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Dietary indole derivatives, indole-3-carbinol (I3C) and diindolylmethane (DIM), possess anti-cancer properties and exhibit the
characteristics of aryl hydrocarbon receptor (AhR) ligands. Because AhR activation has recently been shown to regulate T cell
differentiation, we tested the hypothesis that 13C and DIM may mediate anti-inflammatory properties by promoting

regulatory T cell (T-regs) differentiation while inhibiting Th17 cells.
EXPERIMENTAL APPROACH

We investigated the therapeutic efficacy of I13C and DIM against experimental autoimmune encephalomyelitis (EAE), a murine
model of multiple sclerosis (MS). The efficacy was evaluated based on clinical scores of paralysis, histopathology, serum
cytokines and infiltration of T cells in the CNS. We next studied the mechanism of induction of T cells against myelin
oligodendrocyte glycoprotein (MOGss_ss) peptide, both in vivo and in vitro, specifically investigating the differentiation of

T-regs and Th17 cells, and determined if indoles were acting through AhR.
KEY RESULTS

Pretreatment of EAE mice with I3C or DIM completely prevented the clinical symptoms and cellular infiltration into the CNS.
Also, post-treatment of EAE with I3C or DIM proved highly effective in curtailing the overall severity of the disease. In
addition, 13C or DIM promoted the generation of T-regs, while down-regulating the induction of MOG-specific Th17 cells.
The regulation of FoxP3 induction and suppression of Th17 cells by indoles in vivo and in vitro were found to be

AhR-dependent.
CONCLUSIONS AND IMPLICATIONS

Together, our studies demonstrate for the first time that 13C and DIM may serve as novel therapeutics to suppress

neuroinflammation seen during MS through activation of AhR.

Abbreviations

DC, dendritic cells; DIM, 3,3'-diindolylmethane; EAE, experimental autoimmune encephalomyelitis; I3C,
indole-3-carbinol; MS, multiple sclerosis; Th17, T-helper type 17; T-regs, regulatory T cells
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Introduction

Multiple sclerosis (MS) is a debilitating autoimmune disease
that affects approximately 400 000 people a year in the US,
and more than 2.1 million people worldwide. Women appear
to be two-three times more prone to being diagnosed with
the disease than men. Patients suffering from MS typically
develop partial to complete paralysis as well as impaired
cognitive function. While the exact trigger of MS remains
unclear, it is known that the disease involves autoreactive T
cells that infiltrate into the CNS and target myelinated cells.
These autoreactive T cells create an inflammatory microenvi-
ronment that destroys the CNS, leading to disruption in
neuronal signalling and eventually a loss of motor function
(Imam et al., 2007).

Experimental autoimmune encephalomyelitis (EAE) is a
murine model often used to study the development of MS
and test possible treatment options because it mimics many
of the disease patterns. During EAE development and MS
relapse, there is a bias towards CD4* T-helper 1 (Th1) and
pathogenic T-helper type 17 (Th17) cell differentiation
(Stromnes and Goverman, 2006; Imam et al., 2007). Further-
more, mice deficient in either T-bet or STAT4, transcription
factors needed for Th1 differentiation, have been shown to be
resistant to EAE (Bettelli et al., 2004). Recently, Th17 cells
have also been reported to contribute to the pathogenesis of
EAE when adoptively transferred into naive mice (Aggarwal
etal., 2003; Langrish efal., 2005). In another study, these
1L23p19-deficient mice displayed a significant reduction in
IL-17-producing T cells in the CNS, which correlated with
lower disease scores compared to wild-type EAE mice
(Harrington et al., 2005; Park et al., 2005). The role of IL-17 in
MS patients was also confirmed when IL-17 levels obtained
from myelin basic protein-stimulated peripheral blood cells
obtained from MS patients or controls correlated with the
active lesions as seen with MRI (Hedegaard et al., 2008). In
addition, the increased levels of pro-inflammatory cytokines,
such as IFNy, TNFo, IL-6 and IL-17, significantly drive
disease progression, while simultaneously suppressing anti-
inflammatory T-helper 2 (Th2) and regulatory T cell (T-regs)
subsets (Bettelli et al., 2006). Studies have shown the presence
of T-regs can be critical in preventing generalized multiorgan
autoimmunity (Kohm etal.,, 2002; Reddy etal., 2004;
Sakaguchi, 2005; Kim et al., 2007). In addition, MS patients
have been reported to possess an impairment in T-reg sup-
pressor function (Viglietta et al., 2004; Haas et al., 2005), thus
contributing to the development of the disease.

The aryl hydrocarbon receptor (AhR) has been shown
recently to be involved in cellular development and differen-
tiation. Activation of AhR can regulate the development of
the nervous system, metabolism and stress responses to
hypoxia (Esser et al., 2009). AhR has also been shown to be
expressed in many immune cells including lymphocytes (T
and B cells), macrophages, dendritic cells (DCs), granulocytes
and natural killer cells (Lawrence and Kerkvliet, 2007). Based
on studies involving various AhR ligands, AhR has been pos-
tulated as an important regulator by controlling the balance
between T-regs and pathogenic Th17 cells (Kimura etal.,
2008; Quintana et al., 2008; Veldhoen et al., 2008).

Dietary indoles, such as 3,3'-diindolylmethane (DIM) and
its precursor, indole-3-carbinol (I3C), found in high amounts
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in cruciferous vegetables, have been demonstrated to exert
beneficial effects against cancer. Epidemiological studies have
reported that people with high dietary intake of cruciferous
vegetables have a lower risk of developing cancer (Verhoeven
et al., 1996). Similarly, a metabolite of tryptophan known as
indirubin, an active ingredient of the Chinese medicine
Danggui Longhui Wan, has been demonstrated to exert
therapeutic effects against breast cancer and chronic myelo-
cytic leukemia (Xiao et al., 2002; Nicolaou et al., 2012). Both
13C and DIM, as well as indirubin, have also been reported to
interact with AhR based on their chemical structure (Adachi
etal., 2001; Stresser et al., 1995; Renwick et al., 1999) and
abilities to induce CYP1A1 and CYP1A2 (De Kruif et al., 1991;
Shertzer and Senft, 2000; Adachi et al., 2001; Guengerich
et al., 2004; Nishiumi et al., 2008). While the anti-cancer
effects of these indole derivatives have been extensively
studied, their ability to modulate the immune cells and their
response during disease in an AhR-dependent manner has
not been well established.

To investigate the potential therapeutic role of dietary
AhR ligands, we tested the efficacy of indirubin, I3C and DIM
in the treatment of EAE. We hypothesized that these com-
pounds may activate AhR and thereby promote the differen-
tiation of CD4" T cell subsets into T-regs while suppressing
Th17. In the current study, we demonstrate that pretreatment
with I13C or DIM prevents development of EAE. Moreover,
I3C and DIM were also effective in reducing the clinical
symptoms of EAE when administered after disease onset. The
mechanism involves promoting the generation of T-regs,
while simultaneously down-regulating the differentiation of
Th17 cells following activating AhR.

Material and methods

Mice
Female C57BL/6 mice (6-8 weeks old) were purchased from
the National Cancer Institute.

Ethics statement

All animals were housed at the AAALAC-accredited Univer-
sity of South Carolina, School of Medicine (Columbia, SC).
All animal procedures were performed according to NIH
guidelines under protocols approved by the Institutional
Animal Care and Use Committee of the University of South
Carolina. All studies involving animals are in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010).

Reagents and monoclonal antibodies (mAbs)

The reagents used in this study were purchased as described
below: Indirubin-3'-oxime (indirubin), I3C and DIM, AhR
antagonist CH223191 (CH), concanavalin A (ConA), RBC
lysis buffer, and corn oil, from Sigma-Aldrich (St. Louis, MO,
USA); Percoll from GE Healthcare Life Sciences (Pittsburgh,
PA, USA); RPMI 1640, L-glutamine, HEPES, PBS and FBS, from
VWR (West Chester, PA, USA); Myelin oligodendrocyte gly-
coprotein (MOGss_ss) peptide, H-MEVGWYRSPFSRVVHLYR
NGK-OH, from PolyPeptide Laboratories San Diego (San
Diego, CA, USA); TUNEL kits from Roche (Indianapolis, IN,
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USA); RNeasy Mini kit from QIAGEN (Valencia, CA, USA);
MasterAmp PCR premix F from Epicentre (Madison, WI,
USA); iScript cDNA synthesis kit and iTag DNA Polymerase
from Bio-Rad (Hercules, CA, USA).

The following mAbs were purchased from Biolegend
(San Diego, CA, USA): Fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD4 (L3T4) mAb (GK1.5; rat IgG2b);
Phycoerythrin (PE) conjugated anti-mouse CD3e (145-2C11;
hamster IgG); Allophycocyanin (APC) anti-mouse CDS8
(Ly-2) (53-6.7; rat 1gG2a), Pychoerthrin-Cy5.5 (PE-Cy5.5)-
conjugated anti-mouse CD45.2 (104; mouse IgG2a) and
affinity purified anti-mouse CD16/32 (93; rat IgGa2a). The
following mAbs were purchased from eBioscience (San Diego,
CA, USA): PE-conjugated anti-mouse IL-17A (eBiol7B7; rat
IgG2a) and PE-conjugated anti-mouse/rat FoxP3 (FJK-16s;
IgG2a).

In addition, FoxP3 staining kit was purchased from
Biologend. For intracellular cytokine staining, BD Cytofix/
CytoPerm Fixation/Permeabilization Solution Kit was pur-
chased from BD Biosciences (San Jose, CA, USA). All ELISA
kits used in cytokine analysis were purchased from Biolegend
and used according to the manufacturer’s manual.

Effects of I3C and DIM on EAE in mice

EAE was induced in female C57BL/6 mice (6-8 weeks old) as
described previously (Singh et al., 2007; Zhou et al., 2010;
Guan et al., 2011). Briefly, via subcutaneous immunization
with 100 uL of 150 ug myelin oligodendrocyte glycoprotein
(MOGss.ss) peptide emulsified in complete Freund’s adjuvant
(Difco, Detroit, MI, USA) containing 4 mg-mL™" killed Myco-
bacterium tuberculosis (strain H37Ra; Difco). Following immu-
nization, 200 ng of pertussis toxin (List Labs) was injected i.p.
into mice on Day 0, followed by a 400 ng pertussis toxin i.p.
injection on Day 2. For pretreatment studies, mice were
administered 50 mg-kg™' indirubin, 20 mg-kg™ I3C or DIM or
vehicle (2% DMSO + corn oil). Injections were performed i.p.
one day prior to the induction of EAE and continued every
other day throughout the remainder of the study. For post-
treatment studies, EAE was induced in naive mice and 10
days later, these mice were completely randomized into
groups that received treatment with vehicle, I3C (40 mg-kg™)
or DIM (40 mg-kg™). This treatment was continued every day
throughout the remainder of the study. Clinical scores (0, no
symptoms; 1, limp tail; 2, partial paralysis of hind limbs; 3,
complete paralysis of hind limbs or partial hind and front
limb paralysis; 4, tetraparalysis; 5, moribund; 6, death) were
recorded on a daily basis. The mean score was calculated for
each group every day.

Histological analysis of cell infiltration

Spinal cords from naive, EAE + vehicle, EAE + I3C or EAE +
DIM mice were collected 15 days after immunization. Spinal
cord tissue was fixed with 10% formalin and paraffin blocks
were prepared. Microtome sections (10 um) were generated,
and tissue sections were stained with haematoxylin and eosin
(H&E).

Isolation of immune cells and flow cytometry
EAE-induced mice were given vehicle, I3C or DIM as indi-
cated earlier. On day 15, blood was collected and serum was

isolated for cytokine/chemokine analysis. Spleen and ingui-
nal lymph nodes were excised prior to perfusion. Mice were
then perfused with 10 mL heparinized PBS, and whole brain
tissue was isolated. Tissues were homogenized separately into
a single-cell suspension and subjected to red blood cell lysis.
Mononuclear cells from whole brain homogenates were iso-
lated using 33% Percoll. Cells were counted and stained with
fluorescently tagged mAbs as indicated. Total cell number was
calculated using the following equation: Total cells bearing a
specific maker = Percentage of cells with the marker as ana-
lyzed by flow cytometry x absolute number of cells/100.

Cell culture

Cultures of T cells were maintained in complete RPMI 1640
media supplemented with 10% heat inactivated FBS, 10 mM
L-glutamine, 10 mM HEPES, 50 uM - mercaptoethanol and
100 pug-mL™" penicillin/streptomycin at 37°C and 5% CO..

Effects of I3C and DIM on MOGs3s._ss
stimulated T cells from EAE mice

Splenocytes from naive, EAE + vehicle, EAE + I3C and EAE +
DIM mice were isolated 15 days after immunization and
cultured in a 24-well plate in the presence of 30 ug-mL™
MOG:3s_ss for 3 days. Supernatants were collected for cytokine
analysis. Prior to harvest, splenocytes were stimulated with
phorbol myristate acetage (PMA) (50 ng-mL™") and ionomy-
ocin (1 pg-mL™) and Golgi-plug for 4 h. Cells were harvested
and processed for CD4 and IL-17 staining using BD Cytofix/
CytoPerm Fixation/Permeabilization Solution Kit. Cells were
analysed using a flow cytometer.

Determination of cytokines/chemokines

Serum was collected at day 15 from naive, EAE + vehicle, EAE
+ I3C and EAE + DIM mice. Cell culture supernatants were
collected from in vitro studies as described above. Cytokines/
chemokines present in the serum or cell culture supernatants
were determined using individual ELISA Kkits for TNF-o (Bio-
legend), IL-6 (Biolegend) and IL-17 (BD Bioscience). ELISAs
were conducted according to the protocol of the companies
(Biolegend).

Determination of regulatory T cell (T-reg)
induction in vivo

Spleen and inguinal lymph node (LN) were isolated from
vehicle, I13C (40 mg-kg!, i.p.) or DIM (40 mg-kg’!, i.p.)
injected mice after 4 days of daily treatment. Tissues were
processed, and cells were stained for CD4 and FoxP3 using
the Biolegend FoxP3 Fix/Perm Kkit.

Detection of Foxp3 expression by

real time (RT)-PCR

Total RNA from spleen and inguinal LN were isolated from
mice injected with vehicle, I13C (40 mg-kg™, i.p.) or DIM
(40 mg-kg™!, i.p.) after 4 days daily treatment using the
RNeasy minikit. RNA quality was measured and quantified
using a spectrophotometer. First-strand cDNA synthesis was
performed using iScript according to the manufacturer’s pro-
tocol in a 20-uL reaction mix containing 1 ug total RNA. After
first-strand synthesis, 1 pL was used as a template for PCR
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amplification. To detect the expression of Foxp3, forward
(5-GGG GAA GCC ATG GCA ATA GTT-3') and reverse (5'-
TGA AGT AGG CGA ACA TGC GAG TAA-3') primers specific
to mouse Foxp3 were used. PCR was performed for 40 cycles
using the following conditions: 30 s at 95°C (denaturing tem-
perature), 40 s at 58.0°C (annealing temperature) and 60 s at
72°C (extension temperature), with a final incubation at 72°C
for 10 min. The FoxP3 PCR products were normalized against
18S PCR products, which were used as an internal control.
The 18S PCR products were generated based on forward (5'-
GCC CGA GCC GCC TGG ATA-3') and reverse (5-CCG GCG
GGT CAT GGG AAT AAC-3'") primers. After electrophoresis on
1.5% agarose gel, PCR products were visualized using a Bio-
Rad image analysis system (Bio-Rad Laboratories).

Determination of cytokine production ex vivo
Spleen and inguinal LN were isolated from mice treated with
vehicle, I3C (40 mg-kg™', i.p.) or DIM (40 mg-kg™', i.p.) after 4
days daily treatment. Tissues were processed, and cells from
each respective group were plated at 1 x 10° cells/well in a
96-well plate. Cells were cultured as indicated for the required
duration. Cells were stimulated with PMA (50 ng-mL™") and
ionomyocin (1 ug-mL™") for 4 h. Supernatants were collected
for cytokine analysis by ELISA.

Determination of Th17 differentiation

ex vivo

Splenocytes were isolated from mice injected with vehicle,
I3C (40 mg-kg!, i.p.) or DIM (40 mg-kg™', i.p.) after 4 days
daily treatment. Tissues were processed, and cells from each
respective group were plated at 1 x 10° cells/well in a 96-well
plate. Cells were cultured as indicated for the required dura-
tion. Cells were stimulated with PMA (50 ng-mL™"), calcium
ionomyocin (1 pg-mL™") and Golgi-Plug for 4 h. Cells were
processed and stained for CD4 and IL-17 using the BD
Cytofix/CytoPerm Fixation/Permeabilization Solution Kit.

Effect of indoles on T-reg/Th17 differentiation
in vitro

Naive splenocytes were processed and plated at 1 X
10° cells/well in a 96-well plate. Cells were activated with
ConA (2.5 ug'mL™) in the absence or presence of pertussis
toxin (PTX) (5 pg-mL™) for 24 h as indicated. AhR antagonist
CH (50 uM) was added to cultures 2 h prior to I3C or DIM
(100 uM) treatment. For Th17 staining, cells were stimulated
with PMA (50 ng-mL™), ionomyocin (1 ug-mL™) and Golgi-
Plug for 4 h prior to harvest.

Effect of indoles on cytokine production

in vitro

Naive splenocytes were processed and plated at 1 X
10° cells/well in a 96-well plate. Cells were activated with
ConA (2.5ug-mL™) in the absence or presence of PTX
(5 ug-mL™) for 24 h, or plate-bound anti-CD3 in the presence
of PTX (5 pug-mL™) for 4 days. I3C or DIM (100 uM) were
added simultaneously to cells cultured in the same condi-
tions. Cells were stimulated with PMA (50 ng-mL™") and iono-
myocin (1 ug-mL™) for 4 h. Supernatants were collected for
cytokine analysis by ELISA.
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Role of AhR in I3C- and DIM-mediated
amelioration of EAE in mice

EAE was generated in mice using MOG;sss peptide, as
described for pretreatment studies above. We used CH, as an
AhR antagonist. One day earlier, all the mice were pretreated
with vehicle, I3C (20 mg-kg™' body weight), DIM (20 mg-kg™
body weight) or CH, the AhR-specific antagonist (5 mg-kg™
body weight), or CH + I3C or CH + DIM. From day 2 onwards,
the mice were treated with vehicle, I3C, DIM, CH, CH + I3C,
CH + DIM on alternate days. The mice were monitored for
EAE symptoms as described above. On day 16, mice were
sacrificed and inguinal LN and brain were collected, single
cell suspensions were prepared. Mononuclear cells from brain
tissue of the various groups were isolated, and the cells from
both LN and brain were stained for the presence of T-regs
(CD4-FITC and FoxP3-PE) and Th17 cells (CD4-FITC and
IL-17-PE) in LN and brain.

Statistics

For EAE clinical studies, we used groups of 10 mice. Clinical
scores were evaluated using the Mann-Whitney test. All
cytokine and in vitro assays were performed in triplicate. The
means + SEM are shown for experiments that are applicable.
The statistical differences within experiments were calculated
using ANOVA, while differences between groups were analysed
with the Bonferrroni post hoc test. A P-value of <0.05 was
considered to be statistically significant. The data that are
shown in this paper represent at least three independent
experiments.

Results

I3C/DIM treatment mitigates the clinical
symptoms of EAE development
First, we investigated the effects of indirubin, I3C and DIM
administered before (pretreatment) or after (post-treatment)
immunization with MOG, on the clinical course of EAE. For
pretreatment studies, the indole derivatives were adminis-
tered at a dose of 20 mg-kg™' i.p., 1 day prior to the induction
of EAE and continued every other day until Day 25
(Figure 1A). Clinical scores revealed that indirubin treatment
only marginally delayed the onset of EAE. Remarkably, pre-
treatment with either I3C or DIM completely prevented
disease development (Figure 1B). Histological data taken
from the spinal cord at the peak of the disease, Day 15,
correlated with the observed clinical scores. Spinal cords
taken from vehicle-treated EAE mice displayed cellular infil-
tration, particularly within the myelinated regions. The accu-
mulation of these inflammatory cells was accompanied by
immense tissue damage (Figure 1C). EAE mice pretreated
with indirubin also showed dramatic levels of infiltration and
altered tissue morphology compared to naive histology (data
not shown). Pretreatment with I3C or DIM markedly reduced
inflammatory cells in the spinal cord. Furthermore, I13C or
DIM pretreatment appeared to preserve the normal architec-
ture of the myelinated regions within the spinal cord, resem-
bling controls (Figure 1C).

Based on the marked effectiveness of I3C and DIM pre-
treatment, we continued our investigation with only these
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Effect of treatment with 13C or DIM on the development of EAE in C57BL/6 mice. (A) Timeline schematic of studies involving EAE mice pretreated
with vehicle, indirubin, 13C or DIM. Treatment was administered at time points indicated in red arrows. (B) Clinical scores (n=10 per group) for EAE
mice pretreated with vehicle, indirubin, 13C or DIM. (****, P < 0.0001; EAE + 13C or EAE + DIM vs. EAE + vehicle, Mann-Whitney test) (C)
Representative images of spinal cord histopathology stained with H&E (10x) at Day 15 for pretreatment studies. Arrows indicate regions of cellular
infiltration. Architecture is noted as white matter (WM) and grey matter (GM). (D) Timeline schematic of studies involving EAE mice post-treated with
vehicle, I3C or DIM. Treatment was administered at time points indicated in red arrows. (E) Clinical scores (n=10 per group) for EAE mice post-treated
with vehicle, 13C or DIM. (**, P < 0.01; EAE + I3C or EAE + DIM vs. EAE + vehicle, Mann-Whitney test) (F) Representative images of spinal cord
histopathology stained with H&E (10x) at Day 15 for post-treatment studies. Architecture is noted as white matter (WM) and grey matter (GM).
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two indole derivatives. Next, we decided to delay the admin-
istration of treatment until 10 days after EAE induction (post-
treatment) (Figure 1D), which is a clinically relevant model
for treating patients with MS. Because there are no biomark-
ers of susceptibility to MS, we felt that post-treatment would
provide significant translational impact in treating patients
diagnosed with the disease. Preliminary experiments using a
post-treatment dose of 20 mg-kg™" I13C or DIM (i.p., daily)
demonstrated mild protection against EAE development
(data not shown). Interestingly, when the dose was increased
to 40 mg-kg™' (i.p., daily), clinical symptoms were not only
delayed, but the overall severity was also substantially dimin-
ished in both I3C and DIM post-treated mice compared to
vehicle-treated EAE mice (Figure 1E). On Day 15, spinal cord
histopathology once again confirmed that vehicle-treated
EAE mice possessed marked inflammation and tissue damage.
Remarkably, post-treatment with I3C or DIM limited the
number of infiltrating cells and maintained spinal cord tissue
integrity (Figure 1F).

Treatment of 13C or DIM decreases
pro-inflammatory cytokine levels in serum

of EAE mice

Serum taken from EAE mice at the peak of disease displayed
elevated levels of TNFo, IL-17 and IL-6 compared to naive
mice, confirming the existence of a disease promoting
inflammatory environment (Figure 2, Supporting Informa-
tion Figure S1). In contrast, pretreatment of EAE mice with
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Figure 2

Treatment with 13C or DIM decreases pro-inflammatory cytokines in
serum of EAE mice. Serum was collected on Day 15 from normal
mice or EAE mice pre- or post-treated with either vehicle, 13C or DIM.
Pro-inflammatory cytokines TNFo. and IL-17, respectively, were ana-
lysed by ELISA for both pretreatment (A, B) and post-treatment (C,
D) studies. Data presented as mean £ SEM of three pooled samples
(n = 3 per sample). The statistical differences within experiments
were calculated using anova, while differences between groups were
analysed with the Bonferrroni post hoc test. In all panels, there were
statistically significant differences between normal versus EAE +
vehicle groups as indicated by an asterisk. Also, significant differences
between EAE + vehicle versus EAE+I3C or EAE+DIM were indicated
with an asterisk.
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I3C or DIM caused dramatic decrease in the levels of these
inflammatory cytokines (Figure 2A, B, Supporting Informa-
tion Figure S1). In the post-treatment groups, we did not
observe any changes in TNFa levels (Figure 2C) while only
I3C but not DIM caused a drop in IL-17 (Figure 2D). Overall,
these data correlated with the clinical scores and possibly
explained why pretreatment was more effective in preventing
EAE than post-treatment. We also found that I3C and DIM
treatment led to increased production of IL-10 compared to
vehicle treatment (data not shown).

Post-treatment with I13C or DIM reduces

T cell infiltration within brain tissue

of EAE mice

Because there are no biomarkers that predict the susceptibility
toMS, and to further address the clinical relevance of I3C’s and
DIM'’s therapeutic potential in patients diagnosed with MS, we
decided to focus our studies on this post-treatment model to
evaluate the mechanisms (Figure 1D). Mononuclear cells were
isolated on Day 15 from brain tissue of naive or EAE mice
treated with vehicle, I3C or DIM. Cells were processed and
assessed for their profile of various T cell subsets. Vehicle-
treated EAE mice showed a significant spike in the percentage
and total number of CD3* T cells when compared to naive
mice, thereby indicating infiltration of CNS with T cells
(Figure 3A, C). While both CD4* and CD8* T cell subsets
increased in vehicle-treated EAE mice compared to naive mice,
the majority of the infiltrating cells were CD4*. Post-treatment
with I3C and DIM resulted in moderate reduction in the
proportion CD3* T cells, particularly in CD4* and not CD8*
(Figure 3A, B). This suggests that ratio of infiltrating cellular
populations after the isolation of mononuclear cells from
diseased mice remain the same even with treatment. However,
when total cell numbers were enumerated, I3C and DIM
caused dramatic decreases in both CD3* and CD4" T cells,
similar to levels seen in naive animals, indicating these dietary
indoles may be eliciting their protective effects in the periph-
ery by limiting immune cell trafficking to the CNS (Figure 3C).

Post-treatment with 13C and DIM leads to
induction of regulatory T cells, while
reciprocally reducing Th17 populations
At the peak of the disease, EAE + vehicle treated mice, in their
inguinal LN which was the draining LN from the site of MOG
immunization, showed similar proportions of T-regs but
increased percentage of Th17 cells when compared to naive
mice. Interestingly, post-treatment of EAE mice with I3C or
DIM resulted in an increased proportion of CD4*/FoxP3*
T-regs and decreased percentage of Th17 cells, compared to
vehicle-treated EAE mice (Figure 4A, B). Furthermore, when
we enumerated the total number of T-regs and Th17 cells in
the inguinal LN of EAE mice, we found that DIM but not 13C
caused a significant increase in T-regs, while both I3C and
DIM caused a significant decrease in Th17 cells (Figure 4C).
Thus, considering both the percentage and total cell
numbers, the overall trend was that the indoles caused an
increase in T-regs while decreasing the Th17 cells.

To further corroborate the impact of I3C and DIM on the
effector Th17 cell differentiation, we cultured splenocytes
from naive and EAE mice treated with vehicle, I3C or DIM, in
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Post-treatment with indoles reduces T cell infiltration within brain tissue of EAE mice. Mononuclear cells were isolated from brain tissue on Day
15 from EAE mice given vehicle, 13C or DIM. The cells were stained with various mAbs, analysed using flow cytometry and representative
histograms depicted. (A) Single stained CD3 T cells; (B) double-stained for CD4 and CD8. (C) By calculating the percentage of T cell subsets
determined by Flow cytometer multiplied by absolute number of cells found in the brain and divided by 100, gave the total cell number for CD3",
CD4* and CD8" T cells, which were then plotted (**P < 0.01; normal vs. EAE+vehicle; EAE+I3C or EAE+DIM vs. EAE+vehicle). Data presented as

mean + SEM of three pooled samples (n = 3 per sample).

vitro in the presence of MOGs;sss peptide for 3 days. Such
cultures from EAE mice displayed elevated proportion and
numbers of Th17 cells compared to naive, suggesting the
generation and expansion of Th17 cells in response to MOG
peptide (Figure SA, B). However, cells from I3C or DIM
treated EAE mice exhibited a significant reduction in the
proportion and numbers of Th17 cells.

Administration of 13C or DIM promotes

the generation of T-regs in naive mice

While we studied the effect of indoles on inducible T-regs to
MOG-immunization, we next determined if I3C or DIM

could modulate natural T-regs found in naive animals. To this
end, we administered 13C or DIM to naive mice at 40 mg-kg".
After 4 consecutive days of treatment, spleen and inguinal LN
were isolated to investigate the induction of T-regs. Flow
cytometric analysis revealed that mice exposed to indole
treatment demonstrated an increased proportion of CD4* T
cells that co-expressed FoxP3 in both spleen and inguinal LN
compared to untreated naive mice (Figure 6A). When we enu-
merated the total numbers of T-regs, DIM but not I3C caused
a significant increase (Figure 6B). To confirm if the T cells
expressed increased levels of FoxP3, we performed RT-PCR
and found that naive mice treated with 13C or DIM showed
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Post-treatment with indoles leads to T-reg induction, while reciprocally reducing Th17 cells, in vivo. Cells were isolated on Day 15 from inguinal
lymph nodes of EAE mice post-treated with vehicle, I3C or DIM. Representative flow cytometry plots show cells gated on CD4 to examine (A)
CD4*/FoxP3* T-regs or (B) CD4*/IL-17* Th17 populations. Data are representative of three independent experiments. Panel C shows total number
of T-regs and Th17 cells calculated as described in Figure 3C. (*P < 0.005; EAE + vehicle vs. normal, 13C or DIM; #P < 0.05 normal vs. EAE + 13C;
#Pp < 0.005; normal vs. EAE + vehicle, EAE + I3C or EAE + DIM).

increased FoxP3 mRNA expression in spleen and inguinal LN
compared to untreated mice (Figure 6C). Together, these data
suggest that naive mice exposed to indoles do exhibit an
increased proportion of T-regs and higher expression of
FoxP3, which may explain, at least in part, why pretreatment
with indoles protects mice from developing EAE (Figure 1).

Exposure to 13C or DIM suppresses

Th17 differentiation

We noted that pretreatment with indoles completely sup-
pressed EAE development (Figure 1). We therefore deter-
mined if exposure to indoles in naive animals inhibits Th17
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Post-treatment with indoles decreases MOGss_ss activated Th17 cell generation ex vivo. Splenocytes were isolated on Day 15 from normal or EAE
mice post-treated with vehicle, 13C or DIM. Cells were cultured in the presence of 30 ug-mL™" MOG for 3 days and stained for CD4 and IL-17.
(A) Representative flow cytometric plots show cells gated on CD4 to examine CD4*/IL-17* Th17 populations. (B) Based on the proportions of
Th17+ cells and absolute number of cells isolated from the cultures, total cell number of Th17 cells were calculated and plotted (*P < 0.05; normal,
EAE + I3C or EAE + DIM vs. EAE + vehicle). Data presented as mean = SEM (n = 3 per sample).

differentiation upon T cell activation. To this end, we cul-
tured splenocytes from vehicle, I3C or DIM treated naive
mice with ConA (2.5 ug-mL™) in the absence or presence of
PTX (5ug-mL™) for 24 h. We used PTX because it helps
promote Th17 cell differentiation as previously shown by us
(Singh et al., 2011). As expected, vehicle treated splenocytes
showed a significant proportion of Th17 cells after ConA-
activation, which was further enhanced in the presence of
PTX. Splenocytes that had been exposed to I3C or DIM main-
tained a low proportion of Th17 cells even after ConA+PTX
stimulation (Figure 7A). We also tested the ability of spleno-
cytes from vehicle or indole treated mice cultured with ConA
with or without PTX (Figure 7B) or with anti-CD3 with or
without PTX (Figure 7C) to produce IL-17. In most culture
conditions, splenocytes from indole-treated mice produced
significantly less amounts of IL-17 (Figure 7B, C). We were
also curious to see if I3C or DIM could directly impact Th17
differentiation when these indoles are added directly to
culture. In these studies, we cultured naive splenocytes with
ConA + PTX for 24 h (Figure 7D) or anti-CD3+PTX for 4 days
(Figure 7E) to promote Th17 differentiation. At the same

time, cells were exposed in vitro to vehicle, I3C (100 uM) or
DIM (100 uM). Vehicle treated cells expressed significant
levels of IL-17 in culture supernatants. Cultures treated
with I3C showed a substantial decrease in IL-17 production,
while DIM suppressed IL-17 levels to non-detectable levels
(Figure 7D, E). Together, these studies demonstrated that pre-
treatment with indoles reduced Th17 differentiation and
IL-17 production even when T cells are favoured to differen-
tiate into Th17 cells.

Role of AhR in I3C- and DIM-mediated
differentiation of T-regs and Th17cells

in vitro

To investigate if I3C and DIM mediated their effects on T-reg
cell differentiation through AhR in vitro, we used a selective
AhR antagonist, CH. To this end, naive splenocytes were
activated with ConA (2.5 ug-mL™) in the absence or presence
of I3C (100 uM) or DIM (100 uM) for 24 h in the absence or
presence of AhR antagonist CH (50 uM). The data indicated
that CH reversed the ability of I3C and DIM to promote
the differentiation of FoxP3* T-regs (Figure 8A). Similar
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Indole treatment leads to generation of T-regs in vivo. Spleen and inguinal LN were isolated from normal mice treated with vehicle, 13C
(40 mg-kg™) or DIM (40 mg-kg™") daily for 4 days. (A) CD4" gated T cells were examined for CD4*/FoxP3* T-regs using flow cytometry. (B) Based
on the proportions of T-regs and absolute number of cells isolated from these organs, total cell number of CD4*/FoxP3* T-regs were calculated
and plotted (*P < 0.05 13C or DIM vs. naive). Data presented as mean = SEM (n = 3 per sample). (C) Expression of FoxP3 in spleen and inguinal
LN was measured by RT-PCR, using 18S as an internal control. Splenocytes were isolated from naive, 13C (40 mg-kg™") or DIM (40 mg-kg™") after
4 days daily treatment.
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Indole treatment in naive mice leads to decreased Th17 generation upon activation ex vivo. (A) Splenocytes were isolated from naive mice treated
with vehicle, 13C (40 mg-kg™") or DIM (40 mg-kg™) daily for 4 days. Cells were activated with ConA (2.5 ug-mL™) in the absence or presence of
PTX (5 ug-mL™") for 24 h. Representative plots for CD4* gated cells examined for IL-17 expression using flow cytometry. (B) Splenocytes activated
with ConA (2.5 ug-mL™) in the absence or presence of PTX (5 ug-mL™") for 24 h or (C) plate-bound anti-CD3 in the absence or presence of PTX
(5 ng-mL") for 4 days. The supernatants were analysed by ELISA for IL-17(*P < 0.05, **P < 0.01 13C or DIM vs. vehicle or PTX as indicated). (D)
Indole treatment reduces IL-17 production under Th17 polarizing conditions in vitro. Naive splenocytes were cultured under Th17 polarizing
conditions such as with ConA (2.5 pg-mL™") and PTX (5 pg-mL™") in the absence or presence of I3C (100 uM) or DIM (100 uM) for 24 h (*P < 0.05
vs. PTX) or (E) cells were cultured with plate-bound anti-CD3 and PTX (5 ug-mL™) in the absence or presence of 13C (100 uM) or DIM (100 uM)
for 4 days (*P < 0.05 vs. PTX). Supernatants were analysed for IL-17 by ELISA. Data are representative of three independent experiments.
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Figure 8

Role of AhR in 13C- and DIM-mediated differentiation of T-regs and Th17cells in vitro. Naive splenocytes were activated with ConA (2.5 ug-mL™")
in the absence and presence of 13C (100 uM) or DIM (100 uM) for 24 h. AhR antagonist CH223191 (CH)(50 uM) was added 2 h prior to the
addition of indoles. Cells were gated on CD4 and analysed by flow cytometry for CD4*/FoxP3* or CD4*/IL-17*.

experiments performed using Th17 polarizing conditions
revealed inconclusive results because addition of CH to
vehicle control itself caused marked inhibition of Th17
differentiation (from 23.1% to 6.6%), suggesting possible
involvement of endogenous ligands for AhR in Th17 differ-
entiation (Figure 8B). These data suggested that indoles may
indirectly suppress Th17 differentiation by inducing T-regs
which in turn suppress Th17 differentiation.
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Role of AhR in I3C- and DIM-mediated
amelioration of EAE in mice and
differentiation of T-regs and Th17cells

in lymph nodes and brain

To investigate if I3C- or DIM-mediated amelioration of EAE in
mice resulted from AhR activation, we used a novel AhR
antagonist (CH) in vivo and tested if this would reverse the
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protection afforded by the indoles as well as reverse the
induction of T-regs and decreased proportion of Th17 cells.
To this end, EAE was induced in groups of 10 mice using
MOGss_ss peptide as described in Figure 1A. One day earlier,
all the mice were pretreated with vehicle, I3C (20 mg-kg™
body weight), DIM (20 mg-kg™ body weight) or CH, the AhR-
specific antagonist (5 mg-kg™ body weight), or CH + I3C or
CH + DIM. From day 2 onwards, the mice were treated with
vehicle, I3C, DIM, CH, CH + I3C, CH + DIM on alternate
days. The mice were monitored for EAE symptoms. As shown
in Figure 9A, both I3C and DIM profoundly suppressed EAE
symptoms, when compared to mice that received vehicle
treatment. However, treatment of these mice with CH (CH +
I3C or CH + DIM) reversed the protective effects of I3C and
DIM on EAE and such mice showed heightened clinical
disease. These data suggested that I3C and DIM were
mediating the protective effect against EAE through AhR
activation.

On day 16, we examined the generation of T-regs and
Th17 cells in the draining inguinal LN and brains of mice
with EAE and treated with various regimens as described
above. Upon analysis of T-regs in both LN and brain, we
observed significant induction of T-regs (CD4'/FoxP3*) in
mice that received either I3C or DIM treatment, when com-
pared to vehicle treated group (Figure 9B, D). However,
administration of CH reversed the effect of both I3C and DIM
(Figure 9B, D). Upon examination of Th17 (CD4"/IL-17*) cells
in LN and brain, we noted significantly less induction of
Th17 cells in both LN and brain of mice with EAE that
received either I3C or DIM treatment (Figure 9C, E). However,
in the presence of CH, the effect of I3C and DIM was reversed
as there was significantly higher induction of Th17 cells in
both LN and brain (Figure 9C, E). These data together dem-
onstrated that 13C and DIM-mediated effects on T-reg and
Th17 generation were triggered through AhR.

Discussion

AhR was first discovered and well characterized as a transcrip-
tion factor responsible for the activation of genes encoding a
number of xenobiotic metabolizing enzymes and mediate the
toxicity of chemicals such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). Interestingly, recent studies indicated that
AhR activation plays diverse roles in cellular functions,
including the regulation of the immune system (Singh et al.,
2007; 2011; 2008). Recent studies suggested that AhR activa-
tion may play a critical role in the regulation of T cell differ-
entiation, more specifically the differentiation of T-regs and
Th17 cells (Kimura etal., 2008; Quintana etal., 2008;
Veldhoen et al., 2008). One possible mechanism may be due
to the fact that in addition to expressing AhR, the FoxP3 gene
of T-regs contains dioxin response elements. Thus, upon
ligand binding to AhR, these cells can become transcription-
ally activated and generate factors that promote T-reg differ-
entiation (Quintana et al., 2008). Recent studies from our
laboratory have shown that TCDD can protect against the
development of acute dextran sodium sulphate-induced
acute colitis via epigenetic mechanisms (Singh et al., 2011).
These actions were found to occur through AhR-dependent
induction of T-regs, which inhibited Th17 differentiation and

inflammation in these mice. Further analysis revealed that
TCDD treatment decreased demethylation of CpG islands of
Foxp3 and increased methylation of IL-17 promoters within
mesenteric lymph node or lamina propria cells during colitis.

Interestingly, two recent studies published using TCDD
and 6-formylindolo(3,2-b)carbazole (FICZ) provided contra-
dictory results on the role of AhR in the regulation of T-regs
and Th17 cells and consequently, the clinical outcome of EAE
(Quintana et al., 2008; Veldhoen et al., 2008). In one study,
activation of AhR by FICZ, promoted Th17 differentiation and
accelerated the onset and increased pathology in wild-type
mice, but not in AhR-deficient mice (Veldhoen et al., 2008).
Thus, the authors concluded that AhR activation promotes
Th17 development. In contrast, in the second study, using
TCDD as an AhR ligand, AhR activation induced T-regs and
thereby suppressed clinical EAE (Quintana et al., 2008). How-
ever, in this study, treatment with FICZ decreased T-reg devel-
opment, boosted Th17 cell differentiation, and enhanced the
clinical scores of EAE. Such studies suggest that AhR ligands
may exhibit differences in their ability to activate AhR and
promote T cell differentiation into Th17 or T-regs. However,
the role of dietary AhR ligands in regulating the immune
response and T cell differentiation is intriguing and not well
studied. Thus, our studies on indoles on T cell differentiation
and regulation of EAE are novel and highly significant.

In this study, we demonstrate for the first time how
dietary AhR ligands I13C and DIM can alleviate the develop-
ment of EAE through the reciprocal induction of T-regs and
Th17 cells. In pharmacokinetic studies using animals, 13C
and DIM have been found to possess a 24 h half-life, which
can be extended up to greater than 48 h after 1 week of
continuous administration (Stresser et al., 1995). In addition,
13C and DIM have been stated as being relatively non-toxic,
and can be taken by individuals at dosage ranging from 200
to 800 mg daily, resulting in tissue concentrations over 1 mM
(Ho et al., 1998). Considering this, our in vitro studies used
significantly lesser concentrations. Moreover, based on the
calculated human equivalent dose, the doses of dietary
indoles given to mice during our studies fell within the tol-
erable range available as dietary supplements.

During our investigation, we found mice pretreated with
I3C or DIM were resistant to developing EAE compare to
vehicle control mice. Meanwhile, pretreatment with indiru-
bin offered no therapeutic benefit against the disease progres-
sion. Moreover, when treatment was delayed 10 days after
EAE induction, I3C and DIM were still able to reduce the
severity and onset of clinical symptoms, which was con-
firmed with histopathology and flow cytomteric analysis of
the CNS. Our studies suggested that pretreatment of 13C
and DIM promotes the expansion of natural T-regs, while
inhibiting the differentiation of Th17 cells upon the onset of
disease, suggesting a possible mechanism for mediating pro-
tection. During post-treatment, however, Th17 cells have
already been generated, and the enrichment of the T-reg
population at 20 mg-kg! may not be as effective to counter
the development of disease. As a result, a higher dose of 13C
or DIM was needed to enhance the production of T-regs and
their suppressive function. Further studies in naive mice con-
firmed I3C or DIM alone were sufficient to induce T-regs in
the absence of disease-mediated factors. These data further
indicate the ability of I3C and DIM to generate T-regs and
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Role of AhR in I3C- or DIM-mediated amelioration of EAE in mice. (A) Clinical scores (n =10 mice per group) for EAE mice pretreated with vehicle
or I13C, or DIM or CH223191 or CH223191 + I3C or CH223191 + DIM. Symbols (#) represent significant (P < 0.001) reversal of EAE symptoms
in mice with EAE that received CH223191 prior to 13C (CH223191 + 13C) or DIM (CH223191 + DIM) treatment, when compared to mice with
EAE that received either I3C or DIM treatment. Symbol (*) indicates P < 0.001 when EAE + I3C or EAE + DIM were compared to EAE + vehicle.
(B, ©). In vivo generation of T-regs (CD4*/FoxP3*; B) and Th17 (CD4*/IL-17*; C) cells in inguinal LN in the presence of I3C or DIM (D-E). In vivo
generation of T-regs (CD4*/FoxP3"; D) and Th17 (CD4*/IL-17%; E) cells in the brain of mice that received I3C or DIM treatments. The effect of 13C
or DIM was significantly reversed (P < 0.05) in mice that received CH223191 treatment prior to I13C or DIM treatments. The data represent one
of three independent experiments. Asterisk (*) represent significant (P < 0.05) effect of I3C or DIM on generation of T-regs and Th17 cells, when

compared to vehicle in vivo.

promote an immunosuppressive environment in order to
prevent or alleviate disease symptoms.

Additionally, we wanted to confirm the central role of
AhR in the protective effects I3C or DIM observed during
EAE. To that end, we used AhR antagonist rather than AhR
KO mice because these mice have intrinsic differences in
susceptibility to EAE which could confound the results. We
used AhR-specific antagonist (CH) and not compounds
such as alpha-naphthoflavone or 3'-methoxy-4'-nitroflavone,
because the latter have also been reported to act as AhR
partial agonist (Santostefano et al., 1993; Zhao et al., 2010;
Choi et al., 2012). CH, on the other hand, was identified as an
AhR antagonist using a chemical library and past studies have
shown that it is a potent, pure AhR antagonist, which does
not act as an AhR agonist (Zhao et al., 2010). Also, CH has
been shown to inhibit TCDD-mediated nuclear translocation

and DNA binding of AhR, as well as TCDD-induced luciferase
activity and activation of CYP1A1 (Kim et al., 2006).

In our studies, we demonstrated that I3C and DIM in vivo
and in vitro promoted the induction of T-regs through inter-
action with the AhR, indicating that these dietary indoles can
modulate immune cells and their responses by acting as AhR
ligands. At this time, we have not yet evaluated whether I3C
and DIM cause AhR activation and affect signalling in DCs,
which has been shown to promote the differentiation of
T-regs (Hauben et al., 2008; Quintana et al., 2010). In addi-
tion, when we tried to use the AhR antagonist CH to block
indole-mediated suppression of Th17 differentiation in vivo,
we were able to reverse the of effects I3C- and DIM-mediated
decrease in Th17 cell differentiation. In vitro, we also noted
that the antagonist itself was capable of inhibiting Th17
differentiation. These results also raise the possible role
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played by endogenous AhR ligands and the fact that AhR is
needed for the generation of Th17 cells, which correlates with
the previous findings (Quintana et al., 2008; Veldhoen et al.,
2009). Furthermore, our results also indicate that indoles may
indirectly suppress Th17 differentiation by inducing T-regs
which in turn may inhibit Th17 cells. Altogether, these data
suggest I3C and DIM appear to be more effective as a pre-
treatment regimen compared to post-treatment due to their
pre-emptive ability to generate T-regs, which can suppress T
cell differentiation into disease-promoting Th17cells. Mean-
while, I3C and DIM were observed to still able to promote
T-regs when administered as a post-treatment. However, the
therapeutic extent of post-treatment appeared to be limited
due to length of time mice received treatment and the fact
these dietary indoles may hinder de novo Th17 differentia-
tion, but may not have been able to inhibit effector cells that
developed prior to administration. An additional protective
effect of indole-induced T-regs could be due to the production
of IL-10, which has been shown to be influenced by AhR and
plays an important role in regulating the development and
progression of EAE (Apetoh et al., 2010; Gandhi et al., 2010;
Wu et al., 2011).

In summary, our studies indicate for the first time that
dietary supplementation of I3C or DIM may prevent inflam-
mation and that such indoles can also be used to alleviate the
clinical symptoms and destruction of the CNS that are typi-
cally associated with EAE development. The mechanism
seems to primarily involve the induction of T-regs and sup-
pression of Th17 cells via activation of AhR.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Treatment with I3C or DIM decreases IL-6 levels in
serum of EAE mice. Serum was collected on Day 15 from
normal mice or EAE mice pre-treated with vehicle, I13C, or
DIM. Pro-inflammatory cytokine IL-6 was analyzed by ELISA
for pretreatment studies. Data presented as mean = SEM of
three pooled samples (n = 3 per sample). The statistical dif-
ferences within experiments were calculated using ANOva,
while differences between groups were analysed with the
Bonferroni post hoc test. (*P < 0.05; EAE + vehicle vs. normal,
EAE + I3C or EAE + DIM).
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