
activator peptide (GPQTPQAQQKSLLQQLLTE) containing
LXXLL motif derived from SRC-1 following the manufacturer’s
instructions. The binding signals were determined as the ratios
of emission 520 nm and emission 495 nm, and the results from
three repeats were normalized relative to the binding in the
absence of UA. All the reagents including LBD-GST were from
Invitrogen. The binding curve was generated with SigmaPlot
and followed the equation: y = min + (max — min)/[1 +
(1/ECyp)hillscopel].

EAE—EAE was induced by immunizing mice (five mice/
group) twice with 300 ug of MOG35-55 peptide (amino acids
35-55; MEVGWYRSPFSROVHLYRNGK) emulsified in com-
plete Freund’s adjuvant followed by pertussis toxin injection
and analyzed as described (8). The disease scores were assigned
onascale of 0 -5 as follows: 0, none; 1, limp tail or waddling gait

¢ The abbreviations used are: ROR, RAR-related orphan receptor; RAR, retinoic
acid receptor; RORE, ROR response element; EAE, experimental autoim-
mune encephalomyelitis; UA, ursolic acid; LBD, ligand binding domain;
SRC, steroid receptor co-activator; DMSO, dimethyl sulfoxide; MOG, myelin
oligodendrocyte glycoprotein.

JOURNAL OF BIOLOGICAL CHEMISTRY 22707


http://www.jbc.org/cgi/content/full/C111.250407/DC1

REPORT: Ursolic Acid Suppresses IL-17 Production

A
< 40
2 ®DMSO
< 30 g
UA (2 uM) 2 UA-2uM
820
o (]
4.91 =10
: &
)
wt
R\
Vg \\«"0 QS’@“ $°$°
B _
01 29 ®DMso
2 40 OUA-2uM
UA (2 uM) S B UA-5uM
L2
s
&z 0
A ¢ o
RGNy

FIGURE 1. UA dose-dependently inhibits Th17 differentiation. A, the effect of UA on human Th17 differentiation. Left, intracellular staining. Right, real-time
RT-PCR (normalized to GAPDH). B, the effect of UA on mouse Th17 cell differentiation. Left, intracellular staining. Right, real-time RT-PCR (normalized to B-actin).
The in vitro differentiation was repeated >4 times, and real-time RT-PCR was repeated 2 times with consistent results.

with tail tonicity; 2, wobbly gait; 3, hindlimb paralysis; 4,
hindlimb and forelimb paralysis; 5, death. When indicated,
DMSO or UA was given to mice at a dose of ~150 mg/kg of
body weight by intraperitoneal (i.p.) injection every other day
after first MOG immunization.

Calculations and Statistic Analysis—All our in vitro data
were repeated at least 2—5 times with consistent results. When
indicated, the statistical significance was determined by Stu-
dent’s £ test. (* represents p < 0.05; ** represents p < 0.03; ***
represents p < 0.01).

RESULTS AND DISCUSSION

Ursolic Acid Inhibits Th17 Differentiation—In this study, the
human Th17 differentiation system was used as the starting
point to screen for Th17 inhibitors. We set up high-throughput
96-well plate Th1l7 cultures in the presence of various com-
pounds. Consistent with previous reports (9, 10), TGF-S,
together with IL-1B, IL-6, and IL-23, induced ~6-12% IL-17"
cells from human cord blood CD4 ™ naive T cells after 7 days of
culture (data not shown). After screening more than 2,000
known bioactive compounds, we identified UA asa Th17 inhib-
itor (Fig. 14).

To confirm our above result, we performed in vitro T cell
differentiation using naive CD4 " cells in the presence of differ-
entamounts of UA and found that UA dose-dependently inhib-
ited both human and mouse Th17 cell development and 2 um
UA inhibited >80% IL-17 expression in Th17 cells (Fig. 1). This
result was confirmed by real-time RT-PCR assays (Fig. 1). Inter-
estingly, UA did not alter the mRNA level of RORa, ROR~t,
RUNXI1, and IRF4 in Th17 cells (Fig. 1 and data not shown),
which are known to be important transcription regulators in
Th17 cytokine expression (12). In addition, UA did not cause
noticeable changes of IFN-v, IL-4, or Foxp3 gene expression in
human and mouse Th1, Th2, or iTreg cells, respectively (sup-
plemental Fig. S1).

UA Selectively Inhibits the Function of RORy—UA has a sim-
ilar structure to cholesterol and hydroxycholesterols, the puta-
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tive ligands for ROR factors (13), suggesting that UA may target
RORvyt and RORa to inhibit Th17 cells. To assess this, ROR« or
RORyt was retrovirally overexpressed in T cells differentiated
under neutral condition. As reported previously (8), both
RORa and RORyt induced significant amounts of IL-17 and
IL-17F in non-polarized cells (Fig. 24). 2 um UA strongly inhib-
ited RORyt-mediated but not RORa-mediated IL-17 and
IL-17F expression to almost background level (8).

We have previously identified CNS2 as a cis-regulatory
element that enhances the [/17 promoter activity in an
ROR-dependent manner (8). RORyt-induced CNS2-1117p
reporter activity was abolished by 2 um UA, whereas the
RORa-dependent reporter activity was not affected (supple-
mental Fig. S2). In addition, we also examined the effect of
UA in non-lymphoid cells by measuring the RORE reporter
activity in 293T cells (11). The results again demonstrate
that UA selectively suppressed the function of RORyt but
not ROR« (Fig. 2B).

Inhibitory Kinetics of UA on RORvyt and Th17 Cells—The
transcriptional activity of RORyt is regulated by its co-activa-
tors, such as SRC (steroid receptor co-activator), through bind-
ing by the LXXLL motif (14). To determine potency of UA, we
examined the effect of UA on the interaction of RORyt ligand
binding domain (LBD) with an LXXLL motif-containing pep-
tide derived from SRC-1. The results showed that UA dose-de-
pendently inhibited the binding of RORyt-LBD to the LXXLL
co-activator peptide (Fig. 2C). Consistent with the results of
retroviral overexpression and reporter gene assays, UA did not
inhibit the binding of RORa-LBD to the coactivator peptide
(Fig. 2C), suggesting UA as an RORyt-specific antagonist. By
fitting the inhibitory binding data to a sigmoidal dose-response
curve, the IC,, (half-maximal inhibitory concentration) of UA
to RORyt was determined to be 0.68 * 0.1 um. Using the same
method, the IC;, of UA on Th17 cells was determined to be
0.56 * 0.1 pum (Fig. 2C). The similar IC,, values further suggest
RORyt as the direct target of UA in Th17 cells.
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FIGURE 2. UA selectively blocks the function of RORyt but not RORa. A, mouse naive CD4™ T cells were differentiated under neutral condition and infected
with RORa, RORYt, or control pMIG viruses on day 1.2 um UA or DMSO was added 6 h after viral infection. The cells were restimulated on day 4 for intracellular
staining (gated on hCD2™* cells). B, 293T cells were transfected with the RORE reporter together with RORa, RORyt, or control plasmids. UA or DMSO was added
after transfection, and the cells were harvested next day for Dual-Luciferase activity assays. The data were normalized to an internal control Renilla luciferase.
C, the dose-dependent inhibitory results of UA on RORyt/RORa binding to its co-activator peptide or on Th17 differentiation were fitted to a sigmoidal
dose-response curve to determine the corresponding IC5, values. x axis, log concentration (nm) of UA. y axis, relative binding of RORyt/RORe to its co-activator
peptide or relative percentage of IL-17 " cells. All the assays were repeated at least 2 times with consistent results.

UA Inhibits IL-17 Expression in Mature Thil7 Cells—Our
data thus far established UA as an RORyt-specific inhibitor in
Th17 cell differentiation. To assess whether UA can inhibit the
production of IL-17 in mature Th17 cells, which is more impor-
tant in clinical settings, we first generated mature human and
mouse Th17 cells from naive CD4 ™ T cells. After preincubation
with UA, the mature Th17 cells were then restimulated with
plate-bound anti-CD3 overnight for cytokine secretion mea-
surements. The results demonstrated that UA indeed inhibited
the secretion of IL-17 from differentiated Th17 cells of both
human and mouse sources (Fig. 3).

UA Ameliorated MOG-induced EAE in Mice—To investigate
the therapeutic potential of UA in Th17-mediated autoimmune
diseases, we examined the effect of UA on MOG-induced EAE
in mice and found that UA treatment not only delayed the onset
of disease in mice (Fig. 4A4) but also more significantly amelio-
rated disease symptom (Fig. 4B) in comparison with the control
group. Consistently, the UA-treated mice contained signifi-
cantly fewer IL-177 cells as well as IFN-y™ cells in their central
nervous system (Fig. 4C). Furthermore, in both MOG-immu-
nized mice (data not shown) and EAE mice (Fig. 4D), UA treat-
ment also caused a reduction in IL-17 production in the spleen.
These data suggest that UA may be used in treatment of Th17-
mediated inflammatory diseases.

UA contains many pharmacological activities, including
strong hepatoprotective, anti-tumor, and anti-inflammation
effects partly through targeting NF-«B and STAT3 (15-19). In
Th17 cells, we found that UA did not affect the expression of
STAT3 downstream targets, such as IL-21 and RORyt, indicat-
ing that STAT3 is not the target in Th17 cells. To confirm this,
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FIGURE 3. UA suppresses IL-17 production in mature Th17 cells. After being
preincubated with UA, the mature human Th17 cells or mouse Th17 cells gener-
ated in vitro were then restimulated with anti-CD3 overnight for secreted cyto-
kine analysis in the presence of the indicated amounts of UA. Both human and
mouse experiments were repeated 2-3 times with consistent results.

we performed a Western blot to check the activation of STAT3
in Th17 cells and found that 2 um UA did not have any effect on
IL-6-induced STAT3 phosphorylation (data not shown). More-
over, UA has a relatively high IC;, value for STAT3 and NF-«B
and inhibits these two molecules only when used at 25 um or
above (18-20), which is at least 30-fold higher than the IC,,
value of UA for Th17 cells (0.56 = 0.1 um) and RORyt (0.68 =
0.1 um), further excluding them from the targets of UA in Th17
cells. In addition, we also exclude the possibility that UA may
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FIGURE 4. UA treatment ameliorated EAE disease in mice. For EAE induc-
tion, mice were given either DMSO or UA by i.p. injection every other day after
the first MOG immunization and monitored daily for clinical symptom devel-
opment after the second MOG immunization. Results are the combination of
two independent EAE experiments, and the disease onset date of DMSO-
treated mice was set to day 1 for statistical analysis. A, the percentage of mice
that developed EAE disease (n = 10 for DMSO group and n = 8 for UA group).
B, the clinical scores of diseased mice (n = 7 for the DMSO group and n = 6 for
the UA group). C, the total number of CD4™", IL-17*, and IFN-y* cells in the
central nervous system of EAE mice. D, the effect of UA on MOG-specific IL-17
production in the spleens of EAE mice.

inhibit Th17 cells through inducing apoptosis (data not shown),
as reported in other cells (16, 20).

As a natural small molecule ubiquitously present in plants
and even human diets, UA is relatively non-toxic and is well
tolerated orally and topically in both human and rodents. The
acute toxicity (LD,) of UA in rodents was determined to be
>637 mg/kg for intraperitoneal injection and 8,330 mg/kg for
oral administration (21). In addition, UA has been identified as
a major effective component in many medical herbs, which
have a long history in clinical practice in ancient China and
Asian countries (15). Due to its important pharmacological
activities, UA has been used for treatment of liver diseases and
skin cancer (15). These clinical practices and its relatively low
toxicity provide UA a great advantage over other ROR inhibi-
tors recently reported (22, 23) in developing therapeutics
against Th17-mediated autoimmune diseases. Considering the
broad function of Th17 cells in inflammatory diseases and can-
cer, it is of interest in assessing whether the therapeutic effects
of UA are via inhibition of RORyt or Th17 cell function.
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